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Abstract

Potassium (K) is reported to improve plant’s resistance against environmental stress. A frequently experienced
stress for plants in the tropics is water shortage. It is not known if sufficient K supply would help plants to partially
overcome the effects of water stress, especially that of symbiotic nitrogen fixation which is often rather low in the
tropics when compared to that of temperate regions. Thus, the impact of three levels of fertilizer potassium (0.1,
0.8 and 3.0 mM K) on symbiotic nitrogen fixation was evaluated with two legumes under high (field capacity to
25% depletion) and low (less than 50% of field capacity) water regimes. Plants were grown in single pots in silica
sand under controlled conditions with 1.5 mM N (!N enriched NH4;NOs). The species were faba bean (Vicia faba
L.), a temperate, amide producing legume and common bean (Phaseolus vulgaris L.), a tropical, ureide producing
species. In both species, 0.1 mM K was insufficient for nodulation at both moisture regimes, although plant growth
was observed. The supply of 0.8 or 3.0 mM K allowed nodulation and subsequent nitrogen fixation which appeared
to be adequate for respective plant growth. High potassium supply had a positive effect on nitrogen fixation, on
shoot and root growth and on water potential in both water regimes. Where nodulation occurred, variations caused
by either K or water supply had no consequences on the percentage of nitrogen derived from the symbiosis. The
present data indicate that K can apparently alleviate water shortage to a certain extent. Moreover it is shown that the
symbiotic system in both faba bean and common bean is less tolerant to limiting K supply than plants themselves.
However, as long as nodulation occurs, N assimilation from the symbiotic source is not selectively affected by K
as opposed to N assimilation from fertilizer.

Introduction Potassium is an essential element for all living

organisms. In plants it is an important cation involved

Grain legumes are an important component of the food
production systems in tropical agriculture (Carangal
et al.,, 1987). These crops are very adaptable, pro-
duce protein-rich edible material and fix atmospheric
nitrogen through symbiosis (Wood and Myers, 1987).
In Asia and Africa, the principal regions cultivating
legumes for direct human consumption, yields are gen-
erally low (FAO, 1995). The principal factor affect-
ing growth, yields and nitrogen fixation of most food
legumes in the tropics is considered to be soil moisture
(APO, 1980; Patanothai and Ong, 1987).
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in physiological pathways (Beringer et al., 1983; Duke
and Collins, 1985). In particular, the ability of ATPas-
es in membranes to maintain active transport is highly
dependent on adequate K supply. Thus efficient cell
development and growth of plant tissues, transloca-
tion, storage of assimilates and other internal functions,
which are based upon many physiological, biochem-
ical and biophysical interactions, require adequate K
in the cell sap (Lindhauer, 1989; Marschner, 1995). In
the tropics, where water is a major limiting factor for
successful legume production (Wiersama and Christie,
1987), K may temper water stress due to its role in
cell turgor control and metabolic activity (Beringer et
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al., 1983; Lindhauer, 1989). However, in most tropical
soils, K contents are low.

The influence of K on growth and yields of food
legumes has been demonstrated (Hanway and Johnson,
1985; Sangakkara, 1990). However, little is known
about the importance of K in partially overcoming
its effects of moisture stress in temperate and trop-
ical food legumes, and on the process of symbiotic
nitrogen fixation. Thus a study was undertaken to eval-
uate symbiotic nitrogen fixation and vegetative growth
in a temperate and in a tropical legume under three
K fertilizer regimes under high and low soil mois-
ture conditions. The species selected were faba bean,
an amide-producing temperate legume and common
bean, a tropical ureide-producing species.

Materials and methods
Plant materials and growth conditions

Faba bean (Vicia faba L.) cv. “Herz Freya” and com-
mon bean (Phaseolus vulgaris L.) cv.“Wade” (SriLan-
ka) were grown from seed in PVC pots (7 cm diameter,
25 cm height) containing 1.25 kg of air dried silica sand
(diameter 0.7 - 1.2 mm) in growth chambers (PGR-15
Conviron Instruments Co, Winnipeg, Canada). Tem-
peratures were 23 °C day/18 °C night, with a relative
humidity of 80% =+ 2% and a 16 hour day length.
Photosynthetic photon flux density (PPFD) was main-
tained at 450 - 500 pmol photon m~2 sec™! (400 - 700
nm wavelength) at plant height. The nutrient solution
was similar to that of Hammer et al. (1978) containing
0.1 mM, 0.8 mM or 3.0 mM potassium. The nutri-
ent solution contained 1.5 mM N in the form of °N
labeled NH4NO5 at 1.0% SN-atom excess. The plant-
ing medium of pots containing faba bean were inocu-
lated with 4 mL of a broth containing Rhizobium legu-
minosarum biovar. viciae (strain 595; Swiss Federal
Research Station for Agronomy, Reckenholz, Ziirich)
at two day intervals on five occasions, beginning the
day after planting. The same procedure was carried
out for common bean with an inoculum broth contain-
ing Rhizobium tropicii (Strain CIAT 899, Center for
International Tropical Agriculture, Cali, Colombia). A
prophylactic application of Benlate (concentration of 5
ppm) was carried out at 3, 8 and 14 days after planting
to prevent fungal infections in common bean.

Regimes to control water supply

Prior to seeding, the water content of the planting medi-
um at field capacity, 25% and 50% depletion of avail-
able moisture was determined by methods described by
Black (1965). Plants were grown at high (field capac-
ity to 25% depletion) and low (over 50% depletion)
soil moisture regimes from the moment the cotyledons
appeared. Randomly selected pots (three per replicate
per treatment) were weighed daily and deionized water
was added to bring the planting medium of pots main-
tained at a high soil moisture content to 90 to 95%
of field capacity. Any drainage was prevented. Pots
designated to be maintained at a low soil moisture
regime received no liquid until the planting medium
reached a soil moisture of over 50% depletion, At this
stage, equal quantities of the respective nutrient solu-
tions were added to all pots with the quantities being
determined by weighing, as above.

Faba bean were harvested at 23, 28, 33 and 38 days
after seeding (DAS) and commonbean at 17,22 and 27
DAS. Relative growth rates were calculated over the
entire experimental period using methods described by
Hardwick (1984).

Measurement of water potential

Water potential was determined in common bean at
the V4/5 growth stage (25 DAS) using a Scholander
pressure bomb.

Nitrogen and potassium determination

All plant material was dried at 65 °C for 48 hours in
a drying oven. Total K content of plants was deter-
mined from the final harvests by flame photometric
analysis (PFP-7 flame photometer, Jensons Scientif-
ic, UK). Total nitrogen and '"N-atom-%-excess were
determined by GC-MS (Europa Scientific, UK). The
amount of nitrogen derived from symbiosis was cal-
culated as follows: %Nsym = (1- '’N-atom-% exc. in
legume plant/'’N-atom-% exc. in nutrient solution) *
100

Statistical analysis

The experiments were laid out as a randomized biock
design. The first experiment, using both legumes, had
3 replicates (blocks) each replicate consisted of 6 pots
(total of 18 pots). For the last harvest, 12 pots per
replicate (block) were used (total of 36 pots). The sec-



ond experiment with common bean had 3 replicates
(blocks), each one containing 4 pots (total of 12 pots).
Data were analyzed using the general linear model
technique of SAS with a 2-factor factorial design to
identify the significance of treatment differences and
interactions. Nodulation at the various K nutrition lev-
els was double checked twice.

Results and discussion

Effects of potassium supply on symbiotic nitrogen
fixation and plant growth

Unexpectedly, nodulation was completely prevented in
plants grown with 0.1 mM K in common bean and faba
bean under both water regimes (Table 1). Such a find-
ing, to our knowledge, has never been reported before.
K supply, although sufficient for plant growth (Tables
2 and 3), was not sufficient to support the development
of a symbiosis. These data support the concept that the
ecological range of the symbiosis is narrower than that
of the plant itself as also reported for low temperature
(Bordeleau and Prévost, 1994) and excess temperature
(Sangakkara et al., 1996). The symbiosis ceases when
it is exposed to extreme conditions.

Since viable rhizobia were used as inoculum it is
suggested that either the infection process or the subse-
quent nodule development was obstructed at a certain
stage due to the low K supply to the plant. As an
important pre-requisite for infection, the presence of
root hairs as the location of infection at the tap root of
the germinating plant (Sprent and Minchin, 1985) was
evaluated. Although root hair density and percentage
of the tap root covered with root hairs was reduced
with low K (Table 4), potential infection sites were
still present under 0.1 mM K. Nevertheless, nothing
resembling nodule structures appeared. Thus it is very
likely that nodule development was obstructed either
before infection, at infection or very shortly after rhi-
zobia invaded root hairs. The finding of Gober and
Kashket (1987) that sufficient K supply is essential
for bacteroid development in cowpea Bradyrhizobi-
um, emphasises the importance of K for the develop-
ment of the symbiosis. One link to explain the com-
plete suppression of nodule formation could be that K
is used in higher concentrations for protein synthesis
than for enzyme activation (Marschner, 1995). This
leads to the reported K stress-induced accumulation
of soluble nitrogen compounds such as amino acids,
amines, amides and nitrate (Mengel and Helal, 1968),
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all molecules known or believed to suppress nodula-
tion (Parsons et al.,1993; Streeter, 1988). Further work
is required on this hypothesis.

Nodules were observed with the application of both
0.8 and 3.0 mA K in both species (Table 1). The appli-
cation of 3.0 mM K resulted in higher nodule numbers
compared to the 0.8 mAM K supply. While in common
bean nodulation under 3.0 mM K was increased more
or less in proportion to the increased plant growth, in
faba bean the beneficial effect of 3.0 mM K in estab-
lishing nodules appeared to be consistently greater than
expected from plant growth (nodule number per plant
dry weight; Table 1). This led to more nodules per plant
dry weight under 3.0 mM K compared to 0.8 mM K in
faba bean (Table 1). However, as evident from the unaf-
fected percentage of nitrogen derived from symbiosis
(N dilution), the reduced number of nodules per plant
dry weight under 0.8 mM K in faba bean appeared to
be compensated by a higher nitrogen fixing activity
per nodule (Table 1). Similar results were reported by
Chalamet et al. (1987) and Cadisch et al. (1993). This
is in notable contrast to the response of N fixation
to phosphorus, where the percentage of nitrogen from
fixation decreased with decreasing phosphate supply
(Cadisch et al., 1993), indicating increased preference
for nitrogen assimilation from mineral sources under
low phosphorus. Obviously, in the present experiment
the reduced nodulation still allowed adequate nitrogen
fixation as demanded by the relatively poor growth
under 0.8 mM K. Thus, the influence of K on symbi-
otic Nj-fixation was to improve nodulation rather than
the activity of established nodules. The present finding
that K does not affect the percentage of nitrogen from
fixation is consistent with the observation that specific
nitrogenase activity was not affected by K supply in
alfalfa (Barta, 1982). These data indicate that, if low
K reduces total N, fixation, this effect is indirect, e.g.
through a nitrogen feedback mechanism (Hartwig and
Nosberger, 1994) rather than a specific K-effect on Nj
fixation.

The decreased nitrogen concentrations with
decreasing K supply (Table 3) may, at least in part, be
interpreted as dilution effects of nitrogen through accu-
mulating nonstructural carbohydrates, a phenomenon
reported by Guardia and Benlloch (1980) and indicat-
ed here by the increased specific leaf weight (Table
2). In addition, a possible reduced protein synthesis
under low K (Marschner, 1995) could have contribut-
ed to this. Compared to nitrogen, K concentrations
were reduced much more due to the low K supply
suggesting that K limited growth. This would be con-
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Tuble 1. Nodulation and biological nitrogen fixation by faba bean and common bean at flowering (R1; 38 DAS for faba
bean, 27 DAS for common bean) as affected by soil moisture and potassium. Symbiotic nitrogen fixation was quantified from
I5N-isotope-dilution. Means of 3 replicates (blocks), each replicate containing 12 pots (total of 36 pots) are shown

Soil moisture Potassium Nodule plant~!  Nodule plant—!  Nitrogen from  Nitrogen fixed % Ndfs
dry weight symbiosis per nodule
(mM) (nod) (nod g~") (mg) {mg Neym nod 1)
Faba bean
Over 50% 0.1 0 0 0 0 0
depletion 0.8 21 22 25 1.16 84
3.0 39 34 34 0.86 83
Field 0.1 0 0 0 0 0
capacity 0.8 39 34 38 0.97 86
to 25% 3.0 68 42 55 0.80 88
depletion
P Moisture (M)  <0.05 <0.005 <0.005 <0.05 <0.01
Potassium(K)  <0.01 <0.005 <0.01 <0.05 ns
MxK® <0.05 <0.05 ns ns <0.05
Common bean
Over 50% 0.1 0 0 0 0 0
depletion 0.8 30 24 34 1.16 90
30 46 28 48 1.09 90
Field 0.1 0 0 0 0 0
capacity 0.8 41 28 44 1.07 92
to 25% 3.0 46 26 57 1.23 91
depletion
P Moisture (M)  <0.005 <0.01 <0.005 <0.05 <0.01
Potassium (K)  <0.005 <0.05 <0.01 <0.01 ns
MxK® <0.05 <0.05 <0.05 <0.05 ns

2The interaction was tested between 0.8 and 3.0 mM potassium supply only.

sistent with the observation that high application of K
increased shoot:rootratios (Table 2). Nevertheless, it is
noteworthy that even a reduction in K concentration by
a factor of 2 to 3 still allowed growth. The plasticity of
growth in the selected plant species to variations in K
concentrations seems to be extremely high compared
e.g. to the nitrogen plasticity.

Effects of water supply on symbiotic nitrogen fixation
and plant growth

Nodulation was generally reduced by low water sup-
ply in both species except in common bean under 3.0
mM K (Table 1). As evident from nodules per plant
dry weight, in the other cases the reduction in nodula-
tion was more severe than would have been expected
from growth (Tables 1 and 2), an observation previ-

ously made in soybean (Khanna-Chopra et al., 1984).
However, in the case of reduced nodulation, increased
nitrogen fixation per nodule could apparently compen-
sate for the relatively low nodule numbers (Table 1).
This is also evident from the unaffected percentage of
nitrogen derived from symbiosis (Table 1).

Does high K supply alleviate water stress on
symbiotic nitrogen fixation and growth ?

Clearly, high K supply stimulates growth and nodu-
lation also under water limiting conditions (Tables 1
and 2). With common bean, in both water treatments,
K could increase the water potential substantially. The
values were -0.83, -0.56 and -0.27 MPa for 0.1, 0.8 and
3.0 mM K in the low water treatment and -0.31, -0.15
and -0.07 MPa for the high water treatment, respec-
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Tuble 2. Influence of soil moisture and potassium on vegetative growth of faba bean and common bean. Relative growth
rates were calculated from 0 over harvests at days 23, 28, 33 and 38 DAS in faba bean and from 0 over days 17, 22 and 27
DAS in common bean. All other parameters are from the last harvests (R1-stage)

Soil moisture Potassium Relative growth rate RGR-ratio®  Total dry  Specific leaf  Shoot/root-
(mM) (g dry weight increase weight weight ratio
g~ ! dry weight day~!) (mg) (mg cm=?)
Faba bean
Over 50% 0.1 0.027 £ 0.014 1.00 679 5.1 1.31
depletion 0.8 0.051 £ 0.003 1.88 981 4.4 1.45
30 0.063 £+ 0.006 233 1146 34 1.71
Field 0.1 0.045 + 0.003 1.00 909 44 1.38
capacity 0.8 0.062 £ 0.007 1.38 1142 36 1.52
0 25% 3.0 0.101 £ 0.012 224 1639 2.8 1.79
depletion
P Moisture (M) <0.005 <0.005 <0.01
Potassium (K) <0.005 <0.005 <0.005
MxK ns ns <0.05
Common bean
Over 50% 0.1 0.137 £ 0.007 1.00 1047 53 0.54
depletion 0.8 0.149 + 0.002 1.08 1244 48 0.60
3.0 0.174 £ 0.013 1.27 1575 4.1 0.66
Field 0.1 0.145 £ 0.007 1.00 1112 49 0.68
capacity 0.8 0.174 £ 0.012 1.20 1456 45 0.67
0 25% 3.0 0.192 £ 0.002 1.32 1756 4.0 0.68
depletion
p Moisture (M) <0.05 <0.01 <0.005
Potassium (K) <0.005 <0.005 <0.005
MxK ns ns <0.05

%RGR-ratio = RGR of a treatment/RGR of 0.1 mM K.

tively. These data are consistent with those from Abd-
Alla and Abdel Wahab (1995) and Mengel and Arneke
(1982) indicating that high K fertilization can at least
in part compensate water shortage. This conclusion is
also in agreement with Robin et al. (1989) who demon-
strated that K is an essential factor determining plant
resistance to water stress. This would support the view
that K helps maintain the osmotic potential of plant
cells, an increasingly critical problem with increas-
ing water stress (Beringer et al., 1983). The beneficial
effect of high K supply on growth was generally similar
in both water treatments with the exception that in faba
bean the beneficial effect of 0.8 mM K compared to 0.1
mM was more pronounced in the low water treatment
than in the high water treatment (Table 2). The bene-
ficial effect of high K under water stress can certainly,
in part, be explained by the fact that under conditions

of restricted water flow into the roots, an increase in
nutrient concentration will lead to an increased nutrient
intake per unit of water uptake (Fick’s Law).

Specific leaf weights were higher when both
species were grown at a lower soil moisture, thus
indicating the effect of water stress in restricting the
movement of photosynthates from leaves to the sinks
(Munns and Weir, 1981). Application of K reduced
specific leaf weights significantly, and the impact was
more prominent in faba beans. This could be related to
the effect of K in facilitating the translocation of pho-
tosynthates to the sinks (Lindhauer, 1989; Thomas and
Hungria, 1988). As evident from the strongly adverse
effect of both water shortage and low K supply on nod-
ule formation, this process seems to be highly depen-
dent on efficient transport conditions in the plant. On
the other hand, in the present study, nitrogen fixation
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Tuble 3. Effect of soil moisture and potassium on nitrogen and potassium concentrations
of faba bean (38 DAS) and common bean (27 DAS). Means of 3 replicates (blocks), each
replicate containing 12 pots (total of 36 pots) are shown

Soil moisture Potassium N concentration K concentration
(mM) (mg N g~} dry weighty (mgK g—! dry weight)
Faba bean
Over 50% 0.1 27.5 12.8
depletion 0.8 30.0 22.0
3.0 35.6 334
Field 0.1 31.8 12.0
capacity 0.8 38.7 21.4
to 25% 3.0 442 26.0
depletion
P Moisture (M)  <0.005 <0.005
Potassium (K) <0.01 <0.01
MxK <0.05 <0.05

Common bean

Over 50% 0.1 285 15.1
depletion 0.8 30.4 249
3.0 337 320
Field 0.1 324 14.6
capacity 0.8 333 24.1
to 25% 3.0 35.0 30.8
depletion
p Moisture (M)  <0.005 <0.005
Potassium (K)  <0.005 <0.01
MxK <0.05 <0.05

Table 4. Effect of soil moisture and potassium on the root hair density and the
percentage of the tap root covered with root hairs in common bean 14 (V2; 14
DAS). Means of 3 replicates (blocks), each replicate containing 4 pots (total of 12
pots) are shown

Soil moisture Potassium Root hair density ~ Percentage of the tap
in the top 2 cm root covered with hairs
(mM) (root hairs) (%)
Over 50% 0.1 54 38
depletion 0.8 73 51
3.0 80 95
Field 0.1 43 55
capacity 0.8 55 56
to 25% 3.0 69 90
depletion
P Moisture (M)  <0.05 <0.01
Potassium (K)  <0.05 <0.1

MxK <0.01 <0.05




appeared to be similarly affected by the adverse con-
ditions as plant growth itself. This meets the concept
that nitrogen fixation is tuned to the demand for symbi-
otically fixed nitrogen (Hartwig and No6sberger, 1994,
Hartwig et al.,, 1994). This demand may be sensed
from the intensity at which nitrogen is transported to
the sink or from the amount of nitrogen recycled to the
nodules (Heim et al., 1993; Oti-Boateng and Silsbury,
1993; Oti-Boateng et al., 1994, Parsons et al., 1993).

Conclusions

This study demonstrates that in both faba bean and
common bean the plasticity for nodulation, thus to
potentially establish a nitrogen fixing symbiosis, for
K shortage is smaller than that for plant growth itself.
However, as long as effective nodules get established,
symbiotic Nj-fixation is not selectively limited by low
K.

Acknowledgements

Gratitude is expressed to the Swiss Development Cor-
poration for funding this study and Drs A Liischer and
M Lotscher for assistance with statistical analysis.

References

Abd-Alla M H and Abdel Wahab A M 1995 Response of nitrogen
fixation and nodule activities and growth to potassium supply
and water stressed broadbean. J. Plant Nutr. 18, 1391-1402.

APO 1980 Grain Legume Production in Asia. Asian Productivity
Organization, Tokyo, Japan. 240 p.

Barta A L 1982 Response of symbiotic N; fixation and assimilate
partitioning to K supply in alfalfa. Crop Sci. 22, 89-92.

Beringer H, Haeder H E and Lindhaver M G 1983 Water relationships
and incorporation of '*C assimilates in tuber of potato plants
differing in potassium nutrition. Plant Physiol. 73, 956-960.

Black C A 1965 Methods in Soil Analysis, Vol.1. Am. Soc. Agron.,
Madison, USA. 1840 p.

Bordeleau L M and Prévost 1994 Nodulation and nitrogen fixation
in extreme environments. Plant and Soil 161, 115-125.

Cadisch G, Sylvester-Bradley R, Boller B C and Nosberger J 1993
Effects of phosphorus and potassium on N fixation (!3N-
dilution) of field-grown Centrosema acutiforlium and C. macro-
carpum. Field Crops Res. 31, 329-340.

Carangal J, Rao M V and Siwi B R 1987 Limits imposed by manage-
ment in irrigated farming systems. /n Food Legume Improve-
ment for Asian Farming Systems. Eds. E S Wallis and D E
Bythe. pp 64-71. ACIAR, Canberra, Australia.

Chalamet A, Audergon J M, Maitre J P and Domenach A M 1987
Study of influence of potassium on the Trifolium pratense fixa-
tion by 63N method. Plant and Soil 98, 347-352.

129

Duke S H and M Collins M 1985 Role of potassium in legume
dinitrogen fixation. In Potassium in Agriculture. Ed. R Munns.
pp 443-466. Am. Soc. Agron., Madison, USA.

FAO 1995 FAO Production Yearbook 1994. FAO, Rome, Italy. 234
p-

Gober ] W and Kashket ER 1987 K+ regulates bacteroid-associated
functions of Bradyrhizobium. Proc. Natl. Acad. Sci. USA 84,
4650-4654.

Guardia de la M and Benlloch M 1980 Effects of potassium and
gibbelleric acid on stem growth of whole sunflower plants. Phys-
iol. Plant. 49, 443-448.

Hammer P T, Tibbitts T W, Langhans R W and McFarlane J C 1978
Baseline growth studies of ‘Grand rapids’ lettuce in controlled
environment. J. Am. Soc. Hort. Sci. 103, 649-655.

Hanway J J and Johnson J W 1985 Potassium nutrition of soybean.
In Potassium in Agriculture. Ed. R Munns. pp 754-764. Am.
Soc. Agron., Madison, USA.

Hardwick R C 1984 Some recent developments in growth analysis -
A review. Ann. Bot. 54, 804-812.

Hartwig U A, Heim I, Liischer A and Nosberger J 1994 The nitrogen
sink is involved in the regulation of nitrogenase activity in white
cluver after defoliation. Physiol. Plant. 92, 375-382.

Hartwig U A and Nosberger J 1994 What triggers the regulation of
nitrogenase activity in forage legume nodules after defoliation?
Plant and Soil 161, 109-114.

Heim I, Hartwig U A and Nosberger J 1993 Current nitrogen fixation
is involved in the regulation of nitrogenase activity in white
clover (Trifolium repens L.). Plant Physiol. 103, 1009-1014.

Khanna-Chopra R, Kirpa K R and Sinha S K 1984 A Simple tech-
nique of studying water deficit effects on nitrogen fixation in
nodules without influencing the whole plant. Plant Physiol. 76,
254-256.

Lindhauer M 1989 Role of potassium in cell extension, growth
and storage of assimilates. /n Methods of Potassium Research
in Plants. pp 161-188. International Potash Institute, Berne,
Switzerland.

Marschner H 1995 Mineral Nutrition of Higher Plants. 2nd ed. Aca-
demic Press, London, UK. 889 p.

Mengel K and Arneke W W 1982 Effect of potassium on the water
potential, the pressure potential, the osmotic potential and cell
elongation in leaves of Phaseolus vulgaris. Physiol. Plant. 54,
402-408.

Mengel K and Helal M 1968 Der Einfluss einer variierten N- und K-
Emihrung auf den Gehalt an lgslichen Aminoverbindungen in
der oberirdischen Pflanzenmasse von Hafer. J. Plant Nutr. Soil
Sci. 120, 12-20.

Munns R and Weir R 1981 Contribution of sugars to osmotic adjust-
ment in elongating and expanded zones of wheat leaves during
moderate water deficits at two light levels. Aust. J. Plant Physiol.
8, 93-105.

Oti-Boateng C and Silsbury J H 1993 The effects of exogenous
amino acid on acetylene reduction activity of Vicia fuba L. cv.
Fiord. Ann. Bot. 71, 71-74.

Oti-Boateng C, Wallace W and Silsbury J H 1994 The effect of the
accumulation of carbohydrate and organic nitrogen on nitrogen
fixation (acetylene reduction) on faba bean cv. Fiord. Ann, Bot.
73, 143-149.

Parsons R A, Stanforth A, Raven A J and Sprent J 1 1993 Nodule
growth and activity may be regulated by a feedback mechanism
involving phloem nitrogen. Plant Cell Environ. 16, 125-136.

Patanothai A and Ong C K 1987 Limits imposed by management
in rainfed farming systems. /n Food Legume Improvement for
Asian Farming Systems. Eds. E S Wallis and D E Bythe. pp
72-82. ACIAR, Canberra, Australia.



130

Robin CL, Shamsun-Noor L and Guckert A 1989 Effect of potassium
on the tolerance to PEG-induced water stress of two white clover
varieties (Trifolium repens L.). Plant and Soil 120, 153-158.

Sangakkara U R 1990 Effect of fertilizer potassium on growth and
yield of mungbean (Vigna radiata). J. Appl. Seed Prod. 8, 33—
39.

Sangakkara U R, Hartwig U A and Nosberger J 1996 Growth and
symbiotic nitrogen fixation of Vicia faba and Phaseolus vulgaris
as affected by fertilizer potassium and temperature. J. Sci. Food
Agric. 70, 315-320.

Sprent J [ and Minchin F R 1985 Rhizobium, nodulation and nitrogen
fixation. /n Grain Legume Crops. Eds. R J Summerfield and E
H Collins. pp 115-144. Collins, London, UK.

Streeter J 1988 Inhibition of legume nodule formation and N, fixa-
tion by nitrate. Crit. Rev. Plant Sci. 7, 1-23.

Thomas R J and Hungria M 1988 Effect of potassium on nitrogen
fixation, nitrogen transport and nitrogen harvest index of bean.
J. Plant Nutr. 11,175-188.

Wiersama D and Christie B R 1987 Water and agricultural produc-
tivity. /Jn Handbook of Plant Science in Agriculture. Ed. E R
Christie. pp 3-56. CRC Press, USA.

Wood I M and Myers R J K 1987 Food legumes in farming systems
in the tropics and subtropics. /n Food Legume Improvement for
Asian Farming Systems. Eds. E S Wallis and D E Bythe. pp
34-45. ACIAR, Canberra, Australia.

Section editor: F R Minchin



