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ABSTRACT

Ricinus communis was used to test the Ben Zioni-Dijkshoorn hypothesis
that NO; uptake by roots can be regulated by NO; assimilation in the
shoot. The rate of the anion charge from assimilated NO;~ (and SO,*")
was followed in its distribution between organic acid anion accumulation
and HCO;~ efflux into the nutrient solution. In plants adequately supplied
with NO;~, HCO;™ efflux accounted for between 56 and 63% of the anion
charge. When the plants were subjected to a low NO; regime HCO;~
excretion accounted for only 23% of the charge. A comparison of mature
plants growing for a 10-day period at the two levels of NO; nutrition
revealed that the uptake of NO;™ at the higher level was increased 3-fold,
whereas K uptake was unaltered. To trace ion movement within the plant,
the ionic constituents of xylem and phloem sap were determined. In xylem
sap these constituents were found to be predominantly K*, Ca**, and
NO;~, whereas in the phloem sap they were mainly K* and organic acid
anions. Results have been obtained which may be interpreted as providing
direct eivdence of NO; uptake by roots regulated by NOjs reduction in the
tops, the process being facilitated by the recirculation of K* in the plant.

Following the work of Dijkshoorn (7), Ben Zioni et al. (4) have
proposed a mechanism by which NO; reduction in the shoot
controls NO; uptake by roots. This process incorporates the
recirculation of K* within the plant and is as follows: K* and
NO;~, the ions taken up in largest amounts by the root, are
translocated in the xylem to the shoot, where for every NO;™ ion
reduced an equivalent of malate is formed (3). Some of the K*
originally accompanying this NO;™ is then transferred together
with malate via the phloem to the root system. Here the malate is
oxidized and decarboxylated, and the HCO3™ produced is released
stoichiometrically in exchange for further uptake of NO;3™. The
K™ remaining in the root, together with this NO;™, is transported
upwards and the cycle repeated. This mechanism necessitates an
excess uptake of anions over cations by the plant, in accordance
with the net HCO;™ excretion from the roots. The often observed
increase in the pH in NOj cultures is a reflection of this phenom-
enon (14, 17).

Findings consistent with the above mechanism have been pre-
sented by a number of authors (4-6, 9). However, unequivocal
proof is:lacking that the products of NOs reduction in upper plant
parts can control NO; uptake by roots. Evidence is needed that
charge from NO; assimilation in the tops is effluxed as HCO;™
from the roots, concomitant with K recirculation in the plant. To
demonstrate this was the purpose of the present study.

In previous publications investigating ionic balance in tomato
plants (15, 16) we concluded that in this particular species the
control mechanism outlined above was relatively unimportant.
This conclusion was reached from studies in which the fate of
anion charge arising from the assimilation of NO;~ and SO’ in

NO;-fed plants was followed in its distribution between organic
anion accumulation in the plant and HCOs;™ efflux into the
nutrient medium (as measured by excess anion over cation up-
take). Increasing the level of NO; nutrition, compensating with
SO, stimulated organic acid anion accumulation in the plant
tops, whereas HCO;™ efflux from the roots represented only a
small percentage—at most 20%—of the assimilated charge. The
cation/anion uptake ratios were therefore close to unity and the
amount of NO;3~ taken up by exchange for HCO;~ derived from
NO;™ reduction (as OH™) was relatively small. It was also inferred
from this investigation that the extensive K recirculation as neces-
sitated by the control model did not occur. This was confirmed by
subsequent investigations of tomato plants in this laboratory (1).
The same pattern of behavior is probably true for other plant
species which reduce NO3™ in the tops and in which the cation/
anion uptake ratio is close to unity, i.e. sugar beet (22), tobacco
21).

We suggest that the NO; transport model might be more
applicable to plant species in which HCO;™ root efflux is dominant
with an associated high excess anion over cation uptake. In order
to test this idea further we extended our investigations to another
plant species. Ricinus communis var. Gibsonii was chosen as it
offered the considerable advantage that both xylem and phloem
saps can be obtained from mature plants. The analyses of these
saps provide an indication of the upward and downward move-
ments of ions which can be applied to the model. Furthermore,
since this species is a C; plant, the problems of differentiating
between the direct effects of NO; metabolism on malate accu-
mulation and malate levels associated with C, metabolism are
avoided. As in our previous investigation with tomato, ion uptake
and assimilation and organic acid anion accumulation were de-
termined for individual plant parts, and for entire plants in relation
to plant age and the level of NO; nutrition. We were therefore
able to follow the fate of assimilated NO;~ and SO,*~ between
organic acid anion accumulation and HCO;™ excretion.

MATERIALS AND METHODS

Castor oil seeds (R. communis var. Gibsonii) were germinated
in a 1:1 sand soil mixture maintained at 30 C in the dark. On the
appearance of the first leaves, the seedlings were transferred to
aerated nutrient solutions held in six 52-liter containers, each
container supporting 10 plants.

The composition of the' nutrient solution was as follows:
Ca(NO3); (2 meq/1), KH;PO, (1 meq/1), MgSO, (2 meq/1). The
micronutrients were supplied as: Fe-EDTA (2.80 ug Fe/ml),
MnSO;-4H;0 (0.43 ug Mn/ml), HysBO; (0.33 pg B/ml), ZnSO,-
7H,0 (0.06 pg Zn/ml), CuSO,-5H;O (0.08 pg Cu/ml) and
Na:MoO,-2H,0 (0.04 pg Mo/ml). The nutrient solutions were
completely renewed every 4 days. The initial solution pH was 5.5.

The plants were grown in a growth chamber at a light intensity
of 80 w m~? provided by warm-white fluorescent tubes. A relative
humidity of 80% was maintained and a 16-h light, 8-h dark cycle
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employed at 27 C and 19 C respectively. Harvests were taken after
12, 18, 26, 32 and 42 days of growth, plants being thinned out
from the containers as the experiment progressed. For each of the
first 4 harvests, 10 plants were removed, and individual fresh and
dry weights (85 C) of leaves, stems and roots recorded. After the
fourth harvest the remaining plants were subjected to two NO;
treatments each comprising 10 plants. In one treatment the NO;
level was depressed to 1 meq/1 whereas in the other it was raised
to 10 meq/1 supplied as Ca(NOs). The Ca®* concentration in the
lower NO; treatment was maintained by the addition of CaSO,.
Sulfate was thus the compensating ion in the nutrient medium.
This ion was chosen as it is known to have little influence on the
uptake of other ion species (19).

After a further 10 days of growth (42 days), during which period
the solutions were not renewed, phloem and xylem saps were
collected for analysis from the plants of the two NOj treatments.
Phloem sap was obtained from diagonally cut incisions in the
bark of the plants as described by Hall et al. (11). The total sample
was collected over a 3-h period for each plant. After each sample
collection during the 3-h period, the sap was stored in plastic vials
held in ice to restrict evaporation. The sap was weighed and stored
in a deep freeze at —20 C prior to analysis. Xylem sap was
collected after decapitating the plants 1 cm above the root system.
A suitable length of polyvinyl chloride tubing was attached to the
cut stump to allow the exudate to collect. This was then removed
using a syringe. Sap exuded during the first 15 min after decapi-
tation was discarded because of possible phloem contamination.
The sample collected during the period between 15 and 60 min
after decapitation was weighed and stored for analysis in plastic
vials at —20 C. After sap collection the plants were harvested and
divided into leaves, stems and roots, and fresh and dry weights
were taken as in the previous harvests.

Dried plant material obtained from all of the harvests was
analyzed for total nitrogen, nitrate, total sulfur, inorganic sulfur,
phosphate, chloride, calcium, magnesium, potassium, sodium, and
the alkalinity of ash (total organic anions) as referred to in
previous publications (16, 17). Cations and anions in the phloem
and xylem saps were also estimated by the above techniques.
Total organic acids in the saps were determined by a modified
method of Hiatt and Hendricks (13). Three-tenths ml of exudate
was mixed with 10 ml 80% ethanol and insoluble material removed
by centrifugation. The supernatant was evaporated to dryness at
50 C using a rotary evaporator and the residue dissolved in 10 ml
warm distilled H,O. This solution was passed through a Zerolit
325 (H*) resin to remove the basic fraction and then through an
Amberlite 1R-45 (formate) resin to remove the organic acid
fraction. This fraction was eluted with 10 ml 20% and 10 ml 50%
formic acid, evaporated to dryness at 50 C and the residue
redissolved in 5 ml warm distilled H,O. Total organic acids were
determined in the sample by titrating with 0.02 N NaOH.

The statistical analyses of the plant saps refer to analysis from
each of the 10 plants of both NOj treatments. Student’s ¢ test was
used.

RESULTS

Table I shows the influence of age (harvests 1-4) on cumulative
yields and ion uptake by whole castor oil plants. At all four
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harvests the uptake of anions was in the order of twice that of the
cation uptake, thus indicating a considerable HCO;™ efflux from
the roots at the stages in this growth period. The slight increase in
cation to anion uptake ratio from harvest 1 to 4 largely reflects the
corresponding fall in N concentration.

The fate of the negative charge resulting from NO,™ and SO,*~
assimilation in its distribution between organic acid anion accu-
mulation and HCO3™ efflux (excess anion over caption uptake) is
given for the same plants (Table II). The values for assimilated
(N + 8S) are all balanced within 10% by the totals of organic acid
anion accumulated plus HCO;™ efflux. In all treatments the largest
fraction of the negative charge was directed toward HCO;™ excre-
tion (between 58 and 63%). This fraction was greatest in the
youngest plants. The values for assimilated (N + S), HCO;~
excretion and organic acid anion accumulation fell with increasing
age. This again probably reflects the falling rates of NO; uptake
and utilization as the plants aged.

A more detailed survey of the influence of the level of NO3
nutrition on the total anion charge from assimilated NO;~ and
SO,*" and its distribution between organic acid anion accumula-
tion and HCO;™ excretion can be seen in Table III. The table
compares the uptake and assimilation of ions over a 10-day period
(between harvests 4 and 5) by whole castor oil plants growing at
the two different levels of NO; nutrition. In agreement with the
data in Table II assimilated (N + S) values at both NO; levels are
fairly well balanced by the sums of organic acid anion accumu-
lation and HCO;~ excretion. However, the absolute values of
assimilated (N + S) charge and their distribution differ between
the NO; treatments. At the higher NO; level, the pattern was
similar to that already observed in the four previous harvests
(Table II) with HCO3™ accounting for a high proportion (56%) of
the assimilated anion charge. At the lower level of NOj; nutrition,
however, the assimilated (N + S) was only half that of the high
NO; treatment, and of this charge only a small fraction (23%) was
directed toward HCO;™ excretion. This is in accordance with the
high cation to anion uptake ratio (about 0.85) for this treatment.

The difference in ion uptake between treatments largely results
from a disparity in N uptake. The N uptake from the higher level
of NO; nutrition was almost three times greater than that from
the lower NO; treatment. The uptake of Ca’* and Mg?* was also
stimulated at the higher level of NO; nutrition whereas C1™ uptake
was enhanced at the lower NO; level. These synergistic and
antagonistic effects on ionic balance have often been observed in
plants grown under different NO;™ regimes (16). The uptake of
K* was the same in both treatments.

From the N uptake data we calculated that in the low NO3
treatment only 27% of the applied NOs™ was still in the solution
at the end of the experiment. The rest had been taken up by the
plants. The comparative value for the higher NOjs level was 80%.
These findings indicate the much more marked differences be-
tween the two NO; treatments at the end of the experiment and
strongly suggest that the plants in the low NO; regime were
subjected to N stress conditions. This also implies that despite the
small net HCO;™ efflux over the 10-day period it seems likely that
there must have been a shift from HCO;™ to H* efflux towards
the end of the experiment as previously observed by ourselves and
other workers studying N stress (14, 16).

Table 1. Influence of Age on Yield and Cation and Anion Uptake by Castor Oil Plants

Cations Anions Cation/An-
Harvest Yield ion Uptake
K Ca Mg Na Total N S P Cl Total Ratio
g/10 plants meq/100 g dry weight
1 10.3 108 66 50 2 226 377 30 33 20 460 0.49
2 30.1 97 62 49 2 210 319 31 24 18 392 0.54
3 69.8 94 49 40 2 185 277 30 18 15 340 0.54
4 134.4 102 52 50 2 206 293 30 25 18 366 0.56
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The cation-anion balances of leaves, stems, and roots of plants
grown at the two levels of NO; nutrition are given in Table IV.
The sums of the total cations (K*, Ca’®*, Mg®*, Na*) closely
balanced (within 10%) the total respective anion sums (NO;-,
SO, CI7, H,PO,", and organic acid anions). It may be supposed
that the most important charges have been taken into account.
Regardless of the level of NOs nutrition at which the plants were
grown the total cation and anion concentrations were lowest in
the leaves. Other trends were similar in both treatments. Highest
levels of K* and NO;~ were present in the stems, Ca’* in the
leaves, and Mg®* in the roots. Organic acid anion concentrations
were lowest in the leaves and in all tissues balanced from 49 to
65% of the total cation charge. At the higher level of NO3 nutrition
the total cation and anion levels were raised by about 10 to 15%
in all tissues. In particular, the concentrations of Ca®*, Mg**, and
NO;~ were higher. Chloride, on the other hand, was depressed.

The weights and ionic composition of xylem sap collected from
plants of the two NO; treatments are shown in Table V. In
agreement with previous work on root pressure exudation, much
greater sap weights were obtained from the higher NOj; treatment
(23).

A very close balance between cations and anions was obtained
in sap from plants grown at the higher NO; level. The major
anion charge was NO;™ and this was largely balanced by K* and
Ca®*. Organic acid anions were detected in only trace amounts. In
the low NO; treatment such a close balance between cations and
anions was not obtained and an anion deficit reported. The total
cation concentration and composition were rather similar to that
of the higher NO; treatment. However, the anion composition
differed markedly. The NO;~ concentration was considerably
lower and a significant proportion of the anion fraction was made

Table II. Influence of Age on Organic Anion Accumulation, HCO;
Excretion and Total Levels of Assimilated (N + S) by Whole Castor Oil

Plants
Organic
Organic  Anions Ac- Assimilated
Harvest HCO; Excreted®  Acid An-  cumulated (N +5)
ions + HCO;
Excreted
meq/100 g dry weight
1 234 (63)° 139 373 352
2 182 (58) 130 312 295
3 155 (58) 112 267 268
4 160 (59) 112 272 260

* Excess anion over cation uptake: (N + S + P + Cl) — (K + Ca + Mg
+ Na).

® Figures in parentheses indicate the % HCO; excretion of the total
anion charge (organic acid anions + HCO; excreted).
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up by organic acid anions. Chloride too was increased 3-fold. The
anion charge not accounted for was probably made up by HCO;~
which was not estimated. This may be inferred from the much
higher pH of the sap from the low NO; plants (7.3 as compared
with 5.6 from the high NOj; treatment).

The weights and ion composition of phloem sap obtained from

Table III. Influence of Level of NO; Nutrition between Harvests 4 and 5
on Ion Uptake, Nitrate and Sulfate Assimilation, and Organic Acid
Accumulation

1 meq/1 NOj3 solution

Uptake Assimilation and Accumulation
Excess
anion up-  Organic .
Cations take acid an- (:gf;c
(HCO;,  ions N*9
excretion)
meq/plant meq/plant
K Ca Mg Na Total 3.1 (23 104 (77) 12.8
N - S
72 80 15 02 16.9 135
Anions
N S P Cl  Total
114 28 30 28 200
10 meq/1 NO; solution
Uptake Assimilation and Accumulation
Excess
anion up-  Organic .
Cations take acid an- (;:g:néc
(HCO;  ions (N*9
excretion)
meq/plant meq/plant
K Ca Mg Na Total 16.2 (56) 12.6 (44) 26.1
\+I
72 119 29 02 222 28.8
Anions
N S P Cl  Total
315 23 36 10 384

® Figures in parenthesis indicate the % HCOj; excretion and organic acid
anions of the total assimilated (N + S) charge.

Table 1V. Influence of Level of NO3 Nutrition (Harvest 5) on Yields and Cation-Anion Balance of Leaves, Stems, and Roots of Castor Oil Plants

Cations Anions
Yield Or
K Ca Mg Na Total NO;, SO, MO, C - Total
1 meq/1 NOj; solution
g/plant meq/100 g dry weight
Leaves 9.9 56 79 35 1 171 2 24 28 10 107 171
Stems 89 126 58 23 2 209 38 11 20 32 129 230
Roots 4.0 108 51 68 2 229 13 21 43 35 126 238
10 meq/1 NOj; solution
Leaves 10.4 55 98 37 1 191 14 21 36 8 125 204
Stems 8.1 146 67 30 2 245 96 13 21 23 121 274
Roots 3.9 84 82 85 3 254 78 17 36 16 122 269
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Table V. Influence of Level of NOs Nutrition on Weight (g/Plant) and
Ionic Composition of Xylem Sap Collected between 15 and 60 min after

NITRATE UPTAKE REGULATION IN RICINUS

Decapitation (meq/I)*
1.0 meq NOy/1 10 meq NOs/1

Sap weight 0.44 1.68***
Potassium 124 10.6 Ns®
Calcium 14 9.4*
Magnesium 27 3.5
Sodium 20 _L6*

Total cations 245 25.1Ns
Nitrate 6.2 19.0%**
Sulfate 2.8 2.7Ns
Phosphate 20 3.0
Chloride 33 1342+
Organic Acids 58 _Tr.***

Total anions 20.1 26.0%**

* Significant differences: * P < 5%; ** P < 1%; *** P < 0.1%.
® Ns: not significant.

plants grown in the two NOj; treatments are shown in Table VL
Similar weights were obtained and the balance between cations
and anions observed in both treatments were within 10%. In both
samples the ionic constituents present in highest concentrations
were K* and organic acid anions. At the higher level of NO;
nutrition the concentration of both these constituents was in-
creased. The concentrations of Mg?* and HoPO,~ were also slightly
higher and those of Na* and ClI™ lower in sap from the high NO;
plants. In agreement with other workers we did not detect NO3~
in the phloem and found only very low concentrations of Ca®*
(10, 18).

DISCUSSION

For the Ben Zioni-Dijkshoorn model to play a significant role
as a NO; uptake control mechanism two conditions must be
satisfied: (a) that NO3 reduction occurs primarily in the upper
plant parts; (b) that a considerable proportion of the anion charge
arising from the assimilation of NOs~ and SO,*” is directed toward
HCO;™ efflux, i.e. that anion uptake is much in excess of cation
uptake. The data presented in this paper show that in castor oil
plants both these criteria are met.

In plants abundantly supplied with NO;™ (10 meq/1) the major
anion transported from the roots to the tops in the xylem stream
was NO;™ and the two dominant cations Ca®* and K* (Table V).
This composition is consistent with the findings of other workers
using different plant species well supplied with NO;™ as is also the
total xylem sap ionic charge (23). This high supply of NOs™ to the
shoots indicates that NOs~ is mainly assimilated in the leaves.
This view is further supported by the much lower levels of NOs~
observed in the leaves than in the stems or roots of the plants
(Table IV) and by independent observations which have shown
that NO;™ is the major form of nitrogen within Ricinus xylem sap
).

The second criterion is also satisfied since at all stages in the
growth of castor oil plants adequately supplied with NO; nutrition,
anion uptake was considerably in excess of cation uptake (Tables
I and III). This excess anion uptake or HCOs~ excretion repre-
sented between 56 and 63% of the total charge from assimilated
NO;™ and SO,*" (Tables II and III).

Further evidence in support of the significant role of the model
can be seen from the phloem sap analysis. In agreement with the
concepts of Ben Zioni et al. (4), the two principal charge constit-
uents were K* and organic acid anions. Ben Zioni et al. (4)
suggested that the organic acid accompanying the K* may be
malate and indeed Hall and Baker (10) reported this as the only
organic acid anion in Ricinus phloem sap. More recent findings
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Table VI. Influence of Level of NOs Nutrition on Weight (g/Plant) and
Ionic Composition of Phloem Sap (meq/1)*

1.0 meq NOs/1 10 meq NOs/1

Sap weight 0.85 0.89 Ns®
Potassium 68.1 79.6%**
Calcium 0.8 0.8 Ns
Magnesium 6.6 8.5%**
Sodium 30 14

Total cations 78.5 90.3%**
Nitrate 0.0 0.0
Sulfate 24 1.8%*
Phosphate 53 6.9**
Chloride 11.9 7.9%++
Organic Acids 334 65.7*

Total anions 73.0 823 Ns

* Significant differences: * P < 5%; ** P < 1%; *** P < 0.1%.
® Ns: not significant.

suggest, however, that malate may not be present in such large
amounts as was formerly believed (18, 20). In our experiment the
organic acid fraction was not separated. The phloem sap analyses,
however, indicate the presence of a pathway capable of consider-
able charge transfer, irrespective of the makeup of the negatively
charged organic constituents, and this is further borne out by the
ion uptake data.

The mechanism by which the negative charge from malate or
other organic acid anions in the phloem is transferred to the
nutrient solution as HCO;™ is still not completely clear. It has
been established that synthesis and decarboxylation of organic
acid anions are controlled by pH shifts in the root (12), a lowering
in pH favoring enzymic decarboxylation. Roots taking up a large
excess of anions over cations, and which do not reduce NO;™ to
any great extent, should have a considerably lower pH than
phloem sap (pH 7-8). It may be supposed that the pH fall as
phloem sap enters the root is conducive to the breakdown of
organic acid anions transferred from the tops. When NO;™ is
adequately supplied, anion uptake is in considerable excess of
cation uptake (Tables I and III) so that the mechanism for organic
acid anion breakdown should be favored. On the other hand,
when NO;~ supply becomes limiting, cation uptake exceeds anion
uptake with a resulting H* efflux from the root with an increase
in root pH (12). This pH increase should be conducive to organic
acid anion accumulation.

The concept of pH-controlled organic acid anion accumulation
in the root is consistent with the xylem sap analysis for plants
grown at different levels of NO; nutrition. When NO;~ was
adequately supplied, organic acids were present in only trace
amounts in the xylem sap and the sap pH was 5.6. Under the NO;
stress conditions, however, the pH of the sap rose to 7.3 and
considerable amounts of organic acid anions were present (Table
V). Similar observations in maize have been made by Dijkshoorn
®).

An important feature incorporated in the Ben Zioni-Dijkshoorn
model is the recirculation of K* within the plant. The considerable
amounts of K* in both xylem and phloem saps (Tables V and VI)
clearly indicate its occurrence. The extent of its importance,
however, is best demonstrated in Table III in which plants grown
at high and low levels of NO;~ were compared. At the higher level
of NO; nutrition, NO; uptake was about three times greater (31.5
meq compared with 11.4 meq), whereas K* uptake was unaltered.
The greater uptake of 20.1 meq NO;~ was accompanied by an
increase of 3.9 meq Ca®" and 1.4 meq Mg?* (total 5.3 meq). Ca®*
is almost absent in the ghloem and Mg?* is present in much lower
concentrations than K™ (Table VI). We therefore conclude that
this additional uptake and transport of approximately 20.1 to 5.3
meq NO;~ (14.8 meq NO;") in the high NO; treatment was
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facilitated by 7.2 meq K™. This result demonstrates the importance
of K recirculation in this species. It also indicates the errors which
can arise in attempting to use xylem sap exudate from decapitated
Ricinus plants in K uptake studies. In the normal functioning
plant a high proportion of the K* in the xylem appears to originate
from the plant tops via the roots and not directly from the external
solution.

The results reported here for castor oil plants contrast markedly
to those we obtained previously for tomato (1, 15, 16). In both
species NOs™ is reduced in the tops but the distribution of charge
is different. In castor oil plants a considerable proportion of the
negative charge is transferred to the nutrient solution as HCO;~
whereas in tomato it is mainly retained in situ as organic acid
anions. This difference in behavior is reflected by differences in
cation and anion distribution between plant tissues. In castor oil
plants in complete contrast to tomato, the levels of cations and
organic acid anions are relatively lower in the leaves and higher
in the roots (Table IV). Increasing the level of NO; nutrition
results only in a slight increase in cation and organic acid anion
concentrations in the tops because of the large HCOs™ efflux from
the roots.

Why plant species should behave differently in this respect is
uncertain. The greater movement of ionic constitutents in the
phloem in the castor oil plant allows this species a better regulation
of NOj; uptake and a more efficient utilization of K*. It is tempting
to speculate that this may be an important factor in the growth of
this species in its natural habitat.
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