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T H E  I N T E R R E L A T I O N S H I P S  OF I R O N  AND 
P O T A S S I U M  IN T H E  P O T A T O  P L A N T * )  

by E. W. BOLLE-JONES **) 

INTRODUCTION 

Evidence that iron and potassium are interrelated in the metabo- 
lism of the potato plant has been provided by preliminary experi- 
ments described by H e w i t t  and B o l l e - J o n e s g )  who sug- 
gested that potassium may enhance iron utilisation and that iron 
may impede the translocation of potassium. It was planned in the 
following pot-sand-culture experiments to make a more detailed 
study of the significance of these interrelationships in the potato 
and to find how these relationships were affected by the presence of 
calcium carbonate and varying levels of phosphate supply. 

In the first of these experiments, carried out in 1948, potato plants 
were grown at varying levels of iron and potassium supply in the 
presence or absence of calcium carbonate. It was found that in- 
creased potassium supply increased the concentration of iron in the 
tubers and laminae but depressed the phosphorus and increased the 
chlorophyll concentrations of the laminae. The presence of calcium 
carbonate did not affect the nature of the relationships which existed 
between iron and potassium. 

The results suggested, as the simplest working hypothesis, that 
the ameliorative effect of potassium on iron deficiency chlmosis 
might be explained in terms of its depressive effect on phosphorus 
concentration which increased the "availability" of the iron present 
in the lamina. Accordingly a factorial experiment designed to include 
varying levels of iron, potassium and phosphate was carried out to 
investigate this hypothesis in 1949. It was concluded as a result of 

*) These studies were carried out at Long Ashton Research Stat ion and comprise par t  
of the data  submit ted in a Ph .D.  thesis to the Universi ty of Bristol in 1982. 

**) Present address Rubber Research Ins t i tu te  ol Malaya. 
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this exper iment  tha t  the ameliorat ive influence of increased po- 
tassium supply on iron deficiency chlorosis was par t ia l ly  due to the 
increased iron concentra t ion of the laminae and par t ia l ly  to the 
increased efficiency of iron uti l isation in chlorophyll  formation.  This 
increased efficiency was a t t r ibu ted  not  only  to the decreased 
phosphorus concentrat ion,  per se, but  also to the effect of potassium 
in reducing the abil i ty of the phosphorus to immobilise the iron 
in the laminae. 

Although increased potassium supply increased the concentra t ion 
of iron in the roots, tubers  and laminae it was not  known whether  a 
greater  "abso lu te"  amount  of iron was taken  into the plant.  The  
effects observed m a y  have been due to a redis t r ibut ion of iron within 
the plant.  A s tudy  of the relat ive concentrat ions of potassium in 
young and old laminae had  also indicated tha t  increased iron ~upply 
affected the distr ibution of potassium within the po ta to  plant  bu t  
it  was not  known whether  it  affected to ta l  potassium uptake.  An 
experiment ,  carried out  in 1950, was designed to obtain informat ion 
on these points.  In  addition, prel iminary investigations designed to 
test  the theory  tha t  the role of potassium in mit igat ing the severi ty  
of iron deficiency was connected with its effect on the conversion 
of inorganic to organic phosphate  and, possibly, to its influence on 
the format ion of organic acids, were carried out  in 1951. 

The  following account  is a description of these experiments.  Most 
of the incidental  observat ions in the l i terature  re levant  to this s tudy,  
have been cited elsewhere 9). 

EXPERIMENTAL 

1. Design o! experiments 
In the 1948 experiment there were thirty-two treatments representing 

combinations of four levels of iron, four levels of potassium and two levels 
(with and without) of calcium carbonate. The iron and potassium levels 
were chosen to represent severe deficiency (Fe 1 and K1), mild deficiency 
(Fe 2 and K2) , normal (Fe 3 and K3) and luxury (Fe 4 a n d  K4) consumption. 
These concentrations are given in Table I. Each treatment received a supply 
of soluble calcium. In addition, one half of the pots (C 2 treatments) each 
received 50 g of "Analar" grade calcium carbonate which was well mixed 
with the sand (9½ kilograms per pot) prior to planting; treatments not 
receiving calcium carbonate were designated C 1. A certified Scotch seed 
tuber, variety Majestic, was planted in each pot on th~ 10th May 1948; each 
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t r e a t m e n t  was carr ied out  in dupl ica te  and each repl ica te  consis ted of four  
pots, 

The  1949 expe r imen t  was designed to include three  levels each of iron, 
po tass ium and  phospha te  which were chosen to represent  def ic iency (Fe~, 
K 1 and  P1), no rmal  (Fe2, K 2 and P2) and l u x u r y  (Fe a, K a and  P~) con- 
sumpt ion .  The  concen t ra t ions  of these  nu t r i en t s  are g iven  in Tab le  I. E a c h  
of the  27 t r e a t m e n t s  was carr ied out  in dupl ica te  and each repl icate  
con ta ined  e ight  pots  in each of which a tube r  (var ie ty  Majestic) was p lan ted  
on the  25th of May,  1949. 

TABLE1 

Nutrient levels of iron (Fe), potassium (K), and phosphate (P), expressed as 
milligram-equivalent.' per Iitre 

t 1948 I 1949 ] I950-51 I ] 1948 I 1949 1950-51 I I 19481 194911950-51 

F% 0.0075 0.0600 - -  I K~ 1.25 2.40 

. . . .  

0.60 I P1 - -  0.90 0.90 

1 

In  the  1950 e x p e r i m e n t  iron, po tass ium and phospha te  were each appl ied 
at  two  levels  chosen to represen t  def ic iency (Fe 1, K 1 and PI) and l u x u r y  
consumpt ion  (Fe 3, K 3 and P3)" The  po tass ium and phospha te  levels were  
ident ica l  wi th  those  of the  1949 expe r imen t  (Table I). There  xvere e igh t  
replicates,  one in each b lock;  each  repl ica te  or plot  consis ted of four  pots .  
A tuber ,  v a r i e t y  Majestic,  was careful ly  washed,  dr ied and  weighed before  
p lan t ing  in each  po t  on the  2nd of May 1950. 

I n  1951 a few selected t r ea tmen t s ,  chosen so as to reproduce  some of t i le  
main  visual  effects  observed  in the  previous  expe r imen t s  of this  series, were  
appl ied wi th  or w i thou t  the  add i t ion  of organic  acids to the  nut r ien ts .  The  
acids chosen (malic, citr ic and oxalic) were appl ied at  a concen t r a t ion  of 
10 me/1.  

T h r o u g h o u t  these expe r imen t s  calcium, m a g n e s i u m  and n i t r a t e  concen-  
t r a t ions  were ma in t a ined  cons t an t  a t  8, 3 and 12-14 me/1 respec t ive ly ;  the  
supply  of known mic ronu t r i en t s  to each t r e a t m e n t  was also constant .  

2. Culture technique 

B i t u m e n  pa in t ed  pots,  acid washed  sand, deminera l i sed  wa te r  and 
nu t r i en t s  as descr ibed by  t-I e w i t t ~) were used. There  was no ev idence  
to show t h a t  increased po ta s s ium level  carr ied iron, as an impur i ty ,  in to  
t he  nu t r ien t .  This  po in t  is one of considerable  impor t ance  in the  assessment  
of the  expe r imen ta l  results:  The  p H  of the  n u t r i e n t  solut ion increased wi th  
i ron level ;  hence a t  def ic iency levels  of iron the  nu t r i en t  pI-I h indered  ra the r  
t h a n  f avoured  the  p roduc t ion  of chlorosis. 
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3. Sampling and analytical procedures 

i. S a m p l i n g .  " Y o u n g "  and " o l d "  ( H e w i t t  and  B o l l e - J o -  
n e s 9)) leaflets were sampled  t h r o u g h o u t  each season a t  m o n t h l y  in ter -  
vals.  The  midr ib  was excised f rom each  l amina  and  discarded ; the  fol lowing 
weights  of l amina  were then  rap id ly  weighed  ou t :  0.5 g (dry weight ) ;  0.5 g 
(chlorophyll)  ; 1.0-3.0 g ( "so lub le"  K, P, and Ca) and 0.5-2.0 g ("so luble"  
Fe). Samples  for d ry  weight  were oven-dr ied  a t  85°C for 36 hours  and 
reweighed;  samples  for ch lorophyl l  e s t ima t ion  were s tored  in solid carbon  
dioxide.  Samples  for " so lub le" ,  n u t r i e n t  es t imat ions  were s tored  a t  5°C. 
The  l aminae  which  r ema ined  af ter  this  a p p o r t i o n m e n t  were dr ied and  used 
for the  d e t e r m i n a t i o n  of to t a l  nu t r i en t  e lements .  New tubers  were analysed  
for the  1948-1950 expe r imen t s  as well as the  roots  of the  1949 and 1950 
plants. 

In the 1950 experiment all plants grown in two of the Blocks (7 and 8) 
were completely harvested on the 1 Ith of June; another two Blocks (3 and 
4) were similarly harvested on the 13th of July. Plants grown in Blocks 3, 
4, 7 and 8 were not sampled during the growing period; any fallen leaves 
were carefully collected and added to the "bottom" region of the shoot at 
the time of harvest. The aerial shoots of each plant were, on harvesting, 
subdivided into three regions according to length: 

(a) the Top region which constituted 1/5, 
(b) the  Middle region -- 3/5, 
(c) the  Bottom region --  which con t r i bu t ed  the  remain ing  ~/5. 

E a c h  region was fu r the r  separa ted  into  l aminae  and s tems plus pet ioles 
pr ior  to being oven-dr ied .  The  " y o u n g "  l aminae  of the  1948-1951 m o n t h l y  
samplings,  were t aken  f rom the  top  region whereas  the  " o l d "  l aminae  were 
t aken  f rom areas which'  cor responded  pa r t l y  wi th  the  middle  and pa r t l y  
wi th  the  b o t t o m  regions. 

ii. M a c e r a t i o n. All l amina  samples  mace ra t ed  for t he  1948 experi-  
m e n t  were g round  wi th  pur i f ied qua r t z  sand in 50-ml py rex  beakers  wi th  
small  glass pestles,  an ex t r ac t i ng  reagen t  being added  before grinding.  Fo r  
subsequen t  expe r imen t s  samples  of soluble i ron or ch lorophyl l  de te rmi-  
na t ion  were m a c e r a t e d  in the  presence of ground glass or c a r b o r u n d u m  by  a 
mechan ica l ly -d r iven  all-glass homogeniser  ; samples  for soluble K, P and Ca 
es t ima t ion  were m a c e r a t e d  in the  " N . I . R . D . "  homogeniser ,  manu fac tu r ed  
by  Nelco Ltd .  

iii. E s t i m a t i o n  o f  c h l o r o p h y l l .  E a c h  sample  was macera-  
t ed  wi th  85% (V/V) ace tone  in the  presence of abou t  5 mg of ca lc ium 
ca rbona te  and the  e x t r a c t  m a d e  up to 50 ml  wi th  the  ex t r ac t an t .  Colori- 
met r ic  m e a s u r e m e n t  was carr ied out  w i th  a Spekker  Abso rp t i ome te r  using 
red filters.  The  ch lorophyl l  ca l ibra t ion  curve  was ob ta ined  by  adap t ing  the  
me thods  descr ibed by  C o m a r and others  3) a) a). 

iv. D e t e r m i n a t i o n  o f  s o l u b l e  K, P a n d  C a  s t a t u s .  
The  t e r m  " so lub le"  is here used to descr ibe t h a t  f rac t ion  of po tass ium 
phosphorus  or ca lc ium present  in the  l amina  which was ex t r ac t ed  by  M o r- 
g a n 's  r eagen t  1,). The  t e r m  is used w i thou t  reference to any  specific 
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m e t a b o l i c  a c t i v i t y .  I n  t h e  1948 e x p e r i m e n t  1 g of l a m i n a  was  m a c e r a t e d  
w i t h  20 ml  of M o r g a n ' s  r e a g e n t  in  t h e  p re sence  of 0.2 g of ca rbon .  I n  
l a t e r  e x p e r i m e n t s  3 g of l a m i n a  were  m a c e r a t e d  w i t h  30 ml  of M o r g a n ' s  
r e a g e n t  in  t h e  p r e sence  of 0.6 g of ca rbon .  All  f i l t r a t e s  were  colourless.  T h e  
m e t h o d s  of c h e m i c a l  e s t i m a t i o n  were  t hose  desc r ibed  b y  57 i c h o 1 a s 14). 

v. S o 1 u b 1 e i r o n. T he  t e r m s  " s o l u b l e " ,  " a c t i v e "  or  " a v a i l a b l e "  
i ron  were  f i r s t  used  b y  O s e r k o w s k y 1~) to  d e s i g n a t e  t h a t  f r a c t i o n  ol 
t h e  i ron  p r e s e n t  in  leaves  w h i c h  he  cons ide red  to be  ac t ive  in c h l o r o p h y l l  
f o r m a t i o n .  He  f o u n d  t he  a c t i v e  f r a c t i o n  to be  more  a b u n d a n t  in  t h e  g reen  
leaves  t h a n  in  t h e  ch lo ro t i c  ones,  a l t h o u g h  t h e  r eve r se  m a y  be  t r u e  for  t h e  
t o t a l  a m o u n t  of i ron  in  t h e  leaves.  

T h e  m e t h o d s  used  to  d e t e r m i n e  soluble  i ron  were  b a s e d  on  p r e l i m i n a r y  
re su l t s  o b t a i n e d  in  1947 w h e n  n u m e r o u s  r e a g e n t s  were  used  to  e x t r a c t  i ron  
f r o m  t h e  pe t io les  of ch lo ro t i c  ( i ron def ic ient )  a n d  g reen  leaves  of t o m a t o ,  
c lover  a n d  s u g a r  bee t .  T w o  r e a g e n t s  c o n s i s t e n t l y  e x t r a c t e d  d i f f e ren t i a l  
a m o u n t s  f r o m  green  a n d  ch lo ro t i c  l eaves :  0.1 N HC1 s a t u r a t e d  w i t h  e t h e r  
a n d  1.72% g l y c e r o p h o s p h o r i c  acid.  T he  f i r s t  e x t r a c t e d  more  fe r rous  a n d  
less ferr ic  i ron  f r o m  t h e  g reen  t h a n  f r o m  the  ch lo ro t i c  leaves  whi le  t h e  
g l y c e r o p h o s p h o r i c  acid e x t r a c t e d  l i t t le ,  if a n y  ferr ic  i ron  e i t h e r  f r o m  green  
or ch lo ro t i c  leaves.  

T h e  h y d r o c h l o r i c  acid a n d  e t h e r  r e a g e n t s  used  were  pur i f i ed  b y  dis t i l -  
l a t ion .  T h e  i ron  was r e m o v e d  f r o m  t h e  g l y c e r o p h o s p h o r i c  acid e i t h e r  as 
t h i o c y a n a t e  in a 1 : 1 m i x t u r e  of a m y l  a lcohol  a n d  a m y l  a c e t a t e  or as 
h y d r o x y q u i n o l a t e  in  ch lo ro fo rm.  All e x t r a c t i n g  r e a g e n t s  were  a d j u s t e d  to  
a p H  of 1.0. 

T h e  l a m i n a e  were  w a s h e d  in  0.02 N HC1 a n d  dr ied  b e t w e e n  shee t s  of 
b l o t t i n g  p a p e r  before  m a c e r a t i o n .  E x t r a c t s  for  t he  1948 e x p e r i m e n t  were  
p r e p a r e d  f r o m  2 g of l a m i n a  a n d  20 ml  of e x t r a c t i n g  r e a g e n t ;  t he se  pro-  
p o r t i o n s  were  l a t e r  c h a n g e d  to  1 or 2 g of l a m i n a  pe r  30 ml  of r eagen t .  T h e  
f ina l  e x t r a c t s  were  e v a p o r a t e d ,  we t  d iges ted  a n d  t he  i ron  c o n t e n t  e s t i m a t e d  
w i t h  c~,a-dipyridyl. 

vi. E s t i m a t i o n  o f  t o t a l  n u t r i e n t  c o n c e n t r a t i o n .  
20 ml  of n i t r i c  a n d  2 ml  of pe rch lo r i c  acids pe r  g r a m  of d r y  m a t t e r  were 
used  in t h e  w e t  d iges t ion ;  no  s u l p h u r i c  acid was added .  The  f ina l  d iges t s  
were  a n a l y s e d  for  i ron,  p o t a s s i u m ,  p h o s p h o r u s  a n d  ca l c ium us ing  m e t h o d s  
p r e v i o u s l y  de sc r ibed  9). T he  va lues  o b t a i n e d  for  p o t a s s i u m ,  p h o s p h o r u s  a n d  
ca l c ium in leaf  m a t e r i a l  f r o m  t h e  s ame  t r e a t m e n t  in  d i f f e ren t  b locks  were  
r e a s o n a b l y  c o n c o r d a n t  b u t  for  i ron  t h e  a g r e e m e n t  b e t w e e n  d u p l i c a t e  p lo t s  
was  gene ra l ly  less s a t i s f ac to ry .  

4. Preser~tation o[ results 

Most  of t h e  e x p e r i m e n t s  to  be  desc r ibed  were  b a s e d  on  a fac to r ia l  des ign  ; 
i t  is t h e r e f o r e  poss ib le  to  p r e s e n t  t he  d a t a  as c o n d e n s e d  m e a n  t a b l e s  w h i c h  
show c lea r ly  t h e  overa l l  a n d  i n t e r a c t i o n  effects.  S t a n d a r d  er rors  a re  i n c l u d e d  
w i t h i n  e a c h  t ab l e .  I t  has  on ly  b e e n  poss ible  to  s u m m a r i z e  a few of t h e  more  
i m p o r t a n t  r e su l t s  b u t  t h e  c o m p l e t e  n u m e r i c a l  d a t a  are  ava i l ab l e  for  consul-  
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Long  A s h t o n  R e s e a r c h  S ta t ion .  In  t he  a c c o u n t  of t he  r e su l t s  a n  a t t e m p t  ha s  
been  m a d e  to  descr ibe  t he  effects  genera l  to  all t h e  e x p e r i m e n t s .  W h e r e  
effects  ~vere n o t e d  on ly  in one  p a r t i c u l a r  e x p e r i m e n t  t h e  l a t t e r  is t h e n  
re fe r red  to.  

RESULTS 

1. Visual observations 

In all the experiments iron deficiency chlorosis appeared a month 
after planting in the FelK 1 plants; it appeared first in the C 2 and in 
the P2 and Pa treatments. (Plate I). 

In the 1948 experiment chlorosis appeared, but with diminished 
severity as the iron level increased, in the following plants: FeIK1-C 1 
and C2, FelK2-C ~ and C2, Fe~K3C2, Fe2K1-C ~ and C2, Fe2K2-C 1 and 
C2, Fe~KaC2, Fe3KIC2, Fe3K2C 2. The young leaves of the Fe~K3C~, 
FeIK4C~, FeaKa-C~ and C 2, Fe2K4-C ~ and C2, F%K3C 2 plants were 
green and the old leaves relatively paler, in contrast to the corre- 
sponding K~ plants in which the apical leaves remained chlorotic. 
This change in the relative distribution of green colour ("Fe/K visual 
response", Plate II) previously noted by H e w i t t and B o 11 e- 
J o n e s 9) was thus confirmed. The type of iron deficiency chlorosis 
observed was similar for both C~ and C 2 plants; the symptoms of the 
C 2 plants were generally more severe than the corresponding C i. 

In the 1949 experiments the "Fe/K visual response" was apparent 
in the Fe~KaP~ and Fe~KaP 3 plants at the beginning of the season 
(Plate II) but later these plants became apically chlorotic. Iron 
deficiency chlorosis was confined to the Fel plants and was observed 
in the P~, Pa and K~P 1 treatments during the experiment. Increased 
amounts of phosphate consistently increased the severity of the 
chlorosis at the Fe~ level (Plate III). 

Potassium deficiency symptoms were observed three to five weeks 
after planting in the Fe~K 1 plants in the 1948 experiment and in the 
Fe~K1P~ plants of the 1949-1951 experiments; symptoms did not 
appear in the corresponding high iron plants until a week later 
(Plate IV). At any one potassium level the appearance of potassium 
deficiency was delayed by an increase in the iron level of the nutrient 
(Plate IV). Potassium deficiency symptoms, which were appare~t 
at the K~ and K2 levels only, were more severe in the C2 plants and 
at the higher phosphate levels. Potassium deficiency at low iron 
levels was accompanied by continued apical growth and a marked 
defoliation of the lower region of the plant. At the higher iron levels, 
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however, the symptoms were more drastic; they spread to the 
youngest leaves and caused the collapse and withering of the plant 
(Plate V). 

Thus the effect of iron in delaying the inception of potassium 
deficiency and increasing its ultimate severity (H e w i t t and 
B o 11 e-J o n e s 9)) was fully confirmed. 

Where phosphate was applied at the lowest level phosphorus 
deficiency symptoms were observed, six weeks after planting, in the 
Fe3K ~ and Fe3K 3 plants. These symptoms were more severe at the 
high iron, high potassium and low phosphorus levels and were 
observed in the following treatments (of the 1949 experiment) : 

FelK2PI, FelK@I, Fe2K2P1, F%K~P1, Fe~K~P2, 
Fe3K1P1, F%K2P~, Fe3KaP1, F%KaP2. 

It was interesting to note that the Fe3KIP1 plants developed 
phosphorus deficiency symptoms while the Fe3K~P a and Fe~K1P ~ 
plants showed potassium deficiency symptoms. 

Symptoms attributed to combined effects of calcium deficiency 
and low phosphorus status were observed fifteen weeks after 
planting in the 1948 experiment and usually 8-10 weeks after 
planting in the subsequent experiments. The laminae became re- 
duced in size, the margins became wavy and inrolled towards the 
dorsal surface and a basal chlorosis appeared (PlateVI).The straplike 
leaflets withered from the tip downwards and turned a bright yellow; 
death of the leaflets followed but the stem growing point continued 
upwards producing elongated internodes and leaflets progressively 
reduced in size. Brown lesions appeared along the stem and the 
growing point was finally killed. In contrast to the rapid formation 
and pre-mature death of the young laminae, the old laminae retained 
their green colour and remained attached to the stem for long periods. 
In the 1948 experiment these symptoms occurred in both C~ and C 2 
series in the K2, K3 and K4 plants at the F% and Fe 4 levels. The 
symptoms increased in severity with either iron or potassium level 
but were less severe where calcium carbonate had been added. 

In the 1949 experiment these symptoms were first apparent in the ' 
FeIK@~, Fe2KaP1 and FeaK3-P1, P2 and Pa plants and hence 
appeared to be caused by the high potassium level (Plate VII). 
They were observed also in the Fe2K2P~, Fe2K~-P 2 and Pa, and 
FeaK2P 1 plants at a later date. In general the incidence and severity 
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of these calcium-phosphorus deficiency symptoms increased with 
iron or potassium (Plate vii) or decreased phosphate, supplies. 

In the 1951 experiment it was noted that  the FelKIP 1 and FelK~P a 
plants supplied with oxalic acid showed a more severe iron deficiency 
chlorosis than those not supplied with acid; malic acid had a similar 
but much milder effect. The addition of citric acid did not increase 
the severity of these symptoms but neither did it alleviate their 
severity. An effect of organic acid addition on the occurrence or 
severity of potassium deficiency symptoms was not noted. 

2. The occurrence o/tuber necrosis 

A close examination of the tubers produced by plants exhibiting 
calcium deficiency -- low phosphorus effec.ts in the shoot, revealed 
that  small, malformed, corky tubers (described as calcium deficient 
by H e w i t t s), and W a 1 l a c e 86)) occurred sporadically in the 
higher potassium treatments. In addition two distinct types of tuber 
necrosis were observed and are described below, with special refer- 
ence to the 1949 experiment. 

(i) E x t e r n a 1 n e c r o s i s. This originated at the "rose" end 
of the tuber. I t  was visible externally as a dry, brown, partially 
rotted region situated mainly in the cortex; sometimes it extended 
into and became continuous with a medullary necrosis, described 
below. No pathogen was detected and the occurrence did not exceed 
15~o. The external necrosis appeared in the K 3 treatments. 

(ii) M e d u 11 a r y n e c r o s i s (Plate VIII/.  In numerous in- 
stances the central or medulla region of tubers, which appeared to be 
externally normal, was completely rotted.This breakdown originated 
in the central region of the tuber and was not necessarily connected 
to the "rose" end exterior. I t  began as numerous brown necrotic 
spots, close together in the middle of the medulla. These were small 
groups of cells the contents of which became granular and orange 
brown in colour. These cells later became disorganised, adjacent 
regions coalesced and ultimately broke down to form a brown 
cavity, later turning black. Medullary necrosis was always found in 
malformed calcium deficient tubers. The symptoms were not those 
of "Spraing", "Internal  rust spot" or the "Net necrosis" reviewed 
by Q u a n j e r 19). The application of potassium increased while 
that of phosphorus decreased the occurrence of medullary necrosis; 
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Plate VII. Effects of potassium in inducing calcium deficiency 
symptoms associated with low posphorus status in your.g 
laminae. Fe~KIPt plant (left}: Fe~K3Pl plant Iright). Note: 
slight potassium deficiency in the old laminae of the K~ plant ; 
calcium deficiency in the youn 9 and phosphorus deficiency 
in the old leaves of the K3 plant ; changed habit of K3 plant. 

Plate VIII. Left: stages in development of medullary necrosis 
in tubers, Right : medullary necrosis becoming] continuous with 
external necrosis, 
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these effects were highly significant (Table II). The effect of iron 
supply was complex; potassium supply was the determining factor. 

TABLE Ii 

Incidence of medullary necrosis. Means obtained by an angular transformation of the 
percentage values to illustrate the main effects and interactions. 1949 experiment 

Treatment 
K1 K2 Ka P1 P~ Pa [ Mean 

level 

Fe 1 5.6 
Fe= 11.I 
Fe a 8.5 
P1 9.8 
Pa 9.5 
Pa 5.9 

Mean 8.4 

(±  0.86) 
8,7 24,4 

13.0 28.4 
13.4 22.9 
13.9 33.1 
13.6 22.8 

7.7 19.8 

(± o.86) 

19.2 l 1.4 8.2 
21.8 17.4 13.1 
15.8 16.97 12.1 

_ _  _ _  - -  

_ _  _ _  - -  

_ _  - -  - -  

11.7 25.2 - -  - -  -- 

(~ o.5o) 

(±  o.5o) 
12.9 
17.5 
14.9 
18.9 
15.3 
I1.2 

- -  

15.1 

3. Yield data 

In general the effects of potassium and phosphate addition were 
to increase the dry weight yield of shoots, roots and tubers while 
calcium carbonate decreased both shoot and tuber yields. The ad- 

TUBER TO SHOOT RATIOS 

~ C~ ~ ~ C2 ~~i~ 

4 4 

TOBE~OT z T~O T 

~ ~ , 

1 

. . . .  i 

F~ F~ F~ F~ F~, F a % F 5 

Fig.  1. V a r i a t i o n  of  d r y  w e i g h t  ) a t i o  of t u b e r  to  s h o o t  w i t h  i ron  level.  1948 

e x p e r i m e n t .  
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dition of iron reduced the dry weight of both shoots and roots but 
increased that of the tubers. This effect was reflected in the striking, 
and perhaps economically important, increase in the ratio of tuber 
to shoot which was obtained on the application of iron (Fig. 1). 

The yield of tubers obtained in the 1948 experiment furnished a 
clear instance of the interrelationship which existed between iron and 
potassium (Table III). Thus addition of iron at the K 1 level caused a 
11-fold increase in yield but had relatively little effect at the K 4 level; 
the response to potassium at the Fel level was 27-fold as compared 
with a 2-3 fold increase in yield at the Fe 4 level. 

TABLE III  

Dry weight of tubers (grains per 4 plants). Mean values. 1948 experiment  

Treatment 
F% Fee F% Fed C~ C s Mean 

level 

IK~ 13 54 151 144 90 91 [ 90 
Ke 73 172 314 289 224 199 212 

(±  29.8) (=c: 21.0) ( ±  14.9) 
K s 295 223 527 411 449 279 364 I 
K4 356 482 532 390 623 258 I 440 

C 1 292 332 415 347 
( ±  21.0) ( ±  10.5) 

C~ 76 134 347 270 . _  207 

Mean 184 233 381 308 347 207 ] 277 ] 
f (±  14.9) (±  10.5) I 

Tubers, although small in weight and few in number, were present 
in the 1950 experiment when Blocks 7 and 8 were harvested; the 
yield rose sharply by the time Blocks 3 and 4 were harvested. The 
total dry weight of the complete plants (Table IV) increased with 

T AB L E  IV 

Total dry weight of complete plants, Blocks 3, 4, 7 and 8. (grams per 4 plants). Mean 
values. 1950 experiment  

Month 

June 
Blocks 
7 & 8  

Blocks 
3 & 4  

hori- Trea tment  level S.E. 
vertical 

zontalcom_ Fet __~F% I K1 Ks Pl Ps com- 

parison K1 K~ K~ K~lp ~ ~ p ~ - ~  ~ ~ - - - - ~  parison 
' ! 

a o.4 ,00 
~ 7.~ ee 89 ~5 , 92 7e :02 ~ :2"61e.~1 

~ 10.4 161 266 165 229 1~4 172~196 300206 144222 250 ~ 12.6 
t 

~ 7.3 214 197 163 248 ~ 175 236 ~ ~ 8.9 ~ 
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either potassium or phosphate application. The addition of iron 
decreased the yield at the P~ but  had no significant effect at the Pa 
level. 

The provision of organic acid supplements in the 1951 experiment 
did not enhance the total dry weight yield per plant. Citric acid did 
not have a detrimental effect whereas oxalic acid did and markedly 
reduced growth in the FelK~P a plants, Malic acid was equally 
deleterious when given to the same plants but  where iron deficiency 
was not so severe or apparent (as in the Fe~K1P ~ and FelK3P a plants) 
it did not severely retard growth. 

4. Chemical data 

i. C h l o r o p h y l l  c o n c e n t r a t i o n  o f  t h e  l a m i n a e  
(Table V). The application of iron increased the chlorophyll concen- 
tration of young and old laminae; this increase was greater at the 
lower potassium levels for the young laminae and at the higher 
phosphate levels for the old laminae. 

T A B L E V  

Chlorophyll concentration of laminae expressed as mg  per gram of dry mat te r  
Means of all values for June,  Ju ly  and August  1949 

,I__ Young laminae )ld laminae Trea tment  
level 'Fel Fe,  Fe~[P1 Ps Psi Mean Fe I F% F% P~ Ps P~l Mean 

K1 
Ks 
Ks 
Pl 
P~ 
P~ 

Mean 

(±  0.23) 
6.6 9.0 8,9 
7.7 9.5 9,6 
8.1 8.7 8.1 
7.4 9.2 9.2 
7.7 9.8 9,0 
7.2 8.2 8.4 

7.4 9.1 8.9 
( ±  0.14) 

(:::t::: 0.23) I ( ±  0.1.4) 
9.2 8.3 7.0 8.2 
%1 9.2 8.5 8.9 
7.5 9.0 8.4[ 8.3 

8.6 
8.8 
8.0 

- ~ . s - -  

(± 0.28) I (:~ 0.28) [ ( ±  o.16) 
5.0 6.0 6.8 7.1 5.6 5. i,I 5.9 
6.4 8.0 9.C 
5.8 8.6 8 . 9  i 

7.1 8.0 8 . 7 - -  - -  
5.7 7.2 8.2i 
5.4 7.4 7.8 

6.1 7.5 8.2' 
( ~  0.16) 

~,7 7.4 7.31 7.8 I 
8.i 8.2 8.11 8.1 I 

= - -  8.0 
. 7.1 
. ,58 

The addition of potassium increased the chlorophyll concentration 
of the old laminae at all iron levels and of the young laminae at the 
Fe 1 level, but  caused a decrease at the higher iron levels.The response 
to potassium, in the 1948 experiment, was more pronounced for the 
C 1 than for the C 2 plants for both young and old laminae. In the 
subsequent experiments addition of potassium decreased the chloro- 
phyll concentration of the young laminae at the P1 level but  in- 
creased it at the P2 and especially at the P3 levels. Increased potassium 



140 E.w. BOLLE-JONES 

supply generally increased the chlorophyll content of the old laminae 
at all phosphate levels. 

Calcium carbonate addition decreased the chlorophyll concen- 
tration of both young and old laminae and particularly so for the 
low iron treatments. 

The application of phosphate reduced the chlorophyll concen- 
tration of both young and old laminae; this reduction was most 
marked at the K 1 level and least apparent at the Ks level. The de- 
pressive influence of phosphate was greatest at the Fe 1 level in the 
old laminae. 

I t  was noted, for the 1951 experiment, that  organic acid addition 
did not generally increase the chlorophyll content of the laminae; in 
fact, oxalic acid addition markedly reduced the chlorophyll concen- 
tration, as also did malic acid to some extent. 

ii. T i t r a t a b 1 e a c i d i t y. Representative values obtained 
for titratable acidity are summarised in Table VI. Increased po- 
tassium level decreased the acidity of the young laminae but either 
had little effect or increased that  of the old laminae.Thus the increase 
which occurred in the chlorophyll concentration of the young laminae 
of the FelP a plants when the potassium supply was increased was 
accompanied by a decrease in the titratable acidity. Phosphorus 
addition invariably increased the acidity of both young and old 
laminae. The influence of either iron or organic acid supplements 
was not consistent. 

T A B L E  VI 

T i t r a t ab l e  aeidi ty  {Volume, ml of 0.01 N N a O H  requi red  to br ing  ex t r ac t  to p H  9,5) 

Young  

l aminae  1950 1951 Young  l aminae  1951 

FelK1P 1 e.2 7.6 Control FelKxP I 6.9 Fe lK1P ~ 14.0 F% KaP  a 8.2 

FelKxP a 12.0 13.8 Malic FexK1P I 5.8 Fe1K~P a 13.0 F%KaP a 10.7 

Fe ,KaP  a 10.5 9.7 Citric FelK~P 1 6.7 FexK1P a 12.2 FexKaP a 11.9 

FeaKaP a l l . 0  11.8 Oxalic F%K1P 1 7.2 ! Fe lK~P a 13.4 Fe lKaP  a 11.8 

Did 
l aminae  1950 Old l aminae  1951 

FeIK1P ~ 6.0 - -  Control F%K~P,  5.2 F % K , P  a 11.6 F% KaP  a 13.2 

F % K , P  a 7.2 Malic F%.K~P~ 3.8 F % K , P a  14.8 Fe~KaP a 16.8 

Fe ,KaP  a 10.6 Citric . F % K ~ P ,  3.9 F%K1P a 10.9 F e , K a P  a 9.9 

FeaKaP ~ ' 11.8 Oxalic F e , K , P ,  - -  F % K , P  a 9.1 F%KaPa 9.5 

l ~ 5 ~ e x t r a c t s  p r epa red  b y  e x t r a c t i n g  5 g fresh l a min ae  wi th  60 ml  of 85% alcohol; 

1951 ex t r ac t s  p r epa red  b y  t ak ing  3 ml  of sap expressed  f rom fresh l aminae  and dilut in 

witl~ w a t e r  to 25 ml  before t i t ra t ion .  
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Samples of juice expressed from frozen laminae of plants grown in ~ 
the 1951 experiment were examined chromatographically for organic 
acid constituents by Mr. A. H. W i 11 i a m s. None of the commoner 
acids was readily detected in the juice. One "unknown" acid only 
showed variation with mineral treatment; the amount of this acid 
present did not vary consistently as a result of the organic acids 
supplied in the nutrients. This "unknown" acid possessed an R~ 
vMue similar to malic acid when the chromatograms were run in an 
acid solvent (butanol-formic acid) but similar to lactic acid when run 
in an alkaline solvent (ethanol-ammonia). The "unknown" acid was 
always found in least concentration in juice taken from the FelK1P 8 
laminae and in highest concentration in the FelKsP 8 laminae. 

Apparently the organic acids fed to the plants either became 
localised in the roots, tubers or stems or were metabolised com- 
pletely. In one instance only was there any indication that the plants 
had been fed with organic acids when a large genuine malic acid spot 
was obtained in the old laminae taken from FelKsP a plants fed ~vith 
malic acid. 

iii. I n o r g a n i c  a n d  o r g a n i c  p h o s p h o r u s  i n  
1 a m i n a e (Table VII). Fresh laminae were macerated with ice- 

TABLE VII 

Inorganic and organic phosphorus concentrat ions  of young laminae (expressed 
as mg P per gram dry matter). Mean values. 1951 experiment 

Ist sam ,ling 2nd sampling 

Treat-ment lnorg. Org. Inorg. Org. __In°rg" Inorg. Org. Inor~. Org. lnorg.__ 

P P T~TaT ~ O r g .  P P Total T~dTaI - O r g .  

FelK1P3 
F%K2P~ 
FezK3Pa 
F%K,Pa 
FeaKaPa 

7.11 1.88 / .79 
5,54 1.56 [ .78 
1.90 2.05 .48 
4.28 2.00 .68 
3.72 3.02 .55 

.21 3.78 

.22 3.55 

.52 0.93 

.32 2. I4 

.45 1.23 

6.23 6,23 
3.99 5.88 
2.12 4.59 
5.16 4.26 
3.33 4.19 

.50 I .50 1.oo 

.40 .60 0.68 

.32 .68 0.46 

.55 .45 1.21 

.44 .56 0.80 

cold 10% perchloric acid. The estimation of inorganic phosphorus 
in the supernatant liquid after centrifuging was based on procedures 
described by W e i 1-M a 1 h e r b e and G r e e n ~s). The amount of 
organic phosphorus in the laminae was obtained by subtracting the 
inorganic phosphorus value from the total phosphorus value de- 
termined by the usual wet digestion procedure and subsequent 
colorimetric estimation. 

The concentration of inorganic phosphorus and its proportion of 
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the total phosphorus in the lamina, decreased as the potassium level 
of the nutrient increased. Potassium level did not usually affect the 
concentration of organic phosphorus present but increased its pro- 
portion of the total (i.e. organic P/total P). Increased potassium sup- 
plies markedly .decreased the ratio value for inorganic/organic 
phosphorus found in the laminae. 

Increased iron level generally increased the concentration and 
proportion of inorganic phosphorus present. 

iv. M o r g a n ' s - s o l u b l e  K, P a n d  C a  (Table VI I I ) .  I nc reased  
iron supp ly  decreased  the  soluble p o t a s s i u m  c o n c e n t r a t i o n  of t he  y o u n g  
laminae  at  t he  I~ 1 level b u t  increased  the  p o t a s s i u m  c o n c e n t r a t i o n  of t h e  
old l aminae  at  all K levels. T h e  add i t i on  of ca lc ium c a r b o n a t e  t e n d e d  to  
increase  the  p o t a s s i u m  c o n c e n t r a t i o n  of the  y o u n g  l aminae  b u t  s igni f icant ly  
r educed  t h a t  of the  old laminae.  P h o s p h a t e  add i t ion  caused  an overal l  
decrease  in t he  p o t a s s i u m  c o n c e n t r a t i o n  of t he  old laminae.  

TABLE VIII 

% Morgalfs-soluble potassium, phosphorus and calcium in Iamiuae, expressed on dry 
weight basis. Overall mean values. July sampling 1949 

Treatment Young laminae Old laminae 

level % K % P % Ca % Ca 

Fe 1 

F %  

F %  

K1 

Ks 
K8 

131 
P~ 
P~ 

(± .08) 
2.1 
1.7 
1.8 

1.3 
1.5 
2.8 

_ _  
(± .o8) 

1.8 
1.9 
1.9 

(~: .o17) 
20 
.13 
.12 

(~= .017} 
.20 
,15 
. t l  

(~ .017) 
.04 
.12 
.30 

( :~ .054) 
.50 
.28 
.55 

( ± ,054) 
.60 
.54 

.~9 

{ ± .054) 
.44 

.42 

.47 

% K  % P  

(± .08) (± .008) 
1.5 .19 
1.7 .13 
2.0 .12 

{ ~  .08) (_~ .008) 
0.4 .19 
1,0 ,16 
3.8 .lO 

(~: .08) ( ~ .008) 
2.0 .O3 
1.6 .07 
1.5 .34 

(± .o7) 
2.0 
1.7 
t.8 

(~ .07) 
2.1 
2.4 
1.1 

(~ .07) 
1.5 
2.0 
2.0 

The  add i t i on  of i ron or p o t a s s i u m  decreased  the  soluble p h o s p h o r u s  
c o n c e n t r a t i o n  of t he  y o u n g  l aminae  ; th i s  also appl ied  to  t he  old l aminae  for 
the  1949 and  s u b s e q u e n t  expe r imen t s .  The  effects  of b o t h  i ron a n d  p o t a s s i u m  
were m o s t  m a r k e d  at  t he  P8 level. The add i t i on  of ca lc ium c a r b o n a t e  
decreased  the  p h o s p h o r u s  c o n c e n t r a t i o n  of the  old laminae.  

The effect  of i ron  level on soluble ca lc ium c o n c e n t r a t i o n  was  n o t  con- 
s is tent .  Inc reased  po t a s s ium supp ly  r educed  the  soluble ca lc ium con- 
c e n t r a t i o n  of y o u n g  and  old laminae .  The  app l i ca t ion  of ca lc ium c a r b o n a t e  
or p h o s p h a t e  p roduced  an overal l  increase  in t he  soluble ca lc ium concen-  
t r a t i on  of y o u n g  and  old laminae .  
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v. S o l u b l e  i r o n .  Of the two types of extractant tested, 
hydrochloric acid saturated with ether appeared to give values better 
related to the visual appearance of the plants, and more consistent 
results, than glycerophosphoric acid. In general both reagents 
extracted more soluble iron from the old laminae of plants supplied 
with the higher levels of potassium; this response to potassium was 
sometimes significant when glycerophosphoric acid was used but 
always so when the other reagent was employed (Table IX). 

TABLE IX 

Ppm soluble iron, extracted by 0.1 N HC1 + ether, in the dry matter of laminae. 
Mean values.August sampling 1949 

Treatment Young laminae Old laminae 

level Fel F% F% P1 P~ P3] Mean Fel F% FealP 1 P~ Pal Mean 

~ 1  

K8 
K~ 

P I  

P2 
P8 

Mean 

(~ 14.0) 
27 32 60 
33 26 44 
49 50 73 

:33 53 93 
43 30 63 
34 25 22 

37 36 59 
( ±  8.1) 

42(±4164.0)32 (d=40g.1) 

51 29 231 34 
t 

86 61 26! 58 
/ 

60 

_ 

27 
- -  - -  

(~ 9.6) 47 (£ 9.6) 30 ( .5) 44 45 4g 44 44 =k-4~ 
5 4 5 9 6 5 7 0  7 4 3 4  59 

82 74 91 82 109 108 

: :-  74 72 - -  
59 82 75 
40 42 27~ 36 

s7 ~s ;~ ~ 
(~ s.~) ~ 

vi. A s h  a n a l y s i s  o f  l a m i n a e .  Iron concentration 
(Table X). Addition of iron usually, but not always, produced an 
overall increase in the iron concentration of both young and old 
laminae; this increase was largest at the lower P levels. Potassium 
addition increased the iron concentration of both young and old 
laminae. The addition of calcium carbonate reduced the iron concen- 
tration of young and old laminae; this depressive effect was usually 
greater in the old than in the ydung laminae. Phosphate addition 
markedly decreased the iron concentration of the old laminae and to 
a lesser extent, of the young laminae; this effect was usually strongest 
at the high iron levels. 

Potassium concentration (Table X). The trends obtained for the 
total potassium concentration were similar to those obtained for the 
soluble potassium. Thus iron addition decreased the potassium 
concentration at the K 1 level and increased it at the K a level for the 
young laminae and increased it at all K levels in the old laminae. 
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TABLE X 

Ppm iron and % potassium in dry matter of laminae. Mean values. 
1949 experiment 

Treatment 
level 

Zl  

Ks 
Ka 

Ps 
P~ 
P~ 

N[ean 

Fel Iron, ppm 
F% F%IP 1 P~ P s [  Mean 

Young laminae (July) 

( ::[:: 28.2) 
153 199 177 

174 211 158 
192 225 214 

( ~  28.2) 
222 170 138 
200 177 165 
237 210 184 

(::k 16.3) 
176 
181 

210 

220 

185 
162 

189 

K 1 
K~ 

K~ 

P1 
P~ 
Ps 

Mean 

163 224 272 
205 200 151 
150 210 126 

Potassium, % 

Fe 1 F% F%IP 1 Ps Ps I Mean 

Young laminae (July) 

(:~ o.19) (± o.~9) 
I 

2,6 2.2 1.9 1.6 2,1 2.31 
2.3 2.4 2.12.0 2.3 2.5 
3.0 3.9 4.33,7 3.9 3.6 

I 

2.4 2.6 2.41 
2.8 2.7 2.7 
2.7 3.2 2.5 

2.6 2.8 2.5 
( ±  0.11) 

173 212 183 

( ~  16.3) 

Old laminae (August) 

• (~- 112) I ( ±  112) ( ~  64.4) 
1332 258 52~1703 296 119 373 
343 493 624 719 587 153 486 
438 640 648 985 572 168 575 

717 770 92C 802 

265 480 710 485 
I30 140 170 147 

37i 464 600 478 
( ± 64.4) 

Old laminae (July) 

(:t= 0.11) 
2.0 
2.3 
3.7 

2.4 
2.8 
2.8 

2.7 

(~= o.10) (± 0.lO) ( i  0.06) 
0.4 0.8 0.70.7 0.5 0.7 0.6 
1.1 1.4 1.7 1.9 1.2 1.2 1.4 
4.4 4.9 5.45.7 4.8 4.3 4.9 

2.4 2.6 3.2 2.8 
1.7 2.3 2.6 2.2 
1.8 2.3 2.0 2.0 

- -  2.0 2.4 2.6 2.3 
(:t: 0.06) 

Increased supplies of potassium were more effective in increasing the 
potassium concentration of the laminae in the C a than in the C~ 
plants. The addition of phosphate had no consistent effect on the 
young laminae but decreased the potassium concentration of the 
old-especially at the F% and K 3 levels (Table X). 

Phosphorus concentration (Table XI). Increased supplies of 
either iron or potassium or the addition of calcium carbonate de- 
creased the phosphorus concentration of both young and old laminae. 

Calcium concentration (Table XI). Iron addition decreased the 
calcium concentration of the old laminae; its effect on the young 
laminae was not consistent. Increased potassium supply usually 
produced an overall non-linear decrease in the calcium concentration 
of young and old laminae. Calcium carbonate addition increased the 
calcium concentration of young and old laminae particularly those 
of the low iron plants. Increased phosphate supply resulted in an 
overall increase in the calcium concentration of the old laminae. 
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vii. A s h  a n a l y s i s  o f  t u b e r s .  The addition of iron 
increased and that of calcium carbonate decreased the iron concen- 
tration of the tubers (Table XII). The application of potassium 

TABLE XI 

% Phosphorus and % calcium in dry matter of laminae. 
Mean values for .July sampling 1949 

Treatment Phosphorus, % Calcium, % 

level Fe~ F% F%]P~ Ps P~I Mean F% F% FeajP~ Ps P,j Mean 

~' oung laminae Young laminae 

K1 

(±  .021) 
K 1 .66 .50 .45 
K s .54 .45 .41 
K~ .47 .37 .35 

P1 .32 .25 .24 
P~ .52 .44 .32 
P, .83 .63 .6~ 

Mean . ~  .~- .-~ 
(± .o12) 

(~ .021) I ( ~ ,012) 
.30 .49 ,831 .54 
.27 .42 .72 .47 
'.24 .47 .58 .40 

(i .019) 

J .50 52 .32 
i.47 .38 .31 

(±  0.07) 
1.4 1.2 1.6 
1.2 1.1 1.2 
0.6 0.6 0.8 

.27 1.0 1.0 1.4 

.42 1.1 0.8 1.0 

.71 _ll__._l __I.__0 1.2 

.47 1.1 0.9 1.2 
I (± 0.04) 

Old laminae I 
| (~_ .o19) 1) 

.15 .29 .90 

.13 .22 .80 

(~+ 0.07) I ( ±  0.04) 
1.4 1.3 1.51 1.4 

I 1.3 1.o 1.11 1:2 
0.6 0.7 0.7 0.7 

1.1 
1.0 
1.1 

~ - -  

Old laminae 

Ks 
K3 

P1 
P~ 
P~ 

Mean 

.29 .26 .24i.13 .19 .48 

.16 .i5 .09 

.27 .26 .18 

.83 .75 .61 

.42 .38 .29 
(-+= .o11) 

(~: .01 
.45 
.38 
.26 

.14 

.23 

.73 

.37 

(~: O.lO) (±  O.lO) 
3.6 2.9 2.9 3.0 3.5 2.9 
4.2 3.5 3~22.9 4.1 3.8 
2.3 1.9 1.8 1.7 2.2 2.2 

3,1 2.2 2.~ 
3.7 3,3 2.7 

3.3 2.8 2.9 I 

3.4 2.8 2.6 
(~ 0.06 

( i 0.06) 
3. I 
3.6 
2.0 

2.6 
3.2 
3.0 

2.9 

TABLE XII  

Ppm iron {total concentration) in dry matter of tubers. Mean 
values. 1948 experiment 

Treatment Fez Fe2 F% Fe~ C1 C2 Mean 
level 

K1 
Ks 

Ka 
K4 

C1 

Cs 

10.5 8.6 16.3 23.5 
8.1 9.6 13 .6  21.4 

( ~  2.21) 
10.4 8.2 21.3 28.0 
8.3 I0.4 21.9 32.4 

9.9 11.1 22 .1  28.6 
(±  1.56) 

8.7 7.3 14 .4  24.0 

17.1 12.4 
I4.7 11.7 

(±  1.56) 
20.5 13.3 
19.4 17.1 

Mean 9.3 9.2 18 .3  26.3 17.9 13.6 
( ±  1.11) ( ~  0.78) 

14.7 
13.2 

(~ 1.11) 
1,5.9 
18.2 

- T i ~ - -  
{~;78)  

_ _ - -  

15.8 

Plant and Soil VI 
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T A B L E  X l I I  

Fotal  i ron ,  p o t a s s i u m  a n d  p h o s p h o r u s  c o n c e n t r a t i o n s  of roo t s .  Mean  

va lues  for  1949 e x p e r i m e n t  

P p m  Fe in d r y  m a t t e r  I r e a t m e n t  

leveI 

K1 
K e  

Ka 

P1 
P e  

Pa 

F% Fe e Fee P~ Pe Pa 

( ± 36.2) 
97 139 517 

140 129 685 
94 188 941 

152 189 1033 
I01 157 647 

78 109 446 

(±  36.2) 
371 258 125 

814 250 172 

490 397 337 

m m 

Mean  

( ± 20,9) 

251 

312 

4O8 

458 
302  

211 

Mean  111 152 709 - -  - -  324 

(~ 20.9) 

T r e a t m e n t  % K in d r y  m a t t e r  

level  F %  Fe e Fe e P l  Pe Pe Mean  

( ±  0.146) ( ±  0.146) ( ±  0.084) 

~1 
K s  

Ks 

P1 
Pe 

Pe 

Mean  

0.56 0.40 0,29 

0.59 0.60 0.55 
2.46 3.37 1.74 

1.29 1.35 0.80 

1.23 1.11 0.48 
1 . 0 8  1 . 9 0  1.30 

1.20 1.45 0.86 
( ~  0.084) 

0.27 

0.66 

2.50 

m 

0,36 0.63 0.42 

0.43 0 .64 0.58 

2.05 3.01 2.52 

- -  - -  1.15 
- -  - -  0.94 

- -  - -  1.43 

- -  - -  3.52 

T r e a t m e n t  % P in d r y  m a t t e r  

level  I Fee Fee Fee P1 Pe Pa Mean  

K1 
K~ 
K~ 

Pl 
Pe 
Pa 

( =[= .042) 
.51 .45 .20 

.32 .38 .20 

.37 .27 .16 

( ±  .042) 
.10 .19 .87 

.09 .14 .66 

.08 .11 .62 

m 

.09 .09 .09 

.18 .13 .13 

.93 .89 .33 

( ±  .024) 

.39 

.30 

.27 

.09 

.15 

.72 

Mean  .40 .37 .18 - -  - -  - -  .32 
( ± .024) 

increased the iron concentration of the tubers at the high iron levels. 
Generally the variations in iron concentration according to t reatment  
were more consistent in the tubers than in the laminae. 

Although not presented here, it was found that  the application of 
iron decreased the potassium concentration at all potassium levels 
while calcium carbonate usually increased it : the addition of iron or 
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potassium decreased botht he calcium and phosphorus concentrations 
tound in the tubers. 

viii. A s h a n a 1 y s i  s o f r o o t s (Table XIII). The nutrient 
concentrations within the roots were more susceptible to the effect 
of treatment than were either the laminae or the tubers. 

The iron concentration of the roots increased with iron and pot- 
assium levels but decreased with phosphate addition. 

Increased iron supply linearly decreased the potassium concen- 
tration of the roots in the K I treatments and gave a non-linear 
decrease in the K a treatments. Phosphate addition decreased the 
potassium concentration at the Fe 1 level but increased it at higher 
iron levels. 

Increased iron or potassium supplies gave an overall decrease in 
the phosphorus concentration of the roots. Iron application had no 
effect on phosphorus concentration at the P1 level but caused a 
large decrease at the Pa level. 

5. Total nutrient content o/ the potato plant (1950 experiment) 
The results described in this section and sections 6 and 7 refer 

specifically to the t 950 experiment and deal only with iron, potassium 
and phosphorus. Although similar data were obtained for calcium 
and are available for consultation at Long Ashton Research Station, 
they have been omitted from this paper mainly on the grounds of 
space and because they do not affect the main conclusions drawn. 

The results given in Table XIV were obtained Irom Blocks 7 and 8 

TABLE XIV 

iron content of complete plants and of shoots and tubers ; potassium and phosphorus contents of 
complete plants (Fe expressed a s / ~ ;  K and P as rag; per 4 plants). Mean values. Blocks 7 and 8, 

1950 experiment 

Treatment level 

/*g Fe,l 
complete plants 

/~g Fe/ 
shoots and tubers 

mg K/ 
complete plants 

mg P/ 
complete plants 

Stand- 
ard Fe 1 ] Fe~ 

error K1 K~ I Ki Ka 

± 748 4850 688617406 8589 
529 5868 [ 7998 

±'337 4t42 5575:4896 6198 
~ 238 4858 I 5547 

- - : - -  
1223 543611117 4940i10t8 1322 4530 584{ 

1 0 7  3330 Ii 3028 _ 1170 5188 ~ " _ _ 1  

~ 9.91 377 395 286 328 128 535 ~ 
± 7.0[ 386 307 332 361 

~ I K~ P~ P~ 

P~ P, I ~ ~  Fe~ Fee 

5006 7252 
6128 

4240 4798 
4519 

7329 8146 8602 6732 6134 9264 
7738 6167 7699 

- - ~ 6 4 1 s 0 4 ~ 4 0 ~  467~688 
5886 : 4724 / 5681 

58463098 2450 3562 3606 
2774 3584 
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which were chosen for illustration as the effect of t reatment on yield, 
although apparent, was not so marked as in Blocks 3 and 4 (Table 
IV). Consequently any differences in the nutrient content of the 
plants grown under different treatments were more likely to be 
attributed to thedi rec t  effect of t reatment on uptake and accumu- 
lation of the nutrient than to a growth effect. 

The iron content of the complete plant increased with iron supply 
particularly at the K 1 and Pa levels and with potassium supply at 
the Fe 1 and P1 levels (Table XIV). If the tota l  iron content of the 
shoot and tubers only was considered, and the roots excluded, the 
standard errors obtained were appreciably smaller and the effect of 
potassium on iron content became more obvious and was significant 
at the 1.0% level (Table XIV). The addition of iron decreased the 
iron content of the shoot plus tubers at the P1 level but increased it 
at the Pa level. 

The potassium content of the complete plant increased with 
increased potassium or phosphate supply (Table XIV), iron addition 
had little effect. 

Increased phosphate supply or of potassium, at the F% and P3 
levels, increased while iron decreased the phosphorus content of the 
complete p lan t  (Table XIV). 

6. The relative distribution o] nutrients within the potato plant (1950 
experiment) 

i. I r o n (Fig. 2). Increased iron level increased the proportion of 
iron found in the roots and tubers. In June (Blocks 7 and 8) added 
iron generally increased the proportion found in the stems and peti- 
oles of the bottom region. 

Potassium addition increased, at the June sampling, the pro- 
portion of iron found in the stems and petioles of the top region and 
also in July in the FelP a and F%P1 treatments. Added potassium 
decreased, in July, the proportion of iron in the lower stems and 
petioles at the F%P a level; this was probably due to tuber formation. 
Potassium addition markedly increased the proportion of iron found 
in the tubers and consistently decreased the iron distributed to the 
roots, at the July sampling. In June there was evidence that  at the 
P1 level potassium increased the iron found in the roots. 

In Jnly, increased phosphate generally decreased the proportion 
of iron in the roots, except at the FelK 1 level, when it increased. 
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Phosphate addition usually decreased the proportion of iron found 
in the tubers except at the Fe3K 3 level when an increase was 

LAMINAE 

-r~3p 

STEMS & 
PETIOLES 

T O P  

RELATIVE DISTRIBUTION OF IRON 
BLOCKS 7 & 8 

, 

BLOCKS 3 & 4 

¢ 
20 ,olo 

~ ~ ~°i~ocn_ ~ 
'° I I 1 ~ ~  _ o ~ ~ ~ i ~  

. . . . . .  

20  

~o 

0 

Io 

~ r- -~///~ ~///~l,~/A 

~ 3O_ 

133 I}3 lil 13f 331 31~ 3;3 333 

TUBERS 

P, OOTS 

I L . ~ / / / / ~Z / / "  ~ / 7~ r~  

Io 

30 

'° ~ 
o~-] 

0 

133 [13 III 13t ~31 311 313 33.3 

Fig. 2. The relative distribution of iron within the potato plant 40 days 
(Blocks 7 and 8) and 72 days (Blocks 3 and 4) after planting. The respective 
levels of Fe, K and P applied are indicated below the lowest histogram; 

e.g. 133 refers to treatment FelK3P 3. 1950 experiment. 
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obtained.  Phosphate  had  no consistent effect on the pr~)portion of 
iron in the laminae in June  bu t  tended  to give an overall  increase in 

July,  especially in the upper  laminae. 
ii. P o t a s s i u m (Fig. 3). Increased iron supply increased the 

RELATIVE DISTRIBUTION OF POTASSIUM 
BLOCKS 7 &8 BLOCKS 3 &4. 

2O 

' o H ~JJJ~JJJJ~JJJt~ 

,o,o~ ~ 
3o] 

1 
i 2o ' ' 

io o ~ 

LAMI NAE 
T 0 ~ ~ [/////~ 

BOTTOM__ ~ 

STEMS & 
PETIOLES ToP ~ 

- ;. 2. 2.~ ;. ~ 

50 "////~ ..... 
- : 4 / . / - - z  ;2 .7 ,7 .2 ,  

i 
40 ~//'//~ V/l~, 

;i;;~ ; : : : :  

. . . . .  

,,~-~ ~ ~ 

~o 

~°°'~ ~ ~ ' ° - o ~  ~ 
~33 113 II~ 131 331 3~I 313 333 133 113 III 131 331 31~ 3~3 333 

Fig. 3. The relative dis tr ibut ion of potassium within the pota to  plant .  
1950 experiment.  
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proportion of potassium found in the tubers but usually decreased 
it, for July, in the roots and top and bottom laminae. A general 
decrease in the proportion of potassium in the stems and petioles at 
all levels except the KaP 1 was obtained on the addition of iron. 

L A M I N A E  

t o p  

BOTTOM 

STEMS & 
PETIOLES 

TOP 

M~DDLE 

TUBERS 

ROOTS 

Fig.  4. The  

RELATIVE D ISTRIBUTION OF P H O S P H O R U S  
BLOCKS 7 &  8 BLOCKS 3 & 4  
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. . . . . . . . .  
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501 . . . .  . . . .  

2"/// 
~//, 

2o i / / / /  
. . . .  
. / / / ~  
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re la t ive  d i s t r ibut ion  of p h o s p h o r u s  w i t h i n  the  p o t a t o  plant .  
1950 e x p e r i m e n t .  
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Increased potassium supply increased the proportion of potassium 
found in the roots but decreased it in the tubers, except at the FelP a 
level. Potassium addition decreased the proportion of potassium 
found in the upper laminae and increased the proportion of pot- 
assium in the stems and petioles of the lower regions. 

In July increased phosphate supply decreased, (except at the 
FeaK a level), the proportion of potassium found in the tubers. 

iii. P h o s  p h o r u s (Fig. 4). The addition of iron generally 
decreased the proportion of phosphorus found in the roots but 
increased it in the tubers. Iron addition also decreased the phosphor- 
Us content of the laminae and stems and petioles in July. 

The addition of potassium usually decreased the phosphorus in 
the roots but increased it in the tubers. Increased potassium 

T A B L E  XV 

Amounts  of iron, potass ium and phosphorus  supplied to potato  plants from seed 
tubers and added nutrients and the percentage of this gross supply  absorbed b y  the 

plants.  Fe, K, and  P expressed as mg per 4 plants.  1950 exper iment  

Amounts  supplied from 

Treat-  Block 
ment number 

FelK1Pt  

Fe]KaP,  

FetK~Ps 

FelK~P~ 

F%K1P1 

Fe3K3P1 

F%KIP~ 

(B) Seed tuber 
i.e. content  

(A) Nutrient  
of seed minus I 
mother  tubers 

Fe [ K I P Fe [ K I P  

0.70 1054 4 2 2 - - 1 . 1 2  753 
0.70 1054 422--0 .42 756 

(C) Tota l  supplied 
(A) + (B) 

Fe t N I P 

5 0 - - 0 . 4 2  1809 472! 
48 + 0 . 2 8  1812 470 

0,74 17664 442 

I 0,74 176641 442 

0.80 1152 4147 
0.80 1152 4147 

0.78 1920C 4320 

0.78 1920C 14320 

781.2 1008 403 
781.2 1008 403 

781,2 16128 403 
781.2 16128 403 

855.6 1104 3974 
855.6 I104 3974 

- -2 .33  233 4 2 - - 1 . 5 9  
- -1 ,17  305! 4 2 - - 0 . 4 3  

+ 0 . 4 I  990 38 +1.21  
+0 .12  1198 55 + 0 . 9 2  

- -0 .82  50 - - 5 3  - -0 .04  
- -0 .97  2 8 3 - - 5 7 - - 0 . 1 9  

- -1 .48  705 51 780 
- -1 .85  588 47 779 

- -1 .90  285 46 779 
- -2 .05  130 44 779 

- -0 .63  732 18 855 
+0 .26  868 1 856 

% of total  
(C) taken 

up b y  
plants 

 elKIP 
- -  118 52 
- -  95 48 

17897 484 - -  60 60 
17969 484 - -  60 63 

21424185 - -  92 32 
2350 420~ - -  68 27 

19250 4267 - -  75 34 
19453 4263 - -  72 37 

. 
1713 4541 30 88 37 
1596 450 27 93 38 

16413 449 25 48 44 
16258 447 23 40 37 

1836 3992 18 104 22 
1972 3975 17 86 23 

Fe~IK3P 3 3 892.8 184324147- -2 .1C 1 8 2 - - 3 2 8 9 1  186144115 41 77 42 
4 892.8 18432 4147- -1 .41  467 - - 3 6  891 18799 4111 43 64 32 

Note: The percentage of iron absorbed from nutrients and seed tubers b y  the Fe t 
plants cannot  be calculated from the data avai lable  as the plants obvioUsly obtained 
large amounts  of iron from other sources. 
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decreased the proportion of phosphorus found in the laminae; this 
effect was well marked in the top region. 

Increased phosphate supply increased the proportion of phosphor- 
us found in the roots but  decreased it in the tubers. It also markedly 
increased the phosphorus found in the stems and petioles o f  the 
lower regions for the Ju ly  sampling. Phosphate addition caused a 
decrease in the proportion of phosphorus in the upper laminae of the 
June sampling; in the bot tom laminae of both June and Ju ly  
samplings the reverse effect was apparent. 

7. Nutrient absorption as affected by treatment (1950 experiment) 
The amounts of iron, potassium and phosphorus supplied to the 

plant by  the seed tuber and by  the application of nutrients, are given 
in Table XV. These results have been calculated from the volume of 
nutrients applied to the plants before sampling and from the weight 
and composition of the seed and mother tubers. 

i. C h a n g e s  i n  t h e  s e e d  t u b e r s  (Table XV). The 
mother tuber contained more iron at the end of the experiment than 
was initially present in the seed tuber, except for the FelK~P 3 plants 
which had depleted the iron content of the seed tubers. This increase 
in the iron content of the tuber was greater in the K a treatments 
which suggested that increased potassium supply caused iron to 
return from the plant to the mother tuber. 

Plants grown at the K~ and P1 levels took up more potassium and 
phosphorus respectively from the seed tubers than those at the K s 
and P3 levels. A larger withdrawal of potassium took place at the 
KIP3 than at the KIP ~ level. 

The withdrawal of phosphorus from the seed tuber was greater in 
the K 1 than in the K s treatments. The phosphorus content of the 
mother tuber in the KaP 3 treatments was greater than the seed 
tuber. These results suggested that increased potassium supply 
caused phosphorus to return from the plant to the tuber. 

ii. P e r c e n t a g e  u p t a k e  of  t o t a l  n u t r i e n t  s u p p l i e d  
(Table XV). The percentage of the total iron supplied, from the 
nutrients and seed tuber, taken up by the plant i.e. the"  per- 
centage uptake" -- increased with potassium at the FeaPa level 
but decreased slightly at the FesP 1. Unfortunately similar data were 
n o t  available for the Fe 1 treatments as the plants contained more 
iron than was supplied to them in solution and from the seed tubers. 
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This implied that the plants took up large quantities of iron from the 
sand or from some other source. 

The "percentage uptake" of potassium decreased with potassium 
level but increased with phosphate at the K 3 level. The addition of 
iron decreased the "percentage uptake" of potassium at the P~ level 
but had little effect at the P3 level. 

The "percentage uptake" of phosphorus decreased with phosphate 
level and also with iron, except at the K3P ~ level when it increased. 
Increased potassium supply increased the "percentage uptake" of 
phosphorus. 

OLD L A M I N A E  

c, T~EAT~4ENIS TOTAL II;tON : CHLOROPHYLL 

S O L U B L E  I R O N  : CHLOROPHYLL 

HCL+ £q'H E ~' 

,, ,. ~ ~' ,'o ~ .'o 

Fig. 5. A compar i son  of the  re la t ionship  be tween  (a) iron ex t r ac t ed  wi th  
0.1 N hydrochlor ic  acid sa tu ra t ed  wi th  ether,  and chlorophyl l ;  (b) to ta l  i ron 

concen t ra t ion  and chlorophyll .  Means of Ju ly  and August ,  1948, values .  

THE INTERRELATIONSHIPS OF CHLOROPHYLL, SOLUBLE AND TOTAL 

NUTRIENTS 

1. Soluble iron in relation to chlorophyll and potassium concentrations 
Both reagents (hydrochloric acid saturated with ether and 

glycerophosphoric acid) gave soluble iron values for the old laminae 
which increased with the chlorophyll concentration. In general, for 
the old laminae these soluble iron values correlated better with the 
chlorophyll concentration than did the total iron values (Fig. 5/. 



I R O N  A N D  P O T A S S I U M  I N  T H E  P O T A T O  P L A N T  , 1 5 5  

The curve which re la ted bo th  variables was not  always linear in the 
1949 exper iment  as the soluble iron concentra t ion cont inued to 
increase when the chlorophyll  had  ceased to do so. The glycero- 
phosphoric  acid values showed a similar correlat ionship to the 
chlorophyll  concent ra t ion  of the young laminae whereas the hydro-  

SOLUBLE ~. ' TOTAL K. 

iO0 

80 

,,¢ 

~60 

Z - - 4 0  

OLD LAMINAE 

a_ 2 0  

O 

O 

C 2 ..... ~ 

® 

o ~ I i I i I ~ i 
2 4 6 8 

o 

~ K IN D~Y M~,TTER 

Fig. 6. The variation of iron extracted by 0.1 N hydrochloric acid satu- 
rated with ether from old laminae, with total potassium concentration. 

Means of Juty a,ad August, 1948, values. 

chloric acid values did not.  Thus  the results suggested tha t  bo th  
reagents  gave a suitable index for the "avai lab le"  or "ac t ive"  iron 
concent ra t ion  of the old laminae but  t ha t  the glycerophosphoric  
acid values only showed promise for the younger  laminae. 

The iron ex t rac ted  from the old laminae with hydrochloric  acid 
sa tu ra ted  with e ther  increased sharply  w i t h  the to ta l  potassium 
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concentration up to the 1% value and more gradually beyond hist 
(Fig. 6), the effect was clearer for the C~ plants. A similar but usually 
less precise relationship was obtained with the glycerophosphoric 
acid values for the old laminae. 

2. Young to old lamina ratios/or some nutrient elements 
The young/old total potassium ratios de.creased sharply at the 

lower potassium levels with iron application; an overall but less 
marked decline was also obtained at t h e  higher potassium levels 
(Fig. 7). Increase in the potassium level consistently decreased the 
young/old potassium ratio. 

Y O U N G  

O L D  

F~, F~ F~ 

POTASSIUM 

Y O U N G  
O L D  

% 

~3 

1 ~ 0 I I I I 

F~ r~ ~2 F~3 F~, 

Fig. 7. The  v a r i a t i o n  w i t h  i ron  level  of y o u n g / o l d  l a m i n a  r a t i o s  for  t o t a l  
p o t a s s i u m  c o n c e n t r a t i o n .  P l o t t e d  m e a n s  oi Ju ly ,  A u g u s t  a n d  S e p t e m b e r ,  

1948, values .  No te  s h a r p  decrease  in r a t io  a t  IZ 1 a n d  IK 2 levels.  

3. Soluble to total ratios [or some nutrient elements 
Only a part of the potassium present in the laminae was extracted 

by M o r g a n's reagent. The values of soluble/total, potassium 
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ratios, varied between 0.4 and 1.0. This finding supported obser- 
vations made by  0 1 s e n 16) who concluded that about 30% of 
the total potassium content in beech leaf cells was adsorptively 
bound, presumably on the cell proteins. These findings are contrary 
to the generally accepted view that all the potassium in the cell is 
readily extractible. The M o r g a n's-soluble/total potassium ratio 
tended to increase with potassium and to decrease with iron. The 
physiological significance of this ratio is not clear but  it may well be 
of some importance in chlorotic foliage. 

The ratio of M o r g a n's-soluble to total phosphorus concen- 
tration usually decreased on the addition of potassium and increased 
with phosphate level.The ratio of soluble/total, phosphorus, appeared 
in the 1949 experiment, to decrease as the chlorophyll concentration 
of the old laminae increased. It  was this latter relationship, which, 
although not well defined, prompted the subsequent investigation 
of inorganic and organic phosphorus fractions in the leaf as affected 
by  varied levels of iron, potassium and phosphate supply (see "4. 
Chemical data iii."). 

4. The interrelationships o] chlorophyll, iron and potassium 
The ratio of total iron to total potassium concentration increased 

in the young laminae and decreased in the old, with increased 
chlorophyll concentration. This overall relationship, illustrated in 
Fig. 8, was obtained by plotting values regardless of treatment 
levels. If as in Fig. 9, the effects of levels are discriminated it is seen 
that for the young laminae at the lowest potassium level relatively 
great increases in the Fe/K ratio values were needed to influence 
the chlorophyll concentration. At high potassium levels the effect of 
extra iron was diminished and chlorophyll formation was less 
dependent on the ratio. 

The differential response of chlorophyll concentration to varying 
ratio values according to the age of the laminae reflects the im- 
portance of selective sampling in investigations such as this. 

5. The interrelationships o[ chlorophyll, iron and phosphorus 
The ratio of chlorophyll/total Fe usually decreased as the totaJ 

phosphorus concentration of the young laminae increased (Fig. 10); 
the old laminae also revealed this effect in the 1949 but  not in the 
1948 experiment. 
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The chlorophyll  content  of young and old laminae increased 

sharply with increase of the ratio of tota l  iron to phosphorus a t  the 

~TOTAI_) Fe/K: CHLOROPHYLL 
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Fig. 8. The variation of the total Fe/total K ratio with the chlorophyll 
concentration of young and old laminae. July, 1949, sampling. 
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Fig. 9. The variation of the total Fe/total K ratio with chlorophyI1 concen- 
tration of young laminae. Plotted means of July, August and September, 

1948, values. 

Fe I level; the same effect was also obvious at the Fel and Fe 2 levels 

in the old laminae (Fig. l I). At the Fe 2 and Fe a levels in the young 
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and at the F% level in the old laminae large increases in the ratio 
decreased the chlorophyll concentration. 

6. The interrelationships o/ chlorophyll, potassium and phosphorus 
The relationship between the total K/P ratio and chlorophyll 

concentration was clearly governed by  the iron status and was also 
probably related to the secondary calcium deficiency effects. 
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Fig. 10. The variat ion of the ratio of chlorophyll/ total  Fe with the totaJ 
phosphorus concentration of the young laminae. Plot ted means of July  and 

August, 1948, values. 

Thus the chlorophyll concentration increased as the K/P ratio 
increased in the young laminae at the Fe~ level and in the old laminae 
at the Fe~ and Fe 2 levels (Fig. 12). A decrease in chlorophyll with 
increase in the total K/P ratio occurred at the F% and F% levels in 
the young and at the Fe3 level in the old laminae. The chlorophyll 
increase with K/P ratio was sharpest .at the Fe~ level in the young 
but grew steeper with increased Fe level in the old laminae (Fig. 12). 

7. The interrelatio~s/.~ips o/ chlorophyll, calci,~m a~d potassium 
The chlorophyll concentration of tl~e young laminae of the K~ arid 
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K 2 treatments increased as the total Ca/total K ratio increased; this 
effect was much more striking in the C 2 than in the C 1 treatments 
(Fig. 13). Slight increases were also obtained in the K s treatments 
but at the K 4 level chlorophyll concentration was not correlated 
with the Ca/K ratio. These statements describe the effects observed 
in the 1948 experiment but identical relationships were obtained in 
subsequent experiments which revealed that  the Ca/K ratio only 
varied with chlorophyll concentration at the deficiency level of 
potassium, and showed that  the relationship was independent of the 
presence of added calcium carbonate. 

In all experiments the chlorophyll concentration of the old 
laminae showed an overall decrease with increased Ca/K ratio value. 
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Fig. 11. The re la t ionsh ip  b e t w e e n  the  to t a l  F e / t o t a l  P ra t io  and  the  
ch lorophyl l  c o n c e n t r a t i o n  of y o u n g  and  old laminae,  lX{ean values  for July,  
1949, sampl ing .  Note  s imi lar i ty  b e t w e e n  Fe  1 --  y o u n g  and  Fe  i a n d  Fe 2 - -  old. 

D I S C U S S I O N  

Many of the visual effects previously described ") have now been 
shown to occur in the potato in the presence of calcium carbonate or 
high levels of phosphate; in particular the "Fe/K visual response" 



IRON AND POTASSIUM IN THE POTATO PLANT 161 

(Plate II) and the delaying effect of iron on the inception of pot- 
assium deficiency (Plate IV). The response to potassium at de- 
ficiency levels of iron could not be attributed to any iron accidentally 
Supplied by the extra potassium salts as analysis of the nutrients did 
not reveal any such contamination. Neither could the response be 
attributed to the high sulphate concentration of the higher potassium 
nutrients; an experiment carried out in 1951, to test this point, 
showed that  at a low level of potassium supply, increased sulphate 
concentration did not prevent the appearance of chlorosis in the 
FeIP a plants. The delaying effect of iron on the inception of potassium 
deficiency was consistent with the pronounced effect of iron supply 
on the relative concentrations of potassium found in the young and 

(rorA~_) K/p: C H L O R O P H Y L L  

YOUNG OLD 
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Fig. 12. The va r i a t ion  of t he  to ta l  K / t o t a l  P ra t io  wi th  the  ch lorophyl i  
c o n c e n t r a t i o n  of y o u n g  and  old laminae .  Mean values  for Ju ly ,  1949, 

sampl ing.  

old laminae (Fig. 7) ; this reduced young/old, potassium ratio, prob- 
ably reflected the effect of iron on the translocation and distribution 
of potassium within the plant. 

The addition of calcium carbonate increased the pH of the sand 
and decreased the concentration of iron in the laminae. Calcium 

PIant and Soil VI 
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carbonate did not however, cause any fundamental change in the 
symptoms or relationships observed but merely modified the relative 
severity, critical concentration or time of appearance. 

The Ca/K ratio of the young laminae increased with chlorophyl~ 
concentration when the potassium supply was limited but not at 
the higher potassium levels (Fig. 13). A low Ca/K ratio did not 
necessarily imply that the foliage was chlorotic as some of the 

C ~  TOTAL : CHLOROPHYLL IN YOUNG LAMINAE. 
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Fig. 13. The va r i a t ion  of the  to ta l  Ca/ t0tal  K rat io with chlorophyl l  concen- 
t r a t ion  of the young l aminae .P lo t t ed  mean  of July,  Augus t  and  September,  

1948, values. 

smallest values obtained were for the higher potassium plants which 
did not show chlorosis. The relationship between chlorophyll and 
the Ca/K ratio was emphasised by the addition of calcium carbonate 
but was also obvious, in the C 1 treatments; the relationship was 
therefore general, as confirmed by the 1949 experiment, and inde- 
pendent of the presence of calcium carbonate. Under field conditions 
of lime-induced chlorosis where the low Ca/K ratio is generally 
found, circumstances are also conducive to potassium deficiency and 
this may be incipient if not visually evident when the Ca/K ratio 
becomes abnormal. Hence the importance of the Ca/K ratio in 
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instances of lime-induced chlorosis in the field was now confilmed. 
The addition of iron in the nutrient raised the Ca/K ratio when 
potassium was deficient and thus illustrated the curative effect of 
iron on lime-induced chlorosis. It  is probable that  the interrelation- 
ship between the Ca/K ratio and chlorophyll concentration of the 
young laminae reflected the effect of, rather than caused, the differ- 
ent iron status of chlorotic and green plants. 

Calcium deficiency symptoms induced by high iron and potassium 
supplies and associated with a low phosphorus concentration in the 
laminae (Plate VI) were accompanied by the incidence of medullary 
necrosis in the tubers (Plate VIII). The medullary necrosis symptoms 
agreed closely with those described as occurring naturally in the 
Dutch East Indies by S c h w a r z 35) and those produced in culture 
solutions under conditions of calcium deficiency by V a n  S c h r e- 
v e n ~). V a n d e r P 1 a n k a') found similar necrotic symptoms 
in tubers grown in strongly acid soils but there were no external or 
foliage symptoms and control was effected by the application of lime 
and superphosphate at planting time. It  appears that  the medullary 
necrosis reported here ~vas due to a deficiency of calcium accentu- 
ated by or associated with a high potassium and low phosphorus 
status (Table II) and which was accompanied by the characteristic 
symptoms described for the shoot (Plate VII). 

Some of the experiments clearly revealed the parallel and similar 
effects of iron and potassium in certain aspects of plant nutrition 
and the opposite effects exerted by phosphate. Thus application of 
either iron or potassium (Plate II) cured iron deficiency chlorosis, 
induced and increased the severity of phosphorus deficiency symp- 
toms and accentuated the severity of calcium deficiency symptoms 
(Plate VII). Extra  phosphate supply, however, induced and 
increased the severity of iron deficiency chlorosis (Plates I and III) 
and of potassium deficiency symptoms, and reduced the severity of 
the calcium deficiency. In addition to the above visual effects 
phosphate exerted a reverse effect to iron and/or potassium on dry 
weight of sho~ts and roots, incidence of medullary necrosis (Table 
II), chlorophyll (Table V), phosphorus and calcium (Table XI) 
soluble and total iron (Tables IX and X) concentrations of the old 
laminae and total iron concentration of tubers and roots (Tables XII  
and XIII) .  Thus, to a large extent iron and potassium exerted similar 
effects which suggests that  both may influence similar physiological 



164 E.W. BOLLE-JONES 

behaviour. It  is known that deficiencies of either may cause the 
accumulation of various soluble organic nitrogen fractions 1) 10) 20) 
24) 2s) 29) s0) 35) and a depletion of polysaccharides 1) 6) 15) 22) 26) 27). 

Both may influence various respiratory systems but there is no 
known instance in which both iron and potassium perform the same 
function. 

On the other hand there were other effects which emphasized the 
reciprocal nature of the relationship between iron and potassium. 
Thus whereas increased potassium supply increased the iron concen- 
tration of the laminae, tubers and roots and decreased the severity 
of iron deficiency symptoms, increased iron supply decreased the 
potassium concentration of young laminae (Table X), tubers and 
roots (Table XIII) at the K 1 level and increased the severity of the 
potassium deficiency symptoms (Plate V). 

Increased phosphate supply decreased the concentration of iron 
and increased iron supply decreased the concentration of phosphorus 
found in the roots (Table XIII).  Despite the decreased iron concen- 
tration in the roots, as a result of phosphate addition, the total 
amount of iron localised in the roots usually increased as a result of 
the beneficial effect of phosphorus on root production but increased 
iron supply not only decreased the concentration of phosphorus in 
the roots but also the total amount localised in them. There was no 
evidence to suggest that  at the high phosphate levels iron accumu- 
lated in or was precipitated as ferric phosphate, within the roots. 

The role of potassium in mitigating the chlorosis due to lack of 
iron may be associated with an increased iron (Tables IX and X) 
and reduced phosphorus concentration (Table XI) of the laminae; 
these changes were accompanied in the old laminae by an overall 
increase in the chlorophyll/Fe ratio and a decrease in the Fe/K ratio 
(Fig. 8). Thus it appeared that apart from either the possibility of 
improved absorption of the existing iron supply or a different distri- 
bution of iron within the plant the beneficial effect of potassium on 
chlorosis may have been due to an enhanced efficiency of iron 
utilisation for chlorophyll formation. 

The favourable effect of potassium level on chlorophyll production 
in the young laminae at low iron levels (Table V) and the decreasing 
influence of potassium as the iron supply was increased, also 
suggested that  restricted supplies of iron in the nutrient solution 
were used more efficiently in the presence of adequate potassium. 
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The steady decrease with extra potassium of the slope which related 
the Fe/K ratio of the young laminae to the chlorophyll concentration 
was further evidence (Fig. 9), It  implied that  at the highest pot- 
assium levels only a small increase in the proportion of iron was 
necessary to give a large increase in chlorophyll i .e. the efficiency of 
the added iron was at its maximum or was no longer limiting. For 
the young laminae at the Fe,P 2 and Fe~P a levels large increases in 
chlorophyll concentration, accompanied by slight increases in iron 
concentration, were observed on potassium addition thus giving an 
increased chlorophyll/Fe ratio. When, however, iron was not lacking 
as at the Fe~P 1 and the Fe 2 and Fe 3 treatments, potassium addition 
usually gave a well marked increase in iron concentration and 
decreased the chlorophyll and phosphorus concentrations of the 
young laminae; consequently the chlorophyll/Fe ratio decreased. 

The young laminae of the FelP 2 and Fe~P3 plants responded to 
potassium application in the same manner as the old laminae; in 
both the efficiency of iron utilisation was increased and phosphorus 
concentration decreased.Thus it might be assumed that  this increased 
etficiency of iron was related to a depression of phosphorus concen- 
tration. On this basis, the inhibitory influence of potassium on 
chlorophyll production in the young laminae of the higher iron plants 
(Table V) may be attributed to the cumulative effect of iron and 
potassium on the production of calcium deficiency symptoms and a 
reduced phosphorus status--pathological conditions which hampered 
chlorophyll production. 

Support for the theory that  the effect of potassium on increasing 
the efficiency of iron was due to the reduction in phosphorus was 
apparent in the increased chlorophyll/Fe ratio obtained with decreased 
phosphorus concentration (Fig. 10)) and in the increased chlorophyll 
concentration of the laminae obtained with increase in the Fe/P 
ratio at deficiency levels of iron (Fig. 11). It  was obvious that  at the 
lower iron levels the K/P ratio played an important role in chlorophyll 
formation (Fig. 12). With both the Fe/P and K/P ratios the young 
laminae of the Fe z plants showed a greater similarity to the old 
laminae of the Fe~ and F½ plants than to the Fe 2 and F% young 
laminae (Figs. 11, 12). 

The 1949 and subsequent experiments showed that  when the over- 

all m e a ~  values for the chlorophyll/Fe ratio were plotted against the 
corresponding phosphorus concentrations a similar relationship to 
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tha t  depicted for the 1948 exper iment  (Fig. 18) was obtained.  
However ,  scrut iny of the individual  results indicated tha t  the  
chl0rophyl l /Fe ratio increased with phosphate  level when the iron 
and potassium supplies were not limiting growth. Thus  an increased 
phosphorus concentra t ion of the laminae did not  per se decrease the 
efficiency of iron utilisation. I t  appeared tha t  the effect of added 
potassium in curing chlorosis might  be the prevent ion  of iron pre- 
cipi tat ion b y  the phosphorus present  ei ther b y  the conversion of the 
inorganic to organic phosphorus or b y  some secondary  effect on 
organic acid s ta tus  and cell sap pH.  

If  the role of potassium in increasing the  efficiency of iron utilisa- 
son was par t ia l ly  due to a product ion  of a low tissue pH,  the state-  
m e n t s o f  I n g a l l s  and S h i r e 1 1 ) ,  R o g e r s  and S h i v e 2 1 ) ,  
S c h a n d e r ~ ) ,  P i e r r e  and B o w e r l S ) ,  and W e i s s  ~9) 
suggest t ha t  decrease of the p H  would be accompanied b y  an increase 
in soluble iron. The results, which have  been described, showed, in 
fact, t ha t  the soluble iron increased with potassium supply (Table IX).  

Fig. 5, clearly confirms the importance of soluble fractions and illustrates 
the better relationship obtained between soluble iron and chlorophyll than 
that obtained with to~cal iron. It was also possible to relate the soluble iron 
extracted by the hydrochloric acid reagent to the potassium concentration 
of the old laminae (Fig. 6); this fraction may therefore be regarded as a 
measure of the efficiency of potassium in enhancing the utilisation of iron 
in chlorophyll production. The poor correspondence between total iron and 
chlorophyll may have reflected the analytical difficulties of iron determi- 
nation in dry material due to the presence of silica 12) or it may imply that 
the total iron status was not closely related to chlorophyll production. The 
chlorophyll/soluble or total iron, ratios, decreased markedly with time ; this 
confirmed B e n n e t t ' s  1) findings. It  suggested that the soluble iron 
(determined with either glycerophosphoric acid or hydrochloric acid reagent) 
did not accurately represent the fraction of iron active in chlorophyll 
formation, or that other factors, later in the season, became limiting. 

' fhere  is evidence in the l i terature  to suggest tha t  increased 
potassium supply increased organic acid content  5)~.)~) ,  while 
increased phosphate  decreased it  aT). Chlorosis m a y  also be accom- 
panied by  a change in the organic acid const i tuents  of the  leaf 10) la). 
Thus it was possible tha t  the effect of po t a s s ium on soluble iron 
concentra t ion and on the uti l isation of iron might  have opera ted  
through its effect on organic acid s tatus which in tu rn  would 
influence tissue pH.  
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It  was actually found (Table VI) that  increased potassium supply 
usually increased the titratable acidity of the old laminae bt~t 
decreased that of the young. This beneficial effect on the titratable 
acidity of the old laminae cannot however be the chief role of po- 
tassium in increasing the efficiency of iron utilisation as potassium 
addition depressed the acidity of the green young laminae in plants 
which showed the "Fe/K visual response". 

The suspected presence of an organic acid which increased in the 
laminae when plants were supplied with extra potassium and which 
decreased in iron deficient laminae was of great interest and merits 
further investigation. T h e  increased occurrence of this acid may 
conceivably have prevented the immobilisation of iron within the 
lamina. This interpretation also implies that  increased potassium 
status enhanced the synthesis of this acid within the laminae. The 
feeding of malic, citric or oxalic acids to iron deficient plants did not 
cure the chlorosis; in fact, oxalic acid markedly accentuated its 
severity. The acids, if absorbed, were rapidly converted to other 
compotmds and could not be detected in appreciable amounts in 
the laminae. 

It has been suggested above that  one of the roles of potassium in 
increasing chlorophyll production at iron deficiency levels may be 
to reduce the ability of phosphorus to immobilise the iron in the 
lamina. It  was therefore interesting to note (see INTERRELATIONSHIPS, 
3) that  the ratio of M o r g a n's-solt~ble/total, phosphorus concen- 
tration, decreased with increased chlorophyll concentration of the 
old laminae. It  may  be inferred that  the soluble phosphorus, as 
determined here, represented the metabolically less active fraction 
of the total. Further support for this probable role of potassium is 
given in Table VII. Increased potassium level was found to decrease 
the concentration of inorganic phosphorus and the ratio of inorganic 
to organic phosphorus present in the lamina. The preponderance of 
inorganic phosphorus in iron deficient laminae was therefore prob- 
ably associated with an inability, due to the lack of potassium, to u ~  
the phosphorus in metabolic processes. It  may be assumed that  a 
large excess of inorganic phosphorus would effectively immobilise 
the relatively small amount of iron present in iron deficient laminae. 
Consequently part  of the effect of potassium on iron utilisation 
appears to be indirect and to be associated with the conversion 
of inorganic phosphorus to some organic phosphorus-containing 
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compound which is assumed to be less capable of immobilising the 
iron in an "inactive" or "unavailable" form. 

The foregoing discussion, based mainly on the results of the 1948, 
1949 and 1951 experiments, shows that the effect of potassium in 
ameliorating the severity of iron deficiency chlorosis was partially 
due to a greater concentration of iron in the lamina and partly due 
to an increased efficiency of iron utilisation for chlorophyll for- 
mation. The 1950 experiment provided information as to whether a 
greater amount of iron was taken into the plant and the distribution 
of the various nutrient elements under varied conditions; the 
remaining part  of this discussion deals principally with the results 
of that  experiment. 

A the FelP 3 level increased potassium supply decreased the 
proportion of iron found in the roots but  increased it in the tubers 
and also in the stems and petioles (Fig.2). Increased potassium level 
increased the "percentage uptake" of iron at the FeaP a level (Table 
XV). It is assumed that a similar increased efficiency of iron 
absorption took place at the Fel level. This was supported by  the 
highly significant increase in "absolute" iron content of the shoot 
and tubers obtained with increased potassium at all iron levels 
(Table XIV). 

Increased potassium supply also increased the iron content of the 
complete plant. The effect of potassium on total iron content of the 
complete plant was not as clearly defined as those obtained for the 
shoot plus tubers (Table XIV). Inspection of the individual data 
showed, however, that  there was only one exception to the positive 
effect of potassium on total iron content and that the errors in root 
analysis, due probably to contamination by  the sand, were particu- 
larly large. Under these circumstances the conclusion that potassium 
exerted a real effect would seem to be justified. 

It  was therefore concluded that one effect of potassium was to 
increase the mobility of iron within the plant and to facilitate its 
distribution to the more actively growing regions. A second effect 
might be inferred -- namely that  potassium increased the efficiency 
of iron absorption by  the plant. 

The addition of phosphate at the FelK ~ level decreased the pro- 
portion of iron found in the tubers, stems and petioles and in the 
bot tom laminae but  increased it in the roots and in the upper 
laminae (Fig. 2). Increased phosphate supply also increased the 



IRON AND POTASSIUM IN THE POTATO PLANT 169 

"percentage uptake" of iron at the Fe3K 3 level but decreased it at 
the Fe3K 1 level {Table XV}. If the same effect applied at the Fe 1 
level, it would accord with visual observation.and would explain the 
occurrence of chlorosis on the addition of phosphate at the Fe~K1 
level and the production of tall vigorous plants at the Fe~K 3 
level. 

Hence it was concluded that  the effects of phosphate addition at 
the Fe~K 1 level were to retain the iron in the roots, owing to increased 
root production, and possibly to "immobilise" it in the upper 
laminae, where chlorosis was obvious. It also interfered with iron 
absorption at low potassium levels. 

Increased iron supply decreased slightly the potassium content of 
the complete plant but this effect was not significant (Table XIV). 
Added iron, however, markedly influenced the distribution of pot- 
assium within the plant. It  increased the proportion found in the 
tubers but decreased it in the laminae and stems and petioles (Fig. 
3). This effect became more marked with time,, especially at the 
K1P 3 level. This altered distribution was consistent with both the 
greater ultimate severity of the potassium deficiency and larger 
tuber production at the Fe a level. 

Increased iron or potassium supply decreased the proportion of 
phosphorus found in the roots and laminae but increased it in the 
tubers (Fig. 4). This distribution was apparently conducive to the 
appearance of phosphorus deficiency symptoms. 

The experimental evidence suggested that increased potassium 
status may cause the migration of iron and phosphorus from the 
plant to the mother tuber during the growth period (Table XV). 
The application of phosphate, however, usually caused an increase 
in the absolute amount of iron withdrawn from the seed tuber. 
These effects were paralleled by the influence of treatments on the 
relative distribution of nutrients to the newly formed tubers. Thus 
the proportion of iron and phosphorus generally increased with iron 
or potassium application but decreased with phosphate (Figs. 2, 4). 
The addition of iron increased the proportion of potassium found in 
fhe tubers but potassium or phosphate generally decreased it (Fig.3). 

It was remarkable that, despite the free drainage of each pot, the 
efficiency of potassium absorption, as expressed by the "percentage 
uptake", was 80% or more, in the K1 treatments. In the FelK~P~ 
treatments the absorption was I00% -- allowing for experimental 
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error (Table XV).The efficiency of the plants in absorbing phosphorus 
was much less. 

The addition of iron decreased the efficiency of potassium ab- 
sorption at the P1 level but increased it at the K1P 3 level and had no 
effect at the KaP 3 level (Table XV). The addition of potassium 
decreased at the FeaP ~ but increased at the Fe3P a level the "percentage 
uptake" of iron. Hence the effect of iron on the efficiency of potassium 
absorption and of potassium on the efficiency of iron absorption 
depended on the phosphate level. The relationship between iron and 
potassium could not therefore be defined as a simple antagonism or 
synergism. In a similar manner the elfect of phosphate on the 
"percentage uptake" of iron depended upon the K level. 

On the other hand the interrelationship between potassium and 
phosphorus approximated to that  of synergism. Increase of po- 
tassium level increased the percentage uptake of phosphorus; 
phosphate addition increased the uptake of potassium at the Ka 
level, but reduced it at the FelK 1 level (Table XV). In spite of the 
increased efficiency of phosphorus uptake at the Fe~P 1 level due to 
potassium, the visual response was one of increased severity of 
phosphorus deficiency owing to the more widely disturbed nutrient 
balance in the plant. 

The results showed clearly that a discussion of the effect of 
treatment on the nutrient status of the plant depended greatly upon 
both the region sampled and the age of the plant. The interaction 
between iron and potassium and between iron and phosphorus were 
especially subject to this qualification. In addition there was a 
modifying effect of the third element on the interaction of the 
other two. 

GENERAL SUMMARY AND CONCLUSIONS 

1. I r o n  a n d  p o t a s s i u m  were s h o w n  to  be i n t e r r e l a t e d  in t he  m e t a b o l i s m  
of t he  p o t a t o  p lan t .  T h e  n a t u r e  of th i s  i n t e r r e l a t i o n s h i p  was  d e p e n d e n t  on  
t he  level  of p h o s p h a t e  supply .  

2. W h e n  i ron  suppl ies  were l imi t ing ,  chlorosis  was  i n d u c e d  or a ccen tu -  
a t e d  b y  t he  a d d i t i o n  of ca l c ium c a r b o n a t e ,  b y  t h e  a d d i t i o n  of p h o s p h a t e ,  
or b y  a r e d u c t i o n  in  t he  s u p p l y  of p o t a s s i u m .  

3. I r o n  def ic iency  chlorosis  was  cu red  b y  t h e  a d d i t i o n  of h igh  levels  oi 
p o t a s s i u m .  Th i s  r e sponse  to p o t a s s i u m  was assoc ia ted  w i t h  a n  inc reased  
i ron  c o n c e n t r a t i o n  in t h e  l a m i n a  a n d  w i t h  a g r e a t e r  e f f ic iency of i ron 
u t i l i s a t i on  in ch lo rophy l l  f o rma t ion .  
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4. I t  was sugges ted  t h a t  the  effect  of p o t a s s i u m  on the  i ron c o n t e n t  of 
t he  l am ina  was due  to an increased  mob i l i t y  of i ron in t he  p lant ,  in fe r red  
f r o m  a s t u d y  of n u t r i e n t  u p t a k e  and  d i s t r ibu t ion .  This  e n h a n c e d  mobi l i ty  
was assoc ia ted  wi th  a r educ t i on  in t he  p r o p o r t i o n  of i ron localised in the  
roo ts  in t he  p resence  of a p lent i fu l  supp ly  of p h o s p h a t e .  

5. The  inc reased  eff ic iency of i ron u t i l i sa t ion  was a t t r i b u t e d  b o t h  to t he  
depress ion  in t he  t o t a l  p h o s p h o r u s  c o n c e n t r a t i o n  and  also to t he  decrease  
in t he  c o n c e n t r a t i o n  of inorganic  p h o s p h o r u s  and  in t he  ra t io  inorganic /  
organic  p h o s p h o r u s  found  in t he  lamina .  

6. The  ch lorophyl l  c o n c e n t r a t i o n  of the  y o u n g  l aminae  of p o t a s s i u m  de- 
f ic ient  p l an t s  var ied  wi th  t he  Ca /K  rat io  ; th i s  r e l a t ionsh ip  was  i n d e p e n d e n t  
of t he  p resence  of ca lc ium c a r b o n a t e  and  was d e p e n d e n t  on the  i ron s t a t u s  
of t he  p lan t .  

7. I ron  s t a t u s  gove rned  the  d i s t r ibu t ion  of p o t a s s i u m  wi th in  t he  p l an t ;  
h igh  i ron  levels f a v o u r e d  its t r ans loca t i on  to  the  t ube r s  a t  the  expense  of 
t he  y o u n g  shoo t  regions  and  a l t e red  the  g r ad i en t  of c o n c e n t r a t i o n  b e t w e e n  
y o u n g  and  old laminae .  

8. The work  as whole  i l lus t ra ted  the  i m p o r t a n c e  of t he  age of the  t issue 
a n d  of t h e  se lect ion of t he  morpholog ica l  region s a m p l e d  in assessing 
n u t r i e n t  i n t e r re l a t ionsh ips ,  and  of the  mod i iy ing  effect  of any  one n n t r i e n t  
on the  precise n a t u r e  of t he  i n t e r ac t i on  b e t w e e n  the  o the r s  s tudied .  
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