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Abstract We have investigated the response of two

peanut cultivars (TEGUA and UTRE) with different

growth habits and branching pattern structures to different

nitrogen (N) sources, namely, N-fertilizer or N2 made

available by symbiotic fixation, and analysed the pattern of

nitrate reductase (NR) activity in these cultivars. Nitrate

and amino acid contents were also examined under these

growth conditions. In terms of nitrogen source, cv. TEGUA

showed a better response to inoculation with Bradyrhizo-

bium sp. SEMIA 6144 at 40 days after planting, while cv.

UTRE responded better to N-fertilizer (5 mM KNO3). Both

cultivars showed different patterns of NR activity in the

analyzed plant organs (leaves, roots, and nodules), which

were dependent on the N source. When nitrogen became

available to the plant through symbiotic N2 fixation, the

patterns of NR activity distribution were different in the

two cultivars, with cv. TEGUA showing a higher NR

activity in the nodules than in the leaves and roots, and cv.

UTRE showing no difference in terms of NR activity

among organs. The nitrate and amino acid contents showed

a similar trend between the two cultivars, with the highest

nitrate content in the leaves of fertilized plants and the

highest amino acid content in the nodules. The high nitrate

content of the leaves of cv. UTRE indicated the better

response of this cultivar to N-fertilizer.
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Abbreviations

CFU Colony-forming units

ICARDA International Centre of Agricultural Research

in the Dry Area

MIRCEN Microbial Resource Centres

NR Nitrate reductase

YEM Yeast extract mannitol

YEMA Yeast extract mannitol agar

Introduction

The nitrogen (N) requirement of legumes can be met by

both inorganic N assimilation and symbiotic N2 fixation,

and in practice, legumes obtain their N through both pro-

cesses. Nitrate (NO3
-) is often the major source of inor-

ganic nitrogen available from soil or fertilizer, and it is

reduced to ammonia in a two-step process, of which the

first step is the reduction of nitrate to nitrite (NO2
-). This

reaction is catalysed by nitrate reductase (NR; EC 1.6.6.4),

an inducible enzyme whose activity depends on the avail-

ability of nitrate and light (Campbell 1999).

The distribution of NR activity in various parts of the

plant varies according to plant genotype, age and nitrate

supply (Caba et al. 1995). In the Phaseoleae tribe, nitrate is

reduced mainly in the leaves, with low NR activity in the

root and nodules (Andrews et al. 1990). Nitrate reduction

R. Delfini � C. Belgoff � A. Fabra � S. Castro (&)

Departamento de Ciencias Naturales, Facultad de Ciencias

Exactas, Fı́sico-Quı́micas y Naturales, Universidad Nacional de

Rı́o Cuarto, Ruta 36 km 601, 5800 Rı́o Cuarto, Córdoba,
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in the nodules is only a small fraction of the total NR

activity in the plant. The use of NO3
- from soil or fertilizer

and atmospheric nitrogen (N2) by symbiotic association

with rhizobia, either simultaneously or in a complementary

way by nodulated legumes, is a unique characteristic of

higher plants. At high concentrations, nitrate inhibits both

nodulation and N2 fixation in almost all legume species.

However, a low concentration of nitrate favours the initial

establishment of the nodules, perhaps as an additional

source of nitrogen (Becana and Sprent 1987).

Peanut (Arachis hypogaea L.) is an important crop

worldwide and is a direct source of subsistence food and

several other food products. Argentina, one of the major

producers of peanut, concentrates about 92% of its pro-

duction in the central and southern region of the province

of Córdoba. Like all legumes, peanut can meet its nitrogen

demand from different sources, such as NO3
- from the soil

or fertilizer and N2 by symbiotic association with rhizobia.

Peanut is usually nodulated with rhizobia belonging to the

Bradyrhizobium genus (Boogerd and van Rossum 1997;

Taurian et al. 2002). Peanut rhizobia initiate infection at

the bases of the root hairs in the axils of emerging lateral

roots through spaces between epidermal cells and subse-

quently proliferate in intercellular spaces before invading

the cortical cells—a process termed ‘‘crack entry’’. After

achieving entry, rhizobial cells occupy the space between

the epidermal and cortical cells, spreading further through

the root cortex via an intercellular matrix, eventually

entering the plant cells.

The peanut plant has a distinct main stem and a variable

number of lateral branches. The carriage of the laterals

determines the growth habit of the plant. Two distinct

forms of growth habit, postrate and erect, have long been

recognized and have provided the basis for both agronomic

and taxonomic classifications. In earlier classifications, the

postrate bunch form was associated with the alternate

branching pattern (subspecies hypogaea) and the erect

habit with sequential branching pattern (subspecies fastig-

iata) (Krapovickas 1973).

Peanut cultivars differ botanically (Virginia, Spanish

and Valencia types), with each type characterized by a

different growth habit and branching pattern structures.

The new cultivars that have been obtained from crossing

these botanical types have no specific distribution and have

been developed to meet environmental demands, such as a

short cycle, resistance to drought, high oleic acid content,

among others. Differences among cultivars in terms of

nodulation (nodule weight and numbers) and the ability of

symbiotic N2 fixation have been detected (Wynne et al.

1983).

The objectives of the study reported here were to

investigate the response of two peanut cultivars (TEGUA

and UTRE) with different growth habits and branching

pattern structures to different nitrogen sources, namely,

N-fertilizer (5 mM KNO3) or N2 made available by inoc-

ulation with Bradyrhizobium sp. SEMIA 6144, and to

analyse the pattern of NR activity distribution as well as

the nitrate and amino acid contents in these plants under

specific growth conditions.

Materials and methods

Bacterial strain and growth conditions

Bradyrhizobium sp. SEMIA 6144, which is able to infect

peanut (Arachis hypogaea L.), was obtained from the

Microbial Resource Centres (MIRCEN), Brazil. Stock

cultures were maintained on YEMA (yeast extract manni-

tol–agar) supplemented with Congo red (Vincent 1970).

Cultures were grown in YEM (yeast extract mannitol)

medium at 28�C on a gyratory shaker at 150 rpm. The

number of viable cells was determined as colony-forming

units (cfu) by the drop-plate method on YEMA plates

using bacterial cultures that had been incubated for 48 h

(Somasegaran and Hoben 1994).

Peanut cultivars

The peanut cultivars used in the experiments were (1)

TEGUA (Virgina botanical type, postrate growth habit

and alternate branching pattern, cycle 150 days), kindly

supplied by the nursery El Carmen S.A, General Cabrera-

Córdoba and (2) UTRE (cross between Spanish and Vir-

gina botanical types, erect growth habit and sequential

branching pattern, emergency at low temperature, cycle

130 days), obtained from the peanut improvement pro-

gramme of Universidad Nacional de Rı́o Cuarto.

Peanut seeds were surface-sterilized following the

method described by Vincent (1970). Sterilized seeds were

germinated at 28�C in petri dishes (on one layer of

Whatman No. 1 filter paper and moist cotton) until the

radicle reached a length of 2–3 cm. Individual seedlings

growing from sterile seeds were then aseptically trans-

ferred to pots containing sterile volcanic sand. The plants

were divided into three experimental groups, consisting of

(1) control plants; (2) plants fertilized with 5 mM KNO3;

(3) plants inoculated with 4 ml of Bradyrhizobium sp.

SEMIA 6144 (1 9 108 cfu ml-1). The pots were placed in

a greenhouse under controlled environmental conditions

(light intensity 200 lmol m-2 s-1, photoperiod 16/8-h

light/dark, constant temperature 28�C, relative humidity

50%), harvested at growth stage R1 (flowering; approxi-

mately 40 days after planting) and used for the determi-

nations of shoot dry weight, shoot-N content, dry weight of

nodules and number of nodules. The shoots and nodules
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were dried at 70�C for 72 h to a constant weight. The

nitrogen content in the shoots was determined according to

the procedure proposed by Nelson and Sommers (1973).

The amount of nitrogen derived from symbiotically fixed

nitrogen was estimated according to International Centre of

Agricultural Research in the Dry Area (ICARDA 1990) by

applying the following calculation:

Amount of fixed N = (N content of inoculated plant) -

(N content of control plant).

Extraction of NR and activity measurement

Leaves, roots and nodules of peanut plants harvested at

growth stage R1 were ground in liquid nitrogen and

extracted in 4 ml g-1 (fresh weight) buffer A (50 mM

Hepes-KOH, pH 7.6, 10 mM MgCl2, 1 mM DTT, 5 lM

FAD, 1 lM leupeptin) at 4�C. The mixture was incubated

for 15 min on ice, and the homogenate was centrifuged for

10 min at 12,000 g at 4�C. The supernatant was used

immediately for NR activity measurements according to

the method described by Pigaglio et al. (1999) with some

modifications. The NR activity measurements were carried

out in buffer B (50 mM Hepes-KOH, pH 7.6, 10 mM

MgCl2, 140 lM NADH, 5 mM KNO3). In some experi-

ments, EDTA (15 mM) was added to the reaction buffer.

The reaction was initiated by adding 300 ll of extract and

was carried out for 10 min at 27�C in a total volume of

1 ml. To estimate the amount of nitrite formed, 1 ml each

of 1% sulfanilamide in 3 N HCl and 0.02% N-(1-naph-

thyl)ethylenediamine (NNEDA) were added to the reaction

mixture and the absorbance read at 540 nm on a spectro-

photometer (GENESYS 2; Thermo Scientific, Waltham,

MA). The specific activity of NR was expressed as nano-

moles NO2
- per minute per milligram protein The acti-

vation state of NR corresponds to the ratio of NR specific

activity measured in the presence of free magnesium ions

to that measured in the presence of EDTA. This activation

state was expressed as a percentage and reflects the amount

of active NR in an extract.

Nitrate, amino acid and protein determinations

Leaves, roots and nodules of peanut plants were dried at

70�C for 72 h to a constant weight, and the nitrate content

was determined using the method of Cataldo et al. (1975).

Amino acids were quantitatively extracted and estimated

according to the ninhydrin method using the amino acid

L-leucine as the standard (Rosen 1957). Protein was esti-

mated by the Coomassie blue staining method with bovine

serum albumin as the standard (Bradford 1976).

Statistical analysis

Data were analysed statistically by one-way analysis of

variance, and means were compared with Duncan’s

multiple mean comparison test. A level of P \ 0.05 was

accepted as significant. The correlation analysis was

determined using Pearson’s coefficient.

Results

Estimation of growth and nitrogen fixation in peanut

cultivars

Growth and nitrogen fixation in the two peanut cultivars

varied among the vegetative and reproductive structures.

Cultivar TEGUA, which has a postrate growth habit and

alternate branching pattern, showed a significant increase

in shoot dry weight and nitrogen content in the inoculated

treatment as compared to the other two treatments (control

and fertilized) (Table 1). Pearson’s coefficient revealed

that shoot dry weight was correlated with nitrogen content

(r = 0.91), nodule number (r = 1) and nodule dry weight

(r = 0.90). Nodule dry weight was correlated with nodule

number (r = 0.93). Cultivar UTRE, which has an erect

growth habit and sequential branching pattern, showed a

significant increase in shoot dry weight and nitrogen con-

tent in the fertilized treatment relative to the other two

Table 1 Estimation of physiological and symbiotic parameters in peanut cultivars

Peanut cultivars Treatments Shoot dry weight

(mg plant-1)

Nitrogen content

(mg plant-1)

Nodule dry weight

(mg plant-1)

Nodule numbers

(plant-1)

TEGUA. Control 700 ± 130 a 16.09 ± 2.06 a

Fertilized 830 ± 210 a 22.99 ± 4.61 a

Inoculated 1,290 ± 130 b 56.73 ± 4.98 b 68.75 ± 11.69 117.50 ± 4.70

UTRE Control 750 ± 90 a 18.04 ± 2.32 a

Fertilized 980 ± 70 b 29.00 ± 1.79 b

Inoculated 810 ± 90 a 22.16 ± 1.80 a 29.49 ± 4.85 78.60 ± 11.98

Data are given as the mean ± standard error (SE) (n = 10 per treatment). Means followed by the same lower-case letter in each column do not

differ significantly at P \ 0.05 according to Duncan’s multiple mean comparison
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treatments. A comparison of shoot dry weight with nitro-

gen content revealed a high correlation (r = 0.98). The

amount of nitrogen derived from symbiotically fixed

nitrogen in cvs. TEGUA and UTRE was 44.64 ± 2.92 and

5.62 ± 0.48 mg plant-1, respectively.

NR activity in peanut cultivars

The application of N-fertilizer increased NR activity in the

leaves of the two peanut cultivars compared to those of

the control plants. There were no differences between the

inoculated and fertilized plants of cv. UTRE in terms of

NR activity in the leaves and roots. Plants of the two

cultivars had different patterns of NR activity distribution

when inoculated with Bradyrhizobium sp. SEMIA 6144,

with those of cv. TEGUA having a higher NR activity in

the nodules than in the leaves and roots, while there was no

difference in NR activity in the organs of cv. UTRE

(Fig. 1a, b).

Nitrate and amino acids contents in peanut cultivars

In both cultivars, the nitrate content was higher in the

leaves of fertilized plants than in those of inoculated plants

(Fig. 2a, b), and the total amino acid content was higher in

nodules than in the leaves and roots (Fig. 3a, b).

Discussion

Peanut has a high symbiotic nitrogen-fixing capacity and,

relative to other tropical legumes, it accumulates a larger

amount of nitrogen. A high degree of nodulation has been

correlated with symbiotic effectiveness of the inoculated

strain (Sprent 1994). Our findings on the estimation of

nitrogen content and nodulation (nodule weight and num-

bers) revealed differences that correlated with the growth

habits and branching pattern of the peanut cultivars. Thus,

cv. TEGUA, with a postrate growth habit and alternate

branching pattern, showed a better response to inoculation,

while cv. UTRE cultivar, with an erect growth habit and

sequential branching pattern, presented a better response

to N-fertilizer. Cox et al. (1982) also found that peanut
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Fig. 1 Nitrate reductase (NR) activity in control, fertilized and

inoculated peanut cultivars. a TEGUA, b UTRE. Data are given as

the mean ± standard error (SE) (n = 5). Data for leaves or roots,

respectively, with the same letter above each column do not differ

significantly at P \ 0.05 according to Duncan’s multiple mean

comparison
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Fig. 2 Nitrate content in control, fertilized and inoculated peanut

cultivars. a TEGUA and b UTRE. Data are given as the mean ± SE

(n = 5). Data for leaves or roots, respectively, with the same letter
above each column do not differ significantly at P \ 0.05 according

to Duncan’s multiple mean comparison
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cultivars with a sequential branching pattern had a high

growth in response to N-fertilizer although these

researchers did not evaluate the response of these cultivars

to symbiotically fixed nitrogen.

It is well documented that net nitrogen fixation is the

product of rhizobial and plant genotypes as well as of

environmental conditions (Sessitsch et al. 2002). As such,

the efficiency of a rhizobial strain could change when it

interacts with different plant genotypes. However, little is

known about the genetic compatibility between rhizobia

and their host plant in terms of nitrogen fixation, which is

the agronomically and ecologically important result of such

an interaction. Chen et al. (2003) found that different

peanut cultivars varied in their ability to nodulate when

inoculated with a given Bradyrhizobium strain. In our

study, Bradyrhizobium sp. SEMIA6144 was able to nodu-

late both cultivars (TEGUA and UTRE), although the

nodulation efficiency was higher in cv. TEGUA, possibly

due to differences between cultivars in terms of their ability

to interact symbiotically with this rhizobial strain.

The peanut cultivars studied here differed in terms of the

pattern of NR activity distribution throughout the plants.

Both fertilized and inoculated plants of cv. UTRE plants

showed a high NR activity in the leaves and roots. In

contrast, only fertilized plants of cv. TEGUA showed a

high NR activity in the leaves and roots despite the fact that

the nitrogen content of the shoots was similar to that found

in control plants.

Studies carried out on the pattern of NR activity distri-

bution in species of bean (Phaseolus lunatus and Phaseolus

vulgaris) inoculated with rhizobia have revealed differ-

ences in the NR activity of leaves, roots and nodules

(Silveria et al. 2001). Our results also revealed differences

in the NR activity in these organs of cv. TEGUA plants

inoculated with Bradyrhizobium sp. SEMIA 6144, with the

highest NR activity found in the nodules. These results

agree with those reported by Polcyn and Lucinski (2001)

who found that NR activity was higher in the nodules of

yellow lupine than in other parts of the plant. On the other

hand, Ayala (1997) suggested that NR activity in the

nodules of peanut plants could be used as a measure of

nitrogen fixation and the effectiveness of rhizobial strains.

Our results on NR activity in nodules indicate that

Bradyrhizobium sp. SEMIA 6144 is an effective strain for

use as an inoculant of peanut.

Several published studies have demonstrated that

enhancement of nitrogen fixation is due to the presence of

active NR in bacteroids. Symbiotic associations in which

NR function is complementary to that nitrogenase are

possible since bacteroids of many rhizobial strains are

capable of performing dissimilatory nitrate reduction

(Chamber-Pérez et al. 1997). Symbiotic associations of

Rhizobium strains characterized by a high NR activity have

been found to be less susceptible to inhibition by nitrate

(Lucinski et al. 2002). Studies aimed at elucidating how the

addition of nitrate affects the process by which Brady-

rhizobium sp. SEMIA 6144 infects peanut plants and

bacteroidal NR activity are ongoing.

Nitrate assimilation in the leaves or roots is dependent

on the concentration of nitrate in the soil and the nature of

the plant. In peanut plants, the nitrate concentration in

different organs showed a similar trend between the two

cultivars, with the highest nitrate content observed in the

leaves of fertilized plants. In plants of cv. UTRE, the high

nitrate content in the leaves and roots indicated a better

response of this cultivar to N-fertilizer. A positive corre-

lation between NR activity and nitrate content in these

organs was also found.

An earlier study on ammonium assimilation found that

the enzyme activities of GS and GOGAT (glutamate syn-

thase) clearly increased in cv. TEGUA plants inoculated

with Bradyrhizobium sp. SEMIA 6144 (Terzo et al. 2005).

The increase in amino acid contents found in our study may

be related to a more effective ammonium assimilation since

this process is involved in the synthesis of amino acids.

Considering that nodule GS and GOGAT are plant gene
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products whose expression can be influenced by the nodule

stage development and effectiveness (Vance et al. 1988;

Suganuma et al. 1999), it is possible to suggest that a

higher availability of fixed N may modulate the gene

expression of the enzyme in the nodule.

This is the first study on the response of two peanut

cultivars with different growth habits and branching pat-

terns to different nitrogen sources, namely N-fertilizer or

symbiotically fixed N. We found that cv. TEGUA plants

responded strongly to biological nitrogen fixation, and

those of cv. UTRE responded strongly to N-fertilizer. Both

cultivars showed different patterns of NR activity distri-

bution in the analysed organs (leaves, roots and nodules)

that was dependent on the nitrogen source supplied. Cul-

tivar TEGUA plants provided symbiotic N2 fixation

showed a higher NR activity in the nodules than in the

leaves and roots, while no difference in NR activity was

found in these organs cv. UTRE plants.

Knowing that there are differences among cultivars in

terms of response to different nitrogen sources is important

in terms of agronomical practices; for example, when to

apply a N-fertilizer or whether to inoculate with Bradyd-

rhizobium sp. in order to obtain a higher crop yield. This

knowledge is useful both for the production system and for

the environment. For the production system, this knowl-

edge may lead to lower costs and fewer activities during

planting. For the environment, the use of inoculants as the

nitrogen source to the plant will facilitate soil conservation

measures and diminish the use of environmentally harmful

N-fertilizers.
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