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Summary Changes in pH around the roots of young rape plants (Brassica napus cv. emerald) 
were studied using a nutrient film technique that allowed part or whole of the root system to 
be subjected to specific nutrient treatments. The rapidity and direction of pH change was 
assessed by imbedding absorbing roots in a thin film of agar containing bromocresol purple. 
When nitrate-fed plants were deprived of all sources of nitrogen at 15 or 17 days old, the 
release of H ions from the roots was immediate and uniformly distributed over the root length. 
When nitrate was witheld from half of the root system of nitrate-fed plants, the roots deprived 
of nitrate immediately started to produce H ions even though the nitrate-fed half of the root 
system continued to supply the whole of the plant with nitrate. However, the rate of H ion 
production in plants partly supplied with NO 3 was less than in plants completely deprived of 
NO 3 . It is suggested that malate produced in the shoots, following nitrate reduction, may be 
redistributed to the roots deprived of nitrate. There, HCOa produced by the decarboxylation 
of the malate masks some of the expected H ion efflux. 

Introduction 

Interactions between plant roots  and the soil in which they are grow- 
ing have recently received an increasing amount  of  at tention.  In partic- 
ular, the ability of  plants to change the pH of  the rhizosphere is 
impor tant  since the availability to the plants of  many elements is 
affected by the pH. This change in soil pH may be confined to a very 
restricted area, only a few millimetres surrounding an individual root  I~ . 
This effect  has been known for over a century,  one of  the earliest 
reports  being that o f  Sachs (1859) 22 who demonstrated that exudates 
from roots could etch a polished marble slab. But the causes o f  the 
effect  remain unresolved. 

Lowering of  pH has been found to be associated with iron and zinc 
deficiences 2''~ and the uptake of  nitrogen as ammonium 2~ . Nitrogen 
in the nitrate form seems almost universally to lead to an increase in 
pH 3"4's . It has also been shown that the amounts  of  acid or base liberated 
by roots  is associated with the excess uptake of  cations over anions or 
o f  anions over cations respectively. Our earlier work 6'7 demonstra ted 
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that nitrate-fed, phosphate deficient rape plants could reduce the 
rhizosphere pH 1 . 5 - 2  units. 

Preliminary work showed that it was possible to demonstrate rapid 
changes in the pH of  solutions circulating through small flowing nutrient 
systems in which rape plants were growing. We therefore decided to 
investigate the relationship between NO3 ion concentration in the 
solution bathing the roots (with all other nutrients being adequately  
supplied) and the net H ion and HCO3 ion efflux from these roots in 
a flowing nutrient film system. We also wished to know which areas of  
the root  extrude HCO3 ions or H ions and a colorimetric method was 
used to demonstrate this. Other workers 1'4'9 have found that HCOa 
ion production may be associated with the activity of  the enzyme nitrate 
reductase. No information was available on the location of  this enzyme 
in rape and, therefore, the activity of  the enzyme was measured in the 
roots and leaves. 

Experiment 1. 

The effect o f  N03 removal on H ion or HC03 ion release from roots 

Materials and me thods  

The exper iment  was carried out  in a controlled envi ronment  cabinet at a temperature  o f  
25~ a photoper iod  o f  16 hours  and a light intensi ty o f  180 # E m -2 s -~ P.A.R. The plants 
were grown in a nut r ien t  fi lm system described in an earlier paper ~4 . Briefly, the apparatus 
consisted o f  shallow "Perspex"  t rays  each divided into two compar tments  or channels  through 
which a thin film of  nut r ien t  solution was circulated at 9 cm 3 min  -1 . In this exper iment  ident- 
ical solutions ran through bo th  channels.  The  reservoir for each tray contained 500 cm 3 o f  
nut r ien t  solution at an initial pH of  6.5. The composi t ion o f  the  nutr ient  solution was 0 / ) :  
NO 3 2 •  10 -3 , S O 4 1 . 5  X 10 - 3 , P O  4 10 -4 , C I  5 . 5 X  1 0 - * , C a  5 •  10 -4 , K 3 . 5 •  10-3,Mg 
3.5 • 10 -4 , M n  5 X 1 0 - 4 , C u  5 X 1 0 - 7 , Z n 5  X 10-7,  B 2.5 X 10 - s ,  Fe(E.D.T.A.) 2.5 X 10 -8 , 
Na 5 X 10 -8 . Minus nitrate solutions contained addit ional KCI at 2 X 10 -8 M. 

The nutr ient  solution was changed daily and the  volume remaining was measured and 
restored to 500 cm 8 with distilled water  to compensate  for loss by  evaporation,  before measure- 
men t  o f  the  pH. A m o u n t s  o f  HCO 3 ion or H ion produced by  the  roots  were determined by 
t i t rat ion to pH 6.5 with 0.01 MHC1 or 0.01 M NaOH using an automat ic  titrator.  

8 trays were used in this exper iment  and the following exper imental  t rea tments  were 
imposed:  

1. Control ,  full nut r ien t  solution: no plants,  1 tray: 
2. Control ,  nut r ien t  solution minus  nitrate:  no plants,  1 tray. 
3. Full  nut r ien t  solution: 2 plants per t ray,  2 trays. 
4. Nitrate supply withheld f rom plants at 15 days: 2 plants  per tray, 2 trays. 
5. Nitrate supply withheld f rom plants  at 17 days:  2 plants  per tray,  2 trays.  

Since it has  been shown 4 tha t  plants in flowing culture can mainta in  adequate  total  ni trogen 
levels when  supplied with very low concentrat ions  o f  nitrate,  the  plants were complete ly  
deprived o f  ni trate in t rea tments  4 and 5 to induce deficiency. 

The exper iment  finished when  the plants were 21 days  old. 
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Nitrogen assay o f  plants 

Soluble nitrogen extract Two g samples o f  plant  material  dried at 80~ were ground to pass 
th rough  a 1 m m  sieve, mixed  wi th  50 cm a double distilled water  and shaken for 30 minutes .  
The filtrate was analysed for ni trate using a Technicon  Series II autoanalyser  1~ . 
Total nitrogen 0.1 g samples o f  dried plant  material  were digested by  the  me thod  of  Thomas ,  
Sheard and Meyer  24 . The NH 4 ion concentra t ion  o f  these digests was determined using the  
autoanalyser  s . 

Demonstration o f  riCO3 ion and H ion effiux by the roots 
The me thod  was based on that  developed by  Weisenseel, Dorn  and Jaffe 2s . When the plants 

were 14 days old, one lateral was led into the  second channel  o f  each t ray ,where  they developed 
a well spaced root  system.  An aqueous  solution o f  Bromocresol  purple in 1% agar was prepared 
in either complete  nutr ient  solution at pH 4.8 (yellow) or in the  minus  nitrate nutr ient  solution 
at pH 6.2 (purple). Agar jus t  warm enough  to remain liquid (approx 35~ was quickly poured 
over the  roots  to a dep th  o f  1 m m ,  when  it immediate ly  set. The colour changes round the 
roots  were then  observed for several hours .  This procedure was carried ou t  at the  end o f  the 
exper iment  when  the  plants  were 21 days  old. 

Four  sets o f  roots  were used:  
1. Roots  grown with nitrate t h roughou t  the  exper iment :  covered with agar + NO~ 
2. Roots  grown with nitrate t h roughou t  the  exper iment :  covered with agar - -  NO 3 
3. Roots  grown for 5 days wi thout  nitrate:  covered with agar + NO 3 
4. Roots  grown for 5 days  wi thout  ni trate covered with agar - -  NO 3 

Nitrate reductase assay 
The in vivo assay was based on tha t  used by  Stewart,  Lee and Orebanjo as modif ied by 

O s b o u m e  and Whit t ington 19 . 0.2 g o f  fresh leaf or root  material  was taken,  3 hours  after the  
start  o f  the  photoper iod.  After  washing the  roots  with double distilled water  and blott ing dry, 
the  plant  material  was chopped into small pieces and pu t  in a boiling tube with 5 cm 3 o f  a 
mixture  o f  0 . 1 M  KNO~, 1.5% propanol  and 0.1 M phospha te  buffer  at pH 7.8. The  tubes  were 
kept  in ice unti l  all samples in a ba tch  were ready (up to 30 min)  and were then  evacuated in a 
desiccator for two 2 min  periods. All samples were replicated four  t imes.  One replicate o f  each 
sample was plunged into boiling water  for 5 min  immediate ly  after evacuating, the  remaining 
replicates were wrapped in a luminium foil to exclude the  light and shaken in a water  ba th  at 
30~ for 30 min.  The react ion was s topped by  boiling the  tubes  for 5 min.  The tubes  were then  
cooled and the  nitrite p roduced  determined.  1 era 3 o f  1% sulphanilamide in 25% v/v HC1 and 
1 cm 2 0.02% N-I -Naphthy l  e thylenediamine dihydrochloride were added to 1 cm ~ aliquots o f  
the  sample solution.  The  colour was developed for 15 min  and then  measured at 540 n m  on a 
spec t rophotometer .  

Results and discussion, Experiment 1. 

HC03 ion and H ion production by roots 
Fig. 1 shows the cumulative HCO3 ion or H ion product ion by the 

roots on a daily basis. All plants fed plus nitrate solution produced 
HCOa ions in steadily increasing amounts  as the plants grew older. 
However, as soon as the plus nitrate solution was replaced by a minus 
nitrate solution the roots started to produce H ion and the rate of  
p r o d a c t i o n  also increased with time. The switch from HCO3 ion to H 
ion product ion was so rapid (see below) that very little change in the 
nitrogen status of  the plant could ha;~e occurred, suggesting that the 
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Fig. 1. Exper iment  1. Cumulat ive  daily HCO 3 ion product ion.  �9 plants given NO 3 ion through-  
ou t  the  exper iment ,  �9 plants deprived of  NO 3 ion at 15 days,  �9 plants deprived o f  NO~ ion at 
17 days.  

effect is a local one brought about by the change in the environment of 
the roots. Plants derpived of nitrate at 15 days produced little acid 
(3 -5#mol )  during the first 24 hours of deprivation, but steadily 
increasing amounts were produced as the plants grew older. Plants 
deprived of nitrate at 17 days however, produced approximately the 
same amount of H ions (25/amol) in the first 24 hours as the plants 
which had already been deprived of nitrate for 2 days. 
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Plate 1. Lateral roots of a plant deprived of nitrate for 5 days, embedded in agax containing 
bromocresol-purple and nutrient solution minus nitrate. Purple areas indicate the original pH of 
the agar of 6.2. Yellow zones around the root show lowering of the pH due to H ion produc- 
tion by the root. 

Colorimetric demonstration o f  HCOa ion and H ion production 
Photograph 1 is of  laterals, isolated at 14 days, but  subjected to the 

same experimental conditions as the rest o f  the roots. Photograph 1 
was taken 20 min after pouring minus nitrate agar over roots grown 
without  nitrate for 5 days. All the roots are surrounded by a yellow 
zone indicating the presence of  acid, with possible areas of  increased 
product ion at the root  tips. Thus it can be seen that the change over 
from HCO, ion production to H ion production is extremely rapid. 
Covering roots  from a plant which had been supplied with nitrate 
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throughout the experiment, with minus nitrate agar, also produced a 
zone of yellow surrounding the entire length of the root. Plus nitrate 
agar covering roots deprived of nitrate for 5 days, produced purple 
zones all round the roots 2 hours after the agar was poured, purple 
zones indicating the production of HCO3. Plus nitrate roots covered 
with plus nitrate agar also produced purple zones all round the roots 
within 20 minutes of pouring the agar. The production of acid by the 
entire root surface contrasts with the findings of work on acid produc- 
tion by iron deficient plants where acid is produced only at the root 
tips. 

Nitrogen status of  the plants 
The concentration of nitrogen was the same in the roots and shoots 

of plants supplied with nitrate. When plants were deprived of nitrate, 
concentration decreased in both roots and shoots but more rapidly in 
the shoots. Since H ion production started immediately the root was 
deprived of nitrate, it seems unlikely that this resulted from the decrease 
in the nitrogen status of the plant. 

Table 1. Experiment 1, Total nitrogen in rape plants at 20 days 

Treatment % N in shoot % N in root 

NO- 3 throughout experiment 3.4 +/ - -  0.6" 3.4 +/--  0.1 
Minus N(T~ 3 days before harvest 1.3 2.1 
Minus NOg 5 days before harvest 1.3 +]--  0.1 2.6 +/--  0.3 

* means and S.E.'s 

Nitrate reductase assay 
Table 2 shows the nitrate reductase activity (N.R.A.) in the plants 

at the end of the experiment. The assay shows clearly that nitrate 
reductase is found only in rape leaves. Plants grown with nitrate showed 
a high level of nitrate activity in the leaves, while in plants deprived of 
nitrate for 3 or 5 days there was no detectable activity. Leaves from a 
plant deprived of nitrate for 5 days and then given approximately 

Table 2. Experiment 1. Nitrate reductase activity in rape plants at 20 days (t~ mol NO~-N/g 
fresh wt/hr) 

Treatment N.R.A. leaves N.R.A. roots 

NOg throughout experiment 5.8 +/ - -  1.0" 0 
Minus NO~ for 3 days before assay 0 0 
Minus NO~ for 5 days before assay 0 0 
Minus NO~ for 5 days but 
40 umol of NO~ 18 h before assay 1.3 +/ - -  0.007 0 

* means and S.E.'s 
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4 0 / a m o l  o f  n i t r a t e  in  agar,  s h o w e d  a l ow  level  o f  n i t r a t e  r e d u c t a s e  ac t i v i t y  

in  the  leaves  18 h o u r s  a f t e r  the  n i t r a t e  h a d  b e e n  s u p p l i e d  to  t he  r oo t .  

F u r t h e r  e v i d e n c e  t h a t  in  r ape  t he  leaves are the  m a j o r  s i te  o f  N . R . A .  was  

o b t a i n e d  f r o m  ana lys i s  o f  x y l e m  sap ( H e d l e y  u n p u b l . )  w h i c h  c o n t a i n e d  

a h igh  level  o f  n i t r a t e  in  n i t r a t e - f e d  p l an t s .  

E x p e r i m e n t  2. 

The effect of  removal of  nitrate from half the root system 
T h e  resu l t s  o f  the  f i rs t  e x p e r i m e n t  sugges ted  t h a t  H i o n  p r o d u c t i o n  

was  i n d e p e n d e n t  o f  t he  n i t r o g e n  s t a t u s  o f  the  p l a n t ,  b u t  was  i n d u c e d  b y  

t he  a b s e n c e  o f  n i t r a t e  in  t h e  i m m e d i a t e  e n v i r o n m e n t  o f  t he  r oo t .  A spl i t  

r o o t  e x p e r i m e n t  t o  tes t  th i s  h y p o t h e s i s  was  ca r r i ed  o u t  in  w h i c h  p a r t  o f  

the  r o o t  was  s u p p l i e d  w i t h  n i t r a t e  a n d  p a r t  was  n o t .  

Materials and methods 

The growing conditions were the same as in the first experiment. Seedlings, produced in the 
way described in an earlier paper t8 , were put into trays with their roots divided equally between 
the two channels of the tray. Six trays were used in this experiment and the following experi- 
mental treatments imposed. 

1. Control, full nutrient solution: no plants, 1 tray. 
2. Control, nutrient solution minus nitrate: no plants, 1 tray. 
3. Both halves of root system supplied with full nutrient solution: 3 plants per tray, 2 trays. 
4. Both halves of the root system supplied with full nutrient solution until 14 days when one 

haft of the root system was deprived of nitrate for the remaining 7 days of the experiment: 3 
plants per tray, 2 trays. 

On day 14 when the minus nitrate treatment was started, one plant was removed from each 
tray. These plants were analysed for total cation and anion content. 

Root lengths were measured each day using Newman's method as modified by Marsh ts,17. 
The nutrient solution was changed dally, the change in pH measured and the H ion or HCO 3 ion 
production was calculated. 

At the end of the experiment the plants were analysed for total N, K, Ca, Mg and P using 
the digest described for experiment 1. In addition S and Na were determined using Motter- 
sheads digestion and a modification by Sansum and Robinson of Garrido's turbidimetric 
method for sulphur determination 23 . 

C1 was extracted from dried plant material with 10% v/v HNO 3 and the filtrate analysed on 
the autoanalyser. P was measured using the method of Murphy and Riley 1. , Ca and Mg were 
measured by atomic absorption spectroscopy, Na and K by emission spectroscopy using a Uni- 
chem SP 90A Series 2 spectrophotometer. 

R e s u l t s  a n d  d i s c u s s i o n ,  E x p e r i m e n t  2 

Plant growth 
U p  to  d a y  14 all t he  p l a n t s  were  s u p p l i e d  w i t h  n i t r a t e .  T h e r e  was  n o  

s i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  the  re la t ive  ra tes  o f  r o o t  e l o n g a t i o n  d u r i n g  

th is  t ime .  Fig.  2 shows  e x a m p l e s  o f  the  c h a n g e  o f  r o o t  l e n g t h  pe r  p l a n t  
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Fig. 2. The  change wi th  t ime o f  In mean  root  length per plant.  (a) Open and closed symbols ,  two 
halves o f  the same root  system,  o given NO,  ion th roughout ,  �9 deprived o f  NO 3 ion f rom day 14 
onwards.  (b) [] , � 9  two halves o f  the same root  sys tem bo th  given NO:  ion th roughout .  Linear 
regressions f i t ted to this data were:  

In mean  root  length ( r  a + bt  

a b z 2 a b r 2 

o 1.6 .28 .99 [] 1.5 .27 .99 
�9 2.5 .20 .99 �9 0.98 .28 .99 

with time. Fig. 2a shows the growth of  2 halves of  the same root system, 
one half  of  which was supplied with nitrate the other half was not; Fig. 
2b shows the growth of  two halves of  the same root system, both of  
which were supplied with nitrate. The relative elongation rate (In root 
length/time) was approximately constant for plus and minus roots so 
that linear regressions could be fitted to the data in Fig. 2. Using the data 
for the whole experiment, linear regressions and confidence limits, there 
was no difference between the rate of  elongation of  roots for which the 
whole root system was supplied with nitrate (0.305 +/ - -  0.015 cm cm -1 
day -1 ), and the rate of  elongation of  nitrate-fed roots which were 
attached to other roots not supplied with nitrate (0.325 +/ - -  0.045 cm 
cm -1 day -1 ). However, depriving half of  a root system of  nitrate reduced 
the rate of  elongation of  those roots to 0.200 + / - -0 .008  cm cm -1 day 
even though the plant was a whole was well supplied with N from the 
other half o f  the root system. 
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The decrease in rate o f  elongation of  the minus nitrate roots was 
mainly due to fewer laterals being produced,  an average of  2.1 per cm 
compared with 4.2 per cm of  nitrate-fed roots at the end of  the experi- 
ment. 

H ion and HC03 ion production 
Fig. 3 shows the cumulative H ion and HCO3 ion product ion by the 

roots on a daily basis. As in experiment 1 all root  systems supplied with 
nitrate produced HCO3 ion. However in contrast to experiment 1 H 
ions were not  detectable in the first 24 hours after removal of  nitrate, 
but  the rate of  HCO3 ion product ion was markedly reduced and H ion 
product ion became apparent after a further 24 hrs (day 16). The rate of  
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Fig. 3. Exper iment  2. Cumulat ive  daily HCO 3 ion production. Open and closed symbols ,  two 
halves o f  the  same roo t  system,  o, �9 bo t h  given NO s ion th roughou t  the  exper iment .  Lx and o 
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Table 3. Experiment 2. Total nitrogen concentration in rape plants at 32 days 

Treatment % N in shoot % N in root 

All roots given NO~ 3.9 +/--  0.14" 3.6 +/--  0.2 
Half root system deprived of NO~ 2.8 +/--  0.33 3.1 +/--  0.1 (+NO~) 
at day 14 3.7 + / - -0 .4  (--NOg) 

* Means and S.E.'s 

H ion production did not increase with time but remained constant at 
5-7/amol  per day even though the root length was increasing (cf. 
Fig. 2). 

N status o f  plants 
Table 3 shows the % N found in the shoots and roots from the two 

treatments. Analysis of  variance showed no significant difference 
between the % N in shoots and roots. In addition, there was no signifi- 
cant difference between the % N in the halves of  the root system receiv- 
ing nitrate and deprived of  nitrate. This suggests that the minus nitrate 
roots received nitrogen from the plus nitrate roots via the shoot. 

Cation anion balance 
Table 4 shows the total uptake of  cations and anions per g dry wt of 

the total plant material between days 14-22.  Depriving half of  the root 
system of nitrate resulted in less N in the plant but also in a significant 
decrease in the K and C1 uptake. The plants did not compensate for the 
lack of  nitrate by increasing the uptake of any other anion. Daily uptake 
of  all major ions by the plants was calculated from the depletion of  the 
nutrient solution at the end of  each 24 hours. The nutrient solution was 
analysed by the same methods described earlier for plant analysis. K 
ion uptake by the minus nitrate roots decreased and eventually a net 
loss occurred from these roots, but the attached nitrate-fed roots con- 
tinued to take up K ions in the normal amounts. For the plants with all 
roots supplied with nitrate there was excellent agreement between excess 
anions taken up and HCOa ions released. For plants with half the roots 
deprived of  nitrate the agreement was not so good, but within experi- 
mental error. 

General discussion 

These experiments demonstrate that the release of  HCOa ion from 
roots is sensitive to NO3 supply. Nitrate-fed plants release HCOa ions, 
which raise the pH of the medium, but when the supply of  NOa is 
reduced to zero, H ions are produced. The production of  H or HCOa 
ions appears to depend primarily upon the nitrate level of the solution 
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surrounding the root, rather than N status of the whole plant, and is 
almost instantaneous. However, uptake of nitrate in one part of the root 
system may influence the net H ion production in another part deprived 
of nitrate. For example, plants wholly deprived of nitrate in experiment 
1 produced H ions at a steadily increasing rate which reached 25 #moles 
per day per tray within 2 days. Plants for which only part of the root 
system was deprived of nitrate (Expt. 2) produced H ions at a constant 
rate of only 6 gmoles per day per tray. We could not detect any nitrate 
reductase activity in the roots of rape plants. Thus for plants in which 
nitrate is reduced in the shoot, the Ben Zioni 1 model of nitrate assimi- 
lation may provide a satisfactory explanation for the decreased H ion 
efflux from the nitrate deprived root system. This postulates that there 
is a stoichiometric relationship between nitrate supply to the shoot and 
malate production. The malate is then transported via the phloem to 
the root where it is decarboxylated and the CO2 and OH ions produced 
are excreted as HCO3 ion. If some of the malate, produced in the shoots 
following absorption of nitrate by the nitrate-fed roots, was directed 
to the minus nitrate roots, HCO3 ion resulting from decarboxylation of 
this malate could mask some of the H ion production by these minus 
roots. This release of HCO3 ion could be coupled with K ion efflux, 
which might account for the loss of K recorded for the minus nitrate 
roots. 

The ability of different parts of the root system to secrete H ion or 
HCO3 ion according to the nitrate supply available has an adaptive 
significance for plants growing in poor soil. Some nutrients, notably 
phosphate, occur in soils in forms unavailable to plants at neutral and 
higher pHs, but become increasingly available as the pH is lowered ~ . 
The ability of rape roots to release H ion is particularly significant since 
its onset is rapid once nitrate has disappeared, but reversible if nitrate is 
resupplied, and occurs before any damaging change in the nitrogen 
status of the plant has taken place. 
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