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   Our preyiolls paper showed  that cu]tivar  difference of

flag leaf photosynthesis (LPS) in rice (Ot:],za sativa L.) was

attributed  to the difference in mesophyll  resistance (r.). In
this paper, we  tried to diyide r. into C02  transfer resistance

{r,) and  C02  fixation resistance  (r,) for further analysis  of

r.  by means  of  6i3C determination of photosynthetic pro-

ducts. In the heading time, r,, and  r, occupied  14, and  58%
in the totat resistance, respectiyely, in ayerage  through 31

cultivars. This sllggests that cultivar difference of  LPS  is

mainly  caused  by  the difference of  r,. The percentage ratios
of  each  resistance  to the tQtal one  were  maintained  com-

paratively constant  throllgh the  senescing  process of  the

flag leayes. Moreoyer,  the C02  concentration  in C02
fixating site  showed  almost  the same  yalues  in different
cultiyars  in a who]e  life span  of a flag leaf. The r, showed  a

close  corretation  with  ribll]ose.1,5-bisphosphate  carboxy-

laseloxygenase (RubisCO) content.  Carbonic  anhydrase

(CA) actiyity showed  no  correlation  with  r,, but showed

positiye correlation  with  r,. It was  suggested  that a mutua]              .
regulation  system  between CA  activity and  RubisCO  actiy-

ity could  exist.

Key  words:  Carbonic anhydrase  (EC 4.2.1.1) -  Cultivar

difference -  Ot3C-Mesophyll resistance  -  Ot),za sativa L. -

RubisCO (EC 4.1.1,39),

   Our previous paper (Sasaki and  Ishii 1992) showed

that cultivar difference of  leaf photosynthesis (LPS) in rice
(Oryza sativa  L.) was  controlled  mainly  by the factors
relating  to mesophyll  C02  resistance (r.). However, r. in-
volves  different kinds of  physical and  chemical  resistances

in C02 diffusion and  fixation processes. Isolation of  physi-

   Abbreviations: CA,  carbonic  anhydrase;  [COi]atm, C02  con-

centration  in the atmospheric  air; [C02],ht, C02  concentration  at

the COi fixating site in the chloroplast;  [C02],t,, C02  concentra-

tion in the stomata!  cavity; A, carbon  isotepe discrimination by
the plant; ti,, relative  concentration  of 

i3C
 in the atmospheric  air;

ip, relative concentration  of  
i3C

 in the photesynthetic preducts;
DTT,  dithiothreitol; bi3C, relative  coneentration  of  

]3C
 in total

carbon  atoms;  LPS, leaf photesynthesis; PPFD,  photosynthetic
photon  flux density; PVP,  polyvinyl pyrrolidene; r,, C02  fixation
resistance;  r.,  mesephyll  C02  resistance;  r,, C02  transfer resist-

anee;  r,, stomatal  C02  resistanee;  r,, total resistance;  RubisCO,
ribulose-1,5-bisphosphatecarboxylase/oxygenase.

cal resistance  from r. has been so  far attempted  by several

researchers  with  the measurement  of  leaf gas exchange  and

chlorophyll  fluorescence (Epron et al, 1995, Loreto et  al.

1994), 'S02  uptake  (Renou et  al. 1990), carbon  isotope frac-

tion (Evans et  al, 1986, von  Caemmerer  and  Evans 1991),
light response  curve  of  C02 exchange  (Chartier et  al. 1970),
and  the analysis  of the relationship  between initial slope

of  A-Ci  response  curve  and  the ribulose-1,S-bisphosphate

carboxylaseloxygenase  (RubisCO) activity (Evans 1983,
Evans and  Seemann 1984), Chartier et  al.  (1970), and  6at-
skY  and  Ticha (1982) found that the physical resistance  oc-

cupied  as large as 60-80%  in the total resistance, and  con-

cluded  that  the  physical C02  transfer  step  would  be the
largest limiting one  for LPS. On  the other  hand, it was
reperted  that the physical step  resistance  was  not  so large,

compared  with  that  in the  carboxylation  step  (Rayen and

Glidewell 1981, Evans 1983, Evans et al. 1986).

   In the  present paper, we  attempted  to divide meso-

phyll C02  resistance  (r.) to C02  transfer resisthnce and  fixa-
tion resistance  by the measurement  ef  Oi3C values  of  the

current  photosynthetic products in the leaves of  rice  plants,
to identify the most  possible process of  C02 influx which
contributes  to the  cultivar  difference of LPS.

   It is considered  that the C02  transfer  process from

stomatal  cavity  to C02  fixation site is closely  associated

with  carbonic  anhydrase  (CA) activity (Makino et al, 1992,
Price et  al.  1994), the  area  ratio  of  mesophyll  cell surface  to

leaf surface  (Nobel et al. 1975), or the ratio  of  chloroplast

surface  area  to intercellular air space  volume  (von Caem-
merer  and  Evans 1991, Kariya and  Tsunoda 1980), It is also
considered  that C02  fixating process in the chloroplast  is

mainly  related  with  the actiyity  andlor  content  of  RubisCO

(Evans 1983, Evans and  Seemann 1984).

   The  activities  of  CA  and  RubisCO were,  therefore, de-
termined  in the  cultivars  to elucidate  the mechanism  of

cultivar differences in C02  transfer  and  fixation resistances,

Materials and  Methods

   Cultivation ofplant materia.ls-The  seeds  of  thirty one  rice

cultivars  were  sown  on  the semi-fiooded  rice nursery  bed on  21st
April in 1988, and  the seedlings were  transplanted on  30th May  to

the paddy field. The cultivation  methods  and  the experimental

plots were  the same  as described in eur  previous paper (Sasaki and

Ishii 1992).

   Mleasurement of gas  exchange  rate-Leaf  photosynthesis
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(LPS) and  transpiration were  simultaneously  measured  en  the
main  stem  fiag leaves from three  plants ofeach  cultivar,  under  the

irradiance above  1,450"mol m-2s-'  PPFD  in the field according
to the method  already  reported  (Sasaki and  Ishii 1992). The meas-

urements  were  cohducted  for each  cultivar  in O, 2, and  4weeks
after  heading which  eorrespended  to heading, grain fi1]ing, and

grain maturing  time, respectively,

   Extraction of sotuble  sugars-Fifteen  flag leaves of  each

cultivar  were  coyered  with  aluminium  foil at  1200h on  the prece-
dent day to LPS  measurement,  to make  the leaves starved  for the
photosynthetic preducts, On  the morning  on the day of LPS  meas-

urement,  the flag leayes were  exposed  to the sunlight  from 0900h
to 1200h, and  then, they were  cut  off  from the plant and  put in liq-
uid  nitregen,  They  were  stored  in a  deep freezer at  

-80eC
 until

the determination of  soluble  sugars,  The soluble  sugars were  ex-
tracted following to the modified  method  of Brugnoli et al. (1988).
The frozen leaves were  submerged  in 80%  (vly) ethanol  of 80eC
for 6 hours. After the ethanol  soluble  fraction was  eyaporated  at

40"C, the residue  was  suspended  in 50 ml  chloroform  and  same

amount  of water.  The water  soluble  fraction was  passed through
sequentially  two  columns  filled with Dowex-50 (Ht form) and

Dowex-1  (OHM form), to remove  the amino  acids  and  other  organ-

ic acids. The neutral  fraction obtained  was  freeze-dried, and  serv-
ed  for the determination ofjt3C  value.  It was  checked  whether  car-

bon discrimination occurred  in the process of sucrose extractien,
by measuring  ji3C of  authentic  sucrose which  was  subjected  to the

same  procedure as mentioned  above.

   6i3C determination-The determination of  ii3C of  soluble

sugars  was  made  according  to the method  by Samejima (1985),
with  amass  spectrometer  (Finnigan MAT,  San Jose, U.S.A,), Car-
bon isotope diserimination by the plant (A) can  be expressed  by
the following equation  (Hubick et al. 1986).

A==9ti'illgeai, Eq･i

where  ti,, and  ip are  the relative  concentration  of  
i3C

 in the at-
mospheric  air, and  in the photosynthetic  products, respectively.

The 6. was  fixed as  
-8.0

 × 10-3 from the measurement  for the air
in Tokyo  (Samejima 1985), and  ti, was  determined by the mass-

spectrometric  method  with  solub]e  sugars  extracted  from  the fiag
leaves. The A  obtained  was  inserted to the place of  A  in Eq.

that
the measurement  of  ji3C in the reilluminated  leayes after

NII-Electronic  
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Fig. 1 Change  of  $olublesugars  eontent  in theleaves after the in-
itiation of  darkness, Measurement was  conducted  on  the upper

most  fully expanded  leaves. The yalues  are  means  of  1O measure-
ments.  Darkness was  initiated at  12ooh. The  leaves were  exposed

to  full sunlight  for 3 h (0900h-1200h) before initiation of  dark-
ness.  e, the plants in darkness; O, the plants re-exposed to the

sunlight at  0900h of  the next  day. Centent of  soluble  sugars  was

determined enzymatically  according  to  the method  by Nakamura

and  Yuki  (1992).

21 hours of  starvation  treatment, was  done on  the current

photosynthetic products.

   Mean  LPS, A  and  their relatedparameters  through all

cuttivans-Mean  values  of  LPS, A, and  their related  param-

eters through  31 cultivars in 3 different senescing  stages of

the flag leaves are shown  in Table 1. Mean  LPS  decreased

with  leaf senescence,  reaching  about  half of  the mean  value

in the heading time.  It should  be noticed  that though  the

absolute  values  of  r,, r, and  r, increased with  progress of  se-

nescence,  their relative values  to total resistance  (r,) were

maintained  almost  constant.  This suggests  that a  mutual

regulation  mechanism  in these resistances  exists. Moreover,
this regulation  mechanism  produce an  unchanged  [C02],hr
through these different stages of  leaf senescence.  It should

be also  noticed  that the relative r, was  so  low as 14%  in the
heading time,  and  18%  in the grain maturing  time. This

means  that the extent  of  contribution  of  r, to LPS  deter-
mination  is not  so great as we  considered  from the past
papers, ((batskY and  Ticha  1982, ChartieT et al. 1970). On
the other  hand, contrary  to r,, r, occupied  so  much  as  58,

and  60%  in r,, in the heading, and  in the grain fi11ing stage,

respectively.  This indicates that the contribution  of r, is

great to the determination of  LPS.

   Cuttivar dij7ierence ofLPS and  its determination mech-

anism-The  LPS  showed  a  comparatively  large variation
as from 16.8 to 23,3 umol  mM2  s-i  in the heading time, and
from 11,8 to 18.8 umol mT2  s-i in the grain fi11ing time, To

elucidate  the determination mechanisms  of  cultivar differ-
ence  in LPS, the relationships  between LPS  and  the  recipro-

cals  of  r,, r,, and  r, which  conceptually  corTespond  to the

C02  conductance  in each  step  were  examined  (Fig.2),
Though  significant correlation  was  not  necessarily  ob-

served  between LPS  and  11r, or 11r,, high significant cor-

relation  was  consistently  seen  betweeri LPS  and  11r, in any

leaf senescing  stage. This indicates that the cultivar  differ-
ence  in LPS  is attributed  to the  factors relating  to COi
fixating step rather  than  those relating to C02  stomatal

diffusion or C02  transfer step.

    To  elucidate  the  biochemical mechanism  of  cultiyar

difference in r,, the RubisCO content,  which  is supposed  to

be closely  related  with  C02 fixating step, was  measured  in

Table 1 The mean  values  of  fiag leaf photosynthesis (LPS), carbon  isotope discrimination (A), and  C02 stomatal (r,),
transfer (r,) and  fixation (r,) resistance,  and  C02 concentration  in the stomatal  cavity  ([C02],,,) and  at the fixat{ng site

([C02],ht) in different stage  of  flag leaf senescence
                                                                 '

Parameter
Stage of flag leaf

Heading Grain  fi11ing Grain maturing

LPS  (umol mL2  s-  
i)

A (10-3)
r, (mol-i m2  s)

r, (mol-i m2  s)

r,  (mol-i m2  s)

[C02],t, Cul literri)

[C02]cht Cul liter"')

 20,3 ± 1.6

 18.2S±  O.44

 4.2 ± O.6

  (28± 3)
 2.1 ± O,5

  (14± 3)
  8,7 ± O.8

  (58± 2)
245 ± 10
197 ± 6

 16.0 ±  1.5
 18.45± O.63

 4.5 ± O.6
  (23± 4)

  3,5 ± O.9
  (18± 4)

 11.6 ± 1.3
  (59± 2)
261 ± 13

201 ± 7

 11.6 ±  1.6

 18.61±  O.66
 6.1 ±  1.2

  (22± 4)
 4.9 ±  1.3

  (18± 2)
 16,3 ±  3,1
  (60± 3)
263 ± 12
203 ± 9

Values are  expressed  as  Mean ± SE  through  31 cultivars

ance.

, Figures in the parentheses  are percentage ratio  of  each  resistanee  to total resist-
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Fig. 2 Relationships between flag leafphotosynthesis (LPS) and
the reciprocal  of  r,, r,, and  r, in heading, grain fi11ing, and  grain
maturing  time. Lines, and  figures represent  regression  lines, and
correlation  coeMeients,  respectively.  
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Fig. 4 Relationships between carbonic  anhydrase  (CA) activity
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maturing  time  (C, F). Lines, and  figures represent  regression  lines,

and  correlation  coeficients,  respectively.  
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O.05, and  O.Ol probability level, respectively.

each  cultivar  at  different leaf senescing  stage, Figure 3
shows  the eorrelation  between RubisCO content  and  1lr, at
the different leaf senescing  times, and  significant  correla-

tion was  obtained  at any  leaf senescing  time, This is in-
dicating that cultivar difference in LPS  was  determined to
large extent  by RubisCO  content,

   To  investigate the relationship  of  enzymatic  factors
with C02  transfer step, the activity of  carbonic  anhydrase

(CA), which  has been considered  as an  enzyme  closely

relating to C02  transfer  step,  was  measured  (Fig. 4). The ac-

tivity of  CA  ranged  from  19.9 to 41.9× 10  ̀Unit m-2  in the
heading time and  decreased rapidly  with  progress of  leaf se-
nescence.  Though  the activity of  CA  was  expected  to cor-
relate with  lfr,, significant  correlation  was  not actually

observed  in any  senescing  time. However, significant cor-
relation  was  seen  between CA  activity  and  1lr, in all  senesc-

ing stages of  the leaf,

Discussion

   The  first objective  of  this paper was  to find what  step

in the photosynthetic C02  assimilation  process was  the
main  cause  of  cultivar  difflerence in LPS  of rice, We  attemp-

ted to divide mesophyll  C02 resistance  (r.) into C02  trans-
fer resistance  (r,) and  carboxylation  resistance  (rO by mass
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