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ABSTRACT 

NLtrogen-fixing legumes can meet most of their N-needs through symbiotlc rutrogen 
nxation (SNF). However, in most cases, indusion of a legume in a croppmg system 
does not ensure the attairunent of such levels ofSNF in the field. Several envirorunental 
factors mdudiIlg drought, temperature and soil nutrient status dramatically affect 
the process at rnolecular/functronal level and thus play a part in detenmning the 
actual amount of nitrogen fixed by a given legume in the field. nus chapter reviews 
the status of SNF in response to most significant environmental constraints, and 
focuses on specific cases of harnessing SNF by improving its tolerance to stress 
factors with the aim of enhancing system productivity. Several exampJes are 
discussed, including the selection of legume crops tolerant to drought and salinity 
and/or allowing high biomass production and solubilization of phosphorus, 
identifying high nitrogen-fixing and nitrate-N tolerant genotypes and their inclusion 
in relevant cropping systems, and changes in agronornical management practices 
for better integration of  legumes in cereal cropping systems. Finally, a general 
framework is discussed for agro-physiological contributions that can help overcome 
SNF limitation by environmental constraints. The on-farm application of these 
knowledge-based SNF technologies will strengthen the role of N1-fuung legwnes In 

cropping systems. 

"Conesponding author, E-mail: cserraj@cgiar.org 
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INTRODUCTION 

Symbiotic nitrogen fixation by legumes plays an important role in sustaining 
crop productivity and maintaining fertility of marginal lands and in 
smallholder systems of the semi-arid tropics. It is anticipated that the 
importance of legumes and SNF will continue to expand with the increasing 
development of sustainable agricultural practices and growing concern and 
awarenesS about the environment. The first step toward maximizing SNF 
technologies is to increase the land area under legumes and enhance their 
grain and fodder yields through overcoming envirolUnental limitations of 
SNF and legume productivity. 

Substantial qualitative information is available on the net benefits of 
SNF and its residual effects On grain, herbaceous, and tree legumes. However, 
SNF by legumes is particularly sensiti,'e to various environmental stresses 
such as drought, waterlo&,oing, soil salinity or acidi� temperaturel insect
pests, diseases, and low phosphorus (P) and other nutrient limitations. 
Consequently, legume productivity can be greatly depressed if subjected to 
these environmental constraints. For instance, the sensitivity to drought 
and salt stress of both establishment and activity of the legume-Rhizobium 
symbiosis has long been recognized (Vlil...<on 1931, Bernstein and Ogata 1966). 
Although drought and salinity effects on�. fixation have been extenSively 
studied in several legume species, the physiological mechanisms involved 
in the inhibition are still poorly understood. The N,-fixing legume plants 
usually require more P than plants dependent on mineral N fertilizer. Nodule 
establishment and function are important sinks for P, and nodules usually 
have the highest P content in the plant. Therefore, P deficiency conditions 
result in reduced SNF potential and P iertilization will usually result in 
enhanced nodule number and mass, as well as greater N, fixation activity 
per plant. 

This paper is one of four background documents that analyze the various 
component approaches to SNF, including legume genomics (Crouch et aI., 
op cil), participatory approaches (Twomlow el al., op cit) and socioeconomic 
and pOlicy issues (Shiferaw et aI., op cit). The document focuses on the agro
physiological constraints that limit S�r: potential, and the agro-physio
genetic resilient traits associated with legume genetic tolerance as well as 
management options to deal with drought, soil salinity and acidity, nutritional 
stress, and temperature. Information prodded about some of the candidate 
mechanisms will strengthen the knowledge base for initiating genetic 
manipUlation and eventual gene transfer to enhance the productivity of 
legumes in the semi-arid environments. Moreover, such knowledge will 
facilitate development of appropriate management options for harnessing 
benefits of increased SNF contributions in these systems. 



IMPROVEMENT OF LEGUME PRODUCTIVITY AND ROLE 69 

ENVIRONMENTAL STRESS AFFECTING SNF PROCESSES 

Most stress factors influence all physiological processes in plants as the 
stress develops (Table 1). They influence all aspects of nodulation and 
symbiotic N, fixation, in some cases reducing rh.izobial survival and diversity 
in soil, in others essentially affecting nodulation and nitrogenase activity. It 
is often difficult to isolate the effects of the stress factors on the success of 
inoculation from their effects on symbiosis functioning and N, fixation. The 
most important stresses include abiotic factors such as drought and salinity, 
waterlogging, temperature, soil acidity, and inadequate mineral nutrition 
(Table 1), and biotic factors such as insect-pests and diseases. A critical 
question with regard to N, fixation is whether the stresses first affect other 
physiological processes, which then influence N, fixation , or whether the 
sb·ess initially and directly affects N, fixation mechanisms.  Physiological 
understanding of the most stress-sensitive steps is also essential for 
establishing strategies for crop improvement and adequate management 
practices to optimize legume N, fixation and increase its role in cropping 
systems. For instance, N, fixation has been found more sensitive to soil 
dehydration than leaf gas exchange (Sinclair et aJ. 1987, Djekoun and 
Planchon 1991), nitrate assimilation (Purcell and King 1996) and dry matter 
accumulation (Sinclair et al. 1987, Wery et aJ. 1994). Similarly, several studies 
have shown that N, fixation was more sensitive to salt stress than plant 
growth (Delgado et al. 1994, Sen'aj and Drevon 1998). 

Rupela and Rao (1987) showed that legume-Rhizobium symbiosis is 
particularly sensitive to drought, salinity and extremes of temperature in 
chickpea and pigeonpea plants, much more so than rhizobia growing alone. 
All three stress factors were found to impair the development of root hairs 
and the site of entry of rhizobia into the host, resulting in poor or no 
nodulation. Salinity and high temperature affected nodulated plants more 
than they did for N-fertilized plants. 

The existence of genetic variability in tolerance to most environmental 
stress factors has been shown in both legume host plants and their respective 
rhizobial strains (see review by Hungria and Vargas 2000). This suggests the 
possibility of overcoming, a t least partly, the environmental constraints 
limiting legume SNF potential. Success in decreasing the sensitivity of 
legumes to environmental sb'ess would be achieved by focusing on both 
partners of the symbiosis, although it is generally agreed that Rhizobium 
strains are relatively more tolerant than the corresponding host plants (e.g. 
in the case of salt tolerance, Singleton et aJ. 1982). Similarly, compared to host 
plants, rhizobial strains are quite resistant to soil desicca tion, and can survive 
in water films surrounding soil particles (Williams and de Mallorca 1984). 

The current challenges are to understand the mechanisms responsible 
for stress sensitivity at the level of the whole plant and to improve the tolerance 



Tab]e 1. Effects of major environmental constraints on symbiotic nitrogen fixation. Number of papers found in databases and effects o� various 
constraints on legume-RJu'zobiulII establishment LInd functioning processes. 

Processes affected 
Constra int Number of References Key references and reviews 

(Agricola, 1979-2003 Rhizobium Nodule N2 FixOItion 
and CAB Ab.strads, survival formation & 

1973-2003)' growth 

Light 265 • (h) • • Hirsch and MCFall-Ngai 2000, 
Swaraj et a1. 2001, Walsh 1995. 

Temperature 328 Rennie and Kemp (i.982), 
Low .. ... • • Day et ,I. (1978), Pilia and Mll!Ins (1987b), 
High .. • •• • • Roughley et a!. (1995), Rupela and Roo (1987) 

Carbon d ioxide 66 • ... .. Hardy and Havelka 1976, Hebeisen �t a1. 1997, 
Cabrerizo et al. 2001, Sen'aj et at 1998b 

Oxygen 221 • • ... Minchin 1997, Walsh et a1. 1989, Walsh 1995 

Drought 341 • .. ... Serraj et "I. 1999b, Sincliljc et I'll. 
(or water stress) 19B7, Williams and de Mallorcil 1984 

Salinity 149 • .. . .. Rupelil }�.nd Rao 1987, Serraj et al. 1998a, 
Singleton et a1. 1982, vanHoorn et ",I. 2001 

Nitrate 655 • ... • •• Herridge et I'll. 1994, Streeter 1988, Walsh 1989 

Soil acidity 498 .. • • .. Cooper 1988. Glenn et al. 1988, 
Hungria and Vargas 2000 

Low phosphorus 136 .. ... CilSSOliln et ;\1. 191)}, 
israel and Rufty 1988, Vance 2001, 
Sincl<1ir <1nd V"dez 2002 

Micronutrients 2 0  •• n O'1-I<1r<l et <11. 1993, Ali .md Mi�hr<l 2000, 
Giller 2001 

(a)Searc:h with key words 'legume' and 'nitrogen fixation', c:ombined with the various constraints. 
(b)The ("') symbols indicate relative level of process sensihvity to the constraint. 
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of N, fixation to abiotic and biotic stress factors. The need to assess genetic 
diversity of legumes in terms of SNF potential, in order"to screen and utilize 
available legume germplasm for efficient SNF is an important first step. This 
may also offer a critical resource in physiological investigations al1d plant 
breeding efforts targeted at increasing SNF in relevant cropping systems. 

Drought Stress 

Legume productivity in the semi-arid tropics (SAT) is largely limited by low 
soil moisture availability in addition to nutrient deficiencies. The relatively 
high sensitivity of nitrogen and biomass accumulation to soil dehydration 
under field conditions was demonsh'ated for soybean grown on a soil with 
Virtually no mineral N reserve (Sinclair et a!. 1987, Serraj and Sinclair 1997). 
W,th essentially all N uptake resulting from N, fixation, a comparison of 
biomass accumulation and N accumulation rates offered an index of  the 
relative sensitivity to water-deficit conditions under whim the plants were 
grown. Sinclair et a!. (1987) concluded from their study on soybean that N, 
fixation was more sensitive to drought than was carbon assimilation. In a 
simila(. study on 24 soybean lines, Serraj and Sinclair (1997) found that in 
almost all the soybean cultivars tested N accumulation was more sensitive 
to soil dehydration than was biomass accumulation. This conclusion from 
field studies was supported by detailed observations in glasshouse studies, 
which showed that the effects of soil dehydration on N, fixation, as measured 
by an acetylene reduction assay, occurred at much higher soil water contents 
than the effects on C accumulation (Serraj and Sinclair 1997). 

The fact that N, fixation is more sensitive to decreasingsoi! water content 
relative to leaf gas exchange is an important constraint on N accumulation 
and the yield potential of legumes subjected to soil drying (Sinclair et al. 
1987, Wery et aI.1994). For cool-season food legumes sumas chickpea, Beck 
et al. (1991) conduded that even if the drought stress effecls on N, fixation do 
not always directly affect grain yield, drought may result in a Significant 
decrease in the total N balance. Loss of N, fixation under water deficits 
would then reduce the advantage of using legume crops in rotations, for 
green manuring and soil fertility improvement. 

Although it is recognized that drought-tolerant varieties have evolved 
with clifferenttraits, the traits most often specified are those of roots. A deeper 
root system with enhanced water uptake capacity is considered synonymous 
with drought avoidance in many crops (Gregory et al. 1994). Thus, legumes 
with deep root systems are preferentially grown in climates with limited 
rainfall, where they can withstand prolonged periods of drought. 

Substantial efforts have been devoted to selecting and breeding legumes 
tolerant to drought, but with very little success because of the complexity of 
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the genes controlling drought. More important, the simulated drought 
enviroiunent in which screening is conducted is often not well defined and 
therefore not reproducible. Accurate field phenotyping of mapping 
populations for traits associated with drought tolerance requires extra efforts 
in conceptualization, design, and management of phenotyping programs, to 
maximize the chances of identifying quantitative trait loci (QTL) that will be 
useful in future improvement of tolerance in the target crop and the target 
environlnents (Bidinger 2001). Establishing screening conditions 
representative of the larger environment is difficult, involving major trade
offs between providing representative day length, vapor pressure and 
temperature conditions. 

Chickpea 

The vast majority of chickpea produced worldwide is grown by resource
poor farmers under rainfed conditions, usually planted after the main rainy 
season and grown on declining soil moisture. Terminal drought tolerance is, 
therefore; .. primary constraint to chickpea productivity. Significant progress 
has been made in developing improved chickpea varieties of short duration 
that maMe in 70-90 days in mild winter chickpea growing conditions, able 
to escape- terminal drought (Kumar et al. 1996). Even extra-short duration 
(ESD) chickpea varieties, termed super-early have now been developed (Klll1lar 
and van Rheenen 2000). Development of these new varieties has expanded 
the options of including chickpea as a crop in many prevailing and evolving 
new production systems, such as the rice fallows of South Asia (Musa et al. 
2001). This work needs, however, to be extended to include other key leglll1le 
crops, with a specific focus on SNF, to overcome the soil fertility and 
envirorunental constraints. 

Large and deep root systems have been characterized as important 
drought avoidance traits, useful in greater extraction of available soil moisture, 
and have been widely used for the genetic enhancement of chickpea under 
terminal drought (ICRISAT 1992). The routine application of molecular 
markers, combined with the use of adequate genetic populations offers a 
paradigm shift in the ability to study and manipulate root traits. The chickpea 
line ICC 4958 has the multiple drought avoida'nce traits of large root size, a 
rapid rate of root development and extraction of water, and a rapid seed 
development rate related to its large seed size. Recombinant inbred lines 
(RIL) of a chickpea cross (ICC 4958 x Annigeri) have also been phenotyped 
for root traits. Identification of QTLs for the large root system of ICC 4958 to 
develop a marker-assisted selection technique is currently in progress 
(Krishnamurthy et al. 2003, Kashiwagi et aI. 2003, Chandra et al. 2003, in 
preparation). 

As an amide producer, chickpea has been found relatively tolerant to 
drought in terms of N, fixation response, compared to ureide producers 
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(Sinclair and Serraj 1995). However, more work is needed to investigate the 
genetic variability of nodulation and SNF response to water deficits. 

Pigeonpea 

Important putative drought tolerance traits in pigeonpea include early vigor, 
leaf area maintenance, root and shoot growth rate and plasticity in 
development (Johansen 2001). Early growth vigor is an important factor in 
drought resistance as it pennits establishment of a root system that is very 
effective in extracting water during later drought periods. This is considered 
the main reason for the better growth and yield of pigeonpea hybrids such as 
ICPH B and ICPH 9, compared to varieties from which they are derived, 
under both drought and well-watered conditions. 

There are considerable differences in early growth vigor of different 
pigeonpea varieties (Johansen 2001). Early-maturing genotypes generally show 
more vigor than later-maturing ones, with hybrids showing most vigor, but 
there are exploitable differenoesin this traitwithin maturity groups. The recently 
developed extra-short duration (ESO) genotypes mature in less than 110 days, 
with yield potentials comparable to short- and medium-duration cultivars 
when grown under adequate moisture supply (Chauhan et al. 1992). However, 
ESD genotypes are poorly adapted to rainfed conditions because their shallow 
rooting behavior makes them susceptible to drought stress, particularly during 
flowering and pod filling, resulting in severe yield losses (Nam et al. 2001). 

Despite the demonstrated ability of pigeonpea to grew in N-deficient 
soils without inputs of N-fertilizer (Kumar Rao et al. 1983), the quantification 
of the amounts of N, fixed has proved difficult (Peoples et a!. 1989). However, 
the xylem ureide assay has been successfully used for the quantification of 
SNF capacity in pigeonpea (peoples et al. 1989). The drought response of 
SNF in pigeonpea has previously received little investigation. However, there 
is indication that as a ureide producer, pigeonpea is likely to be essentially 
drought sensitive (Serraj et aI., unpUblished data). The genetic variability of 
nodulation and SNF under drought in the various maturity groups of 
pigeonpea needs to be further investigated. 

Groundnut 

ICRISAT has adopted a holistic approach in screening and selecting 
groundnut varieties witl1 super performance at the two most critical stages 
of drought (mid- and end-season). Several such lines are now available for 
use in breeding programs. The physiological basis of genotypic response to 
drought i n  groundnut was identified as involving Harvest Index (HI), total 
amount of water transpired (I) and transpiration efficiency (TE). Genotypes 
derived from parental lines selected in fiefd drought screening at ICRISAT 
showed superior yield performances because of higher TE and HI, while for 
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other cultivars, the dominant contribution to the yield was T and/ or HI. The 
T and TE were estimated indirectly from SPAD-chlorophyll meter readings, 
specific leaf area (SLA) and specific leaf nitrogen (SLN). 

More recently; dry-down experiments were carried out \U1der controlled 
environment for the analysis of TE and stomatal regulation \U1der water 
deficit, in relation to nodulation and plant N status Evaluation of genetic 
variability in plant water use and leaf gas exchange responses to soil drying 
has been carried out in RILs selected for high water use efficiency (comparison 
of lines with high and low TE from previous selection experiments). 111e 
data confirmed tl1e genotYpic variation observed previously in the field in 
total amount of water transpired and TE. These data have also shown tl1at 
TE in ground nut leaves is correlated with SLA, nodulation and N status 
(Serraj et al., unpublished). This currently ongoing work aims to confirm the 
link between TE and nodulation under drought and for the deyelopment of 
genetic linkage mapping. This will facilitate th� characterization of QTLs 
and offer practical means for manipulating the underlying traits for water 
use efficiency in groundnut breeding programs.' 

Other Legume Species 

The variability of N, fixation sensitivity to drought has been analyzed with 
several grain legumes including soybean, cowpea, black gram, chickpea, 
common bean, faba bean, lupine, pea, and peanut (Sinclair and Serraj 1995). 
The results obtained from soybean and cowpea showed that the sensitivity 
of acetylene reduction activity (ARA) in these species to soil drying was 
greater than transpiration in nearly all cases. Surprisingly, all other grain 
legumes showed that ARA was less sensitive to water deficits than was 
transpiration during the water-deficit period (Sinclair and Serraj 1995). 111e 
drought tolerance trait was associated with the biochemical form of N 
exported by the nodules, with ureide transporters being more sensitive than 
amide producers. 

Serraj et al. (1999a) investigated the inhibition of N, fixation in soybean 
due to water deficits and showed that ureides (allantoin and allantoic acid) 
were invoh-ed in the sensitivity to drought. Consistent wiU1 this observation, 
variability in N, fixation sensitivity among legume species and cultivars to 
water deficit has been associated with the amO\U1t of ureides that they 
accumulate (Serraj et al. 1999a). FurU1er evidence of tile importance of ureides 
in the sensitivity of N, fixation to water deficit is the substantial increase 
observed in ureide concentrations in soybean shoots and nodules upon soil 
drying (purcell et al. 1998, Serraj et al. 1999b). 

Other promising and under-utilized legume species include ' arid legumes' 
such as mothbean (Vigna aco11itifolia), tepary bean (Plulseolus acutifolius), 
clusterbean (Psophocarpus tetragonolobus), horsegram (DolicJ,US biflorus L.), 
Bambara grO\U1dnut (Vigna subterranea)" and cowpea (Vigna unguiculata L.), 
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which are all well adapted to arid and semi-alid areas under very limited 
water resource conditions. However, despite their potential importance in 
sustainable agriculture in drylands, few studies have focused on the factors 
limiting the production and wider use of these legume species in the arid and 
semi-arid zones. 

Salinity 

!twas reported that rhi2.obia can generally tolerate a higher level of salinity 
than the host legume (Singleton et a!. 1982). Fast-growing rhizobial strains 
are more salt-tolerant than slow growing ones. Subbarao et a!. (1990) observed 
significant differences among pigeonpea Rhizobium strains in their ability to 
nodulate and fix nitrogen with a pigeonpea genotype under saline conditions, 
and further observed that nodule initiation was the most salt-susceptible 
aspect of pigeonpea growth. Wild pigeonpea species (Cajal1us plntycnrpils 
and C. albicnl1s) have been reported to tolerate salinity up to 12 dS m", 
compared to 6 dS m" for cultivated species (ICPL 227). Mechanisms for 
salinity tolerance in pigeonpea involve exclusion of Na+ and 0' ions from 
the shoot, and the maintenance of high K levels. 
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Figure 1. Effect of NaCl concentration on alfalfa (Medicago sativa L.) N cont�nt in presenc 
(+N) or absence (-N) of 3 mM nitrate. 
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111e effects of salinity on biomass and N accumulation in alfalfa were 
compared in plants fed with nitrate (NO,) or dependent anN, fixation (Serraj 
and Drevon 1998). NaCl inhibited nitrogen accumulation in both NO,-fed 
plants andN,-fixing plants, which was seen as a decrease in N concentration 
(%N in plant biomass). The decrease was larger for N,-fixingplants than for 
NO,-fed plants (Fig. 1). The %N in NO,-fed plants was not affecte<!, by low 
concentrations of NaCl (up to 50 mM), whereas N,-fixing plants showed a 
significant decrease in %N with increasing levels of NaCl. Below 50 m.M 
NaCl, %N was about 100%.and 75% of that in the control plants for NO,-fed 
plants and N,-fixing plants, respectively. 111e absence of a significant effect 
of low NaCI concentrations on %N in NO,-fed plants supports previous 
reports showing inhibitory effects of NaCl on growth without any decrease 
in 'ioN (Pessarakli and Zhou 1990, Cordovilla et aJ. 1995). This contrasts 
with the relatively large effect of NaC! on %N content of N,-fixing plants 
(Serraj and Drevon 1998). Therefore, N accumuiati0l1appears to be more salt 
sensitive inN,-fixing plants than in NO, -fed plants, demonstrating the higher 
sensitivity to·salt stress in N,-fixing plants. 

A recent study of four grain legumes including broadbean, chickpea, 
lentil and soybean confirmed the effects of soil salinity on crop yield, total 
nitrogen uptake and N, fixation (van Hoorn et aJ. 2001). The existence of 
inter- and intraspecific variability in the sensitivity of N, fixation to salinity 
has also been reported in legumes (Serraj et aJ. 1998a, 2001). 111e level of N, 
fixation senSitivity to salt stress was associated with the level of salt 
accumulation in the nodules. Exposure to NaCl increased the Na- and Cl· 
content of all plant tissues and cultivars, although the content was higher in 
nodules than in shoot tissues. Nodules in common bean accumulated higher 
NaC! levels compared to those of soybean and alfalfa (Serraj et aJ. 1998a), 
which confirmed previous evidence that salt tolerance in mesophytes was 
correlated with ion exclusion (Greenway and Munns 1980). Furthermore, 
legume species and cultivars differ in ion distribution and especially the 
ratio of Na/K within plant organs (Ortiz et al. 1994, Cordovilla et aJ. 1995). 
However, little information is available on the effect of salt on ion distribution 
in legume nod ules. 

Overall, the existence of genetic variability among legume species and 
cultivars in the sensitivity of N, fixation to salt may prove useful in further 
elucidating fue mechanism of NaCl inhibition of SNF and in selection of 
optimal Rhizobium-legume symbioses for agricultural production in saline 
soils. 

Availability of Nutrients 

In the less fertile rainfall-deficient regions of the SAT, no improved cultivar 
has a reasonable chance of achievhlg substantial and sustainable yield in 
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the farmer's field unless the crittcalconstraints of soil fertility are addressed. 
W hereas a lot of effort has gone into breeding for disease-; pest- and drought
resistant crops, little attention has been devoted to identifying and exploiting 
physic-genetic systems that increase the uptake and utilization efficiencies 
of legume crops. 

The legume-Rhizobium symbiosis imposes additional nutritional 
requirements apart from the minerals needed for plant growth as a whole. 
Nutrients that affect SNF include high NO; N, P, B, Zn, S, molybdenum (Mo) 
and cobalt (Co). Some of these (S, Co, Mo, Zn and Ni) have been extensively 
addressed elsewhere (Giller 2001). Ths paper focuses only on nitrate and 
phosphorus. 

Nitrate 

Although the problem of high N is usually highlighted as affecting SNF, in 
the SAT environments where the soils are low in organic matter (less than 
1 %) and little fertilizer is applied by farmers, high soil NO, may not be a 
critical factor. However, high soil NO, could be a limiting factor in the high
input rice-legume-wheat systems. Mineralization 01 organic matter and 
nitrificanon can also result in increased NO, concentration in tropical soils. 
In many semi-arid tropical soils, there is a flush of mineralization of organic 
matter in the surface soil layers at the start of the rainy season, due to drying 
and wetting cycles that accelerate mineralization of the labile fraction of SOlI 
organiC matter, reSulting in a flush of mineral N in the top soil layers (Wani 
et at. 1997). Surveys of farmers' fields in South Asia showed the occurrence 
of high levels of soil mineral Nbefore sowing of a legume crop (up to 70 ppm 
in soil surface), which can prevent nodulation and N, fixation (Wani et al. 
1997). Indeed, high levels of soil mineral N (30ppm) at sowing reduced 
nodulation of chickpea by at least 14% and the proportion of fixedNby 63%. 
In the case of pigeonpea, suppression of N, fixation was recorded at 43 ppm 
soil N, and in cowpea at 66 ppm. A direct negative relationship was also 
observed between soil N levels and nitrogenase activity (Wani et al. 1997). 

The inhibition of nodulation and N, fixation by combined nitrogen 
prevents optimal exploitation of both pathways of legume N nutrition (SNF 
and nitrate assimilation). This inhibition results from complex events 
occurring at different stages of nodule development (Streeter 1988) and 
depends upon many factors such as plant genotype, Rhizobium strain, and 
form and concentration of combined nitrogen supply. Inltibition of N, fixation 
by NO,is common in all legumes, although it varies between legume species 
and cultivars (Piha and Munns 1987a, Serraj et aJ. 1992, Herridge et al. 
1994). Most studies to enhance N, fixation capacity ofJegumes in the presence 
of high levels of nitrate (NO,-tolerance) have focused On the host plant. This 
is entirely justified by the results showing limited variation in N, fixation in 
rhiZobial strains under high NO, conditions (McNeil 1982). 
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In most grain legumes and cropping situations, SNF alone is not capable 
of ensuring total N requirement for optimal growth and productivity, which 
requires a certain level of complementary N delivered through absorption 
and assimilation of mineral N, In this case, the two principal enzymatic 
activities responsible for N assimilation, i,e, nih'ate reductase activity and 
nitrogenase activity, could either occur successively Or simultaneousl y during 
plant development, depending on the level of available soil N. For instance, 
Serraj et n1. (1993) showed that both activities vnried in parallel (Fig. 2), 
which indicated that the two modes ofN nuh'ition could be complementary. 
The similar patterns of nitrate reductase and nitrogenase activities during 
the growth cycle of soybean agreed with previous results in lucerne (Wery et 
a1. 1986). However, other reports (Harper 1974, Obaton et a1. 1982) showed 
that both N nutrition pathways were successive during the growth cycle, 
These contrasting conclusions are likely to be related to the variability of 
NO, level in the medium (Sen-aj et a1. 1993), 
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The N,-fixing legume plants usually require more P than plants dependent 
on mineral N fertilizer. Nodule establislmlent and function are important 
sinks for P, and nodules usually have the highest P content in the plant 
(Sinclair and Vadez 2002). Therefore, P deficiency conditions result in reduced 
SNF potential and P fertilization will usually result in enhanced nodule 
nUlnber and mass, as well as greater N2 fixation activity per plant. 

There are two potential phYSiological approaches to improving plant 
growth and yield under low soil P availability (Clarkson 1985), namely (1) 
efficient uptake of external P, and (2) efficient utilization of internal P. The 
first approach involves plant-soil interactions such as modification of soil 
exploration by roots, improved interactions with soil microorganislns such 
as mycorrhizal fungi, and rhizosphere modification to increase P availability 
(Ohwaki and Hirata 1992, Hinsinger 1998). The second approach involves 
efficient partitioning and subsequent utilization of P within the plant, 
resulting in more biomass prOduced and more N, fixed per unit ofP taken up 
(F6hse et al. 1988). 

The P requirements for N, fixation have been investigated in various 
legume crops like cowpea (Cassman et al. 1981), pea (j akobsen 1985), soybean 
(Israel and Rufty 1988) and Acacia mangilll1! (Ribet and Drevon 1996). These 
studies show that P requirements are generally higher for N, fixation than 
for shoot growth and mineral N assimilation, since nodules are an additional 
strong sink for P. Furthermore, P requirement for N, fixation has been shown 
to vary among genotypes in pigeonpea (Adu-Gyamfi et al. 1989) and 
mungbean (Gunawardena et al. 1992) or Casuarina-Frankia symbioses 
(Sanginga et al. 1989). Differences in N, fixation related to the efficiency of 
utilization of P were also found among soybean genotypes (Gtmawardena 
et al. 1993) and Acacia mQ11giw1! populations (Vadez et al. 1995). According to 
Cassman et aJ. (1981), efficient P utilization ill N,-fixing symbioses may be 
closely related to an adequate P partitioning between shoot and nodulated 
root, and between root and nodules. 

Long duration legumes having indeteffi1inate growth and low HI have 
been identified as critical to improving P and N sustainability in smallholder 
and subsistence agriculture in Africa (Snapp 1998). Intercropping of pigeonpea 
with cereals is also a proven management scheme for increasing available P. In 
India, more than 90% of pigeonpea production is in intercropping. And this 
success is due in part to the exudation of piscidic acid from pigeonpea roots, 
which enhances the availability of phosphate from iron-phosphate (Ae et aJ. 
1990). Mycorrhizal inoculation of pigeonpea was observed to further improve 
P uptake ill this study. Thus, ill addition to providing an immediate source of 
dietary N, illcorporation of pigeonpea residues after seed harvest make P and 
N more available to a subsequent crop. 



80 SYMBIOTIC NITROGEN FIXATION 

Soil Acidity 

There are more than 800 million ha of Oxisols and Dltisols in Latin America 
alone that have a pH less than 5.0. Acid soils pose a major challenge to 
sustainable agriculture, and particularly to the establishment of N,-fixing 
symbioses. SNF can be seriously reduced in such soils, due to the effects of 
high H+ concentration, toxic levels of Al and Mn, and induced deficiencies of 
Ca, P and Mo. Soil acidity limits rhizobial growth and survival in the soils, 
as well as root nodule development. Growth in acidified culture media has 
proved useful for selecting' strains wIth an ability to colonize the rhizosphere 
and nodulate their host plant in acid soils (Cooper 1988). Acidity affects 
several steps in the development of the symbiosis, including the exchange of 
molecular signals between the legume and the microsymbiont (Hungria and 
Vargas 2000). Therefore, nodule formation in many legumes is delayed or 
inhibited by low pH, lack of calcium, and the presence of dissolved AI. In 
white clover nodulation is inhibited by AI, even at  relatively high pH values 
(5.5-6.0). Mechanisms governing competition between rhizobial strains for 
nodule formation under acid conditions are poorly understood and the 
genetic basis of acid tolerance in rhizobia has yet to be elucidated. Liming is 
effective in overcoming soil acidity and aluminium toxiCity. Selection of 
rhizobial inoculant strains that are genetically stable under the acid soil 
conditions is also essential, but this is impaired by a lack of knowledge of 
tolerance in'the microsymbiont. 

Large variations in tolerance of acidity factors are found both within 
and between Rhizobium species. Fast-growing rhizobia are generally 
considered more acid sensitive than Bradyl'llizobilllll, but low pH-tolerant 
strains exist in many species. Variations in acid tolerance within species of 
root nodule bacteria imply a genetic basis to low pH tolerance and studies of 
acid-sensitive mutants suggested that a large number of genes and regulatory 
systems could be involved (Glenn et al. 1998). 

In the extensive agriculture of the developing world, it was recommended 
that the first phase of reclaiming acid soils low in P and N should be the use 
of a legume cover crop supported by liming and conservative P application 
(von Uexkiill and Mutert 1995). Incorporation of the legume residue will also 
result in higher soil organic matter content and increased P and N availability 
(Vance 2001). 

Temperature 

It has been well docinnented that both low and high temperature extremes 
can prevent nodulation, or if nodulation occurs, can inhibit SNF. Rennie and 
Kemp (1982) studied effects of temperature on nodulation and acetylene 
reduction in P. vulgaris, and showed that both processes occurred at 
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temperatures as low as 10 "C. At the lower temperatw·es, the cold adaptability 
of the plant for early root growth determined its ability to nodulate and fix 
nitrogen. At higher temperatures, plant growth stage was a determining 
factor. Inoculation with Rllizobiullt phoseoli at more advanced grow th stages 
decreased the time of nodulation at all temperature treatments, but resulted 
in higher yield and more N, fixation (Rennie and Kemp 1982). Using eleven 
comm6n bean culti vars representing a wide range of types, and grown in 
nitrogen·free medium in a controlled environment at two temperature 
regimes, these authors showed differences between cultivars in their ability 
to fix N, under the two temperature regimes. 

Day et al. (1978) reported that in northern Nigeria, rhizobial populations 
of only 4-40 ceUs g.1 soil were found at the surface (5 cm soil depth), while up 
to 10' cell g-1 solls were fOlmd at a depth of 20-25 cm below the soil surface, 
indicating the sensitivity of rhizobia to high temperatures. Tropical legumes 
have adapted to a wide range of temperatures and there is a wide variability 
in the ability of different legumes to adapt to different temperatures. In 
chickpea, N, fixation seems to be more sensitive to high temperature stress 
than seed production and N assimilation (Rawsthome et al. 1985). Piha and 
Munns (1987b) have earlier reported the existence of inter- and intra-specific 
genetic variability in SNF sensitivity to high temperature. Soybean genotypes 
showed a higher level of genetic variability in their SNF response to high 
temperature compared to common bean genotypes (piha and Murrns 1987b). 

Atmospheric Carbon Dioxide 

TI1e increase in atmospheric CO,concentration associated with global climate 
change is now well documented (Allen 1994), and these increases are 
expected to be even more dramatic in the future (IPCC Third assessment 
report 2001). 

Increased CO, concentrations stimulate plant photosynthesis rates, but 
increases in ov�rall plant growth in the natural environment in response to 
increased CO, are less certain. Plant growth is often limited by factors other 
than potential photosynthetic rate, of which lack of water and N availability 
are the two most common (Seligman and Sinclair 1995). It has been 
hypothesized that legumes might particularly benefit from increased 
atmospheric CO, because their capability otestablishing symbioses with N,
fixing bacteria allows them to minimize natural N limitations to growth 
(Hebeisen et aJ. 1997). Legumes have, indeed, been shown to be highly 
responsive to increased CO, under well-watered conditions (Hebeisen et al. 
1997, Serraj et aJ. 1998b). However, the physiological basis of this effect and 
its relationship withSNF are still unresolved. An early report by Hardy and 
Ha velka (1976) showed that short-term CO, enrichment resulted in a 
significant stimulation of ARAin field-grown soybean. However, the long-
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term CO, effect promoted nodule growth, but not nodule-specific activity. 
Similarly, Cabrerizo et at. (2001) recently confirmed that continuous CO, 
enrichment led to i.l1creased nodule bion1ass and carbon availability to 
nodules but did not enl,ance specific N, fixation in pea. 

An important consideration, howevel� is that N2 fixation in some legumes 
is highly sensitive to soil drying (see section on Drought). Because global 
environment changes associated with increased atmospheric CO2 are likely 
to include variable weather conditions, includi.rtg more frequent and severe 
episodes of drought, there, is the possibility that the importance of the N, 
fixation advantage of legulnes in response to CO2 ntight be neutralized or 
completely lost under these circumstances. 

Serraj et al. (1998b) showed that exposure of soybean plants to increased 
CO, combined with water deficit treahnents resulted in water conservation 
tmder both well-watered and drought treatments. ltwas also discovered that 
the N, fixation activity response to soil drying was greatly altered by increased 
CO" Consistent with earlier observations, N, fixation under ambient CO, was 
very sensitive to soil drying and decreased in response to soil drying before the 
other measured processes (Sinclair et a1. 1987, Sinclair and Serraj 1995). In 
sharp conh'ast,N, fixation became highly tolerant to soil drying under the 700 
]linol CO, mol-I treatment. Only in the final stage of soil drying when the 
drought stress was quite severe did N, fixatio1l 1.ll1der the 700 ]linol CO, mof' 

finally decrease. These results indicated that the advantage oflegurnes under 
global clinlate change is even greater than anticipated because of the induced 
increase in N2 fixation tolerance to drought. 

Oxygen Nodule Diffusion and Regulation of SNF 

Because N, fixation has a high-energy demand, oxygen supply is highly 
critical in the regulation of nitrogenase activity and N, fixation (see review 
by Minchin 1997). The respiration rates in the nodules 

-
must be very high to 

provide sufficient ATP and reducing capacity. At the same time, 0, must be 
maintained at an extremely low concentration in the infected cells to prevent 
inhibition of nitrogenase. This is made possible by the presence of 
leghemoglobin and the existence of a variable nodule a, permeability (Po) 
(Minchin 1997). The variable component of nodule Po involves manges in 
the distribution of air spaces within the nodule internal cortex (Fig, 3), resulting 
from an occlusion of intercellular space and/or changes in the volume of 
some of the cells (Walsh et al. 1989), 

An osmotic model of regulation of Po in the nodule cortex in response to 
environmental factors has been proposed by several authors (Witty et al. 
1987� Purcell and Sinclair 1994). Both salinity and drought stress, possibly 
mediated b y  decreases in phloem flow to the n.odules, have been found to 
affect nodule Po (Serraj et al. 1994, Serraj and Sinclair 1996). 
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Figure 3. Light micrograph of transverse sa:tion of a soybean nodule, (CI, intemal cortex 
eM, middle cortex; VT, vascular trace), 
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Figure 4. Effect of NaCl concentration and external oxygen pressure (pOl) on acetylene 
reduction activity of alfalfa nodules. 
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Serraj and Drevon (1998) showed that the responses of alfalfa nodules to 
rhizosphere external oxygen pressure (pO,) varied si�cantly with the 
NaCl concentrations in the culture medium. Importantly, the inhibition of 
nodule ARA by 50 mM NaCl was completely reversible by increasing pO, 
around the nodules (Fig. 4), whlchindicated that an oxygen limitation within 
the nodules caused by NaCl may have inhibited respiration and nitrogenase 
activity. When a rapid stress was imposed on soybean plants by adding 
polyethylene glycol (PEG) in the solution around the roots, it was observed 
that the decrease in respira.tion that followed the PEG trearrnentresulted in a 
decrease in Po (as calculated from respirahon rates) (Serraj and Sinclair 
1996). Importantly, the PEG-induced decline in the first hours after treatment 
was reversible by increasing pO, arOlmd the nodules, which indicated that 
an 0, limitation within the nodules inhibited respiration and nitrogenase 
activity within the first hours following the PEG treatment. This interpretation 
agrees with the model of nodule 0, regulation proposed by Orevon et a1. 
(1995), suggesting that nodule Po is controlled by a mechanism of 
contractionhexpansion of osmocontractile cells in the nodular internal cortex. 

In conttast to the ability of increased pO, to reverse the decline in N, 
fixation rat�s in the presence of moderate stresses, nodules exposed to high 
NaCl concentration did not hal'e ARA stimulated by pO, (Fig. 4). These 
results indicate that nitrogenase activity under this severe stress was 
constrained by factors other than pO,. A similar conclusion has been made 
in the case·of drought stress, showing that damage in nodule actiVity after 
exposure to severe water deficits was not reversible (Oiaz del Castillo et a1. 
1994, Serraj and Sinclair 1996). 

PHYSIOLOGlCAT, MECHANISMS OF SNF REGULATION UNDER 
STRESS 

Drought 

The effect of drought stress on N, fixation has usually been perceived as a 
one-dimensional physiological process acting on nitrogenase activity and 
involving exclusively one of three hypotheses: Oxygen limitation, feedback 
regulation by ureides, and carbon shortage. These hypotheses were recently 
considered together with water transport and nodule structure to be putative 
mechanisms affecting N, fixation in response to drought stress (Serraj et a1. 
1999b). There is growing evidence for interactions between water and N 
transport, C metabolism, nodule permeability to oxygen, and nodule growth 
and function. It was therefore concluded that the various hypotheses 
proposed so far for effects of drought on N, fixation should be integrated into 
a multi-dimensional model of physiological response to drought. 
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The mechanism by which ureide accumulation may trigger the inhibition 
of nitrogenase activity is still unclear. The low solubility. of ureides (Sprent 
1980) may be important in the association of high ureide concentrations 
with drought sensitivity. The response of N, fixation in soybean plants to 
various nitrogenous compounds further demonsrrated the importance of a 
ureide-related regulation (Sen'aj et al. 1999a). Plants exposed to 10 mM 
allantoic acid had decreased ARA and Po within 3 d of exposure, although 
plants exposed to 10 rnM asparagine had a greater decrease in ARA and Po 
that was initiated after only 2 d of exposure. The severity of the ureide
induced decrease in ARA was dependent on the ureide concentration in the 
nutrient solution and was partially reversible upon the removal of the ureides 
from the solution. These results indicated an important role of ureides in 
influencing nodule activity and Po, but also that asparagine might have a 

more direct role in this regulation. 
Overall, there is now abundant evidence that N feedback on nodule 

activity is importont in the sensitivity of the N, fixation response to water 
deficit conditions (Fig. 5). TIle feedback in those legumes that export ureides 
from the nodules seems to be especially aggravated by the accumulation of 
ureides in the plant. However, the specific feedback signal compound or the 
mode of action of the feedback is not yet known. 

The variation among legume species and cultivars in sensitivity of N, 
fixation to water deficit indicates that the tolerance trait found in some 
genotypes may be useful in breeding programs for N, fixation drought 
tolerance in legumes. Although the mechanisms of interaction between ureide 
metabolism and N, fixation response to drought are still unknown (Serraj et 
a1. 1999b), measurements of ureide concentration in the petiole and or the 
xylem sap may be useful in s,creening large numbers of germplasm of ureide
producing legumes for drought tolerance. Purcell et a1. (1998) used petiole 
ureide concentration measurement to screen a 1arge number of soybean plant 
introductions, and they found a broad variation in ureide contents. Among 
the low-ureide producers, they isolated a few soybean lines that showed a 
substantial level of drought tolerance of N, fixation. This observation is 
important because it indicates that grain legumes can be selected for 
decreased sensitivity of N, fixation to soil drying in regions where drought is 
a recurring problem. 

Salinity 

The short-tena response of N, fixation to salt showed a 2-phase inhibition of 
nirrogenase activity, i.e. a dramatic decrease in nodule ARA during the fIrst 
hour of the rreatment with NaO, followed by a slower rate of decrease (Serraj 
et aI. 1994, 1998a): Similarly, Munns (1993) proposed a biphasic model for 
plant growth response to salinity, the first effect of NaO being osmotic and 
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Figure 5. Hypothetical scheme of the relationship between legume nodule and leaf me
tabolism and possible origins for feedback regulation of nodule activity by N compounds. 

the second being toxic ion accumulation (see also Kingsbury and Epstein 
1986, Ortiz et al. 1994). Therefore, the initial effect of NaCi on nodule 
nitrogenase might be caused by a decrease in phloem sap supply to nodules, 
i.e. a water deficiency, because of an osmotic effect ofNaCi at the whole plant 
level. Fortmeier and Schubert (1995) have suggested a similar mechanism for 
the inhibition of leaf growth that occurs within minutes after exposure to 
NaCi (Yeo et al. 1991, Ortiz et aJ. 1994). The hypothesis of salt inhibition of 
nodule activity is supported by the similarity of the short-term effects of 
NaCi and water deficit on nodule activity (Serraj et aJ. 1994, Serraj and Sinclair 
1996). 
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The existence of i.nter- and intra-specific variability in the sensitivity of 
N, fixation to salinity has been recently confirmed in legmnes (Serraj et al. 
1998a). Salt limited nodule growth and nitrogenase. activity in soybean, 
common bean and alfalfa (Serraj et al. 1998a). Exposure to NaCl also resulted 
in a significant decrease in plant biomass accumulation in common bean 
and soybean. In contrast, there was no significant effect on biomass 
accumulation of alfalfa. Although the exposure to salt induced an immediate 
decrease in nodule N2 fixation for all symbioses, the rate of inhibition was 
faster in common bean than in soybean and alfalfa. nus level of N, fixation 
sensitivity to salt stress was associated with the level of salt accumulation in 
the nodules. Exposure to NaCl increased the Na and Cl content of all plant 
tissues and cultivars, although the content was higher in nodules than in 
shoot tissues. ConU1lOn bean nodules accumulated higher NaCl levels than 
soybean and alfalfa (Serraj et al. 1998a), which confirmed previous evidence 
showing that salt tolerance in mesophyteswas correlated with ion exclusion 
(Greenway and Munns 1980). Furthermore, legume species and (ultivars 
differ in ion distribution and especially the ratio Na.'K within plant organs 
(Ortiz et al. 1994, Cordovilla et al. 1995). However, little inform" lion is available 
on the effect of salt On ion distribution in legume nodules. 

Mineral Nitrogen 

The concept of N feedback regulation has been proposed as an alternative 
general mechanism for the inhibition of N, fixation by nitrate and other 
environmental factors. Silsbury et al. (1986) first suggested a feedback control 
of nodule activity mediated through the pool of soluble N in the plant. Parsons 
et al. (1993) developed this concept further by sLlggesting that nodule 
formation, nitrogenase activity and nodule permeability to oxygen might be 
controlled by the concentration of reduced N compounds entering the nodule 
through the phloem (Fig. 5). 

No precise signal molecule for feedback on N, fixation under drought 
conditions has been found so far. However, several reports have shown that 
free amino acids such as alanine, GABA and proline accumulate markedly 
in drought-stressed plants and cells (Handa et al. 1983, Rhodes et al. 1986, 
Raggi 1994). Although the exact physiological significance of such 
accumulation remains unknown, it has generally been interpreted as an 
osmotic adjustment mechanism (Handa et al. 1983, Raggi 1994). Bacanamwo 
and Harper (1997) proposed that the changes in shoot asparagine level and/ 
or products of its metabolism in the nodules might be involved in the feedback 
control of nodule activity. Baker et a!. (1997) suggested that a similar 
mechanism in Alnus gIutinosa would involve changes in xylem citrulJine. 
Neo and Layzell (1997) proposed that changes in phloem sap glutamine 
content may trigger the inhibition of nodule metabolism and nitrogenase 
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activity. Finally, Vadez et a1. (2000) showed that asparagine cannot be the 
only compound involved in the feedback inhibition ofN, fixation in soybean, 
but ureides and asparagine are probably both involved, either directly by 
accumulation of products that fail to be exported from the nodules, or by 
feedback from tlle shoot due to an N-compound supply that exceeds shoot 
requirements. 

l' deficiency 

Acute deficiency of P can prevent legume nodulation. Work at ICRISAT and 
elsewhere has shown tl1a:t legumes like lupin, chickpea and pigeonpea have 
the ability to extract P from sparingly soluble P sources. Pigeonpea is better 
able to utilize P bound to the iron fraction of the soil (Fe-P) than chickpea, 
and soybean, and this explains why the crop responds less to added P than 
other crops in Alfisols, where Fe-P is high. The carboxylic anions (piscidate, 
citrate, and malonate) exuded from pigeonpea roots have high P-solubilizing 
ability. Ishikawa et a1. (2002) reported genotypic differences in the P
solubilizing ability of pigeonpea; tl1us the inclusion of some genotypes of 
pigeonpea in cropping systems could enhance tl1e available P pool in soils. 

Al tl10ugh tl1e understanding at tl1e ph ysiological level has led to tl1e current 
progress at the molecular level, more work is needed to assess the efficacy of 
tl1e mechanism of rhizosphere acidification, and carboxylic anion exudation. 
TIle genetic'manipulation of root exudates is hampered by numerous technical 
problems in collecting, analyzing and quantifying tl1e exudates. Very little 
success (if any) has been achieved in measuring root exudates in tl1e soil 
rhizosphere. In addition, tl1ere is lack of a simple, fast and inexpensiye technique 
for tl1e assessment of large numbers of genotypes of a segregation population 
witl10utusing the expensiye spectrophotometer. The technique recently reported 
by Ishikawa et a1. (2002) tl1at uses a filter paper qualitative assay met110d to 
screen for tl1e P solubilizing ability of pigeonpea will benefit both conventional 
and genetic engineering approaches to enhancing P use efficiency of legumes. 
Otl1er aspects of SNF and P acquisition have been extensively discussed recently 
(Vance 2001, Sinclair and Vadez 2002). 

ROLE OF SNF IN TROPICAL CROPPING SYSTEMS 

Symbiotic nitrogen fixation accounts for a large proportion of tlle N currently 
utilized in agriculture and will be an increasingly important component in 
future crop productivity especially for sustainable agricultural systems, small
scale operations and marginal land utilization. It is imperative that we not 
only understand tl1e contribution of this process to. various agricultural 
systems, but we must also appreciate current limitations to SNF under field 
conditions. Reducing fertilizer use, while maintaining the native soil N 
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resource and enhancing crop N output is desirable from both environmental 
and economic perspectives. This may be possible by obtaining more N on the 
soil through SNF, reducing loss of N and by recycling of N captures in 
vegetation during the off-season. 

Adu-Gyam£i et a1. (1997a) have reviewed the dynamics and management 
of N in sorghum /pigeonpea intercropping systems in the SAT. Their review 
indicates that the effective management of indigenous soil N and N derived 
in situ through SNF has the potential to enhance the N nutrition and N use 
efficiency of crops and the total N output from a sorghum/pigeonpea 
intercropping. In a four-year study, where the proportion and amount of N 
derived from air were estimated by both the natural abundance and the 
relative ureide abundance methods, pigeonpea ll1tercropped with sorghum 
derived56-85% N from N, fixation, which was more than the %Ndfa by sole 
crop pigeonpea (32-58%). The amount ofN derived from fixation was higher 
in ll1tercropping than in sale cropping. Data from Adu-Gyamfi et a1. (1995) 
show that the method of fertilization had Significant effect on %Ndfa. Highest 
values were observed for split·banding (87%) compared to broadcasting (67%) 
in pigeonpea intercrop. In sale crop, the values were 26% for broadcast and 
40% for split-band. 

From the relative ureide abundance method, the proportion of ureides, 
amino acids and nitrate (N03·N) concentration in xylem sap at the different 
sampling times were estimated. Nitrate-N accounted for 50·80% of the 
composition of N solutes in xylem sap exudates in sale crop. The proportion 
of ureide in xylem sap exudates of sale crop pigeonpea decreased with 
increased N application. Significantly higher proportion of ureides and 
amino acids in xylem exudates were recorded for intercropped than for sale 
crop pigeonpea. Ureide concentration (mM) in the exudates Was higher in 
intercrop pigeonpea than in sole crop; and there was a marked decrease ll1 
%Ndfa by sale crop but not in intercropped pigeonpea as fertilizer rates 
increased. 

Intercropped pigeonpea derived about 80% of the N in plant from the air at 
65 days after sowing (DAS) compared to 60% for sale crop. The % Ndfa value 
was higher in intercrop than in sale crop, but significantly lower in delayed 
than in basal treatments. The % Ndfa significantly increased with DAS. 

In a pigeonpea-millet-groundnut intercropping system, higher proportion 
and amount of N was derived from N, fixation compared to the other 
combinations. These results suggest that more efficient utilization of N can 
be achieved by appropriate combll1ation of component crops. Intercropped 
pigeonpea fixed between 80-100 kg ha·'. The intercropped pigeonpea had 
less opportunity to acquire N from fertilizer and soil compared to sale crop 
pigeonpea, probably because of the rapid depletion of N by the cereal 
companion crop,�ereby increasing the dependency on SNF (Adu-Gyam£i 
et aJ. 1997b, Tobita et aJ. 1994). 
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Sanginga (2003) recently reported that promiscuous soybeans were used 
to develop sustainable cropping systems in the moist savalU1ahs in West 
Africa, where N has been gradually depleted from soils, causing serious 
threats to food production. The actual amounts of N, fixed by soybeans and 
their residual N benefits to sub3equent cereal crops varied between 38 and 
126 kg N ha" . When only seeds of soybeans were removed from the plots, the 
net N accrual of soil nitrogen ranged between -S and +47 kg Nha" depending 
on the soybean cultivar (Sanginga 2003), Residual N values of 10-24 kg N 
ha" were also obtained in a so,'bean-maize rotation. 111ese authors also 
demonstrated that the rel�ti,'e increase in maize N was smaller than the 
relative increase in dry-matter ,-leld, which indicates that the increased maize 
yields following soybeans were not entirely due to the carry-over of N from 
soybean residues, but to other rotational effects as well. It was therefore 
concluded that the N benefit of grain legumes to non-legumes is generally 
small compared to the level of ;-,r fertilizer use in more intensive cereal 
production systems but is signiiicant in the context of the low amounts of 
input m subsistence farming. 

CONCLUSIO NS: A FRAME\\'ORK FOR AGRO,PHYSIOLOGICAL 

CONTRIBUTIONS IN OVERCOMING SNF LIMITATION BY 

,ENVIRONMENTALCONSTR,AINTS 

111e extreme sensitivity of Sl\iF to environmental and agronomic stress results 
in a significant decrease of N ac.:urnulation in legume crops exposed to these 
stress factors, Consequently, 1"","Urne yields are seriously limited under these 
conditions and most of their rutential benefit in the cropping systems is 
reduced. 

It is common k.nowledge that drought-tolerant varieties in general have 
low yield potential. Therefore, the degree of drought tolerance incorporated 
needs to be matmed with the magnitude of drought in the target environment. 
Researm should therefore fOClli on the physiological basis of resilience traits 
so that systematic efforts might be made to incorporate characters in new 
varieties, Precise identification of traits is important both in conventional trait
based breeding and in identifyi..'1g the genetic markers related to the trait. 

In conclusion, several inten'entions should be considered for the agro
physiological optimization of �r in cropping systems: 

• 

• 

On-farm participatory screening and integration of already identified 
stress-adapted legume \'arieties in various crop and crop-livestock 
systems 
Catalyzing fanner-to-fanner seed diffusion of selected improved 
legumes tolerant to ,'arious environmental stresses, permitting 
strategic seed reserve de,'eloDment at household level 



• 

• 

• 

• 

• 

• 

• 

• 
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Docwnenting the nodulation stat1.1£! and �ventory of current legume 
varieties tolerant to biotic and abiotic stresses in a target 
agroecological envirorunent 
Field studies to establish heritabilities of root morphological traits 
associated with nutrient and water uptake by legumes 
Field studies to evaluate the efficiency of utilization of fixed N by 
legumes and subsequent c,-ops 
TI1e genetic improvement of legume tolerance to stress, with additional 
effort for understanding the physiological limitations of SNF at the 
levels of host plant and rhizobial strains, and their interaction 
Physiological and genetic dissection of traits involved in. abiotic 
stress tolerance among legume species exporting amides or ureides 
Using the information on the genetic variability in P acquisition and 
nih'ate tolerance by legumes to improve P efficiency and develop 
rutrate-tolerant legume crops 

Identification and evaluation of land management options to 
increased SNF contribution in cropping systems based on land 
capability and agro-ecological potential 

On-farm participatory evaluation and adaptation of improved 
management options for increased SNF contributions in farming 
systems 
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