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ABSTRACT 
 

To enhance the benefits from N2-fixing symbiosis in low nitrogen fixers such as Faidherbia albida, 
knowledge is needed on how genotypes of both the host and its bacterial partner interact to influence N 
fixation-related traits of the host legume. A greenhouse experiment was carried out to investigate the variability 
of several traits with respect to provenance, rhizobial strain and their interactions. Four West African 
provenances of F. albida were inoculated with five proven effective strains and grown for two months. 
Provenance x strain interactions were significant only for shoot N concentration (%N) and total shoot N uptake 
but their contributions to total phenotypic variances were rather low (6-10%). Because of large differences 
among provenances in growth performance the host genotype showed the greatest contribution (70.7%) to the 
variability in total shoot N uptake. Variability in %N in turn was mostly related to strain effectiveness (71.2%). 
These results suggest that under conditions of N deficiency, growth performance and shoot N concentration 
provide reliable selection criteria when screening for improved N2-fixation in F. albida. 
© 2009 International Formulae Group. All rights reserved. 
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INTRODUCTION 

In most arid and semi-arid areas of 
Africa, there is a growing concern about the 
overexploitation and subsequent degradation 
of natural resources. In many regions such as 
the Sahel, where rural populations 
predominantly rely on forest resources for 
survival, continuing anthropogenic pressure 
on vegetation and soils is leading to both 
severe land degradation and low productivity 
of farming systems (Gijsbers et al., 1994; 
Timmer et al., 1996).  

Tree and shrub legumes are pioneer 
species that are widely recognised to play 
important roles during the early phases of the 
restoration process. Many of them, like native 
Acacia and Faidherbia species, have the 
ability to form N2-fixing nodules in 
association with rhizobia (Dreyfus and 

Dommergues, 1981; Workman, 1986; Ndoye 
et al., 1995). These N2-fixing trees (NFTs) 
may directly meet their N requirements from 
symbiotically fixed N, which allows them to 
thrive even on soils of low nutrient status. In 
addition, NFTs have potential for fuel wood 
and various other useful products such as 
pharmaceuticals, gums, and both N-rich 
fodder and mulch. 

A substantial body of work has 
highlighted the importance of introducing 
appropriate N2-fixing systems to improve 
plant establishment and growth (Galiana et al., 
1994, 1998; Gueye et al., 1997; Sutherland et 
al., 2000; Lesueur and Sarr, 2008). There are 
generally strong interactions between NFTs 
and root-nodule rhizobia, resulting in a key 
factor that determines the efficiency of the 
nodulation and N2-fixation (Bala and Giller, 
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2001; Thrall et al., 2007). Estimates of 
indigenous rhizobia in soil samples collected 
from various sites were reported to be 
dependent upon the trap host species (Odee et 
al., 1995; Bala et al., 2003), indicating 
specific requirements of NFTs for rhizobial 
strains to form nodules. Other studies have 
reported that host germplasm x rhizobial 
strain interactions also influence the symbiotic 
properties at the provenance level within 
NFTs such as Acacia mangium (Galiana et al., 
1994, Rahman et al., 2000), A. nilotica and A. 
Senegal (Sarr et al., 2005a, 2005b), and F. 
albida (Sniezko and Stewart, 1989; Dianda 
and Chalifour, 2002). These findings suggest 
that enhanced N2-fixation may be achieved by 
selecting host provenance x rhizobial isolate 
combinations. Awonaike et al. (1992) and 
Dommergues (1995) recommended that 
selection for improved symbiotic traits should 
be best based on knowledge of the 
quantitative assessment of such interactions. 
In Gliricidia  – rhizobium symbiosis for 
example, Awonaike et al. (1992) found that 
the host-germplasm x strain interaction 
accounted for more than 50% of the total 
variability in the N2-fixation.  

F. albida is a common NTF with a 
restoration value that will likely benefit from 
symbiotic improvement because the species 
consistently ranks among those with low 
potential for N2-fixation, as evaluated using 
15N methods (Sanginga et al., 1990; Ndoye et 
al., 1995; Gueye et al., 1997; Sutherland et al., 
2000). However, there are genotypic 
differences in the N2-fixing potential of F. 
albida, which suggest the possibility to select 
pairs of symbionts for enhancing N2-fixation 
(Sanginga et al., 1990). In a previous 
screening for better symbiosis, Gueye et al. 
(1997) used seven F. albida provenances and 
only one effective strain as inoculant in the 
nursery; the best one was subsequently 
transplanted in the field using another 
effective rhizobial strain for inoculation. The 
suitability of this approach, which implies the 
separate selection of the host germplasm and 
rhizobia, however, needs to be further 
confirmed because the interaction component 
of the variability was clearly overlooked. We 
hypothesised that if this procedure is relevant, 
then the provenance x strain interaction 
should account for only minor contributions to 

variations relative to host and rhizobial 
factors.  

Therefore, the present study aimed at 
investigating the effects of host genotype x 
rhizobium strain interactions on the growth 
performance and N nutrition in F. albida. The 
experiment used several F. albida 
provenances and the rhizobial strain already 
tested in the nursery by Gueye et al. (1997), as 
well as other rhizobial isolates derived from 
root-nodules of F. albida. The objective was 
to determine whether there are symbiotic-
related traits for which the dual selection 
procedure should be used for optimal N2-
fixing efficiency. 
 
MATERIALS AND METHODS 
Plant material and cultivation 

Four provenances of F. albida were 
used in this study: Pire supplied by D.R.P.F. 
(Direction des Recherches sur les Productions 
Forestières) and Kabrousse (our collection), 
both from Senegal, and Dem and Gomblora, 
both obtained from C.N.S.F. (Centre 
Nationale des Semences Forestières), Burkina 
Faso. Seeds from Kabrousse were collected 
from one F. albida mother tree located in 
paddy fields in southern Senegal. Seeds of 
each provenance were scarified for one hour 
in concentrated H2SO4 and thoroughly rinsed 
with sterile distilled water until all traces of 
acid were removed. The seeds were then 
placed on sterile agar/water (0.8% v/w) plates 
and germinated in the dark at room 
temperature. After 48 h seedlings were 
aseptically transferred to tubes (180 x 16 mm) 
(one per tube) containing agar slant of N-
deficient Jensen’s medium (Vincent, 1970). 
The plants were subsequently watered using 
sterile distilled water. 
 
Rhizobium strains and inoculation 

Five rhizobial strains, ORS136, 
ORS167, ORS179 and ORS188 (Dupuy and 
Dreyfus, 1992) isolated from F. albida in 
Senegal, and Z3 isolated from the same 
species in Burkina Faso, were used. These 
strains originated from soils sampled at 
different depths. The strains were cultured in 
yeast extract mannitol broth (Vincent, 1970) 
and incubated at 28 °C for 5 days. The 
seedlings were inoculated with 100 µl of the 
broth cultures containing approximately 108 
cells.ml-1.   
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Experimental design and treatments 
The experiment was a factorial 

combination of the provenances, and the 
rhizobium strains including an uninoculated 
control. The overall experiment comprised 24 
treatments each with five replications. After 
inoculation, the tubes were arranged in a 
completely randomised design in a growth 
room at 30 °C. 
 
Harvest 

Two months after inoculation, nodule 
number, plant height and tap root length were 
recorded. The plants were separated into 
shoots, roots and nodules. Each plant part was 
oven-dried for 48 h at 65 °C and weighed. 
Because biomass was limited, dried shoots 
from each treatment were randomly separated 
into two replicates, and finely ground. The 
nitrogen content was determined by the 
Kjeldahl method. Amounts of N derived from 
N2-fixation were estimated using the total N 
difference method (Danso, 1995). 
 
Data analysis 

For each variable, data were tested for 
homogeneity of variance and then subjected to 
a two-way analysis of variance (ANOVA) 
using the General Linear Model procedures 
(GLM) (SAS, 1990). Wherever the 
provenance x strain interaction was 
significant, data for uninoculated treatments 
were discarded. Means squares of the 
ANOVA were further used to derive the 
appropriate variance components related to 
each factor (provenance, strain and 
provenance x strain, respectively). Values 
were expressed as proportion of the total 
variance to illustrate the relative contributions 
of these variance components to the overall 
symbiotic variability. Means were compared 
using Duncan’s multiple range test (P<0.05).  
 
RESULTS 
Plant growth 

Faidherbia albida seedlings grown in 
test tubes typically developed vigorous tap 
roots and thin lateral roots usually embedded 
in the agar slant. However, there were large 
variations in seedling morphological traits at 
two months. The provenances from Senegal 
showed greater seedling size than those from 
Burkina Faso, with the highest values (means 
overall inoculation treatments) for plant 

height, tap root length, and shoot and root dry 
weights (DWs) (P<0.001; Table 1). Kabrousse 
performed best, with more than 4 -5 times 
higher DWs than the poorest performing 
Gomblora (P<0.001). In contrast, Dem and 
Gomblora showed no significant differences 
in plant growth characteristics. Significant 
differences also occurred between the 
inoculation treatments in seedling growth 
parameters. The uninoculated control plants 
gave the lowest means (averaged overall 
provenances) for the measured growth 
parameters (P<0.001; Table 2). 
 
Nodulation 

The seedlings were well nodulated in 
all treatments except for the uninoculated 
control plants that were free of nodules. 
Nodulation parameters, however, varied 
significantly among the provenances and also 
among the strains (all P<0.001). The 
Kabrousse provenance had the highest mean 
number of nodules and DW of nodules (36.9 
nodules and 25.5 mg.plant-1) (Table 1). The 
three other provenances had almost similar 
nodule number in the range of 22.9 to 27.1 
nodules plant-1, except that the mean nodule 
DW was significantly greater for the Pire 
provenance (20.2 mg plant-1). Over all the 
provenances, the nodule number was the 
greatest for seedlings inoculated with the 
ORS167 strain from Senegal, and the lowest 
for those inoculated with the Z3 strain from 
Burkina Faso (Table 2). However, seedlings 
inoculated with the ORS136 strain gave the 
highest DW of nodules (29 mg), which was 
similar to the value recorded for the ORS167- 
inoculated seedlings (25.3 mg.plant-1). 

 
Shoot N content and N2-fixation 

The shoot N concentration (%N) 
varied significantly among the strains 
(P<0.001), whereas the shoot total N uptake 
was influenced by both provenance and strain 
(all P<0.001). Moreover, provenance x strain 
interaction was significant for both shoot N 
content (P<0.01) and N2 fixation (P<0.05). 
However, these interactions appeared to ac-
count for relatively minor contributions to the 
overall variability (6 and 10%, respectively) 
(Table 3). Among-provenances variation had 
the highest contribution (70.6%) to the total 
variability in shoot total N uptake. Similarly, 
among-strains variation represented 71.2%
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               Table 1: Height, dry weight (DW), nodulation, and shoot nitrogen (N) uptake of the four provenances at two months. 
 

 

Provenance Height Shoot Root Nodules Shoot N 
DW

Tap root
lenght DW Number DW  N Total N fixed-N

(cm) (mg) (cm) (mg) (mg) (%) (mg) (mg)

Kabrousse 19.0 a 262.8 a 22.8 a 104.7 a 36.9 a 25.5 a 2.0 a 5.3 a 3.6 a
Pire 16.9 b 206.8 b 21.3 b 94.0 b 27.1 b 20.2 b 1.9 a 4.0 b 2.8 b
Dem 13.1 c 130.3 c 20.2 c 75.0 c 28.2 b 16.3 c 2.1 a 2.8 c 2.1 c
Gomblora 12.1 c 129.5 c 19.0 c 77.7 c 22.9 b 15.0 c 1.9 a 2.6 c 1.5 c

 
Values followed by the same letter within columns are not significantly different using Duncan’s multiple range test (P<0.05). 
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                 Table 2: Effects of five rhizobium strains on height, dry weight (DW), nodulation, and shoot nitrogen (N) uptake of two-month old seedlings  
                 of F. Albida.. 
 
  

Rhizobium Height Shoot Root Nodules Shoot N 
strain DW

Tap root
lenght DW Number DW

(cm) (mg) (cm) (mg) (mg) (%) (mg)

ORS136 15.7 ab 185.1 ab 21.4 b 81.4 c 31.0 bc 29.0 a 2.7 a 5.1 a
ORS167 15.2 ab 189,0 ab 23.4 a 104.5 a 45.2 a 25.3 ab 1.8 c 3.6 b
ORS179 14.6 b 182.5 b 20.6 b 83.1 c 34.7 bc 22.3 bc 2.0 bc 3.5 b
ORS188 17.0 a 207.5 a 20.7 b 98.8 ab 35.1 bc 20.5 bc 1.8 c 3.7 ab
Z3 17.1 a 206.7 a 20.5 b 91.2 bc 26.2 c 17.5 c 2.2 b 4.5 ab
Control 11.9 c 117.7 c 18.3 c 66.6 d 0.0 - - 1.3 d 1.6 c

 
                       Values followed by the same letter within columns are not significantly different using Duncan’s multiple range test (P<0.05).  
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Table 3: Summary of analysis of variance (ANOVA) and components of total phenotypic variance 
for shoot nitrogen concentration (%N) and total shoot N uptake in F. albida / rhizobium symbiosis. 
 

 

Source aDf bMS Variance components Percentage of
 total phenotypic 
variance

Estimates Values

Shoot N concentration (%N)

Provenance (P) 3 1302.5  1053.0/10 105.3 5.6
Strain (S) 4 10890.2  10640.6/8 1330.1 71.2
PxS 12 615.8  366.2/2 183.1 9.8
Error 20 249.6 249.6 249.6 13.4
Total 39 1868.0 100.0

Total shoot  N (mg plant-1)

Provenance (P) 3 202845.7 200422.9/10 20042.3 70.7
Strain (S) 4 36646.6 34223.7/8 4278.0 15.1
PxS 12 5635.7  3212.8/2 1606.4 5.7
Error 20 2422.8 2422.8 2422.8 8.5
Total 39 28349.5 100.0

 
a Degree of freedom; b Mean square 
 
 
of the total variability in the %N. 
Furthermore, the strain component of variance 
contributed more to the total variability in 
total N (15.1%) than did the provenance 
component to the %N (5.7%).  

The provenances showed almost 
similar shoot %N, while both total shoot N 
and amount of N derived from fixation 
followed similar trends as for plant growth-
traits (Table 1). The Kabrousse provenance, 
with 5.3 mg N plant-1 (from which 3.6 mg was 
fixed-N), performed the best in shoot N 
uptake and N2-fixation, followed by Pire, both 
from Senegal. Total shoot N and estimates of 
N2-fixation were the lowest for the two 
provenances from Burkina Faso (Dem and 
Gomblora). The shoot %N and total shoot N 
uptake were consistently lowest for the 
control plants (table 2). Among the inoculated 
treatments, the shoot %N was greatest for the 
ORS136-inoculated plants. There were three 
most efficient strains (ORS136, ORS188 and 
Z3) in total shoot N accumulation with values 
ranging from 3.7 to 5.1 mg.plant-1 (Table 2). 

DISCUSSION 
In this study, single strain inoculation 

of F. albida seedlings improved plant growth 
characteristics as well as shoot N content, 
confirming the ability of this leguminous tree 
species to derive ample benefits from 
established N2-fixing symbiosis under 
conditions of extreme N scarcity (Dupuy and 
Dreyfus, 1992; Njiti and Galiana, 1996). 
There were also large variations among the 
provenances and the inoculants in all N2-
fixation traits, which suggest great 
possibilities of improvement through selection 
for enhanced symbiotic properties. It is clear 
however, that this potential should be 
considered with caution since our results were 
derived from plants when only two months. 
Nevertheless, it could be valued when 
selecting provenances and rhizobia at a very 
earlier stage of plant growth (for example, in 
preliminary screenings of large materials). 

In fact, the provenances used here are 
part of a larger range that was previously 
tested for six months in the nursery by Gueye 
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et al. (1997). While the objective of these 
authors was to improve N2-fixation by 
selecting the host genotypes, our study aimed 
at further extending this earlier work by 
providing a basis for predicting to what extent 
the method they used for selection can be 
successful. Interestingly, our results showed 
that significant provenance x strain 
interactions also occur in some important 
selection criteria like shoot N concentration 
(%N) and total shoot N. Even though this 
suggests that combinations of provenances 
and rhizobial strains should be selected 
(Galiana et al., 1994; Dommergues, 1995), the 
results further showed that the contributions 
of these effects to the corresponding 
phenotypic variances were rather low (6-
10%), compared with similar values (>50%) 
reported by Awonaike et al. (1992) in 
Gliricidia sepium.  

If the interaction effect showed above 
is assumed to be negligible, then the 
information useful for devising a method for 
selection would rely solely on host germplasm 
and rhizobia. The provenance factor appeared 
to be the major determinant (70.7%) of the 
total phenotypic variation in total shoot N 
while the bacterial factor contributed the most 
(71.2%) to variation in shoot %N. The 
relatively low contribution of the host factor 
to the variability in shoot %N indicates that 
inherently low provenance diversity in %N is 
to be expected in F. albida. This is consistent 
with findings that when raised under uniform 
conditions, provenances of F. albida derived 
from the same native range tend to have 
similar shoot N concentrations (Sniezko and 
Stewart, 1989). Moreover, our results 
demonstrated that the variation in %N was 
mainly related to strains’ effects. As shown by 
previous studies a wide range of symbiotic 
effectiveness occurs among rhizobial 
populations in soils (Bala et Giller, 2001; 
Thrall et al., 2007), which may account for the 
variation in seedling shoot %N both among 
nurseries and between provenances within 
nurseries observed by Sniezko and Stewart 
(1989). This study also showed a clear 
relationship between the amount of shoot N 
uptake and the growth ability of the host 
genotype, which supports the findings of 
Sanginga et al. (1990) suggesting growth 
performance to be a major determinant of N 
cycling in F. albida and other N2-fixing trees. 

From the current results therefore, a 
two-step screening procedure consisting of 
identifying the best growth performer among 
provenances on one hand, and selecting the 
most effective strain as microbial inoculant on 
the other hand, seems to be a better way to 
enhance N2-fixation. This is in accordance 
with the work of Gueye et al. (1997) who used 
a similar approach by first selecting 
provenances of F. albida for improved N2-
fixation. There were clear-cut differences 
between F. albida provenances in growth 
patterns and nodulation parameters with 
Kabrousse being the best performer. The 
ranking of the four provenances based on 
shoot DWs was almost similar to that reported 
at six months (on the basis of plant parts 
DWs) (Gueye et al., 1997), indicating that the 
above ground biomass of seedlings can be 
considered as a reliable criterion for early 
selection of provenances in F. albida.  

There were also consistent growth 
responses to inoculation regardless of the 
provenance, which suggest that all the strains 
used were actively fixing. The broad grouping 
of inoculants based on seedling growth traits 
indicates that they had possibly similar levels 
of effectiveness. The extent of growth 
responses, however, was much greater than 
that reported for effective strains by Njiti et 
Galiana (1996). Dupuy and Dreyfus (1992) 
using the ARA (acetylene reduction activity) 
method reported the strains isolated in 
Senegal (ORS136, ORS167, ORS179 and 
ORS188) as being highly effective. The 
values of shoot %N indicate that the strain 
ORS136 was the most outstanding. Such 
differences between studies and criteria in the 
estimates of symbiotic properties of rhizobial 
isolates, stresses the need to screen at least 
several proven effective strains in order to 
ensure that the best ones are further used as 
inoculants. Selecting but one strain can be 
risky because strains may not be adapted to all 
environments, or may lose effectiveness 
(Sutherland et al., 2000; Lesueur and Sarr, 
2008).  

Unlike plant genotypes for which 
growth traits provide relatively good criteria 
for selection, such morphological features are 
proven less reliable for assessing the 
effectiveness of rhizobial strains, largely 
because plant response to inoculation can be 
restricted by inappropriate environmental 
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factors (Deans et al., 1993; Sutherland et al., 
2000). In experiments using 15N techniques 
however, the nodule enrichment in 15N 
relative to shoots has been shown to provide 
good estimates of symbiotic effectiveness in 
several N2-fixing tree species including F. 
albida (Sutherland et al., 2000). Similarly, our 
observation above relating the %N to 
effectiveness of strains show that under N free 
conditions, shoot N concentration likely 
provides a more accurate criterion for 
screening strains than growth traits 
measurements. However, because N2-fixing 
symbiosis in F. albida can vary greatly in 
their ability to tolerate combined N stresses 
(Dianda and Chalifour, 2002), N 
concentration may be a less suitable N2- 
fixation criterion under N-rich conditions.  
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