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    The concentration  of  endogenous  IAA  was  higher in
an  apoplastic  solution  (2,3x10-TM) than in a  symplas-

tic solution  (e.5 x  10-' M)  obtained  from  segments  of  etio-
lated

 sqllash (Cbcurbita mexima  Duch.) hypocoty]s. Ex-
ogenollsly  applied  IAA  (10-5 M)  increased the leyel of  IAA
in both the apoplastie  and  the symplastlc  solution.  The  con-
centration  of  IAA  in the apoplastic  solution  increased to
75%  of the concentration  of  exogenous  IAA  in 4 h, but
that in the symplastic  solution  increased only  to 23%  of  the
concentration  of  exogenous  IAA. These results  demon-
strate

 
that

 the concelltration  of endogenous  IAA  is higher
in the apoplast  than in the symplast  of  squash  hypocotyls,
and  they suggest  that IAA  exerts  its physiological effects, at
]east to some  extent,  from the outside  of  ce]ls.
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    IAA  is known as  a natural  plant hormone  that regu-
lates plant growth. IAA  induces the rapid  elongation  of
cells in isolated sections  of  stems  and  coleoptiles. The re-
sponse  begins within  1O min  after the additien  of  IAA  and

results  in a 5- to 10-fold increase in the growth  rate. More-
over,  the  effect persists for hours or even  days (Evans
1985).

   ･Several researchers  have claimed  that, to exert its
effects, IAA  must  bind first to a receptor,  This receptor

could  be on  the outside  of  the plasma  membrane  or  at some'internal
 site  within  the cell  (Rayle and  Cleland 1970) but it

is certatnly  not  in the wal1  itself (Jones 1990). Putative re-
ceptors

 were  reported  to be of  two  types, namely,  an  auxin-
binding protein at the plasma membrane  and  a protein that
is solubilized  in the cytoplasm.  L6bler and  Klambt  (1985)
reported  that an  auxin-binding  protein, located at the  plas-
ma  membrane,  recognized  auxin  and  was  concentrated  in
the outer  epidermis,  as compared  to the inner tissues of
maize  coleoptiles. Venis et  al.  (1990) demonstrated that
exogenous  application  of  impermeant analogs  of  auxin
caused  a  rapid  response  (hyperpolarization of  the plasma
membrane)  in tobacco  mesephyll  prOtoplasts, as well  as

   Abbreyiations:AP,apoplast;GC-SIM-MS,gaschromatogra-
phy-selected ion monitoring-mass  spectrometry; SY, symplast.

long-term elongation  growth of  segments  of  pea epicotyls.
The results  suggest  that auxin  causes  a rapid  growth,
related  response  in plant cells by exerting  its effect on  cells
from  the outside  of  the cell and,  moreover,  that auxin  does
not  necessarily  need  to enter  the cell to exert its effect on
elongation  growth,

    Optimal  concentrations  of  exogenous  IAA  for the
elongation  of  sections  of  stems  and  coleoptites  are  usually

in the range  of  10-S to 10-6 M  (Nissen 1985), but measured        '
concentrations  of  endogenous  IAA  extracted  from  sections
of  growing zones  of  squash  hypocotyls were  only  about  4 ×
10T8M  (Sakurai et  al.  1985), The reason  for the difference
between the optimum  concentration  of  exogenously  ap-

plied IAA  and  the endogenous  concentration  has not  yet
been elucidated,  There is a possibility that the low concen-
tration of  endogenous  IAA  found in the tissue is due to the
low concentration  in the symplast.  The volume  of  the sym-
plast is more  than ten times that of  the apoplast.  Even  if en-
dogenous IAA  were  to be distributed preferentially in the
apoplast,  the  concentration  of  IAA  extracted  from  whole

tissues could  be estimated  to be lower than  the concentra-
tion in the  apoplast.

   To  demonstrate directly that IAA  is distributed pre-
ferentially in the apoplast  and  to determine whether  it is
likely that IAA  acts from the outside  of  cells,  we  measured
levels of  IAA  in the apoplast  and  symplast  of  growing
tissues of etiolated squash  hypocotyls.

Materials and  Methods

   Plant  materials-Squash  seeds  (Cucurbita maxima  Duch, cv,
Houkou-Aokawaamaguri;TakayamaSeedCo.,Kyoto)weresoak-
ed  for 16 h in tap water  and  then they were  allowed  to germinate
fo.r 2 d in darkness on two  layers of  moistened  fi]ter paper, The ger-
minated  seeds  were  placed on  a  stainless-steel  mesh  in plastic
boxes (34 cm  × 23.5 cm  × 4,6 cm)  that contained  two  liters of 1!5-
strength Hoagland solution,  as described previously (Sakurai et
al, 1985), and  they were  cultured  hydroponicaily at  25.5± O.5eC
for2 or 3d  in darkness. After 2 or  3d, seedlings that had hypo-
cotyls of  4-6 and  8-10 cm  in length, respectively,  were  selected for
expenments.

   CoUection of apoplastic and  sympiastic solutions-Apoplas-
tic solution  was  collected  by the centrifugation  method  described
previously by Sakurai and  Kuraishi (1988). Hypocotyl segments
(1 cm  in length) were  excised  from the upper  part of hypocotyls, 5
mm

 below the cotyledonary  node,  and  from  the lower part of
hypocotyls, 5 mm  above  the hypocotyl base, The segments  were
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placed on  a stainless-steel mesh  in the barrel of a  6-ml plastic syr-

inge (13 mm  i.d,) which  had been cut  off  at the 5-ml mark  and  was

pLaced on  an Eppenderf tube (1.5 ml) in a centrifuge tube (22.5
ml).

   The  tube  was  centrifuged  for 20 min  at 4,500 × g  at 4eC  for

collection  of  apoplastic  selution (AP solution)  from the segments.

The segments  were  frozen in liquid nitrogen immediately after cen-

trifugation, thawed and  recentrifuged  for 20 min  at 4,5oo × g at

4"C for collection  of  cell sap  (symplastic solution;  SY  solution),

Weights of  AP  and  SY  solutions  were  calculated  by subtracting

the weight  of  the Eppendorf tube before collection  of the AP  or

SY  solution  from the weight  of  the Eppendorf tube  after collec-

tion of the AP  or  SY  solution.

   Ebetraction of LAA  from the apqplastic and  symplastic solu-

tions-The  AP  and  SY  solutions  in Eppendorf tubes were  ad-

justed to pH  2.8 by two  methods.  In one  method,  solutions in five

tubes were  each  adj  usted  to pH  2.8 with  200 "1 of  2 M  citric acid-

NaOH  buffer, and  then the solutions  were  combined  in a  single

test tube, In the other  method,  solutions of  each  of  five tube were

transferred to one  test tube, then an  aliquot  of2  M  H3P04, the vol-

ume  of  which  was  10%  the volume  of  the pooled solution,  was

added  to the solution  in the test tube. The two  methods  gave

similar  results.

    [i3C6]IAA (2 nmol;  Merek, Sharp, and  Dohme,  Canada  Ldt.)

was  added  to the sample  selutien  in the test tube as  an  internal

standard. The solution  was  then extracted  twice with  diethyl ether.

The organic  phase was  evaporated  to  dryness under  N2 gas at

room  temperature  or in a retary evaporator  (the recovery  range

from 90 to 100%).  We  also  attempted  to evaporate  the organic

phase to dryness with  a  stream  ef  filtered air, but the recovery  of

IAA  in such  cases was  fairly low (less than  10%). Therefore, this

method  was  not  used  in these experiments. Each dried sample  was

dissolved in O.9-1.5 ml  of  25%  acetonitrile that contained  20 mM

 acetic acid,

    HPLC-IAA  was  purified by the methed  described by Aki-

 yama  et al. (1983) on  an  Inertsil ODS-2  column  (4,6 mm  i,d,x
 1SO mm;  GL  Sciences Inc., Tokyo) or on  a Puresil Cis 120 A  eol-

 umn  (4.6 mm  i.d. ×  150 mm;  Nihon Millipore Ltd, Tokyo).  Col-

 umns  were  eluted  isocratically with  25%  acetonitrile  that contain-

 ed  20 mM  acetic  acid  at a flow rate  of  O.8 ml min-i,  The HPLC

 system  consisted  of  a pump  unit  (model LC-6A; Shimadzu
 Inc., Kyoto)  connected  to a system  controller  (model SCL-6A;
 Shimadzu Ine.). IAA  was  monitored  with  a  fiuorometric detector

 (medel FP-200; Japan Spectroseopic Co,, Tokyo) with  excitation

at 280± 5nm  and  emission  at  350± 5nm.  The IAA-contaimng

fractions were  collected  for analysis  by GC-SIM-MS.
   GC-SLMLMS-AfterHPLC,appropriateIAA-containingfrac-
tions were  pooled and  evaporated  to dryness on  a  rotary  eva-

porator. Samples were  dissolved in methanol  and  transferred

to test tubes (the recovery  range  from 90 to 100%), We  also at-

tempted  to dissolve dried samples  in diethyl ether but the recoyery

ef  IAA  was  very  low (less than  10%). Therefore, we  dicl not  use

diethyl ether  for dissolving the dried sarnples.  Each  sample  in a

test tube was  evaporated  to dryness under  N2 gas. The dried sam-

ple in the test tube  was  methylated  with  diazomethane, which  was

generated with  a diazomethane generator (Wheaton, Millville,
NJ, U,S.A.), IAA  in the methylated  sample  was  quantitated by

GC-SIM-MS  (model QP-1000; Shimadzu Inc.), Ionization of  the

compound  was  achieved  by electron  impact at  70 eV. The  gas chro-

matograph  was  equipped  with  a 30-m fused silica capillary  column

(CBJ 17; Shimadzu Inc.). IAA  content  was  calculated  from the

ratio  ef the peak area  of  []3CdlAA (m/z=136) to that of the

natural  IAA  (mfz=130),
    77eatment  of segments  of squash  hJtpocotyls with  L4A-

One-cm-long segments  were  incubated at 25.5 ± O.5OC in darkness

in a Petri dish that contained  10 ml  of  wateT  with  or  without  10-S

M  IAA. All manipulations  were  condueted  under  dim green light,

After incubation, the segments  were  blotted with  a Kim-wipe and

placed vertically  in a plastic syringe for collection  of AP  and  SY  so-

lutions as described above.  To  estimate  the amount  of  IAA  that

was  transiently associated  with  the surface  of segments  but had

not been absorbed  by the segments,  we  dipped the segrnents  m  a so-

lution of  IAA  fer one  second,  then blotted and  treated them  as

above. To  calculate  the exact  amount  of  IAA  in AP  and  SY  solu-

tions, we  used  the following equation:

Amount  of  IAA=A-(B-C)

where  A  is the amount  of  IAA in the AP  or  SY  selution from

IAA-treated segments  after  a  given incubation peried; B is the
amount  of  IAA  in the AP  or  SY  solution  from segments  treated

with  IAA  fer one  second;  and  C  is the amount  of  IAA  in the AP

or  SY  solution  from  untreated  segments.

Results

Apqplastic and  symptastic endogenous  IAA  in up-

Table1 Levels of  endogenous  IAA  in the apoplast  and  syrnplast  of  upper  and  lower segments  of  squash  hypocotyls

Day
 Part of
hypocotyl

AmountofIAA

(pmol segment-i)
   Weight
(mg segment-')

ConcentrationofIAA

     (10-8 M)

AP(a) sy(b) AP(A) sy(B) AP(alA)  sy(blB)

2

3

UpperLower

UpperLower

O,44O.37

O.47O.29

2.862.052.571,391.088,75

4.7916.S5

53,1675.65

66,1279.87

40.544.17

9,711.76

5,382.71

3.891.74

9,:lc,igiiSS.g.Zei,M,:gt,i.U8r,X2X,cE?e,d.f,10,m.,";P,:r,(g59XFM..fEO,M,t?8,e,2･:Xl(:1,egO,gfiE,10,aO,l:m,,f,k?M.,k?s.Ra.S,el.p,fgtg,Og.ttL2'g.tzd.ey,xo.'
in AP  and  SY  solutions  were  determined by GC-SIM-MS.  The concentration  of IAA  was  calculated  by dividing the amount  of  IAA  by

the weight  (in grams) of  AP  or  SY  solution.
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Table 2lingsLevels
 of  endogenous  IAA  in the apoplast  and  symplast  of  the upper  segments  of  hypocotyls from  2-d-old seed-

Amount  of  IAA

(pmol segment-i)
   Weight
(mg segment-')

Concentration of  IAA

     (10-8 M)

AP O,37± o.o2a 1.64± O.15 22.58± 2,79

sy 2.67±O,16 54,52± O.52 4,90± O,33

that had been grown  for 2 d in darkness,
"
 Data are  means ± SE  (n=:3).

One-cm-long
 
segments

 
were

 excised  from the upper,  growing zone  (O to 1 cm  froni the hook) of  etiolated  hypocotyls  ofsquash  seedlings

 per  and  tower segments  of ltypocotyls-Table 1 shows

 amounts  and  concentrations  of  endogenous  IAA  in AP
 and  SY  solutions  ebtained  from  upper  and  lower segments

 of  hypocotyls of  2- or  3-d-old squash  seedlings,  The ab-
 solute  amount  of  IAA  in AP  solutions  was  always  lower

 than that in SY  solutions  for both upper  and  lower seg-
 ments  of  hypocotyls of  both 2- and  3-d-old seedlings. The
 upper  segments  yielded slightly  larger amounts  of  IAA  in
 the  AP  and  SY solutions  than  the lower segments.

    The concentrations  of  IAA  were  calculated  from the
 weights  of  AP  and  SY  solutions,  on  the assumption  that
the weight  of  each  solution  in grams  was  close  to its volume
in milliliters. Calculated concentrations  of  IAA  in AP  solu-
tions from the upper  segments  were  8 times those in SY  so-

lutions on  day 2. 0n  day 3, the difference was  smaller  but
was  still 2.5-fold. Not surprisingly,  the concentration  of
IAA  in AP  and  SY  solutions  was  always  higher in the
upper,  growing region,  than  in the lower, non-growing  ･

region,  on  days 2 and  3. In the lower region,  the difference
between concentrations  of  IAA  in AP  and  SY solutions

was  negligible  on  day 3.

    E}idogenous  L`IA in upper sqgments  of hJ:poeotyls
from 2-d-old seedting-We  confirmed  the level of IAA  in
upper

 hypocotyl segments  of  2-d-old seedlings  (Table 2).
The data in Table 2 are the averages  of  results from three
independent experiments.  The  weight  of  the AP  solution
was  approximately  3%  of  that of  the SY solution.  The
amount  of  IAA  in the SY solution  was  7,2 times that in the
AP  solution,  while  the calculated  concentration  of  IAA  in
the AP  solution  was  4.6 times that in the SY solution.  The
results confirmed  that the concentration  of  IAA  in the AP
solution  of  the growing zone  of  the hypocotyl was  higher
than that in the SY solution,

   Amounts  ofLtlA in L4A-treated segments-When  seg-

ments  are treated  with  exogenous  IAA, the concentration
of  IAA  in the AP  solution  should  be always  higher than
that in the SY  solution.  Furthermore, such  results  would
validate  our  method  for collecting AP  solution.  Figure IA
shows  changes  in arnounts  of  IAA  in AP  and  SY solutions

in IAA-treated segments.  The  amount  of  IAA  in both AP
and  SY  solutions  in the segments  increased up  to 4 h. Calcu-

lated concentrations  of  IAA  in AP  solutions  were  always
higher than  in SY solutions.  The  concentration  of  IM  in
the AP  solution  reached  75%  of  the concentration  of  exoge-

Egec)efi
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Fig. 1 Time  course ofchanges  in the amount  (A) and  in the con-     'centration
 (B) of  IAA  in AP  (-) and  SY  (O) solutions  from hypo-

cotyl
 segments  that had  been treated with  1O-SM  IAA. Segments

,i.f,:q,",a,::h.',9,O:8t'siS.(`,XI'Xl\A::g.th,)Eko,m,.2'g6?sc,g:e,dJ)g,fs,;s.rf

rately  collected  by centrifugation, The amounts  of  IAA  (A) in AP
and  SY solutions  were  determined by GC-SIM-MS,  The amount
of IAA  was  divided by the weight  (in grams) of  the AP  or  SY solu-'tion

 to calculate  the concentration  of  IAA  (B).
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nous  IAA  (10-SM) and  that in the SY  solution  reached

only  23%  in 4 h (Fig, 1B). The difference in  concentrations

of  IAA  between AP  and  SY  solutions  decreased from 6.4-

fold at O,5 h to 3.3-fold after  4 h of  treatment with  IAA.

   The concentration  of  IAA  in the AP  solution  frorn seg-

rnents  that had been incubated in water  for 2h  was  below

the limit of  detection (below 6,20 × 10-S M), but the con-

centration  of  IAA  in the SY solution  from segments  that

had been incubated in water  for 2 h was  still 4.46 × 1O-g M,

being similar  the concentration  of  endogenous  IAA  in the

SY  solution  from intact segments,  namely,  4,90 × 10=gM

(Table 2).

Discussion

   In the  present experiments,  we  used  a  centrifugation

method
 to collect AP  and  SY  solutions.  The  relative weight

of  AP  solutions  as a  percentage of  the total weight  of  solu-

tions collected  by centrifugation  ranged  from 2 to 17%

(Table 1). Values were  higher for the lower part than  for

the upper  part of  the hypocotyl, The values  on  day 2 for

the upper  and  the lower part of  the hypocotyl were  lower
                                  tt-

than those  on  day 3. The  volume  of  AP  solution  in  growmg
stem  tissues of  various  plants, as a  percentage of tissue vol-

ume,  was  estimated  to be about  4%  in young  growing epi-

cotyls of  pea by a tot411y different method  (Cosgrove and

Cleland 1983), Sakurai and  Kuraishi (1988) reported  that

the  volume  of  the AP  solution  in the upper  part of  the

squash  hypocotyl was  always  lower than in the lower part,
and

 the volume  of  the AP  solution  in young  hypocotyls

was  always  lower than  that in old  hypocotyls. These results

support  the  validity of  our  centrifugation  method  for collec-

tion of  AP  solution.

    We  identified and  quantitated IAA  in the AP  solution

by GC-SIM-MS  and  a centrifugation  method.  The pres-

ence  of  endogenous  IAA  in the AP  solution  was  dernon-

strated for the first time in this study.  The  concentration  of

endogenous  IAA  was  always  higher in the AP  than  in the

SY  solution  from squash  hypocotyls, although  the concen-

tration in the AP  solution  (2.3 × 10-' M)  was  lower than

the optimal  concentration  (1O-S M)  for induction of  elonga-

 tion  growth  by exogenously  applied  IAA. The concentra-

 tion of  exogenous  IAA  that induces a directly related re-

 sponse  in terms of the extent  of  elongation  ranges  from  1 to

 6 × 10-7M  (Nissen 198S), Within this range,  plants re-
                                            -
 spond  to the hormone very  effectively:  a  smal1  change  m

 the concentration  of  IAA  is suMcient  to alter the growth

 rate.  By contrast,  around  the optimum  concentration  of

 IAA,  a  small  change  in the concentration  has only  a small

 edect  on  the growth  rate.  The concentration  of  endogenous

 IAA  in the AP  solution  (2.3 ×  10-7 M)  deterrnined in this

 study  falls within  the range  that  is directly related to the ex-

 tent of  the response,  These results support  the hypothesis

 that IAA  exerts its physiological effect on  the cell from out-

side  of  the plasma membrane  (L6bler and  Kliirnbt 1985,

Venis et al. 1990).

   The concentration  ef  IAA  in the AP  selution  from the

upper  part was  higher on  day 2 than on  day 3. The  upper

part corresponds  to the growing zone  in the squash  hypo-

cotyl, It elongates  at the maximum  rate  on  day 2 and  elon-

gation slows  down  on  day 3 (Sakurai et  al. 1985, 1987), The

decrease in the concentration  of IAA  in the AP  solution

from the upper  part on  day 3 corresponded  to the decrease

in the growth  response  of  intact squash  hypocotyls after

the third day. The change  in the concentration  of  IAA  in

the SY sorution  was,  however, smaller  than that in the AP

solution,  These results suggest  that the hypocotyl growth  is

related to the  concentration  of IM  in the apoplast  rather

than  in the symplast,
    The  concentration  of  IAA  in the AP  solution  was  im-

mediately  increased upen  treatment of  segments  with  exoge-

nous  IAA, and  the concentration  reached  75%  of  the exoge-

nous  concentration  in 4h.  IAA  was  not  detectable in the

apoplast  when  segments  had  been incubated in water  for 2

h. Therefore, IAA  might  have leaked from the apoplast  to

the ambient  water  or might  have been  absorbed  by cells,

probably  moving  freely in the apoplast,  Cosgrove  and

Cleland (1983) reported  that  the AP  solution  was  ex-

changed  with  the ambient  solution  for about  4S min  in ex-

periments to monitor  diffusion of  mannitol  from segments

of  several plants. Yarnamoto  and  Sakurai (1992) also  re-

ported that  AP  solution  was  exchanged  with  the exoge-

 nous  solution  for about  1 h in experiments  designed to

 monitor  difiUsion of  non-radioactive  and  radioactive  m,an-

 nitol  from  pea segments.  These reports  support  our  results

 for the rate of  entry  of  IAA  into the apoplast  in our  experi-

 ments  and  also  demonstrate the validity of  our  centrifuga-

 tion method  for collection  of  AP  solution.

    We  can  not  exclude  the possibility that IAA  diffUses

 from the symplast  to the apoplast  in squash  hypocotyls,

 but the fact that the concentration  of  IAA  in the symplast

 of intact segments  was  similar  to that in the symplast  of seg-

 ments  that  had been incubated in water  for 2 h might  ex-

 clude  the possibility of  the rapid  outward  transport of  IAA

 across  the plasrna membrane,  driven by  an  energy-consum-

 ing mechanism  that involves an  ATPase.

    In this study,  we  revealed  the unequal  distribution of

 IAA  in AP  and  SY solutions.  The  SY solution  is thought to

 include yacuolar  contents,  IAA  is unlikely  to enter  vacu-

 oles, since IAA  dissociates in the cytoplasm.  Vacuoles

 in mature  cells account  for about  90%  of  the cell  volume,

 but the vacuolar  volume  in younger, growing cells  is not

 known. If increases in cell yolume  depend on  increases in

 vacuolar  volume,  while  the cytoplasmic  volurne  is con-

 stant,  in upper  and  lower parts of  hypocotyls, we  can  calcu-

 late the vacuolar  volume  at a  given stage  by measuring  cell

 volume.  The  epidermal  cells  in the upper,  growing part

 were  about  55 ptm long and  those in the lower, mature  part
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were  about  163 um  long. The  vacuolar  volume  of  cells in
the upper  part of  the hypocotyl was  estimated  to be about
70%  of  the cell volume,  If IAA  is not  present in vacuoles
but is only  found in the cytoplasm,  the concentration  of
IAA  in the SY solution  in the upper  part of  2-d-old hypo-
cotyls can  be calculated  to be 16,3 × 10-8 M  (4,90 ×  10-S M
× 1OO%130%)  from the data in Table 2, which  is still lower
than the concentration  in the apoplast  (22.6×  10L8 M). If
the assumption  that IAA  is present only  in the cytoplasrn  is
correct,  the concentration  of  IAA  in the symplast  in the
lower part of  2-d-old hypocotyls would  be 27.1 × 10LS M
which  is higher than that  in the symplast  in the upper  part
(17.9× 10-SM), ln other  words,  mature  cells would  con-
tain a  higher concentration  of  IAA  in their cytoplasm  than        '
younger, immature  cells.  This discrepancy should  be
clarified by separate  measurements  of levels of  IAA  in the
cytoplasm  and  the vacuole,
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