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   Seasonal changes  in enzyme  activities  and  some  components  of  Satsuma manclarin
and  sweet  lime were  studied.

   Although  the rnain  acid  in inature  Satsuma  mandarin  fruit is citrate,  malate  was

predominantly accumulated  in the very  early  stage  offruit  development. In sweet  lime,
malate  was  chiefly accurnulated  throughout  fruit development.

   Juice vesicle  tissue in Satsuma  mandarin  fruit developed in tbur distinctive stages,

In the first stage,  enzyme  activities  and  the  contents  ofprotein  and  nucleic  acid  increased.
The  activity  of  phosphoenolpyruvate carboxylase  increased most  rapidly,  Cell division
was  observed  in the first half of  this  stage. In the second  stage,  acids  accurnulatecl

remarkably  but enzyme  activitles  and  RNA  content  did not  change.  In the third, ma-
turation  stage,  the content  of  RNA  increased again.  In the fburth stage,  the contents

of  citrate  and  RNA  elecreased, whereas  the activity  of  NAD-dependent  isocitrate de-
hydrogenase increased.

   Compared  with  ciimacteric  fruit, ne  remarkable  increasc in the activity  of  NADP-
dependent  ma]ic  enzyme  was  observecl  in citrus  fruit during maturation,  while  activities

ofcitrate  synthetase  and  malate  dehydrogenase increased tburfold. Respiratory activity
did not  rise  as  prominently  during that time.

   Acid metabolism  in fruit tissue is interesting firom the viewpoints  ofits  physielogy
as  well  as  commercial  availability.  Carboxylic acids  were  considered  to be synthesiz-

ed  via  C02  fixation catalyzed  by phosphoenolpyruvate  carbexylase  (EC] 4.1.1,31)

  17). Ripening  of  fruits has been thought  to occur  by different acid  metabolisms(2,for
 climacteric  and  non-climacteric  fruits. During ripening  ef  apple  fruit (climac-

teric fruit), a  steep  rise in respiratory  activity  was  accompanied  by an  increase in the
activity  ef  NADP-dependent  malic  enzyme  (EC 1,1.I.40), which  is considered  to

play an  important  role  in decreasing acid  content  (10). Similar change  in malic

enzyme  activity  was  also  observed  in pear fruit (7). In contrast,  little data are

available  to correlate  acid  metabolism  with  enzyme  activity  during ripening  of  non-

climacteric  fruits,

   In the  present paper, we  describe changes  in some  cemponents  and  enzyme

activities  injuice vesicle  tissue during the development  ofcitrus  fruits (non-climac-
teric fruits) and  also  discuss the acid  metabolism  in relation  to fruit development.

   Abbreviations: MDH,  malate  dehydrogenase; NAD-IDH,  NAD-dependent  isocitrate dehydro-
genase; GSH,  glutathione;  PEP,  phosphoenolpyruvate;  PEPC,  phosphoenolpyruvate  carboxylase;

Hepes, N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid,

i
 This paper  is Contribution B-31, Fruit  Tree  Res, Stn.
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Materials and  methods

Plant materials

    Early maturing  Satsuma  mandarin  (Citrus unshiu  Marcov.)  Miyagawa  wase

was  used.  In 1976, fruit on  Ieafshoots was  harvested from  mature  trees. For the

fruit used,  anthesis  was  frQm May  15 te l7 and  the commerciai  ripening time  was

the  end  of  October. Sweet Iime (acid-less citrus  species)  was  used  as  a  reference

fruit for comparison  of  acid  accumulation.

Ebetraction and  determination ofnucleic aeid  andProtein

    Nucleic acid  was  extracted  by the method  of  Ogur  and  Rosen  (16) with  slight

modifications.  RNA  and  DNA  extractions  were  repeated  three times. After
extraction,  the  residue  was  dissolved with  1 N  NaOH,  then  used  for protein deter-
mination,  RNA  was  assayed  by measuring  OD  260 nm,  and  DNA  was  determined
by the method  of  Giles and  Myers  (8). Protein was  assayed  by  Nessler's method

(11),

Enayme  extraction  and  assay

   Juice vesicle  tissue was  ground with  mortar  and  pestle using  sea  sand  and  two

to four times  the  tissue weight  of  the  grinding medium  described below. The  pH
was  adjusted  by adjusting  this medium.  In the  very  early  stage  offruit  development

(10/VI-12/VI for Satsuma mandarin  and  5/VII-61VII fbr sweet  lime), a  glass
hemogenizer was  used  fbr extraction  instead of  a  mortar  and  pestle. Adjustment  of

pH  was  not  necessary  in this case.  All procedures were  carried  out  at  40C.

    NAD-dePendent isocitrate dedych'ogenase (EC 1.1.1.41) : The  grinding medium

was  composed  of  O.05 M  phosphate  bufler (pH 7.0), O.5 M  sucrose  and  10 mM  iso-
ascorbate.  One  molar  KOH  solution  containing  O.5M sucrose  was  used  as  an

adjusting  medium.  The  homogenate  was  centrifuged  at  500xg  fbr 10 min.  The
resulting  pellet was  washed  with  a  xnedium  corriposed  ef  O.05 M  phosphate  bufler

(pH 7.0) and  O.5 M  sucrose.  The  washed  pellet was  suspendedin  a  bursting medium
composed  of  O.05 M  phosphate  bufll:r (pH 7.0), O.1%  Triton X-IOO and  4 mM  GSH,
After addition  of  glycerol at  a  fina} concentration  of  50%,  the  suspension  was

centrifuged  at  15,OOOxg  for 15 min.  The  pellet was  re-extracted  twice and  the

combined  supernatant  was  used  as  the  enzyme.  The  assay  mixture  for IDH
contained  40 mM  Hepes  buffer (pH 8.2), 2 mM  sodium  isocitrate, 800 pm  NAD,
200 pm  MnS04  and  the  enzyme  in a  final volume  of  O.5 ml.  The  increase in OD
340 nm  was  recorded.

    0ther enaymes:  The  grinding medium  was  composed  of  O.2M  Tris-HCI
buffer (pH 8.2), 10mM  isoascorbate and  O.10/. Triton X-100. For adjusting

medium,  1 M  Tris solution  was  used,  The  homogenate  was  centrifuged  at  500xg
for lO min.  The  pellet was  washed  twice  with  a  washing  medium  containing  O.2 M
Tris-HCI  buflhr (pH 8.2) and  O.l%  Triton X-100. The  supernatant  was  com-

bined and  passed through  a  Sephadex G-25 column.  The  resulting  eluate  was  used

as  enzyme.  Since citrate  inhibits citrate  synthetase  and  PEPC,  the  gel filtration
could  not  be omitted.  To  assay  aconitase  (EC 4,2.1.3) the  enzyme  was  preliminarily
incubated with  1 mM  GSH  fbr 1 hr. The  reaction  mixture  contained  40 mM  Tris-
HCI  bufler (pH 7.5), 100 mM  NaCl,  200 paM cis-aconitate  and  enzyme  in a final
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volume  of  O,5 ml,  Citrate synthetase  (EC 4.l,3,7) was  assayed  according  to Srere
(19), with  slight  modifications,  The  reaction  mixture  contained  40  mM  Tris-HCI
bufler (pH 9.0), 40 ,"M  5,5'-dithiobis-(2-nitrobenzoic acid),  80 ptc acetyl  CoA  and

enzyme  in a  final volume  ofO.5  mi.  PEPC  was  assayed  by the  method  ofLane  et  al.

(14) with  slight  modifications.  The  reactiQn  mixture  contained  40 mM  Tris-HCI
buflbr (pH 8,5), 10 mM  KHC03,  2 mM  MgC12,  2 mM  PEP, 500 paM GSH,  I50 pm
NADH  and  enzyme  in a  final volume  of  O.5 ml.  Since the  extract  of  citrus  fruit
had high MDH  activity,  exogenous  enzyme  was  not  necessary.  MDH  (EC 1.1.I.S7)
was  assayed  as  dcscribed by Asahi and  Nishimura  (i). Malic  enzyme  was  assayed

by measuring  OD  340nm.  The  rcaction  mixture  contained  80mM  Tris-H(]I
buffbr (pH 7,4), 2mM  malate,  170 pmi NADP,  200 paM MnS04  and  enzyme  in a

final volume  ofO.5  ml.

Determination ofcarbopgygic acid  content                                   '

    
'I'ojuice

 vesicie  tissue,  ethanol  was  added  at  a  final eoncentration  of  70%  and

the tissue was  homogenized  fbr nucleic  acid  extraction.  The resulting  supernatant

of  the  homegenate after  centrifugation  was  used  for carboxvlic  acid  determination.
After removal  of  ethanol  by evaporation  in vacuo,  the  aque6us  solution  was  washed

with  ether  to remove  lipids. A  portion of  the water  layer was  measured  with  a

carboxylic  acid  analyzer  (Seishin Seiyaku  Co., Ltd,),

Morphological obserevation

    To  examine  cell  division injuice vesicles,  fruit was  harvested on  June 4, 9, 12,
17, 21, and  26, After being fixed in Farmer:s fiuid (ethanol-acetate), the  samples
were

 preserved in 70%  ethanol,  Thcy  were  embeded  in paraMn  then  cut  I5Ftm
thick, Delafi¢ ld;s hematoxylin-eosin was  used  forstaining.

                                Results
R'uit development and  acid  acaumuiation

    
In Satsuma  mandarin  fruit DNA  content  per fruit reached  maximurn  onJune
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26 and  thereafter  scarcely  changed  (Fig. 1)
by this time. Cell division was  observed

onJune  I2 (Fig. 2a). Frorn June I7 to 21

, suggesting  that  cell  division had ceased

in the center  of  almost  all juice vesicles

the percentage of' actively  mitoticjuice

(a)

(b)
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                                (c)
Fig. 2. Sections qLiuice vesiclesfiom  Satsuma mandarin.  a>  Juice vesicles  on  June t2 ( x  150). b) Jui'ce
vesicles  en  June 21. Lower  vcsicle  shows  cell  division and  the upper  shows  no  division (× 150).
c)  Juice vesicles  on  June 26 (× 150).

vesicle  decreased (Fig. 2b) and  no  cell  division was  ebserved  onJune  26 (Fig, 2c).
The  first rapid  increase in both contents  of  RNA  and  protein was  observed  until

mid-July  and  the  second  from mid-August  to September, RNA  content  decreased
in October, whereas  protein content  remained  unchanged  during that  time  (Fig. 1),

Fig. 3. Acid accumulation  in difsue of'J'uice r.'esicle

during developnzent of Satsunza mandarin  .fruit.
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 enanges in respiratety  activiC;,  ofliuice vesicge andiesh  zveight  of tvhole  Satsuma inandurinfittil,  - - × - -,
respiratory

 activity;  
･
 O-, wholc  ft'uit weight.  Respiratory activity  was  measured  with  a  1,Varburg

manomcter.  Each  vcssol  contained  1 ml  of  O.1 M  phosphatc  buflbr (pH 7.0) and  1 or  2 g efjuice

vegiclc.

    Although the major  acid  component  in mature  citrus  fruit is known  to be citrate,
in the  very  early  stage  of  Satsuma mandarin  development, malate  was  a  dominant
acid  component  (O.047 rng  malate!fruit  and  Iess than  O.O05 mg  citrate/fruit  on  June
13). Citrate content  surpassed  malate  content  on  June 26 (I.53 mg  malatelfruit

and  4.83mg  citrate!fruit),  Citrate content  per fruit reached  its maximum  in
September  and  then  decreased (Fig. 3). In swcet  Iime fruit malate  was  a  major

acid  component  throughout  (O.39 mg  malateffruit  and  O.11 mg  citratelfruit  on

July 8J l1.6 mg  malate/fruit  and  1.1 mg  citrate!fruit  on  October 22).

    Respiratory activity  per fruit reached  maximum  in late September then  decreas-
ed  slightly,  No  climactcric  rise  was  observed  injuiee vesicle  tissue (Fig. 4).

enanges in env;me  actievities

    Frem  the  pattern ofDNA  content,  the cell  number  of  thejuice  vesicle  appeared

to be unchanged  after  June 26. Enzyme  level was  expressed  as  activity  pcr fruit.
It may  reflect  activity  per cell,

Table l C7Langes in enayme  activities  in.iuice vesicle  tissue during develo.hment ofSatsuma mctntftzrinfiuit

Date Davs  after  '
 anthesis P.EPCP.nzymp.

 activitics.{"molesfminil'ruit)

IOIVI-121Vl[

291VI-11VII

13!VII-141VII

27/VII-281VII

161VIII-I7fVIII

SOIIX-1/X

291X-30/X

 2S-2541-4456-57

 71--7290-91IS5-136164-165

O. Il9L613.115.

 646.906.

 355.
 07

       Citrate                               ptrfalicMDH
 iynthe.ta.se 

ACe"itaSe
 
NAD-IDH

 ..,y..

 9. 27

 38. 7108107

 60.4473557

 O. I80

 O, 768

 2. 352.
 8e2.

 4e11,514,6

O. 4562.
 S8I.

 803.

 784.
 376.

 778.

 I2

O. 090O.

 255O.4611.12O.

 785L964.

 22

 9.1918.

 22L827.015.7
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                        50  100  l50
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Fig. 5. {]hanges in enmp'me  activities  inJ'uice vesicle tissue dur'ing develqPment ofSatsuma mandurirt.fruit.  I:
rnalicenzyme,2:  PEPC,3:  NAD-IDH,4:  aconitase,5:  MDH,6:  citratesynthetase.  Theordinate
indicates only  the  rate  of  the change  in each  enzyme  attivity  and  not  the relation  among  them.

   In Satsuma mandarin  fruit, activities  of  PEPC  and  malic  enzyme  reached  their
maxima  around  July 28 and  thereafter  remained  almost  constant,  while  activities

of  citrate  synthetase  and  MDH  increased biphasically; the  first phase ceased  on

July 15 and  the second  began between August  17 and  September 30. The  other

enzymes,  aconitase  and  NAD-IDH,  did not  show  such  trends  (Table 1). These
trends  can  be easily  seen  when  the activities  are  plotted on  a  logarithmic scale  (Fig.
5). In sweet  Iime fruit, the  seasonal  changes  of  PEPC  and  citrate  synthetase  were

similar  to those  ofSatsuma  mandarin.  On  the  otherhand,  aconitase  and  NAD-IDH

Tg.P.!g.?
 CZhangef in enayme  activities inj'uice vesicte tissue duritrgfiuit development ofsLveet lime.fruit

Date
Days  after

 anthesis PEPC

Enzyme  activities  .(e.moleslminffruit)
       Citrate                            NralicMDH

 synthctase  
ACOnitaSe

 
NAD-IDH

 enzyme

51VI-6/VII  42-43

22/VII-231VII  58-59

241VIII-251VIII  91-92
19!X--201X 147-148

O. 232.51IO.

 410.4

 l2.8 O.135

 52.4 O.950
S30  S. 33
550 l4･.9

e, os33.734.

 363.

 39

O. 0547O.

 947l.

 595.

 62

5. 9829.936.8
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increased monophasically  and  biphasically, respectively.  It is not  clear  whcther

MDH  increases monophasically  or  biphasically (Table 2).

                              Discussion

    Fruit developrnent has been  divided into several  stages  distinctive in meta-

bolisrn and  growth  rate  in some  fruits (15 18). But ne  data fbr analysis  of  the  de-
velopment  of  citrus  fruits has been published. During development of  Satsuma
mandarin  fruit, four distinctive stages  were  observed  in the  changes  in enzyme

activities  and  some  components.  The  firststagelasteduntil mid{uly, characterized
by rapid  increases in enzyme  activities  and  contents  of  RNA  and  protein. Acid
accumulation  was  not  marlced.  Cell division occurred  in the first half of  this  stage,

Thc  end  of  cell division was  roughly  comparable  with  the  data reported  by Kuraoka
and  Kikuchi  (13). In the  second  stage  (from midJuly  to  mid-August),  enzyme  ac-

tivities and  RNA  content  per fruit remained  almost  unchanged.  But the  fresh weight
of  the fruit increased about  twofold  and  acid  accumulation  was  rnost  prominent.
The  third stage  (from mid-August  to the end  ofSeptember)  is considered  to be a  matu-

ration  stage.  The  activities  of  MDH  and  citrate  synthetase  increased about  fourfoId.
The  contents  of  RNA  and  protcin increased rapidly  again  but acid  accumulation

during this stage  was  not  remarkable.  In the  Iast stage,  NAD-IDH  activity  in-

creased,  while  the  activities  of  PEPC  and  malic  enzyme  decreased slightly.  The
contents  of  RNA  and  citrate  decreased considerably.  Thus  this can  be considered

the  stage  of  senescence.  Sugar accumulation  is thought  to occur  during the third
and  fourth stages  (I2). Similar changes  in enzyrne  activities  i4rere observed  in sweet
lime fruit and  may  be common  in the development of  citrus fruits.

    In the  present study,  the  time  of  acid  accumulation  (second stage)  did not

coincide  with  that  of  the increase in activities  of  PEPC  and  citrate  synthetase  (first
stage),  This suggests  that  acid  accumulation  depends not  only  upon  these  enzyme

levels, but also  other  factors. Two  possibilitics are  related  to regulation  of  acid

accumulation.  First, in Satsuma rnandarin,  the  ratio  of  the  enzyme  activities  of

PEPC/NAD-IDH  was  high  in the  acid-accumulating  stage,  Judging from thc

cofactor  required,  NAD-IDH  measured  in this  experiment  is mitechondrial  (5).
This could  suggest  that NAD-IDH  plays an  additional  rcgulatory  rore  in acid

accumulation  of  citrus  fruits. Second, Wallace  and  his coworkers  suggested  in-

hibition of  aconitase  by citramalatc  and  H202  (2, 4), while  Bruemmer  and  Roe

proposed regulation  of  MDH  activity  by the  coenzyme  level (3). In addition  to

enzyme  levels, these factors are  noteworthy  to be regulatory.

    The  increase in respiratory  activity  in citrus  fruits was  not  as  prominent as  that

ef  climacteric  fruits in the  maturation  stage.  In spite  of  this, activities  of  MDH
and  citrate  synthetase  in the  former increased remarkably.  In addition  to this

discrepancy, the increase in activity  of  NADP-dependent  malic  cnzyme  during ripen-
ing was  not  as  remarkable  as  that  observed  in apple,  pear  and  cherry  fruits (7, 9, 10).
Some  diflbrences in metabolic  properties between these fruits and  citrus  fruits may
exist,
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