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INTRODUCTION 

The fundamental importance of organic acids in plant and animal metabolism 
renders it desirable that  methods should exist for t h d r  simultaneous identification and 
determination. The more common methods of analysis for individual acids of the types 
likely to be found in plant tissues have recently been reviewed n. LUGG AND OVERELI, * 
have reported the separation and identification of a number of nonvolatile carboxyhc 
acids by paper partit ion chromatography and the present authors 2 have since briefly 
indicated how the technique can be utilised for the quantitat ive analysis of such acids 
in extracts of apple and carrot tissues. This report i ~ a more complete account of that  
investigation. 

FISI~ER, PARSONS AND MORRISON 6 showed that  the areas of separated spots of 
amino acids and sugars on a paper chromatogram bear a linear relationship to the 
logarithm of the concentration of the substance therein and REID AND LEDERER lo have 
successfully applied this relationship to the determination of certain fa t ty  acids. We 
have similarly developed this technique for certain nonvolatile carboxylie acids, but  
have found it simpler to relate acid concentration to the mass of the filter paper spots 
which the separated acids occupy on the chromatogram. 

Mixtures of organic acids when applied to the chromatogram should be free from 
contaminating inorganic salts, sugars, and other interfering substances. This state of 
puri ty may be reahsed by adsorbing the adds from tissue extracts on a column of anion 
exchange resin (Amberlite IRA 4oo) and subsequently ehiting with ammonium carbon- 
ate. Such treatment of the extracts gives a solution containing the organic acids which 
is free from pigments, sugars and cations, but  which contains excess ammonium 
carbonate tha t  can be readily removed by evaporation. Recovery from the resin columns 
has been found to be I OO % for citric, malic and fumaric acids and approximately 9 ° % 
for succinic. 

Ion exchange resins have previously been used for the deacidification of both fruit 
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j u i c e s  a n d  f r u i t  e x t r a c t s ,  e.g.  t a r t a r i c  a c i d  f r o m  p o m a c e  a n d  b r a n d y  s t i l l  s l o p s  12 a n d  

m a l i c  a c i d  f r o m  a p p l e  j u i c e  ~. CI tALLINER AND K I E S E R  4 h a v e  f o u n d  t h a t  r e s i n  t r e a t m e n t  

o f  a p p l e  j u i c e  r e n d e r s  i t  m o r e  s t a b l e  t o w a r d s  f e r m e n t a t i o n .  

EXPERIMENTAL 

a. Standard acids 

S t a n d a r d  solu t ions  of acids  were m a d e  wi th  A .R .  chemica l s  excep t  in t he  case of isocitric acid 
wh ich  was  s y n t h e s i s e d  following t he  m e t h o d  descr ibed b y  KREBS AND EGGLESTON 7. 

b. Preparation o/tissue extracts 

(i) Carrot .  Car ro ts  were ob ta ined  fresh f rom m a r k e t  and  s tored in mois t  s and  a t  I ° C  unt i l  
requi red  for use. Discs  (80 m m  in d i a m e t e r  and  I.O m m  thick) were cu t  f rom t h e  x y l e m  of a tu rg id  
car ro t  and  r insed  in disti l led wa t e r  before p lung ing  in to  boiling 80 % e thanol .  T h e y  were ref luxed 
for 90 m i n u t e s  t h e n  m a c e r a t e d  in ho t  e t hano l  for t h ree  m i n u t e s  in a W a r i n g  blender .  The  suspens ions  
were fil tered t h r o u g h  s in tered glass  a n d  t he  res idue  w a s h e d  t h o r o u g h l y  wi th  8 o %  ethanol .  The  
fi l trate,  p lus  wash ings ,  were combined  and  e v a p o r a t e d  to d r y n e s s  on a s t e a m  ba th .  The  res idue  
a f te r  evapora t i on  was  dissolved in a p p r o x i m a t e l y  25o ml  dist i l led wa t e r  a n d  th i s  solut ion t h e n  passed  
t h r o u g h  a resin c o l u m n  as  descr ibed below. Af t e r  e lu t ion  wi th  a m m o n i u m  ca rbona t e  t he  solut ion 
con ta in ing  t h e  acids  and  excess  M u t a n t  was  evapo ra t ed  to d r y n e s s  and  t he  res idue  b r o u g h t  to t he  
requi red  v o l u m e  w i th  disti l led wate r .  D r y  we igh t  of t h e  discs used  was  de t e rmined  b y  compar i son  
wi th  discs c u t  f rom the  s a m e  car ro t  and  dr ied a t  8o0-9o ° C for 48 hours .  

(ii) Apple.  Apples  ( " S t a t e s m a n "  var ie ty)  were ob ta ined  f rom an  e x p e r i m e n t a l  plot  a t  commerc ia l  
p ick ing  t ime  and  t h e  t i ssue  ana lysed  w i t h o u t  p r e l imina ry  s torage.  Three  layers  of t i ssue  were t a k e n  
f rom t h e  f ru i t  i cm,  2 cm,  and  3 cm, f rom t he  ep idermis  respect ively .  The  dried flesh was  g round  
and  t h e  powder  s u s p e n d e d  in wa te r  to dissolve t h e  acids  and  f inally filtered, t he  res idue  be ing  
t h o r o u g h l y  w a s h e d  and  t h e  f i l t rate  and  w a s h i n g s  combined .  This  e x t r a c t  was  d i lu ted  to 25o ml, 
passed  t h r o u g h  a resin c o l u m n  and  t he r ea f t e r  t r ea t ed  s imi lar ly  to t h e  carrot .  

c. Preparation o[ resin columns 

The  resin used  was  t h e  s t rong  base  an ion  e x c h a n g e r  Amberf i te  I R A  4oo. Colouring m a t t e r  was  
r e m o v e d  f rom the  resin by  success ive ly  w a s h i n g  w i t h  i .o  N sod ium carbona te ,  water ,  t h e n  i .o  N 
hydrochlor ic  acid in t h a t  order  for severa l  cycles  over  t he  resin packed  in t h e  fo rm of a large co lumn.  
All fine par t ic les  were r e m o v e d  by  suct ion.  

A c o l u m n  con ta in ing  5.o g of Amber l i t e  I R A  4o0 was  requi red  to adsorb  5 ° m g  each  of a t  
leas t  t h r ee  acids, e.g. citric, mal ic  and  succinic.  L a rge r  size co lumns  (2o g) were also t r ied wi th  t he  
s a m e  acid concen t ra t ion  b u t  offered no a d v a n t a g e  and ,  indeed,  necess i t a ted  t he  use  of ve ry  large 
v o l u m e s  of e luan t .  

The  a p p r o x i m a t e  a m o u n t  of resin (5 g a i r -dry  weight)  was  e x c h a n g e d  wi th  50o ml  i .o N sod ium 
ca rbona t e  overn igh t .  As is c u s t o m a r y ,  t he  c o l u m n s  (0.8o cm in te rna l  d iameter )  were packed  wet.  
Af t e r  t he  pa s sage  t h r o u g h  t he  co l umn  of a n o t h e r  5oo ml  of I.O N sod ium carbona te ,  wa te r  was  
pas sed  to w a s h  ou t  all excess  alkali .  A m m o n i u m  ca rbona t e  was  used in a s imi lar  m a n n e r  a l t h o u g h  
i t  h a s  been found  s t h a t  t he  e x c h a n g e  capac i t y  of Amber l i t e  I R A  400 regenera ted  wi th  a m m o n i u m  
ca rbona t e  is less t h a n  if r egene ra t ed  wi th  s o d i u m  ca rbona te .  

F low ra tes  t h r o u g h  t h e  5 g c o l u m n s  were u sua l l y  m a i n t a i n e d  a t  1.o-1. 5 m l / m i n  a l t hough  where  
t he  s a m e  quan t i t i e s  of acids  were used  in la rger  v o l u m e s  (I litre), comple te  adsorp t ion  was  ob ta ined  
wi th  a flow ra t e  as  h igh  as 2.5 ml /min .  

E lu t ion  was  pe r fo rmed  wi th  s o d i u m  or a m m o n i u m  carbona te ,  t h e  l a t t e r  being found  preferable  
because  of t he  absence  of a n y  c o n t a m i n a t i n g  ca t ion  spo t s  on t h e  developed  pape r  c h r o m a t o g r a m s .  
Bo th  alkalis  a t  I .o N concen t ra t ion  will q u a n t i t a t i v e l y  Mute all t h e  ac ids  inves t iga ted  excep t  Succinic, 
of which  t h e  recovery  ob ta ined  h a s  on ly  been  a p p r o x i m a t e l y  90 %. A m m o n i u m  ca rbona t e  is r emoved  
w h e n  concen t r a t i ng  t he  eff luent  f rac t ions  and  th i s  obv ia tes  t he  necess i ty  for e lectrolyt ic  desa l t ing  5 
or deionis ing wi th  a ca t ion  e x c h a n g e  resin such  as Amber l i t e  I R i 2 o .  Adso rp t ion  s tud ies  were per-  
fo rmed  on acid m i x t u r e s  s imi lar  to t he  above  to wh ich  s u g a r  (glucose) in an  a m o u n t  f if ty t imes  
t h a t  of t he  to ta l  acid concen t r a t ion  had  been  added,  b u t  t he  adso rp t ion  and  elut ion charac te r i s t i cs  
of t h e  res in  c o l u m n s  were unaf fec ted .  

d. Paper chromatography 
The  conven t iona l  descend ing  t e chn i que  in a stainless  steel  t a n k  was  e m p l o y e d  wi th  W h a t m a n  

No. i f i l ter-paper  (24* × 24" ). E x t r a c t s  a n d  s t a n d a r d  m i x t u r e s  were appl ied  to  t he  shee t  io  cm 
f rom the  uppe r  edge a n d  t he  spo t s  were al lowed to  d r y  comple t e ly  before t he  shee t s  were placed 
in t h e  t a n k  to equi l ibra te  wi th  the  aqueous  p h a s e  of t he  so lven t  s y s t e m .  Comple te  de l ivery  of the  
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solution from a micropipet te  ensured exact  replication of the  volume applied (approximately  o.oo 5 ml). 
The solvent sys tem used most ly  was  made  up in the  following propor t ions  - -  75 ml redistilled mesi tyl  
oxide, 75 ml wate r  and 36 ml 85% formic acid. RF values of a numbe r  of acids in this sys tem have  
already been reported ~. Wate r - sa tu ra ted  butanol  swamped  with formic acid was sometimes employed.  
Eight  hours  run  was  allowed for qual i tat ive analysis of the  ext rac ts  by  which t ime the  mesi tyl  
oxide solvent front  had descended approximate ly  35 cm. For  quant i ta t ive  determinat ions  a much  
shor ter  run  was  allowed, usually 2.5-3 hours  as the spots  obtained were then very regular  and quite  
discrete after  development  by  spraying with an 0.o 4 % alcoholic solution of brom-cresol-green. 

Usually twenty- four  spots  were applied on a filter-paper sheet  24" × 24" , each ext rac t  and 
control mixture  being replicated four times. I t  is considered tha t  four, and no less than  three  concen- 
t ra t ions  of the control mixtures  should be applied to ensure a sat isfactory reference curve and thus  
two or three  different unknowns  can be applied in quadrupl icate  on the same sheet. T.he op t imum 
range of concentrat ions  for individual acids should be from I.O to IO.O mg/ml.  

A few drops of s t rong ammonia  solution added to the  indicator before spraying assisted in 
producing a vivid cont ras t  be tween the acid spots  and the background.  If  the concentrat ion of acid 
is low the  spots  will be temporar i ly  obliterated bu t  will reappear  on standing. Good t ransmi t t ed  
i l lumination is necessary for the spot  delineation and an X- ray  i l luminator has  been used for this 
purpose.  The spots  were then  carefully cut out  and weighed to the nearest  mg, and in the case of 
s tandards  acids, the mean weights plotted against  the logari thm of the corresponding concentrat ions.  

Even  a small am oun t  of inorganic salt present  in the extracts  causes sufficient tailing of the 
bands to interfere wi th  quant i ta t ive  determinat ions a l though giving good quali tat ive separations.  

RESULTS 

a. Quantitative paper chromatography 

Each acid has its own characteristic line on a graph of the logarithm of concen- 
trat ion plotted against the mass of filter paper. This line does not necessarily have the 
same slope nor occupy the same position on the graph from chromatogram to chromato- 
gram, consequently for each acid on every chromatogram a separate curve must be 
drawn. Such a curve was linear over a range of I.O-IO.O mg/ml, although there was 
some evidence of a deviation from linearity at lower concentrations. The average 
s tandard error determined from the means derived from twelve chromatograms was 

o. 3 mg/ml. At lower concentrations this is quite a large percentage error, but  if 
desired, the concentra t ion of any acid in a mixture can be brought to a convenient 
value by concentration or dilution. 

The accuracy of the method depends to a large extent upon the 'consistency with 
which the edges of the spots are marked, and it is, therefore, desirable that  the operator 
obtain as much experience as possible in this aspect of the technique. Once skilled, 
it is possible that  three points or, perhaps, even two, may  suffice to give quite an accurate 
graph. 

In Table I the quant i ta t ive estimations of various applied amounts of acid (between 
o.63 mg/ml and IO.OO mg/ml) are given for five different chromatograms. 

b. Acid recovery [rom resin columns 

In  Table I I  are set out the quant i ta t ive results on various acids obtained in the 
ammonium carbonate eluate of five separate experiments with the 5 g resin columns. 
Citric, malic and fumaric acids were quanti tat ively eluted, but  succinic to an extent 
of only approximately  9 ° %. The percentage recoveries of the first three acids have been 
generally in excess of lOO% and it is considered tha t  this may  be at t r ibuted in pa l t  
to the presence of inorganic ions causing slightly enlarged spots on the chromatogram. 
This aspect is at  present under investigation and a technique being examined should 
eliminate the possibility of any such effect. 
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T A B L E  I 

ACCURACY OF ]PAPER CHROMATOGRAM DETERMINATIONS 

VOL. 10 (1953) 

Col¢ce~b'atio~ 
Acid applied (mg,'ml) 

Concentration claermined (mg/ml) 
Chromatogram No. 

r 2 3 4 5 

Citric 5 . o o  4 .6o  4 . 8 °  5 . 5 o  5 . o o  5 . IO 
1 .6o  1 .6o 1.55 1.32 1.43 r . 5 i  

Malic  

Succ in ic  

F u m a r i c  

IO,OO IO.OO IO,IO lO.4O t o . o o  9 .90  
5 . o o  4 . 9 o  5 .4  ° 4 -85  5 .o5  4 . 9 o  
1.25 1 .25 1.25 1.65 1.25 1 .47 

IO.OO 9 . 9 5  10 .50  9 .7  ° 9 . 9 0  9 . 8 0  
5 .00 4 ' 6 5  4 .80 4 .45  5.O5 5.OO 
1.25 1.17 1 .30 1.42 1.35 1.48 

2 . 5 0  2.5O 2 .35  2.5O 2.5O 2.5 ° 
1 .25 1 .25 1.22 1.31 1.22 1.25 
0 .63  O.63 O.59 0 . 7 6  O.64 0 .66  

T A B L E  I I  

ACID RECOVERY (%)FROM RIgSIN COLUMNS 

Experiment No. 
Acid Mean 

x z 3 4 5 

Citric 113 113 113 
M a l i c  lO8 i i o  i IO lO 5 95  lO6 
F u m a r i c  i i i i i o  lO6 lO9 
Succ in ic  91 87 9 8  91 83 9 ° 

c. Organic acid analysis o/carrot tissue 

In all carrot roots analysed malic acid was by far the greatest contributor to total 
acidity, but succinic and fumaric were also usually present in appreciable quantities. 
Three other acids were detected, but these have not as yet been positively identified. 
In different carrots the concentrations of malic, succinic, isocitric and fumaric have 
been found to vary considerably, but values for a typical root are given in Table I n .  
During these investigations citric and isocitric acids were separable, but subsequently 
with different batches of paper this separation could not be repeated. 

d. Organic acid analysis of apple tissue 
Malic acid constituted virtually the total acidity of the "Statesman" apple. There 

is an interesting gradient of this acid (on a dry weight basis) in the three different 
shells of apple tissue. The first and second shells contained practically the same concen- 
tration, but the innermost shells had an acid content nearly twice as large as the others. 
The values given are the mean of two fruits. 
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TABLE III  

ACIDS DETECTED IN PLANT TISSUE EXTRACTS 

(Mg acid per g dry weight of tissue) 

475 

R F R F Apple exfraas Carrot 
(Mesityl oxidg (n-butanol Acid exfraas 

system) system) Outer Middle Inner 

o.3i o.3o Isocitric trace trace trace 3.9 
o.31 o.37 Citric - -  - -  - -  trace 
0.39 0.45 Malic 21.8 21.8 42.5 32.o 
o.48 o.5o Unknown - -  - -  - -  trace 
0.54 0.55 Unknown - -  - -  - -  trace 
o.6o o.65 Unknown trace trace trace 1.8 
o.7 ° o.74 Succinic trace trace trace 6.5 
0.82 0.84 Fumaric - -  - -  - -  0.6 

DISCUSSION 

The  general  acceptance  by  plant  physiologists  tha t  KREB'S "Carboxy l i c  Acid Cycle"  

opera tes  as such, or in a modif ied form, in p lant  tissues and the roles ascribed by BENSON 

et al. 1 to  organic acids in photosynthes is  have  directed considerable a t t en t ion  to  thei r  
ident if icat ion and  de te rmina t ion .  

The  main  obstacle  to  the  use of par t i t ion  ch roma tog raphy  in this field has been 

the  difficulty of separa t ing  the  acids in tissue ex t rac t s  f rom such interfer ing mater ia ls  

as sugars, colouring m a t t e r  and  inorganic  cations. This difficulty has largely been 

overcome by the  use of ion-exchange resins. 

W i t h  a simple m e t h o d  for quan t i t a t i ve  de te rmina t ions  as has been described, the 

use of pa r t i t ion  ch roma tog raphy  should ex tend  to the inves t iga t ion  of m a n y  problems 

conf ron t ing  p lan t  physiologists.  Fo r  instance,  in this l abora to ry  the  changes occurr ing 

in type  and concent ra t ion  of acids in carrot  discs t r ea ted  wi th  malonic  acid are being 

inves t iga ted  and  some significant features  in the  act ion of the  inhibi tor  have  been 

discovered.  Whi ls t  the inhibi t ion of oxygen up take  of carrot  slices f rom different sources 

was similar,  subsequent  analysis ind ica ted  qua l i t a t ive  differences in thei r  organic acid 
composi t ions.  

SUMMARY 

A method of estimation of certain organic carboxytic acids has been developed by utilising 
a paper chromatography technique relating concentration to the weight of paper occupied by the 
spot. The method has been used in the analysis of apple and carrot tissues, the extracts of which 
have been freed from sugars and pigments by passage through exchange resin columns. 

R~-SUM~- 

Nous avons ddvdlopp6 une m6thode d'6valuation de certains acides organiques carboxyliques. 
Cette m~thode est basde sur une technique de chromatographie sur papier, oh la concentration est 
mise en rapport avec le poids du papier occupd par la tache. Nous avons appliqu6 cette m~thode 
A l'analyse de tissus de pomme et de carotte dent les extraits avaient ~t6 lib6r~s de sucres et de 
pigments par le passage/t travers des colonnes de r~sines 6changeuses d'ions. 
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Z U S A M M E N F A S S U N G  

Es  wurde  eine B e s t i m m u n g s m e t h o d e  ftir gewisse organische  Ca rbonsguren  ausgearbe i te t ,  die 
die p a p i e r c h r o m a t o g r a p h i s c h e  Techn ik  benf i tz t  und  die die K o n z e n t r a t i o n  in Bez i ehung  zu d e m  
Gewicht  des  yon  d e m  Tiipfel b e a n s p r u c h t e n  Pap ie rs  br ingt .  Die Methode  wurde  bei der  Ana lyse  yon 
Apfel-  u n d  K a r o t t e n g e w e b e n  a n g e w a n d t ,  deren  E x t r a k t e  yon  Zuckern  und  P i g m e n t e n  du rch  das  
Durch l au fen  du rch  Harzaus tauschers~ tu len  befrei t  wurden .  
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