
Environmental factors affecting N2 ®xation in grain legumes

in the tropics, with an emphasis on Brazil

Mariangela Hungriaa,*, Milton A.T. Vargasb

aEmbrapa Soja, Cx. Postal 231, 86001-970, Londrina, PR, Brazil
bEmbrapa Cerrados, Cx. Postal 08223, 73301-970, Planaltina, DF, Brazil

Accepted 16 December 1999

Abstract

Biological nitrogen (N2) ®xation is key to sustainable agricultural systems in tropical soils, which are frequently de®cient in

N. However, high temperature, drought and soil acidity constrain legume root-nodule formation and function in the tropics. In

most cases, the microsymbiont is the more affected partner, with plants growing on mineral N usually less sensitive to these

stresses. High temperature and moisture de®ciency are major causes of nodulation failure, affecting all stages of the symbiosis

and limiting rhizobial growth and survival in soil. They may also contribute to undesirable changes in rhizobia, including

plasmid deletions, genomic rearrangements and reduced diversity.

Acidity affects several steps in the development of the symbiosis, including the exchange of molecular signals between the

legume and the microsymbiont. Liming is effective in overcoming soil acidity and aluminium toxicity, but in Brazil few soils

are limed to near neutral pH. Selection of rhizobial inoculant strains that are genetically stable under the often harsh soil

conditions of this region is essential, but that task is impaired by a lack of knowledge of tolerance in the microsymbiont.

However, good results have been obtained by selecting naturally occurring rhizobia from acid tropical soils affected by water

stress and high temperatures. In Brazil, increases in grain yields of common bean and soybean have resulted from inoculation

with such stress-tolerant strains. Appropriate soil management practices, e.g. no-till, are other approaches that may decrease

soil temperatures and preserve moisture, thereby increasing N2 ®xation. # 2000 Published by Elsevier Science B.V. All rights

reserved.
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1. Introduction

Arable land resources are limited. Meeting food

needs in some regions has already led to the adoption

of agricultural practices that can degrade the soil, and

to the use of land that is marginal for crop production.

The situation is most serious in the tropics, due to

fragile soil structure, erosion, low soil organic matter

and inappropriate farming technologies (e.g. Giller

and Wilson, 1993). Nutrient depletion and soil acid-

i®cation are just two of the common consequences of

inadequate soil management. In this context, biologi-

cal nitrogen (N2) ®xation is a critical and key process

in sustainable land management, where N is the
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nutrient that most frequently limits crop production.

Tropical environmental conditions can constrain N2

®xation, and need further study.

Six genera of bacteria, collectively called rhizobia,

are able to form N2-®xing nodules on the roots of

legumes and the non-legume Parasponia. While the

great majority of these legume±rhizobial symbioses

are found in the tropics, it is only recently that there

has been signi®cant progress in understanding con-

straints to nodulation and N2 ®xation in tropical soils.

This paper discusses the main environmental fac-

tors that limit nodulation and N2 ®xation in grain

legumes in the tropics, and emphasizes two legumes

important for human nutrition and as cash crops in

Latin America and Africa: common bean (Phaseolus

vulgaris L.) and soybean [Glycine max (L.) Merr.]. As

de®ned by other authors (e.g. Giller and Wilson,

1993), `̀ tropics'' as used here includes some sub-

tropical regions. Three main environmental con-

straints which frequently occur simultaneously are

discussed: high temperature, water de®cit and soil

acidity. Finally, some successful approaches taken

in Brazil will be described.

2. High temperature

Maximum soil temperatures in the tropics regularly

exceed 408C at 5 cm and 508C at 1 cm depth (Eagle-

sham and Ayanaba, 1984; Hafeez et al., 1991; Lal,

1993) and can limit nodulation (Day et al., 1978;

Graham, 1981; Eaglesham and Ayanaba, 1984). Indir-

ect effects of high temperatures on the metabolism of

the host plant and direct effects on N2 ®xation have

been recognized for a long time (Jones and Tisdale,

1921) and the range of temperature for optimal growth

of nodulated legumes are narrower than for the same

species receiving abundant mineral N (Joffe et al.,

1961; Ferrari et al., 1967; Small and Joffe, 1968;

Gibson, 1971; Lie, 1981; Piha and Munns, 1987;

Hungria and Franco, 1993). Upper temperature limits

for N2 ®xation in tropical legumes vary between 27

and 408C (Gibson, 1971, 1975; Dart, 1974).

In relation to rhizobial growth, upper limits range

between 32 and 478C, although tolerance varies

among species and strains (Pankhurst and Gibson,

1973; Gibson, 1975; Dart et al., 1976; Day et al.,

1978; MuneÂvar and Wollum, 1981a; La Favre and

Eaglesham, 1986; Karanja and Wood, 1988b). Death

may occur above 378C, and Fig. 1 shows that a

difference of 68C at 5 cm depth reduced a soybean

bradyrhizobial population by more than 10 000 cells

gÿ1 soil (Hungria et al., 1997a). Furthermore, phy-

siological and genetic modi®cations in bacteria,

including plasmid deletion (Trevors, 1986) and geno-

mic rearrangement (SoberoÂn-Chavez et al., 1986),

probably occur in soils subject to high temperatures.

Because high temperatures decrease rhizobial sur-

vival and establishment in tropical soils, repeated

inoculation of grain legumes and higher rates of

inoculation may frequently be needed. Indeed, in

contrast with ®ndings in other regions (e.g. Dunigan

et al., 1984; Thies et al., 1991), reinoculation of

soybean in Brazil guarantees increases in nodulation,

nodule occupancy by the inoculated strains (even

when the strain is already present in the soil), N2

®xation rates and crop yields (e.g. Vargas and Hungria,

1997). This may be due to several factors including

reduced survival of rhizobia in the soil, genetic mod-

i®cation or plasmid loss, or to the poor `̀ physiological

state'' of surviving rhizobia. At some sites response to

inoculation was obtained even though the naturalized

population of rhizobia approached 106 cells gÿ1 soil.

The exchange of molecular signals between host

plants and rhizobia is also affected by high tempera-

ture. At 398C, the release of nod-gene inducers from

soybean and common bean roots was decreased (Hun-

gria, 1995; Hungria and Stacey, 1997). The root-

infection process is probably the component most

affected by high temperatures, with sensitivity located

at the nodulation sites (Barrios et al., 1963; Pankhurst

and Gibson, 1973; Frings, 1976; Lie, 1974, 1981).

High temperature also inhibits root-hair formation,

reducing the number of sites for nodulation (Jones and

Tisdale, 1921; Frings, 1976); adherence of bacteria to

the root hairs (Frings, 1976); root-hair penetration and

infection-thread formation (Joffe et al., 1961; Barrios

et al., 1963; Pankhurst and Gibson, 1973; Dart, 1974;

Frings, 1976). Nodule initiation, rhizobial release

from the infection thread, and bacteroid development

are also affected (Roughley, 1970; Pankhurst and

Gibson, 1973; Vincent, 1980).

If nodules are formed, high temperatures may affect

nodule function (Jones and Tisdale, 1921; Dart and

Mercer, 1965; Lindemann and Ham, 1979; MuneÂvar

and Wollum, 1981b; Hungria et al., 1985, 1989; Piha
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and Munns, 1987; Hernandez-Armenta et al., 1989;

Hungria and Franco, 1993). Changes that result in sub-

optimal function include decreased synthesis of

leghaemoglobin (Bergersen et al., 1973), a drastic

drop in nitrogenase activity (Pankhurst and Sprent,

1976; Hernandez-Armenta et al., 1989; Hungria et al.,

1989; Hungria and Franco, 1993), and inef®cient

allocation of electrons to N2 reduction, observed as

greater H2 evolution (Rainbird et al., 1983; Hungria

and Franco, 1993). Nitrogen assimilation is also

affected, with decreased activities of glutamine

synthetase and glutamate synthase, and lowered synth-

esis of ureides (Hungria et al., 1989). Additionally,

high temperature accelerates nodule senescence (Pan-

khurst and Gibson, 1973; Sutton, 1983; Hungria and

Franco, 1993).

Some authors have suggested that the overall bal-

ance between photosynthesis and respiration deter-

mines levels of N2 ®xation. While high temperatures

increase respiration, with less substrate available to

the nodules (Lie, 1971), two studies with common

bean have shown that decreases in N2 ®xation rate

were not attributable to reduced carbohydrate pools in

nodules. Although daytime temperatures of 38/398C

drastically reduced nitrogenase activity, nodule solu-

ble carbohydrate content was only slightly lower at 38/

378C than at 26/288C (Hernandez-Armenta et al.,

1989; Hungria et al., 1989).

3. Water stress

The tropics encompass both wet (>800 mm rainfall)

and dry (<300 mm) regions, but water availability is

determined chie¯y by the moisture-retaining capacity

of the substrate. Usually, at matrix water potentials of

ÿ0.5 to ÿ1.5 MPa, growth and nitrogen ®xation are

affected in tropical areas. Low water availability may

be most affected by the removal of deeply rooted

vegetation and the conversion of natural forests or

savannas to crop production or pasture, with increased

runoff and evaporation (Lal, 1993). Shortage of water

compromises plant and rhizobial growth, and is a

major cause of nodulation failure and low N2 ®xation.

Water stress affects rhizobial survival and growth and

population structure in soil, the formation and long-

evity of nodules, synthesis of leghaemoglobin and

nodule function. Furthermore, severe stress may lead

Fig. 1. Number of cells of Bradyrhizobium, nod-gene inducing activity in the soil solution, nodulation and yield of soybean, cultivar BR-37,

inoculated with strain CPAC 15 and grown under the no-till (NT) or conventional till (CT) system. The mean soil temperature at 5 cm depth

during the crop season was 68C below under the NT system. Means of ®ve replicates and for all parameters the NT was statistically

signi®cantly higher than the CT (Tukey, p<0.05).
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to irreversible cessation of N2 ®xation (Sprent, 1971;

Vincent, 1980; Walker and Miller, 1986; Venkates-

warlu et al., 1989; Stamford et al., 1990; Guerin et al.,

1991).

Research has shown that decreases in nitrogenase

activity under drought conditions occur in a two-stage

process. First, there is a decrease in nodule cortical

permeability, enforcing a primary limitation in oxygen

supply to the bacteroid zone, restricting respiration

and resulting in a simultaneous decrease in nitrogen-

ase activity (Sprent, 1976; Durand et al., 1987; Walsh,

1995). The second step occurs when nodule activity is

already drastically reduced, and nitrogenase activity

can be constrained by other factors, e.g. leghaemo-

globin content (Serraj et al., 1999).

Drought implies that less water is available for the

transport of nitrogenous compounds from nodules.

Further, since glutamine synthetase activity declines

before that of nitrogenase, ammonia and other end

products of ®xation may accumulate in nodules lead-

ing to the complete collapse of N2 ®xation (Hungria,

M., unpublished data). A feedback inhibition of N2

®xation by ureides under water stress conditions has

been shown and species transporting high concentra-

tions of these N2 compounds are likely to be more

sensitive to drought stress than those with no or low

ureide transport (Sinclair and Serraj, 1995).

In some studies, water stress does not seem to limit

N2 ®xation through decreases in the availability of

photosynthates. In soybean nodules, nitrogenase

activity was almost eliminated with the onset of

drought stress, whereas carbohydrate content was

not affected (Durand et al., 1987; Fellows et al.,

1987). Furthermore, nodule energy-charge recovered

rapidly after rewatering, whereas recovery of nitro-

genase activity required 4±5 days (Patterson et al.,

1979). However, in plants subjected to elevated atmo-

spheric CO2, N2 ®xation changed from drought sen-

sitive to very drought tolerant (Serraj et al., 1998),

therefore indicating that N2 ®xation under water stress

was limited by the availability of photosynthates.

Finally, it has been suggested that all three mechan-

isms, oxygen permeability changes, ureide feedback,

and carbon shortage would be involved in the regula-

tion of N2 ®xation under water stress, acting together.

At the present moment it is not yet possible to resolve

the sequence of mechanisms regulating the stress

response (Serraj et al., 1999).

Conditions as a combination of dry and hot condi-

tions, sandy soils or uncovered soils more adversely

affect rhizobial survival and growth, and can be

crucial for effective nodulation when rains are

delayed after planting. Rhizobial strains (Boonkerd

and Weaver, 1982) and plant species (Walsh, 1995)

vary also in relation to drought tolerance. Finally,

agricultural management practices, specially the use

of crop residues to cover the soil can temper the effects

of drought (Morote et al., 1990), and the positive

effects of the no-tillage soil management will be

discussed later.

4. Soil acidity

A large proportion of tropical soils have developed

from old geological formations. This, combined with

climatic conditions, has resulted in highly weathered

soils, containing predominantly low-activity clays.

These are commonly highly leached, acidic, and

infertile, and frequently contain toxic concentrations

of available aluminium (Al) and manganese (Mn)

(Lal, 1993). Such acid-soil conditions pose problems

for the plant, the bacteria and the symbiosis (Giller and

Wilson, 1993). The microsymbiont is usually the more

pH-sensitive partner. Some rhizobial species can tol-

erate acidity better than others, and tolerance may vary

among strains within a species (Lowendorff, 1981;

Vargas and Graham, 1988; Brockwell et al., 1995;

Hungria et al., 1997b). The optimum pH for rhizobial

growth is considered to be between 6.0 and 7.0

(Jordan, 1984) and relatively few rhizobia grow well

at pH less than 5.0 (Graham et al., 1994). Exceptions

include strains of Rhizobium tropici, Mesorhizobium

loti and Bradyrhizobium sp. Sinorhizobium meliloti in

particular is highly acid-sensitive (Brockwell et al.,

1995), but variation in acid pH tolerance were reported

for this species (Graham et al., 1994).

Intrinsic tolerance cannot be predicted from the pH

at the site of isolation. When fast-growing rhizobial

strains were isolated from nodules of modern and

primitive soybean genotypes that had been inoculated

with soil from sites in Brazil where the pH ranged

from 3.04 to 5.09, only 37% were able to grow in

buffered medium at pH 4.0. Sixty percent grew at pH

9.5 (Hungria, M., Chueire, L.M.O., Coca, R., MegõÂas,

M., unpublished data).
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It appears that acid pH tolerance in rhizobia

depends on the ability to maintain an intracellular

pH (pHi) between 7.2 and 7.5, even at acid external pH

(Kashket, 1985; O'Hara et al., 1989; Graham et al.,

1994). Graham et al. (1994) reported acid-tolerance in

R. tropici type IIB, CIAT 899 (�UMR 1899), and

subsequent studies have identi®ed outer membrane

and cytoplasm response (Ballen et al., 1998). The

tolerance of R. tropici to low pH could explain the

high frequency of this species in acid soils of Central

America, Brazil and Africa. When the pHi of S.

meliloti falls below 7.0 (Perez-Galdona and Kahn,

1994) or 6.5 (O'Hara et al., 1989), growth ceases,

suggesting that some essential cytoplasmic process is

extremely sensitive to acidity.

Acidity affects early steps in the infection process,

including the exchange of molecular signals between

symbiotic partners and attachment to the roots.

Release of nod-gene inducers by soybean and com-

mon bean roots was less at pH 4.5 than at pH 5.8

(Hungria and Stacey, 1997), with some nodulation

genes, including nodA, switched off as the pH falls

(Richardson et al., 1988a,b). In addition, McKay and

Djordjevic (1993) have reported that low pH can affect

the production and excretion of nodulation factors in

strains of R. leguminosarum bv. trifolii. Other stages of

nodule establishment and function are also impacted

by acidity, as is the growth of the host plant (Graham,

1981; Munns, 1986).

Low soil pH is often associated with increased Al

and Mn toxicity and reduced calcium (Ca) supply.

These additional stresses affect the growth of rhizobia

(Cooper et al., 1983; Coventry and Evans, 1989;

Campo, 1995), of the host legume (Andrews et al.,

1973; Kim et al., 1985), and symbiosis (Murphy et al.,

1984; Brady et al., 1990; Campo, 1995). Nodulated

legumes are more sensitive to Al and Mn toxicity than

plants receiving mineral N, e.g. Wouters et al. (1986)

observed that an Al-tolerant common bean variety still

produced 90% of maximum yield at 73% Al saturation

of the exchange complex, while nodulation was com-

pletely suppressed at 33% of saturation.

The nature and site of action of Al ions remain

unde®ned. Studies by Johnson and Wood (1987),

Matsumoto (1991) and Wood (1995) have indicated

that Al ions act by binding to DNA, interfering with

cell division. However, since both Al-sensitive and Al-

tolerant strains bound similar amounts of Al, a DNA-

repair mechanism must exist in tolerant strains. In

addition to Al toxicity, acidity may also be related to

phosphorus (P) and molybdenum (Mo) de®ciencies.

Liming has been considered the most ef®cient

practice in overcoming soil acidity, with some of

the bene®ts to legume crops not only due to increased

soil pH, but also to increased availability of Ca to

plant, bacteria and the symbiosis. Tn5-induced acid-

sensitive mutants of S. meliloti were able to grow at

low pH only with high concentrations of Ca in the

growth medium (Reeve, 1993), and O'Hara et al.

(1989) observed that several rhizobial mutants main-

tained pHi more effectively when Ca concentration

was increased 2-fold. Calcium may affect rhizobial

cell wall integrity (Bergersen, 1961; Vincent, 1962; de

Maagd et al., 1989; Ballen et al., 1998), some enzymes

(Norris et al., 1991; Ballen et al., 1998), or membrane

transport systems (O'Hara et al., 1989).

A better understanding of the mechanisms used by

H�-tolerant strains to survive acid stress would be of

major importance in de®ning rational screening pro-

cedures. However, genetic studies of acid tolerance,

have revealed little. Tiwari et al. (1996b) reported that

the actS protein in S. meliloti may be involved in

`̀ sensing'' the external environment and in the trans-

mission of a signal that alters gene transcription.

Inactivation of the actS gene results in the generation

of an acid-sensitive phenotype, but tolerance can be

restored if the actS gene is inserted into the mutant

strain. Adjacent to the actS gene is actR which, when

inactivated by Tn5-transposon mutagenesis, results in

an acid-sensitive phenotype. S. meliloti actA is also

required for acid tolerance (Goss et al., 1990; Tiwari et

al., 1996a), and actA mutants are unable to regulate

pHi (O'Hara et al., 1989). Tiwari et al. (1996a) de-

scribed a low-pH-regulated gene in S. meliloti termed

phrR, adjacent to actA, which is induced 5- to 8-fold

by acid conditions (Reeve, W.G., Tiwari, R.P., Wong,

C., unpublished, cited by Glenn et al., 1997).

5. Strategies to alleviate high temperature,
drought and acid soil limitations

5.1. Strain selection for tolerance to high temperature:

a program for common bean rhizobia in Brazil

Physiological differences among plant species and

rhizobial species and strains in relation to high tem-
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perature, water stress and acidity have been reported

and should be considered in selection programs for

improving legume yields in areas subject to these

stresses (e.g. Ferrari et al., 1967; Gibson, 1975;

Munns, 1986; Walker and Miller, 1986; Piha and

Munns, 1987; Karanja and Wood, 1988b).

Common bean is an important source of protein in

the diets of about 500 million people in Latin America

and Africa Ð especially for those living in poverty Ð

but the plant is very sensitive to high temperatures.

The optimum range for the root-nodule symbiosis is

considered to be between 25 and 338C (Barrios et al.,

1963; Pankhurst and Sprent, 1976; Graham and Halli-

day, 1977), but declines in N2 ®xation activity have

been observed above 288C (Hungria et al., 1985; Piha

and Munns, 1987; Hungria and Franco, 1993).

In Brazil, nodulation of common bean is usually

poor, with failure attributed to high soil temperatures

(Hungria et al., 1993, 1997b). The importance of high

temperature tolerance in strains selected for use in the

tropics has been pointed out by many authors (Dart et

al., 1976; MuneÂvar and Wollum, 1981a,b; La Favre

and Eaglesham, 1986; Piha and Munns, 1987; Karanja

and Wood, 1988b; Hafeez et al., 1991; Hungria et al.,

1993). However, rhizobial temperature tolerance is

apparently not closely related to the geographic lati-

tude of their origin, or to the host species (MuneÂvar

and Wollum, 1981a; Karanja and Wood, 1988b; Hun-

gria et al., 1993). Furthermore, the ability of a strain to

grow at high temperatures in vitro does not necessarily

correlate with nodulation and N2 ®xation capacity

under similar conditions (La Favre and Eaglesham,

1986; Karanja and Wood, 1988b), and varies with host

cultivar (Gitonga et al., 1989). Consequently, strain

selection for tolerance to high temperature in vitro has

not proved to be a promising approach.

Common bean is nodulated by a range of rhizobia

species, including R. leguminosarum bv. phaseoli, R.

tropici type IIA and type IIB, R. etli and the recently

described R. gallicum and R. giardinii. Several studies

have shown that R. tropici tolerates signi®cantly

higher temperatures than R. leguminosarum and R.

etli (MartõÂnez-Romero et al., 1991; Hungria et al.,

1993; Mercante, 1993; SaÂ et al., 1993), is more acid

tolerant (Graham et al., 1994; Anyango et al., 1995),

and has a broad host range (MartõÂnez-Romero et al.,

1991; Hungria et al., 1993). Most importantly, R.

tropici shows higher genetic stability, maintaining

symbiotic properties under stress (SoberoÂn-Chavez

et al., 1986; MartõÂnez-Romero et al., 1991; Hungria

et al., 1993; Segovia et al., 1993; Michiels et al.,

1994). MartõÂnez, E., (pers. comm.) estimates that

the frequency of genomic rearrangement in R. tropici

is 100 times less than for R. etli and R. leguminosarum

bv. phaseoli. If plasmid loss is also considered, the

genetic stability of R. tropici may be at least 1000

times greater than for R. etli.

The species of rhizobia that nodulate common

beans also vary in N2 ®xation capacity and nodulation

competitiveness with this host (MartõÂnez-Romero and

Rosenblueth, 1990; Oliveira and Graham, 1990; Hun-

gria et al., 1999a). R. tropici is more competitive at low

pH (around 5.0) than at pH>6.0 (Vargas and Graham,

1989; Streit et al., 1992; Frey and Blum, 1994). Again,

this favors the use of this species in acid tropical soils.

Heterogeneity among R. tropici strains has been

reported for both ef®ciency in N2 ®xation and com-

petitiveness (Mercante, 1993; SaÂ et al., 1993; Hungria

et al., 1997b, 1999a), indicating that superior strains

may be obtained through selection programs.

Genetic stability, especially under conditions of

stress is essential for any strain recommended for

use in commercial inoculants. This was demonstrated

in Brazil in 1994, when one of the two strains used in

commercial inoculants, SEMIA 4064 (�UMR 1135,

from the University of Minnesota, USA, classi®ed as

R. leguminosarum bv. phaseoli), lost its ability to ®x

N2 in several greenhouse and ®eld experiments. This

repeated previous experience with two other strains

used in Brazilian inoculants, C-05-0 and V-23, none

classi®ed as R. tropici (Hungria and Araujo, 1995) and

with the Australian inoculant-quality strain CC511

(Graham, P.H., pers. comm.). A selection program

was initiated to ®nd ef®cient, competitive and high

temperature-tolerant strains of R. tropici, the species

considered most likely to be suitable for the soils of

Brazil. The ®rst phase of this program examined

temperature-tolerant rhizobia isolated from 18 legu-

minous tree species. Sixty-nine isolates were evalu-

ated for nodulation of common bean. Fourteen isolates

from Leucaena, Lonchocarpus and Gliricidia were

Nod�Fix� on common bean, and four of these accu-

mulated at least as much N as plants receiving 50 mg

N per week when grown at 408C for 8 h per day

(Hungria et al., 1993). Among other strains obtained

using Leucaena as a trap host, 84% belonged to R.

156 M. Hungria, M.A.T. Vargas / Field Crops Research 65 (2000) 151±164



tropici type IIA, and only 16% belonged to R. tropici

type IIB. However, 67% of the type IIB strains toler-

ated high temperatures, whereas only 1.7% type IIA

strains were temperature tolerant (Mercante, 1993).

Unfortunately, no ®eld experiments were conducted

with the strains selected in these two experiments. In a

parallel study in the State of ParanaÂ, strains isolated

using common bean as a trap host, were also tested for

tolerance of environmental stresses, ability to nodulate

Leucaena, for higher N2 ®xation capacity, competi-

tiveness, and yield performance. This screening led to

the identi®cation of a strain, PRF 81 (�SEMIA 4080),

which is intermediate in properties between R. tropici

IIA and IIB. Strain PRF 81 is tolerant of high tem-

peratures and acidity in vitro and in vivo, effective in

N2 ®xation with common bean and highly competitive

against indigenous bean rhizobia. Signi®cant yield

increases of up to 900 kg haÿ1 have been reported

at several sites with high populations of indigenous

common bean rhizobia (Hungria et al., 2000). Table 1

shows the response obtained by inoculation with PRF

81. The strain has been recommended for use in Brazil

since 1998, and superior performance is already

increasing farmers' demands for bean inoculants.

The responses to inoculation with PRF 81 encourages

further efforts to identify genetically stable strains that

are more tolerant of environmental stresses as well as

competitive and ef®cient with common bean in tro-

pical conditions. The broad use of such strains could,

at low cost, improve yields and reverse the trend of low

bean yields in South and Central America and Africa.

5.2. How to overcome the acidity problem?

Survival of root-nodule bacteria at acid pH may be

affected by prior growth history, particularly medium

composition, with an adaptive acid-tolerance response

inducible by low pH in some root-nodule bacteria

(O'Hara and Glenn, 1994). In S. meliloti, growth under

mildly acidic conditions improves the performance of

cells subsequently exposed to severe acid stress

(O'Hara and Glenn, 1994). Inoculants prepared under

mildly acid conditions might thus be expected to

perform better in tropical acid soils, but that approach

has frequently been unsuccessful (Robson and Bot-

tomley, 1991). This is probably because the traits

required to survive in soil and effectively nodulate

legumes result from a combination of characteristics

in addition to the capacity to tolerate H� ions.

Variability among common bean varieties (Miranda

and Lobato, 1978) and strains (Karanja and Wood,

1988a; Vargas and Graham, 1988) as well as among

Table 1

Response of bean cultivar Carioca to inoculation with six Rhizobium strainsa

Treatmentb Greenhouse experiments

28/23 (8C) 37/23 (8C)

Nodule number Total Nc Nodule number Total Nc

(number per plant) (mg per plant) (number per plant) (mg per plant)

PRF 81 141.0 ae 99.7 ae 89.2 ae 66 ae

CFN 299 81.0 bc 65.1 c 19.0 c 25 c

CIAT 899 128.0 a 85.4 ab 65.3 b 60 ab

CFN 42 95.8 b 75.0 bc 17.2 c 20 c

USDA 2671 68.0 c 40.2 d 9.2 c 10 c

ControldÿN 0f 9.7f 0f 3f

Controld�N 0f 98.6 a 0f 49 b

a Greenhouse experiment plants were grown either at optimal temperatures (28/238C, day/night) or under stress (37/238C) conditions, in

modi®ed Leonard jars containing N-free nutrient solution and were harvested at 45 days after emergence (modi®ed from Hungria et al., 2000).
b Rhizobium strains: PRF 81 (Brazilian strain with mixed characteristics of R. tropici type IIA and type IIB); CFN 299 (R. tropici IIA),

CIAT 899 (R. tropici IIB), CFN 42 (R. etli), USDA 2671 (R. leguminosarum bv. phaseoli).
c N-Kjeldahl (N roots�N shoot�N nodulesÿN seed).
d Non-inoculated controls supplied or not with mineral N (30 mg of N as KNO3 per plant per week).
e Means of ®ve replicates and values followed by the same letter, in the same column, did not show statistical difference (Tukey, p�0.05).
f Values not considered for the statistical analyses.
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soybean varieties (Toledo et al., 1994) and strains

(Asanuma and Ayanaba, 1990; Campo, 1995) in rela-

tion to tolerance to acidity and Al have been reported.

Also signi®cant host/strain interactions at low pH can

occur (Vargas and Graham, 1988) and should be

considered in tropical acid soils. Chemical mutagen-

esis can increase the acid tolerance of rhizobia (Rako-

toarisoa et al., 1981), but to date no agronomically

useful strains have been thus obtained. Another

approach is to use acidic soils as the source of root-

nodule bacteria. Gemmell and Roughley (1993)

observed that rhizobial isolates from acid soils were

signi®cantly more tolerant of acidity than were those

from neutral soils. Wood and Sheperd (1987) failed to

obtain acid-tolerant strains with that method, although

successful results were obtained with rhizobia nodu-

lating pasture legumes in Australia and Colombia

(Sylvester-Bradley et al., 1983; Howieson et al.,

1988).

Acidity is an increasing problem in tropical soils,

especially as a result of poor management, and liming

is currently the only ameliorative practice extensively

used. However, in Brazil, commercial cultivars of

soybean and common bean and the rhizobia recom-

mended for commercial inoculants tolerate moderate

levels of acidity, and liming to neutral pH is not

necessary. Thus, although nodulation is drastically

reduced at pH 4.5, good nodulation and N2 ®xation

rates can be reached above pH 5.2. Liming must still

be used to reach this pH, and to ensure the availability

of nutrients such as calcium and molybdenum.

Decreases in soybean and common bean nodulation

under acidic conditions may be alleviated in part by

supplementation with ¯avonoid nod-gene inducers

(Hungria and Stacey, 1997), with studies to examine

varietal differences in response or to maximize the

expression of rhizobial nod-genes under acid condi-

tions still needed. Studies should also consider the

impact of acidity and lime application on rhizobial

population. In a recent study with common bean

grown in a Brazilian soil with a high population of

indigenous strains, acidity altered both the rhizobial

abundance and genetic diversity, which were lower

in the unlimed soil (Andrade et al., 1999). Such

changes in population structure may in¯uence

responses to inoculation; however, this has not been

investigated. Most importantly, as many Brazilian

soils show high levels of Al (50±70% saturation),

programs searching for acid-tolerant varieties and

strains should continue.

5.3. The soybean bradyrhizobial strains adapted to

the Brazilian Cerrados

Genetic engineering is a promising tool for the

production of superior rhizobial strains, but the soil

will continue to be an important reservoir for ef®cient,

competitive and stress-tolerant strains. Very often the

effort required in strain selection proves less than is

needed for the development of engineered strains. In

Brazil, a successful strain-selection program has been

developed for the Brazilian `̀ Cerrados'' savanna, an

area of 207 million ha (25% of Brazilian land), to

which soybean was introduced as a new crop in the

1960s. Today, soybean is Brazil's most important

grain export and the main crop in the Cerrados, where

growth is strongly dependent on N2 ®xation. This high

dependence on N2 ®xation contrasts to practices in

northern USA, where plants may derive only 40±50%

of their N needs from symbiosis.

The Cerrados were originally free of bradyrhizobia

strains able to establish an ef®cient symbiosis with

soybean. The ®rst inoculants carried strain SEMIA

566, commercially recommended from 1966 to 1978.

Two other strains, which showed better nodulation

with commercial cultivars, then replaced SEMIA 566

(Vargas and Hungria, 1997). More than a decade later,

the higher N demands of the newer, more productive

soybean genotypes has led to a need for strains with

improved capacity for N2 ®xation. However, stressful

conditions in the Cerrados Ð long periods of drought,

high temperatures, soil acidity and Al toxicity Ð

limited the choice of strains. To this end, isolation

of ef®cient naturalized strains `̀ adapted'' to these

inhospitable conditions was attempted from soybean

production areas ®rst sown more than 15 years pre-

viously. These soils had been inoculated with SEMIA

566 or other strains at that time, but had no further

inoculation. Good nodulation was obtained where

there were established rhizobial populations, and bac-

teria isolated from large pink nodules were tested

individually for N2 ®xation capacity under greenhouse

conditions, and, subsequently, for grain yield in sev-

eral ®eld trials. An ef®cient isolate, CPAC 15

(�SEMIA 5079), proved to be superior, increasing

soybean yield by up to 750 kg haÿ1 in comparison
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with the commercially recommended strains. This

strain has been recommended for soybean inoculation

since 1992 (Vargas et al., 1992, 1994).

While CPAC 15 belongs to the SEMIA 566 ser-

ogroup, further analyses have shown morphological,

physiological and genetic differences between CPAC

15 and SEMIA 566: production of mucus, lower

synthesis of indole acetic acid, increased Hai pheno-

type, and changes in DNA pro®le after ampli®cation

by RAPD or by ERIC/REP-PCR (Hungria and Vargas,

1996; Hungria et al., 1996; Nishi et al., 1996; Boddey

and Hungria, 1997). Other selected strains belonging

to the SEMIA 566 serogroup are being investigated,

with the great majority far more competitive than the

parental strain, and some showing higher capacity for

N2 ®xation and supporting higher yields (Hungria et

al., 1998). These strains also differ from the parental

SEMIA 566 in morphological, physiological and

genetic characteristics; Fig. 2 shows the ERIC-PCR

pro®les of selected strains and SEMIA 566 as well as

differences in their N2 ®xation capacity. This program

has shown that searching for adapted strains allows the

selection for tolerance of a variety of environmental

stress factors, as well as for higher N2 ®xation capacity

and competitiveness, ultimately enabling increases in

grain yield.

5.4. Agricultural management practices

Some agricultural practices, like intercropping,

multiple cropping, crop rotation and use of cover

crops have proven to be microbiologically and eco-

nomically attractive, improving N2 ®xation and yield

under Brazilian conditions and contributing to agri-

cultural sustainability.

In large areas of Brazil, conventional tillage, with

the traditional practices of plowing and disking to

prepare land, reduces soil organic matter and increases

erosion. In contrast, no-till management, with seeds

sown directly through the residue of the previous crop,

protects the soil against erosion by water, improves

soil structure, stability and moisture content, helps in

the regulation of soil temperature and, with time,

increases soil organic matter content (Derpsch

et al., 1991). Since no-till bene®ts fragile soils parti-

cularly, improving physico-chemical and biological

properties, its adoption is increasing in Brazil, nowa-

days occupying some 11 Mha, or 20% of the cropped

area. No-till farming practices result in maximum soil

temperatures 5±108C lower when compared to con-

ventional till, and the soil oscillations are also lower

(Lal, 1993). These differences in temperature, added

to higher moisture content, may greatly bene®t N2

®xation. Thus, in the absence of inoculation the native

population of common bean rhizobia increased from

2.5�103 cells gÿ1 soil with conventional till to

3.9�104 cells gÿ1 with no-till. Increases were also

observed in nod-gene inducing activity of the soil

solution, nodulation, crop yield, and in the diversity

of the rhizobial strains (Hungria and Vargas, 1996).

With soybean grown under no-till, not only was

nodule number increased as compared with conven-

tional till, but nodulation extended to deeper layers in

the soil (Voss and Sidiras, 1985). Furthermore, no-till

increased soybean bradyrhizobial population, nodula-

tion and N2 ®xation rates (Fig. 1) with a greater

Fig. 2. (A) Total N (mg N per plant) accumulated in soybean,

cultivar BR-16, inoculated with seven serogroup SEMIA 566

isolates, with CPAC 15 (also a serogroup SEMIA 566 isolate,

column 8) and with SEMIA 566 (column 9). All strains were

statistically different from SEMIA 566 (Tukey, p�0.05); (B) DNA

pro®le of the strains after ampli®cation by ERIC-PCR. After

Hungria et al. (1999b).

M. Hungria, M.A.T. Vargas / Field Crops Research 65 (2000) 151±164 159



diversity of strains also found (Ferreira et al., 2000).

However, several aspects are yet to be studied. One is

that the surface application of lime or gypsum in the

no-till system with further leaching over time creates

variable pH, Ca and Mg contents in the different soil

layers (Caires et al., 1998), and could impact distribu-

tion and biodiversity of rhizobia. Consequently, the

use of agronomic practices such as no-till may not

only improve agricultural sustainability, but also help

the establishment of rhizobial populations in soil and

enhance genetic diversity. These factors should all

contribute to higher yield at little cost.

6. Conclusion

Tropical soils are often de®cient in N, therefore

biological N2 ®xation is a key process to agricultural

sustainability. However, N2 ®xation may be limited by

tropical environmental stressful conditions, such as

high temperatures, drought and soil acidity. In Brazil,

strain selection has been an integral part of both

common bean and soybean production focus. Appro-

priate soil-management practices for the tropics, e.g.

no-till, which result in decreases in soil temperature

and increase in soil moisture, also bene®t N2 ®xation.

Studies are just starting to elucidate mechanisms

associated with tolerance to these stress conditions,

and effort will be needed to bring such basic informa-

tion to practical use.
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