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Abstract Rhizobial inoculation has a positive impact on

plants growth; however, there is little information about its

effect on soil microbial communities and their activity in

the rhizosphere. It was therefore necessary to test the effect

of inoculation of Acacia senegal (L.) Willd. seedlings with

selected rhizobia on plant growth, structure and diversity of

soil bacterial communities and soil functioning in relation

to plant provenance and soil origin. In order to carry out

this experiment, three A. senegal seeds provenance from

Kenya, Niger, and Senegal were inoculated with selected

rhizobial strains. They have been further grown during

4 months in greenhouse conditions in two non-disinfected

soils, Dahra and Goudiry coming respectively from arid

and semi-arid areas. The principal component analysis

(ACP) showed an inoculation effect on plant growth,

rhizospheric bacterial diversity and soil functioning.

However, the performances of the rhizobial strains varied

in relation to the seed provenance and the soil origin. The

selected rhizobial strains, the A. senegal provenance and

the soil origin have modified the structure and the diversity

of soil bacterial communities as measured by principal

component analysis/denaturing gradient gel electrophoresis

analyses. It is interesting to note that bacterial communities

of Dahra soil were highly structured according to A. sen-

egal provenance, whereas they were structured in relation

to rhizobial inoculation in Goudiry soil. Besides, the

impact of inoculation on soil microbial activities measured

by fluorescein diacetate analyses varied in relation to plant

provenance and soil origin. Nevertheless, total microbial

activity was about two times higher in Goudiry, arid soil

than in Dahra, semi-arid soil. Our results suggest that the

rhizobial inoculation is a suitable tool for improving plants

growth and soil fertility. Yet, the impact is dependent on

inoculants, plant provenance and soil origin. It will,

therefore, be crucial to identify the appropriate rhizobial

strains and plant provenance or species in relation to the

soil type.
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Abbreviations

DGGE Denaturing gradient gel electrophoresis

EDTA Ethylenediamine tetraacetic

FDA Fluorescein diacetate

PCA Principal component analysis

PCR Polymerase chain reaction

RFLP Restriction fragment length polymorphism
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Introduction

Soil microbes maintain the soil structure and facilitate the

degradation of organic matter, nutrient cycling and carbon

sequestration in all terrestrial ecosystems, (Groffman and

Bohlen 1999). Zak et al. (1995) suggest that the high

environmental variability and resource heterogeneity

associated with arid ecosystems may increase microbial

functional diversity. This means that microorganisms play

a pivotal role in nutrient availability, plant growth and

plant health. The soil microbial community plays a central

role in the turnover of organic matter and the cycling of

almost all major plant nutrients (Doran and Zeiss 2000;

Xu et al. 2009). It is therefore a key factor that influences

the functioning of the ecosystem and the sustainability of

the soil resource (Sparling 1997). Soil microbes secrete

extracellular enzymes that enhance the decomposition of

organic matter and the transformation of nitrogen com-

pounds (Koch 1916). The soil enzyme activities reflects the

dynamics of microbial metabolic processes associated with

nutrient cycling and are sensitive indicators of environ-

mental stresses caused by the degradation of the quality of

the soil. In this respect, microbial parameters have been

used as indicators of soil health (Alkorta et al. 2003;

Franchini et al. 2007) because soil microorganisms are

sensitive to land use and management and can be used

to indicate soil health (Sparling 1997; Chen et al. 2000;

Gomez et al. 2000; Li et al. 2004; Zhang and Xu 2008).

Furthermore, various types of soil managements can

increase soil microbial biomass and activity (Balota et al.

2003) and populations of beneficial microorganisms such

as the nitrogen-fixing bacteria (Hungria and Vargas 2000).

For example, rhizoidal inoculation of legumes can increase

N2 fixation and plant yield, improve the seed quality (Khan

et al. 1997; Saini et al. 2004) and the plants abiotic stress

tolerance (Diouf et al. 2005). However, despite the positive

impact of rhizobial inoculation on plants growth, little

information is available about the effect of rhizobial

inoculation on soil microbial communities and their

activity in the rhizosphere. Furthermore, introduction of

microbial agents into the environment may cause adverse

perturbations of the native soil microbiota and the nutrient

turnover processes in which they are involved (Johansen

et al. 2005).

Change in soil functioning and microbial community in

the rhizosphere seems to be related to the plant host. Van

Dillewijn et al. (2002) has determined the effect of Ensifer

meliloti on the rhizospheric microbial community of alfafa

(Medicago sativa), its host plant. They made the finding

that the plant appeared to have a much stronger influence

on the microbial community compared with an E. meliloti

inoculation. Schwieger and Tebbe (2000), on their part,

studied the impact of rhizobial inoculant, E. meliloti, on the

microbial communities of M. sativa rhizosphere and found

out that both plant species and inoculants had an effect on

the rhizosphere structure.

However, other studies have reported that shift of

microbial community after inoculation would depend on

the type of soil. Recently, Nimnoi et al. (2010) have con-

cluded that the differences of bacterial community struc-

ture depend greatly on plants and soil rather than on

inoculants. Therefore, the bacterial communities and

diversity in rhizosphere depend highly on their ability to

take advantage of a specific environment or to adapt and

change conditions. On the other hand, Costa et al. (2006)

have demonstrated that the plant species exert a greater

influence on the rhizosphere microbial communities than

the sampling sites. While, Kotani-tanoi et al. (2007) dem-

onstrate that microbial diversity is affected not only by host

plants but also by soil compositions.

Acacia senegal, a legume nitrogen-fixing species, has

been chosen for this experiment as it is important for

reclaiming degraded and abandoned agricultural lands

because of its capability to improve soil properties (Njiti

and Galiana 1996). This study therefore aims at high-

lighting the impact of inoculation of A. senegal seedlings

with selected rhizobia on plants growth, rhizospheric soil

bacteria diversity and structure and, on soil functioning in

relation to the A. senegal seeds provenance and the type of

soil.

Materials and methods

Soils samplings

The soils used for the experiment were collected in Senegal

during the dry season in April 2008 from Dahra (Lat. 15�
21 N; Long. 15� 29 W) and Goudiry (Lat. 14� 11 N; Long.

12� 43 W). The average rainfall falling from June to

October in Dahra and Goudiry zones have been represented

in Table 1. The soils have been sampled from the top

25 cm of rhizospheric soil of A. senegal plantations. They

have been passed through a coarse sieve (2 mm mesh) to

remove stones and large pieces of organic matter. Then,

physico-chemical analyses have been conducted at LAMA

(Laboratoire des moyens analytiques), IRD, Dakar, Sene-

gal (Table 2).

Plant growing and rhizobial inoculation

Acacia senegal (L.) Willd. seeds have been collected from

Dahra in Senegal, Tera in Niger and Makueni in Kenya.

Seeds scarification and germination have been achieved as

described by Fall et al. (2008). Seedlings have been trans-

planted individually into 12 cm x 8 cm plastic bags filled
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with non-sterilized soil from Dahra and Goudiry. The

planted bags have been kept in greenhouse conditions

(25 �C day, 20 �C night, 10 h photoperiod). The seedlings

have then be inoculated with 5 ml bacterial suspension,

containing about 109 cells ml-1 of each strain, or 5 ml of the

culture medium without incorporated bacteria for the control

treatments. The nine rhizobial strains used in this study for

the inoculation tests have been isolated from A. senegal

rhizospheric soils in Dahra and Goudiry (Table 2) and rep-

resenting the IGS profiles defined by RFLP (data not given).

These rhizobial strains were selected on the basis of their

symbiotic infectivity and effectiveness. The 16S sequences

of rhizobial strains were then submitted to Genbank and

were allocate with the following accession numbers: ORS

3573 (JQ039728), ORS 3574 (JQ039729), ORS 3588

(JQ039735), ORS 3593 (JQ039736), ORS3600 (JQ039741),

ORS 3604 (JQ039739), ORS 3607 (JQ039737), ORS 3610

(JQ039732), ORS 3628 (JQ039740). Two rhizobial strains

have been added in the study as reference, CiradF 300 (Sarr

et al. 2005) and ORS 3416 (Fall et al. 2008).

Experimental design

The experimental design was a randomized complete

block. Each block was divided into seven plots; two plots

represented soil origins (Dahra and Goudiry); three plots

represented seed provenances (Senegal, Niger and Kenya);

two plots represented the inoculation treatment (inoculated

separately with eleven rhizobial strains and non-inoculated

control). Each plot had twelve repetitions. After 4 months

of growth, shoots, roots and nodules have been separated

and weighed after drying (at 80 �C for 3 days) and the dry

weight recorded. Shoot nutrient concentrations (total N,

total P and total C) have been evaluated on crushed shoot

dry matter. Thus, for each A. senegal provenance associ-

ated to a soil origin, four inoculation treatments were

selected for their efficiency on the basis of plants total dry

matter and non-inoculated control. The analysis was car-

ried out at LAMA (Laboratoire des Moyens Analytiques)

IRD, Dakar, Senegal. The data were analysed using SPSS

software version 13 and the means were compared with the

Student–Newman–Keuls range test (P \ 0.05). A principal

component analysis (PCA) has also been carried out on the

basis of the following parameters: inoculation treatments,

plants total dry matter, shoot nutrient concentrations (N, P

and C), rhizospheric bacterial diversity and soil functioning

using XLSTAT version 2010.

PCR/DGGE of rhizospheric soil samples of plants

The aim of the DGGE analysis was to highlight the impact

of inoculation with selected rhizobia on rhizospheric bac-

terial community diversity and structure in relation to plant

provenance and soil origin.

After 4 months of growth, structure and diversity of

bacterial community in rhizospheric soil of seedlings were

evaluated for the most efficient four inoculation treatments

and the control as nutrient concentrations analysis. A

composite soil sample was obtained after pooling the rhi-

zospheric soil of the twelve plants inoculated with the same

rhizobial strain. The soil samples have been sieved through

a 2 mm grid, crushed and then stored at 4 �C in clean

plastic bags to stabilize the microbial activity. Bacterial

community diversity in soil samples collected from bags

Table 1 Average annual rainfall at Dahra (arid zone) and Goudiry (semi-arid zone)

Soil origin Climatic zone Average annual rainfall (mm)

2007 2008 2009 2010 2011

Dahra Arid 337.7 334.2 503.8 689.4 392

Goudiry Semi-arid 644.7 1020.3 782.8 671 529.2

Data were collected at Dahra from the Experimental Station of Institut Sénégalais de Recherches Agricoles (ISRA)/Centre de Recherche
Zootechnique (CRZ) and at Goudiry from the Water and Forests Office

Table 2 Physico-chemical characteristics of soils sampled from

Dahra and Goudiry

Soil characteristics Dahra Goudiry

% Clay 3.57a 6.87b

% Silt 10.3a 19.1b

% Sand 85.3b 73.87a

pH H2O 5.97 5.96

pH KCl 5.41 5.41

% Total C 0.52a 0.77b

% Total N 0.053a 0.075b

C/N 10 11

Available P (mg/kg) 8.01a 8.29a

Total P (mg/kg) 49a 79.33b

% Ca (meq) 0.92a 1.33b

% Mg (meq) 0.423a 0.417a

% K (meq) 0.20a 0.28b

% Na (meq) 0.107a 0.147a

For each line, values followed by the same superscript letter are not

significantly different according to Student–Newman–Keuls test

(P \ 0.05)
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has then been investigated using denaturing gradient gel

electrophoresis (DGGE) of amplified 16S rRNA gene

fragments.

Extraction of soil total DNA

Three replicates have been made for each soil sample. The

total DNA was extracted from 0.5 g aliquots of soil by

adding 0.2 g glass beads (Sigma, 0.1 mm) and 1 ml lysing

buffer (0.25 M NaCl, 0.1 M EDTA; pH 8) and by bead-

beating the suspension (Bead-beater, Biospec products,

Qiagen) twice for 2 min with 2 min heat treatment (65 �C)

in between. The subsequent steps have been carried out as

described by Porteous et al. (1997) and as modified by Fall

et al. (2004). The crude DNA was purified with the fast

DNA purification kit, Wizard DNA clean-up System

(Promega) in accordance with the manufacturer’s instruc-

tions. The DNA quantification was performed by fluometry

with Geldoc software version 1000 (Bio-Rad Laboratories)

using the DNA quantification kit fluorescence assay

(Sigma, DNA-QF).

PCR/DGGE analysis

The PCR amplification targeting total 16S rDNA bacterial

community has been performed using the eubacterial pri-

mer pair 338f-GC (Ovreas et al. 1997) and 518r (Muyzer

et al. 1993). The DNA extracted from the three replicates

was pooled for each soil sample. PCR-DGGE analysis of

total soil bacterial community was then performed as

described by Assigbetse et al. (2005). DGGE analysis has

been carried out by using 8 % acrylamide gels [acrylam-

ide- bisacrylamide 40 % (37.5:1)] with a 45–70 % dena-

turant gradient, where 100 % denaturant was defined as

7 M urea plus 40 % formamide. Total Lab 120 version

2006 software (Nonlinear Dynamics Ltd) has then been

used to calculate the percentage of similarity among lanes

by taking into account the migration distance and the rel-

ative intensity of all the bands. DGGE profiles were then

compared and unweighted pair group method cluster

analysis has been used to produce the dendrograms.

The species richness on DGGE gels (R) has been cal-

culated as the number of bands presents (Vivas et al. 2009).

The structural diversity of the bacterial community has

then been examined with the Shannon index of general

diversity H0 (Shannon and Weaver 1963). In order to carry

out these analyses, each band has been presumed to rep-

resent the ability of the given bacterial species to be

amplified (Vivas et al. 2009). The intensity of the bands

was reflected as peak heights in the densitometry curve.

The Shannon H0 has been calculated from the following

equations:

H0 ¼ �
X

Pi log Pið Þ

Pi = ni N-1; ni = height of peak and N = sum of all peak

heights in the curve.

Soil microbial activity

The soil functioning has been studied on the same samples

that were used for shoot nutrient concentrations analysis

and bacterial diversity studies. The total microbial activity

in soil samples has been measured with the fluorescein

diacetate (30, 60,-diacetylfluorescein [FDA]) hydrolysis

assay according to the method of Alef (1998) in which

fluorescein released has been assessed calorimetrically at

490 nm, after 1 h of soil incubation. The total microbial

activity is expressed as lg of product adjusted for back-

ground fluorescence per hour and per gram of soil.

Results

Total dry weight of A. senegal provenances

The degree of A. senegal seedlings response to inoculation

with selected rhizobial strains varied according to the rhi-

zobial strain, the provenance and the soil origin (Fig. 1).

For each soil, the efficiency of rhizobial strains varied

depending on the provenances used. Rhizobial inoculation

increased Senegalese seedlings provenance growth

regardless of the soil origin. However, the highest inocu-

lation effect was observed for soil originating from the arid

area of Dahra (Fig. 1a). Save from the inoculation with the

strain ORS 3628, the total dry matter was significantly

greater in both inoculated treatments in comparison with

the non-inoculated control in Goudiry soil. The highest

growth (92 % compared to the non-inoculated control) was

observed for seedlings inoculated with the strain ORS

3604.

Rhizobial inoculation increased the growth of the

Niger’s seedlings provenance, regardless of the soil origin

(Fig. 1b). However, and similarly to the Senegalese prov-

enance, the inoculation effect was more notable for Dahra

soil. Indeed, a significant difference was observed for the

growth of seedlings inoculated with the rhizobial stains

ORS 3573 and ORS 3604. The seedlings growth was

increased by 62 and 68 %, respectively by inoculation with

the strains ORS 3573 and ORS 3604 when compared to the

non-inoculated control seedlings. For the Niger’s prove-

nance the inoculation effect was less marked in Goudiry

soil. The total dry weight was significantly improved only

when seedlings were inoculated with the strain ORS 3604

(91 %) as compared to the non-inoculated control seed-

lings. The negative effects of inoculation were shown on
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growth of seedlings grown in Goudiry soil and inoculated

with the strains ORS 3573 and ORS 3628, where the total

dry weight was reduced by 23 and 17 %, respectively, as

compared to the non-inoculated plants.

For the Kenyan provenance, it was interesting to note

that the rhizobial inoculations treatments improved sig-

nificantly the total dry matter of plants in Goudiry soil

(Fig. 1c). The best performance was observed for seedlings

inoculated with the strain ORS 3593. The plant total dry

weight was increased by 124 % in comparison to the non-

inoculated control. On Dahra soil, inoculation enhanced the

plants total dry weight. However, there was a significant

difference between the treatments.

Inoculation impact on shoot nutrient concentrations

Results presented in Table 4 show that the overall shoot

nutrient contents (total N, P and C) of inoculated seedlings

was higher as compared to non-inoculated control. How-

ever, the degree of improvement varied according to the

plant provenance and soil origin. The nutrient contents

Fig. 1 Total dry weight of

seedlings of 3 A. senegal
provenances collected from

Senegal (a), Niger (b), and

Kenya (c) as influenced by

inoculation with selected

rhizobia strains at the end of

four months of culture under

greenhouse conditions on non

sterile Senegalese soils sampled

from arid (Dahra) and semi-arid

areas (Goudiry). For each soil

origin, means of values affected

to the same letter are not

significantly different at 5 %

Student–Newman–Keuls test
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were obviously higher in the Kenyan A. senegal prove-

nance, irrespective of the soil origin.

In Dahra soil, total P and total C contents of the Sene-

galese seedlings provenance were significantly increased

by the rhizobial inoculation. Inoculations with the strains

CiradF 300, ORS 3574, and ORS 3604 improved total N by

128, 160 and 183 %, respectively. As concerns the Niger’s

provenance, both inoculation treatments significantly

improved concentrations of total N, total P and total C. For

the Kenyan provenance, a significant effect was noted only

on treatments inoculated with the strain ORS 3607 on total

N (118 %) and total P (135 %) concentrations. The total C

content was increased by inoculation with the strains ORS

3416 (102 %), CiradF 300 (116 %) and ORS 3607 (118 %)

but inoculation with the strain ORS 3610 reduced total C

by 102 %.

Inoculation treatments of the Senegalese seedlings

provenance grown in Goudiry soil significantly increased

total P, total C and total N concentrations in the seedlings

shoot. However, rhizobial inoculation with the strain ORS

3604 reduced the total N content by 114 %. In contrast, for

the Niger’s provenance, concentrations of total N and total

C were significantly enhanced by inoculation with the

strain ORS 3604. Nevertheless, inoculation has improved

the total N, P and C contents when compared to the non-

inoculated control. For the Kenyan provenance rhizobial

inoculation improved significantly the shoot nutrient con-

tents (N, P and C), except for the strain ORS 3604.

Structure of bacterial community

Figures 2 and 3 showed the comparative effects of inocu-

lation of A. senegal seedlings with selected rhizobial strains

on bacterial structure of rhizospheric soils after 4 months

in greenhouse conditions in Dahra and Goudiry soils,

respectively. The rhizobial strain, the A. senegal prove-

nance and the soil modified the structure of soil bacterial

communities.

The dendrogram in Fig. 2 shows the relatedness of PCR-

DGGE fingerprints from Dahra rhizospheric soil displaying

two clusters with about 91 % similarity. It is interesting to

note that bacterial communities of Dahra soil were highly

structured according to the A. senegal provenance. In

Dahra soil, the rhizobial inoculation has had less effect on

the bacterial structure. However, differences were observed

among bacterial communities of the inoculation treatments

for each provenance. Bacterial communities of rhizo-

spheric soil samples from the Senegalese provenance

formed one cluster. While, bacterial communities of Ken-

yan and Nigerien provenances formed another cluster. For

the sub-cluster formed by Kenyan provenance, inoculation

with the strain CiradF 300 influenced the structure of the

bacterial community as compared with the control. How-

ever, in the sub-cluster of the Nigerien provenance, all the

strains inoculated affected the bacterial structure. In the

second cluster formed by Senegalese provenance, inocu-

lation with the strains ORS 3593 and ORS 3574 influenced

the structure of bacterial community.

The dendrogram in Fig. 3 shows three clusters with

about 92 % similarity. In contrast to Dahra soil, the prov-

enance effect on the structure of bacterial community in

Goudiry soil was less marked. The structure of the bacterial

community corresponded to the strain used as inoculum.

The first cluster was composed of treatments of the Kenyan

provenance inoculated with the strains ORS 3416 and ORS

3607 and the Senegal provenance inoculated with the

Control 3574 3593 3604 CiradF300 Control 3604 3588 Control 3610 36073573 3574 3416 CiradF300

MM

Senegal KenyaNigerA BFig. 2 a Denaturing gradient

gel electrophoresis (DGGE) of

16S rDNA of total soil bacterial

communities in rhizosphere soil

of seedlings of 3 A. senegal
provenances collected from

Senegal, Niger, and Kenya as

influenced by inoculation with

selected rhizobia strains at the

end of four months of culture

under greenhouse conditions on

non sterile Senegalese soil

sampled from arid area (Dahra).

b Similarities between PCR-

DGGE profiles obtained from

bacterial communities
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strains ORS 3600 and ORS 3604. The first sub-cluster of

the second cluster was formed by the non-inoculated con-

trol Kenyan seedlings provenance and two others inocu-

lation treatments. The second sub-cluster of cluster two

was made up of inoculated treatments of Niger provenance

and its control and also the two inoculated treatments of

Senegalese provenance. The control of Senegalese prove-

nance was the sole component of cluster three.

Diversity of bacterial community

The results showed that the species richness had the same

tendency as the diversity of bacterial communities in the

rhizospheric soil (Tables 3, 4). Quite independently from

the inoculation treatment, the species richness (R) diversity

indexes values for DGGE profiles were higher in Goudiry

than in Dahra rhizosphere soils: 60 and 50, respectively.

Some inoculation treatments increased the genetic diversity

of bacterial community regardless of their efficiency.

Inoculation of the Senegalese provenance with the strain

ORS 3574 increased the bacterial diversity of rhizospheric

Dahra soil while an antagonistic effect was observed for

the genetic diversity of the bacterial community of rhizo-

spheric soil of Niger’s provenance when inoculated with

the same strain (Table 3).

Soil functioning

The impact of inoculation on soil microbial activities varied

depending on the plant provenances. This means that the

rhizobial inoculation may improve the soil microbial activity.

However, this activity varied according to the origin of the

soil. Similarly to the diversity of bacterial community, the

total microbial activity was about two times higher in semi-

arid Goudiry soils than in arid Dahra soils. As evidenced by

the values of the species richness (R) diversity indexes, the

values of total microbial activities in Dahra soil were higher

with Senegalese and Kenyan seedlings provenances (Fig. 4).

For Niger’s seedlings provenance, any difference could be

drawn between inoculation treatments and non- inoculated

control. Total microbial activity of Senegalese provenance

rhizospheric soil was increased by 8 and 10 % when inocu-

lated, respectively with the rhizobial strains ORS 3593 and

CiradF 300. In contrast, total microbial activity was reduced

Control Control 3604 3610 3607 CiradF300 Control 35933604 3588 3600 3416 3604 3607 3416

M M

KenyaNigerSenegal

A B
Fig. 3 a Denaturing gradient

gel electrophoresis (DGGE) of

16S rDNA of total soil bacterial

communities in rhizosphere soil

of seedlings of 3 A. senegal
provenances collected from

Senegal, Niger, and Kenya as

influenced by inoculation with

selected rhizobia strains at the

end of four months of culture

under greenhouse conditions on

non sterile Senegalese soil

sampled from semi-arid area

(Goudiry). b Similarities

between PCR-DGGE profiles

obtained from bacterial

communities

Table 3 Shannon–Weiner diversity (H0) and genetic species richness (R) of bacterial 16S rDNA amplicons by primers 338f-GC-518r in

rhizosphere soil of seedlings of 3 A. senegal provenances collected from Senegal, Niger, and Kenya as influenced by inoculation with selected

rhizobia strains at the end of four months of culture under greenhouse conditions on non sterile Senegalese soil sampled from arid area (Dahra)

Provenance Dahra (Senegal) Provenance Tera (Niger) Provenance Makueni (Kenya)

Inoculation treatments Inoculation treatments Inoculation treatments

Control ORS

3574

ORS

3593

ORS

3604

CiradF

300

Control ORS

3574

ORS

3593

ORS

3604

CiradF

300

Control ORS

3574

ORS

3593

ORS

3604

CiradF

300

H0 1.69 1.71 1.72 1.69 1.68 1.67 1.67 1.65 1.67 1.67 1.7 1.69 1.68 1.7 1.7

R 50 53 54 50 48 47 48 50 47 47 50 50 51 51 51
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by 2 % when seedlings were inoculated with the strain ORS

3604, even though this strain improved the plant growth and

nutrient content. Inoculation of the Kenyan seedlings prove-

nance with the strain ORS 3607 increased the total microbial

activity by 5 %. However, inoculation with the other strains

obviously reduced the total microbial activity when compared

with the control (Table 5).

For Goudiry soil, inoculation increased the total microbial

activity in plant rhizospheric soil of the Senegalese prove-

nance (Fig. 5). The effect was notable for all strains used as

inoculums but was higher for the strains ORS 3600 and ORS

3416 whose activity was respectively increased by 38 and

33 %. Niger’s A. senegal provenance showed the same ten-

dency. The total microbial activities of treatments inoculated

with the strain ORS 3593 and ORS 3604 were increased by 24

and 27 %, respectively for Kenya provenance.

Correlation between inoculation, plants and soil

parameters

Figure 6 shows the component analysis carried out on soil

originating from Dahra and Goudiry with correlation

matrixes using the following parameters: inoculation,

plants total dry matter, shoot nutrient contents (C, N, P),

rhizospheric bacterial diversity and soil functioning. These

variables were condensed into two principal components

which were both extracted and accounted for 54.89 and

56.08 % of the variance for Dahra and Goudiry soils,

respectively. The principal component analysis showed an

average effect of inoculation on plant growth, rhizospheric

bacterial diversity and soil functioning. The results showed

that the performances of rhizobial strains varied according

to the origin of the soil.

For Dahra soil, the results presented in Fig. 6a show that

the positive values of the axis 1 (PC1), diversity index (H0)
and species richness (R) were significantly related to each

other. While, shoot N content was correlated negatively

with the soil bacterial diversity. The axis 2 (PC2) was

positively and significantly correlated with C and nega-

tively correlated with plants total dry matter. The first

component may be interpreted as soil rhizospheric bacterial

diversity while the second may be interpreted as plants C

concentrations. The diagram resolves in four major clus-

ters. Cluster A (treatments of Senegalese provenance

inoculated with the strain ORS 3593, Kenyan provenance

inoculated with the strains ORS 3416 and CiradF 300) was

Table 4 Shannon–Weiner diversity (H0) and genetic species richness (R) of bacterial 16S rDNA amplicons by primers 338f-GC-518r in

rhizosphere soil of seedlings of 3 A. senegal provenances collected from Senegal, Niger, and Kenya as influenced by inoculation with selected

rhizobia strains at the end of four months of culture under greenhouse conditions on non sterile Senegalese soil sampled from semi-arid area

(Goudiry)

Provenance Dahra (Senegal) Provenance Tera (Niger) Provenance Makueni (Kenya)

Inoculation treatments Inoculation treatments Inoculation treatments

Control ORS

3604

ORS

3588

ORS

3600

ORS

3416

Control ORS

3604

ORS

3610

ORS

3607

CiradF300 Control ORS

3593

ORS

3604

ORS

3607

ORS

3416

H0 1.76 1.74 1.77 1.74 1.77 1.73 1.74 1.73 1.77 1.73 1.76 1.76 1.73 1.73 1.70

R 60 59 64 60 65 64 64 63 66 63 64 64 60 61 51

Senegal Niger Kenya
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h)Fig. 4 Total microbial activity

as measured by fluorescein

diacetate method (FDA) in

rhizosphere soil of seedlings of

3 A. senegal provenances

collected from Senegal, Niger,

and Kenya as influenced by

inoculation with selected

rhizobia strains at the end of

4 months of culture under

greenhouse conditions on non

sterile Senegalese soil sampled

from arid area (Dahra)
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related to high soil bacterial diversity. Cluster B (treat-

ments of Niger’s provenance inoculated with the strains

ORS 3573, ORS 3604, ORS 3588 and the non-inoculated

control) was separated from cluster A and linked to N

concentrations. Cluster C with the non-inoculated control

seedlings of the Kenyan provenance was linked to C con-

centrations. Treatments of Senegalese provenance inocu-

lated with the strain ORS 3604 was linked to plants total

dry matter in Cluster D.

On the soil originating from Goudiry (Fig. 6b), plants

total dry matter were positively and significantly linked to

PC1, more than with C concentrations however, the

diversity index (H0) and (R) were negatively and

significantly correlated to PC1. The FDA was positively

and significantly correlated to PC2. PC1 would explain

plants total dry matter while PC2 may be interpreted as soil

total microbial activity (FDA). Three different clusters

were defined in PCA plane. Cluster A (treatments of

Kenyan provenance inoculated with the strains ORS 3604,

ORS 3607 and ORS 3416) associated to plants total dry

matter and C concentrations. Cluster B including treat-

ments of Senegalese provenance inoculated with the strain

ORS 3588, Kenyan and Senegalese control were linked to

soil bacterial diversity and was inversely proportional to

cluster A. Nigerien and Kenyan provenances inoculated

respectively with the strains ORS 3607 and ORS 3593

Table 5 Shoot nutrient concentrations of seedlings of 3 A. senegal
provenances collected from Senegal, Niger, and Kenya as influenced

by inoculation with selected rhizobia strains at the end of 4 months of

culture under greenhouse conditions on non sterile Senegalese soils

sampled from arid (Dahra) and semi-arid areas (Goudiry)

Soil origin Seed origin Inoculation treatments Total N (mg plant-1) Total P (mg plant-1) Total C (g plant-1)

Dahra Senegal Control 16.9 0.66 0.30

ORS 3574 27 1.07* 0.38*

ORS 3593 16.6 1.10* 0.40*

ORS 3604 31 0.95* 0.39*

CiradF 300 21.7 0.99* 0.39*

Niger Control 14.32 0.54 0.26

ORS3573 24.57* 1.24* 0.40*

ORS 3574 20.74* 1.10* 0.36*

ORS 3604 22.5* 0.97* 0.38*

ORS 3588 17.91* 0.96* 0.34*

Kenya Control 26.39 1.16 0.49

ORS 3610 22.84 1.32 0.48

ORS 3607 31.09* 1.57* 0.58

ORS 3416 20.88 1.31 0.50

CiradF 300 25.06 1.17 0.57

Goudiry Senegal Control 18.79 1.02 0.29

ORS 3604 16.51 1.41* 0.40*

ORS 3588 23.95* 1.53* 0.41*

ORS 3600 23.64* 1.64* 0.39*

ORS 3416 21.23* 1.56* 0.39*

Niger Control 17.35 0.86 0.31

ORS 3604 27.24 1.82* 0.49*

ORS 3610 25.48 1.26 0.46

ORS 3607 25.46 1.33 0.43

CiradF 300 26.72 1.18 0.44

Kenya Control 26.82 1.57 0.46

ORS 3593 41.46* 2.62* 0.72*

ORS 3604 37.86* 1.98 0.71*

ORS 3607 39.9* 2.42* 0.74*

ORS 3416 41.79* 2.65* 0.74*

* Means are values of twelve replicates. For each A. senegal provenance, values of shoot nutrient content within of column followed by asterisk

are significantly different compared to un-inoculated control at P \ 0.05 (Student–Newman–Keuls test)
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Fig. 6 Principal component analysis (PCA) distribution of inocula-

tion treatments, plants total dry matter and nutrient contents, and

culture soil properties. Plants subjected to inoculation with selected

rhizobia strains and soils were harvested at the end of four months of

culture under greenhouse conditions on non sterile Senegalese soils

sampled from Dahra (a) and Goudiry (b). TDM: plants total dry

matter; N: N concentration (%); P: P concentrations (%); C: C

concentration (gkg-1); H0: Shannon index; R: species richness; FDA:

total microbial activity. DS: Dahra Senegal; DN: Dahra Niger; DK:

Dahra Kenya; GD: Goudiry; Dahra: GN: Goudiry Niger; GK:

Goudiry Kenya; their letters were followed by rhizobial strains or

Control (C)
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formed cluster C, which was characterized by high soil

total microbial activities (FDA).

Discussion

The stated aim of this study was to assess the effect of

inoculation of A. senegal seedlings by selected rhizobial

strains on plant growth, structure and diversity of soil

bacterial communities and soil functioning in relation to

plant provenance and soil origin.

The results show that inoculation with selected rhizobial

strains has increased the total dry matter of A. senegal

seedlings grown in greenhouse conditions. In addition, the

importance of the increase in total dry matter depends on

seed provenance which indicates that the effectiveness of a

rhizobial strain varies not only according to plant species

but also according to plant provenances. Therefore, in

order to enhance the success of inoculation, the plant

genotype has to be taken into account as suggested by Sarr

et al. (2005) and Bala and Giller (2006). In addition to the

compatibility between the rhizobial strain and the plant

genotype, the success of rhizobial inoculation may often be

limited by several factors, such as environmental condi-

tions and the presence of competing indigenous rhizobia.

This could explain the negative effect of inoculation of

some rhizobial strains in plant growth for the Niger’s

provenance in Goudiry soil.

Our results have also shown that rhizobial inoculation

have enhanced shoot total N, total P and total C concen-

trations. They also show that as what happens with plant

growth, the values of nutrient contents depends on the seed

provenances. The values of nutrient concentrations of

Kenyan provenance were higher regardless of the soil

origin which suggests that A. senegal provenances used in

this study have different mineral status.

In Dahra soil, originating from an arid area, the bacterial

community was highly structured accordingly to the

A. senegal provenance, showing that in this soil, A. senegal

influences the bacterial community structure in the rhizo-

sphere (Fig. 2). Similar results were reported by van Dil-

lewijn et al. (2002) and Junier et al. (2009) with alfafa and

bean, respectively. The rhizosphere community may be

altered by changes in root exudates composition caused by

the plant nutritional status (Sandnes et al. 2005). In effect,

Smalla et al. (2001) have reported that different plant

species select bacterial community in the vicinity of their

roots and that these plants specific enrichments may be

increased by repeated cultivation of the plant species in the

same field.

The results of this experiment show that, the structure of

bacterial community also varies according to the origins of

the soil. Similar results were arrived at by Nimnoi et al.

(2010), who suggested that the difference of the microbial

community structures depended heavily on plants and soils

rather than on inoculants. The difference on the bacterial

community structure of the same provenance observed

between Dahra and Goudiry soils might be due to the

difference in soils particle size (Sessitsch et al. (2001) or

soil composition (Kotani-tanoi et al. 2007). In effect,

Goudiry soil contains a rate of clay significantly higher

than in Dahra soil (Table 2).

In this study, the dendrogram generated with Goudiry

semi-arid soil has shown a dispersion of the plant prove-

nance samples inoculated with rhizobia strains (Fig. 3).

Hence, the structure of bacterial communities in the rhi-

zosphere of A. senegal was not correlated to the plant

provenance. This indicates that the shift of the structure of

bacterial communities is influenced by inoculation as well

as by soil physico-chemical characteristics.

In contrast to data presented by Zhang et al. (2010)

which reporting a reduction of the microbial biomass C in

faba bean rhizosphere, our results show that, rhizobial

inoculation can improve soil total microbial activity. Rhi-

zobial inoculation could improve microbial biomass or

diversity through favorable microenvironment caused by

plant root exudates and then, enhances the total microbial

activity in the soil. The results show that the values of total

microbial activity are two times higher on clay soils orig-

inating from Goudiry. These results match those reported

by Dick (1994) and Acosta-Martinez et al. (2008), which

demonstrated that many soil enzyme activities increase

with clay content. Clay content provides physical protec-

tion to organic matter and enzymes, and can both directly

and indirectly affect the soil’s biological status as sug-

gested by Aşkın and Kızılkaya (2006).

The results of component analysis show that the corre-

lation between inoculation, plant growth, nutrient contents,

rhizospheric bacterial diversity and soil functioning varies

according to the origin of the soil. A shift has been noted

on the behavior of rhizobial strains regarding their per-

formances to improve plants growth and soil parameters.

These results suggest that the impact of microbial inocu-

lation on plant or rhizospheric soil may change with

environmental conditions. Some of rhizobial strains used as

inoculums were very effective for increasing one or two

parameters. For example, the strain ORS 3604 was corre-

lated to N concentrations in Dahra soil however it was

associated to total dry matter and C concentrations in

Goudiry soil. It is therefore suggested that microbial

inoculation with a rhizobial mixture would be most bene-

ficial for expecting to enhance plants and soil parameters

when respective rhizobial performances are taken into

account. PCA shows that species richness is positively

correlated to diversity of bacterial communities for each

provenance and soil origin as shown by Felske and Osborn
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(2005), who define diversity as the function of the species

richness and the relative abundance of individual species.

To conclude, this study carried out on A. senegal

provenances shows that differences on bacterial diversity,

structure and soil functioning depend on inoculants, plant

provenances and soil origin. Therefore, inoculation with

selected rhizobial strains is a suitable tool for increasing

plant growth, bacterial structure and diversity and soil

functioning in plant rhizosphere. However, for each soil

origin, the plant species or provenances and rhizobial strain

must be objectively selected. It will be interesting to use an

inoculums mixture for taking account plant growth, soil

bacterial diversity and functioning.
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