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SUMMARY 
 

Most legumes establish mutualistic symbiotic relationships with 
atmospheric nitrogen-fixing bacteria (rhizobia), giving origin to nod-
ules. Nodules exhibit natural or induced aging which coincides with 
the drop in nitrogenase activity at the flowering period or at the pod 
filling stage. In this research, the onset of nodule senescence (NS) was 
evaluated under greenhouse conditions in five common bean (Phaseo-
lus vulgaris L.) cultivars of two growth habits, determined (Type I) 
and indeterminate (Type III), inoculated with Rhizobium etli CE-3. 
Weekly destructive samplings were taken to determine nitrogen fixa-
tion by the acetylene reduction assay, the number and fresh weight of 
nodules, as well as root and above ground biomass dry weight. It was 
found that NS in bean appears to be independent of host plant 
phenological stage (flowering or pod filling), the longer period the 
symbiotic system is fixing nitrogen the greater yield is obtained, and 
that the nodules number and fresh weight are reliable indicators of 
the nitrogen fixation capacity.     

 
Index words: Phaseolus vulgaris, nitrogen fixation, rhizobia, nodule 

aging. 
RESUMEN 

 
La mayoría de leguminosas establecen relaciones simbióticas mu-

tualistas con bacterias fijadoras de nitrógeno atmosférico (rizobia) y 
dan origen a nódulos. Los nódulos sufren envejecimiento de forma 
natural o inducida que coincide con la disminución de la actividad 
nitrogenasa al inicio de la floración, o con el llenado de la vaina. En 
esta investigación se evaluó en invernadero el establecimiento de la 
senescencia nodular en cinco cultivares de frijol común (Phaseolus 
vulgaris L.) con hábito de crecimiento arbustivo determinado (Tipo I) 
e indeterminado (Tipo III),  inoculados con Rhizobium etli CE-3. Se 
hicieron muestreos destructivos semanales para determinar la activi-
dad reductora de acetileno, el número y  peso fresco de nódulos, así 
como el peso seco de raíz y de la parte aérea de la planta. Se encontró 
que el proceso de senescencia nodular en el cultivo de frijol ocurre 
independientemente de la etapa fenológica (floración o llenado de la 
vaina)  de la planta hospedera, que los sistemas simbióticos que per-
manecieron fijando nitrógeno durante más tiempo obtuvieron el ma-
yor rendimiento, y que el número y peso fresco de los nódulos son 
indicadores confiables del nitrógeno fijado. 

 

Palabras clave: Phaseolus vulgaris, fijación de nitrógeno, rizobia,  
envejecimiento nodular. 
 

INTRODUCTION 
 

The common bean (Phaseolus vulgaris L.) is a legume 
which formed part of the four crops [maize (Zea mays L.), 
bean (Phaseolus spp.), squash (Cucurbita maxima 
Duchesne) and chile (Capsicum annum L.)] that comprised 
the food base for the Mesoamerican people for almost 
8000 years  (Barreiro, 1997). Nowadays, vast extensions 
of America, Asia and Africa are cultivated with common 
bean (Broughton et al., 2003). 
 

An important characteristic of the common bean relies 
in its capacity for establishing mutualistic symbiotic rela-
tionships with bacteria, collectively denominated rhizobia 
(Doyle, 1994). Under limited nitrogen conditions (Schultze 
and Kondorosi, 1998) and through an exchange of molecu-
lar signals (Limpens and Bisseling, 2003), the nodule for-
mation is induced (González and Marketon, 2003), being 
this organ the place where the atmospheric nitrogen 
(N=N) is reduced to ammonia [(NH3) (Nosengo, 2003)]. 

 
The biological nitrogen fixation (BNF) has important 

agronomical and environmental implications, thus a great 
interest in learning, understanding and predicting the entire 
BNF process has been generated (Martínez-Romero, 
2003). Diverse studies have been conducted to quantify 
BNF using several methodologies. Among these, the 
acetylene reduction assay (ARA) is a simple, fast and in-
expensive method to evaluate nitrogenase activity, as an 
indirect measurement of BNF (Hardarson and Danso, 
1993). 
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However, the nodule natural aging process, known as 
nodule senescence (NS), has been scarcely documented. 
Alesandrini et al. (2003) described NS as a rapid decline 
in the BNF affecting grain yield (Lawn and Brun, 1974). 
Pfeiffer et al. (1983) defined NS as the period in which the 
activity of the residual nitrogenase is lost. For Andreeva et 
al. (1998) and Evans et al. (1999), NS is a biochemical 
and physiological event that requires transcription of new 
genes (Howard et al., 2003) starting at the final stage of 
maturation and concluding with nodule death. 
 

It has been reported that NS could be a delayed reac-
tion of the host plant against rhizobia establishment (Stae-
helin et al., 1992; Puppo et al., 2005). Regarding the on-
set of NS, some authors indicate that it coincides with root 
senescence (Fisher et al., 2002), or with the senescence of 
the whole plant (Timmers et al., 2000). Only in some spe-
cies and under certain stressing environmental conditions 
(Vikman and Vessey, 1992), NS occurs naturally at the 
start of anthesis (Andreeva et al., 1998), due to the synthe-
sis of signals generated in the shoot (Puppo et al., 2005) or 
during pod filling (Vikman and Vessey, 1993a; Andreeva 
et al., 1998). Particularly legume root-nodules are charac-
terized by an early senescence, compared with the senes-
cence of any other plant organ (Evans et al., 1999). Nod-
ule population in the root system is heterogeneous in terms 
of age, being the oldest, in the case of soybean [Glycine 
max (L.) Merrill], those formed in the main root 
(Espinosa-Victoria et al., 2000; McDermott and Graham, 
1989). NS in legumes have been induced and studied under 
different adverse environmental conditions (stress), such as 
defoliation (Matamoros et al., 1999; Muller et al., 2001), 
light suppression (Swaraj et al., 1994; Gogorcena et al., 
1997), excess of nitrates (Matamoros et al., 1999; Voisin 
et al., 2002a, b), high concentrations of NaCl (Comba et 
al., 1998; Trinchant et al., 2004), excess of contaminants 
such as cadmium (Balestrasse et al., 2004) and water defi-
cit and flooding (Gogorcena et al., 1995). 
 

The objective of the present study was to determine the 
NS onset in five cultivars of common bean with economic 
importance throughout Central México, measuring the de-
crease in nitrogenase activity as indicator, as well as its 
relationship with biomass components and with the nodules 
number and fresh weight. 
 

MATERIALS AND METHODS 
 

Five common bean cultivars with economic importance 
throughout Central México were evaluated. Three of them 
have determined growth habit (type I): ‘Bayomex’, ‘Caca-
huate 72’ and ‘Canario 107’, and two indeterminate 
growth habit (type III): ‘Negro Chapingo’ and ‘Negro Ja-

mapa’, all of them provided by the Departamento de Fi-
totecnia at the Universidad Autónoma Chapingo. 

 
The Rhizobium etli strain CE-3, a native strain from 

México and frequently used as inoculums in agricultural 
fields (Martínez-Romero, 2003), was obtained from the 
Centro de Ciencias Genómicas at the Universidad Nacional 
Autónoma de México, Cuernavaca, Morelos, México. 

 
Black bags (36 × 29 cm) used in tree nursery in a 

number of 165 were filled with 4500 cm3 of fine grained 
red tezontle of approximately 6 mm in diameter. For each 
cultivar 33 bags were planted with four seeds uniformly 
distributed at 3 cm depth. Each bag was considered as an 
experimental unit, and were thinned to one seedling one 
week after sowing (WAS). 
 

The bacterial strain was maintained in a yeast extract–
mannitol (YEM) culture medium (Graham, 1963) until 
used. The inoculation was carried out one WAS. One mil-
liliter of bacterial suspension (approximately 105 rhizobia 
mL-1) was added at the base of the stem of each seedling. 

 
The substrate was maintained at field capacity with the 

following nutrient solution: Ca (NO3)2
•4H2O (2.30 g), 

MgSO4
•7H2O (16.36 g), CaSO4

•2H2O (14.25 g), K2SO4 
(18.00 g), NaFeEDTA (0.65 g), Ca (H2 PO4)2

•2H2O (3.18 
g) dissolved in 50 L of distilled water and adjusted to pH 
5.8. For micronutrients, a stock solution was prepared by 
dissolving in 1990 mL of distilled water KCI (27.9 g), 
H3BO3 (25.0 g), MnSO4

•H2O (12.5 g), ZnSO4
•7H2O (2.7 

g), (NH4)6Mo2O24
•4H2O (5.5 g), CuSO4

•5H2O (2.5 g) and 
H2SO4 (10.8 mL). An aliquot of 10 Ml per 50 L of nutri-
ent solution was used (Fernández-Luqueño et al., 2008). 
Watering with nutrient solution and distilled water were 
alternated on a weekly basis. 
 

Acetylene reduction assay (ARA) 
 

ARA was done according to Roger (1982). At every 
sampling date, the root system of each plant was cleaned 
and placed in a 1.1 L plastic jar. Immediately, 10 % of the 
gaseous phase in each jar was replaced with acetylene (in-
dustrial grade). The root system was exposed to acetylene 
for a 2 h period at room temperature; after this period, 
samples of 9 cm3 of gaseous phase from each jar were 
taken and kept in non additive vacutainer tubes (BD Vacu-
tainer Cat. 366347). The amount of ethylene produced was 
determined  with a Varian Star 3400 CX gas chromato-
graph (CA, USA) equipped with a flame ionization detec-
tor (FID) and a column  Chrompack® Q type paraplot 
(365.8 × 0.32 × 0.22 cm) with he as the carrier gas flow-
ing at 25 mL min-1. Injection, detection and column-oven 
temperatures were set at 100 oC, 310 oC, and 32 oC,     
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respectively. An aliquot of 500 μL per sample was injected 
into the chromatograph with a Teflon seal glass syringe 
(Hamilton®, USA). 

 
Plant biomass and nodules 

 
The number and fresh weight (FW) of nodules, as well 

as the root and above ground biomass dry weight (DW) 
were determined by dehydration at 70 °C  for 72 h. The 
days from the time when plants were seeded until anthesis 
and pod filling were recorded. 

 
When plants reached commercial maturity, the FW and 

DW of stems, roots and leaves were determined, after 
these parts were dried at 70 °C by 72 h. In addition, DW 
of pods (without seeds) and DW of seeds per plant were 
registered. The pods, along with their seeds were dried at 
room temperature. 
 

Experimental design and statistical analysis 
 

The cultivars ‘Bayomex’, ‘Cacahuate 72’, ‘Canario 
107’, ‘Negro Chapingo’ and ‘Negro Jamapa’ were inocu-
lated with Rhizobium etli CE-3. Thirty three replicates 
were established per treatment. A completely randomized 
block design was used, with sampling date as the blocking 
criterion. 

 
Each week ten destructive samplings were done analyz-

ing 15 experimental units. The first sampling (block num-
ber one) was carried out one week after bacterial inocula-
tion. An additional block (number eleven), was maintained 
until the plants reached commercial maturity. 

Data were submitted to analyses of variance (ANOVA) 
and means separation with the Tukey test (P ≤ 0.05), using 
the software Statistical Analysis System (SAS®) version 
8.0 for Windows (SAS Institute, 1989). 
 

RESULTS AND DISCUSSION 
 

The maximum acetylene reduction (MAR) coincided 
with the period after inoculation (WAI) in which flowering 
began in cultivar ‘Negro Chapingo’ (Table 1, Figure 1). 
Similar results were found by Pladys and Rigaud (1988) in 
nodules of common bean, and by Andreeva et al. (1998) in 
broad bean (Vicia faba L.) nodules. Also, MAR coincided 
with the week in which pod fill began in cultivars ‘Canario 
107’ and ‘Negro Jamapa’. Vickman and Vessey (1993a), 
Andreeva et al. (1998) and Salon et al. (2001) reported 
similar data in bean, broad bean and pea (Pisum sativum 
L.), respectively. Cultivars ‘Bayomex’, ‘Cacahuate’ 72, 
‘Canario 107’ and ‘Negro Jamapa’ maintained the nitrogen 
fixation activity after flowering (Table 1), even though a 
strong decrease in carbohydrate rich compounds during 
this period has been reported (Vickman and Vessey, 
1993b). In cultivars ‘Bayomex’ and ‘Cacahuate 72’, MAR 
occurred one and three weeks after pod fill, respectively 
(Table 1, Figure 1), a stage that coincides with the onset of 
plant senescence, as reported by Timmers et al. (2000). 
The above results reveal that the onset of NS varies among 
cultivars and is not related to the phenological stage (flow-
ering o pod filling) of the host plant; similar data were re-
ported by Espinosa-Victoria et al. (2000) in soybean. Fur-
thermore, the onset of NS can vary with respect to the bac-
terial strain used as inoculum (Swaraj and Bishnoi, 1996; 
Espinosa-Victoria et al., 2000). 

 
 

 

Figure 1. Acetylene reduction assay (ARA) of five common bean (Phaseolus vulgaris L.) cultivars inoculated with Rhizobium etli CE-3, measured 
during the lifespan of the symbiosis. Bay = ‘Bayomex’, Cac = ‘Cacahuate 72’, Can = ‘Canario 107’, Cha = ‘Negro Chapingo’ y Neg = ‘Negro 
Jamapa’. gnfw = grams of nodule fresh weight. Bars represent the standard error of the estimates (P < 0.05) (n = 3).  
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Figure 2. Number of nodules, nodule fresh weight (NFW), above ground biomass dry weight (SDW) and root dry weight (RDW) of five common 
bean (Phaseolus vulgaris L.) cultivars inoculated with R. etli CE-3, measured during the lifespan of the symbiosis. Bean cultivars: ‘Bayomex’ (A), 
‘Cacahuate 72’ (B), ‘Canario 107’ (C), ‘Negro Chapingo’ (D) y ‘Negro Jamapa’ (E). Bars represent the standard error of the estimates (P < 0.05) 
(n = 3). 
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Table 1. Growth habit, weeks after inoculation when occurred the 
maximum acetylene reduction, flowering and pod filling in five culti-
vars of the Phaseolus vulgaris L.-Rhizobium etli CE-3 symbiosis. 

Growth stage 

Cultivar 
Growth 
habit 

Maximum 
acetylene 
reduction Flowering 

Pod 
filling 

  --------- Weeks after inoculation ---------- 
‘Bayomex’   I† 7 ± 0.3 b†† 4 ± 0.2 b 6 ± 0.2 b 
‘Cacahuate 72’   I 9 ± 0.4 a 4 ± 0.3 b 6 ± 0.2 b 
‘Canario 107’   I 6 ± 0.3 c 4 ± 0.3 b 6 ± 0.3 b 
‘Negro 
Chapingo’ 

  III 7 ± 0.4 b 7 ± 0.5 a 9 ± 0.4 a 

‘Negro Jamapa’   III 9 ± 0.5 a 7 ±  0.5 a 9 ± 0.4 a 
† I, determinate; III, Indeterminated.  
†† Values with the same letter are statistically the same (Tukey, 0.05). 
Values represent the mean ± standard error [n = 3 × (12 – weeks after 
inoculation)]. 
 

With the exception of cv.‘Negro Chapingo’ (Type III), 
the number of nodules decreased once MAR occurred 
(Figures 1, 2) due to the fact that aged nodules were natu-
rally detaching from the weak root tissue. Similar data 
were reported by Andreeva et al. (1998) in white lupinus 
(Lupinus albus L.) cv. ‘Start’, where they observed that 
the percentage of dead nodules increased in the phases of 
pod growth and seed filling. According to Hardarson and 
Danso (1993), Vikman and Vessey (1993a), Swaraj et al. 
(1995), after the week in which MAR occurred the nodules 
changed in color and consistency. 
 

Cultivar ‘Canario 107’ exhibited the highest above 
ground biomass DW (Figure 2) and the lowest stem and 
leaf DW; however, this did not influence the seed yield 
(Table 2). Furthermore, ‘Canario 107’ fixed nitrogen dur-
ing a short period time, showing the MAR at 6 weeks after 

sowing (Figure 1 and Table 1). On the other hand, cvs. 
‘Cacahuate 72’ and ‘Negro Jamapa’ continued fixing ni-
trogen five and two weeks after flowering, respectively, 
reaching their MAR at nine weeks after inoculation (Fig-
ure 1) and obtained the highest seed yield (Table 2). This 
suggests that the larger the time the plant takes to reach 
MAR, the seed yield is favored, and while it continues fix-
ing N2 for a longer period of time the higher the seed yield 
will be. 

 
According to the data reported by Vikman and Vessey 

(1993a) in common bean, and by Salon et al. (2001) in 
pea, the seed yield (Table 2) of the five evaluated cultivars 
was a function of the WAI in which the MAR appears 
(Table 1). Cultivars ‘Negro Chapingo’ and ‘Negro Ja-
mapa’ obtained the highest plant dry weight (Table 2), be-
cause they started flowering three weeks later than in the 
others cultivars, and had more time for dry matter accu-
mulation. 
 

In this investigation a high correlation (r = 0.83, P < 
0.01) between number of nodules and ARA was observed 
(Table 3). Therefore, nodule number and weight are reli-
able indicators of the fixing nitrogen activity. However, 
caution should be taken because of the existence of non-
nitrogen fixing plant-rhizobia symbioses (Martínez-
Romero, 2003). High correlations (r = 0.85, P < 0.01) 
were also observed between the FW of nodules and the 
above ground biomass DW, and between the nodules FW 
and the root DW (r = 0.87, P < 0.01; Table 3). Nonethe-
less, none of the above showed a significant correlation 
with MAR. 

 
 
 
 
 
Table 2. Dry weight (DW) of biomass components of five cultivars of common bean (Phaseolus vulgaris L.) inoculated with Rhizobium etli CE-3 
grown under greenhouse conditions. 
                                         Biomass components of dry weight (g/plant) 
Cultivar           WAS†           Stem         Root          Leaf              Pod  

      (without seeds) 
     Seeds 

‘Bayomex’      14.1 ± 1.0 bc††      1.6 ± 0.4 bc     1.5 ± 0.3 b      3.3 ± 0.3 abc 1.8 ± 0.3 a 4.7 ± 0.6 a 
‘Cacahuate 72’      12.9 ± 0.1 d      1.0 ± 0.2 c     1.3 ± 0.5 b      2.3 ± 0.3 bc 1.9 ± 0.4 a 5.3 ± 0.4 a 
‘Canario 107’       12.9 ± 0.8 d      1.1 ± 0.2 c     1.5 ± 0.7 b      2.2 ± 0.2 c 2.2 ± 0.4 a 5.0 ± 0.3 a 
‘Negro Chapingo’       15.3 ± 0.7 a      2.3 ± 0.2 a     2.7 ± 0.4 a      5.8 ± 0.4 a 1.7 ± 0.5 a 4.0 ± 0.3 a 
‘Negro Jamapa’        15.3 ± 0.5 a      1.8 ± 0.3 ab     2.2 ± 0.6 ab      5.4 ± 0.3 a 2.2 ± 0.5 a 5.8 ± 0.4 a 
† WAS = Weeks after sowing when the plant reached the commercial maturity.  
†† Values with the same letter are statistically the same (Tukey, 0.05). Values represent the mean ± standard error (n = 3). 
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Table 3. Correlations between different characteristics seconded on five cultivars of common bean (Phaseolus vulgaris L.) inoculated with Rhizobium 
etli CE-3 grown under greenhouse conditions. 

  Fresh weight  Dry weight   

Plant characteristic Root 
Length 

Plant 
height 

Root AGB† Root AGB 
Nodule 
fresh 

weight 

Total 
nodules 

Number 
of pods 

Pod 
fresh 

weight 

Pods dry 
weight 

Yield 
per plant 

Plant height   0.55***            
Root fresh weight  0.58***  0.64***           
AGB fresh weight  0.50***  0.64***  0.61***          
Root dry weight  0.50***  0.60***  0.62***  0.62***         
AGB dry weight  0.47***  0.57***  0.47***  0.74***  0.86***        
Fresh weight of nodules  0.30***  0.29***  0.28***  0.24  0.86***  0.85***       
Total  nodules  0.35***  0.40***  0.43***  0.49***  0.58***  0.48***  0.70***      
Number of pods   0.04  0.11 -0.03  0.20  0.30  0.36 -0.09   0.13     
Pod fresh weight  0.28 -0.03  0.08  0.32  0.20  0.26 -0.10   0.08 0.32    
Pod dry weight -0.07 -0.02  0.01 -0.07 -0.03  0.01  0.07   0.07 0.32 0.194   
Yield per plant -0.12 -0.01 -0.06 -0.09 -0.20 -0.09  0.08  -0.02 0.20 0.245 0.64***  
ARA†† -0.11 -0.01  0.15  0.25 -0.09 -0.09  0.63*** 0.84*** 0.20 0.197 0.55*** 0.64*** 

† Above ground biomass; †† Acetylene reduction assay. *** P ≤ 0.0001 
 

CONCLUSIONS 
 

The onset of nodule senescence in the symbiotic sys-
tems evaluated in this research appears to be independent 
of the phenological stage (flowering or pod fill) of the 
host plant using different cultivars. The symbiotic systems 
that maintain nitrogen fixation during a longer period of 
time exhibited the highest values of plant dry weight. Fi-
nally, from the symbiotic systems evaluated here, it is 
suggested that number of nodules and the nodule fresh 
weight can be reliable indicators for estimating nitrogen 
fixation capacity in the common bean crop. 
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