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Abstract
Soil microbial biomass carbon (MBC), β-glucosidase, acid phosphatase and fluorescein diacetate
(FDA) activities and bacterial community structure were assessed in a long-term (26 years) experiment, at physiological stages of sorghum growth, comparing different management methods for
organic (manure, straw residues) and inorganic (urea) amendments at the INERA field station in
Saria (Burkina Faso). Annual application of manure led to the highest soil microbial biomass and
enzyme activities. Investigations indicated that only microbial biomass and β-glucosidase activities were affected during the cropping season. Phosphatase and FDA enzyme activities did not depend on the crop development stages. The application of N fertilizer modified phosphatase and
FDA enzyme activities, the activities being higher in soils amended with N fertilizer. The bacterial
community structure was analyzed by PCR-denaturing gradient gel electrophoresis (PCR-DGGE)
targeting the eubacterial 16S rRNA gene. Cluster analysis of PCR-DGGE patterns showed two major
clusters, the first containing the mineral fertilization and straw treatments and the second, the
straw + urea, manure and manure + urea treatments. Sorghum grain yields were the highest for
manure treatments. In this long-term experiment, applying straw did not produce a better grain
yield than that obtained in the un-amended plot.
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1. Introduction
In the Sudano-Sahelian region, agricultural soil productivity has been severely impaired owing to intensive cultivation, drought and soil erosion, which have led to a decrease in soil organic matter, a depletion of soil nutrients. Furthermore, in semi-arid agricultural conditions, crop residues are removed and organic input such as
manure is rare. This leads to agricultural soil degradation with detrimental effects on the physical, chemical and
biological properties of soil [1].
To secure rural livelihoods, soil fertility and functioning must be restored to provide sustainable farming systems. As alternative, low cost solutions for increasing soil organic matter have been proposed. Bationo et al. [2]
and Badiane et al. [3] recommended regular inputs of organic amendments to soil while other authors advocated
the use of improved fallows to restore organic matter to soil [4] [5]. These agricultural management methods are
known to enhance the stock of soil carbon [6]. It is well established that organic matter plays a central role in
maintaining key soil functions and is an essential determinant of soil fertility and resistance to erosion. Several
authors have found that organic inputs increase soil microbial biomass [7]-[9] and enzyme activities [10] [11]
and enhance microbial activity [12]. The application of organic amendments can, therefore, affect the activity,
structure, diversity and function of soil microorganisms, which play a key role in soil processes to a greater extent than the application of inorganic fertilizers [7] [13]. All biochemical reactions in soils are mediated by the
activities of enzymes and microorganisms are the major source of enzymes in soil. Microbial enzymes are involved in soil organic matter formation and decomposition and are used as indicators of soil fertility. Measurement of soil hydrolases provides an early indication of changes in soil fertility, since they are related to the mineralization of important nutrient elements and their dynamics in these systems may regulate nutrient uptake and
plant growth. However, [14] suggested that some enzymes as b-glucosidase, and acid phosphatase are more sensitive to shifts in soil management and change more quickly than others. The enzyme b-Glucosidase is a common and predominant enzyme in soils and catalyzes the hydrolysis of cellobiose, and thus plays a major role in
the initial phases of the decomposition of organic C compounds [15]. Acid phosphatase catalyzes the hydrolysis
of a variety of organic phosphomonoesters and is therefore important in soil organic P mineralization and plant
nutrition. FDA is hydrolysed by esterases, proteases and lipases, enzymes involved in the microbial decomposition of organic matter in soil [16].
The recent development of genetic techniques targeting the 16S ribosomal DNA gene or functional genes has
provided an alternative to culture-based methods, providing a unique insight into the composition, richness,
structure and functioning of microbial communities [17]-[19]. Denaturing gradient gel electrophoresis (DGGE)
of PCR-amplified genes is one of these genetic techniques and can be used to assess the diversity of complex
microbial systems [20] [21]. The great interest in determining biodiversity and function of microorganisms in
agrosystems and its utilization in soil system modeling is no longer to demonstrate but there is little information
on the soil microbial communities as affected by management and land uses in semiarid conditions especially
for tropical regions [22]-[24] where there is rapid turnover of soil organic matter.
This paper presents the impact of the long-term application of organic amendments and inorganic fertilizers
on the activity of microbial communities and the genetic structure of the total bacterial community in a 26-year
experiment in semi-arid conditions in Saria (Burkina Faso). The relationships between these properties, the
amendments and yields are discussed.

2. Materials and Methods
2.1. Study Site
The study was conducted in the Saria II site, a long-term field experimental site located at the Saria Agricultural
Research Station (12˚16'N, 2˚9'W, 300 m altitude) in Burkina Faso. The climate is north-Sudanian [25] and
rainfall is confined to the period from May to October with an annual mean of 800 mm. The main species of
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natural vegetation are Parkia biglobosa, Vitellaria paradoxa, Tamarindus indica, Andropogon gayanus and
Pennisetum pedicellatum. The soil is Ferric Lixisol [26]. Soil organic carbon (SOC), N and available P in soil
are very low (Table 1). Since there are no carbonates in the studied soil, total C was assumed to be organic C.
The Cation Exchange Capacity (CEC) is poor and the soil is acid with a pH (H2O) between 4.09 and 5.51.

2.2. Experimental Design
The experiment was set up in 1980. The treatments included in the present study are Con: control (plots without
amendment); ConN: control + N fertilizer (urea, 60 kg·N·ha−1); Str: sorghum straw residue (10 t·ha−1); StrN:
sorghum straw residue + urea (60 kg·N·ha−1); Man: animal manure (10 t·ha−1); ManN: animal manure + urea
(60 kg·N·ha−1). Each treatment was replicated six times in a randomized block design. Organic materials (manure and straw) were applied manually each year in July and incorporated into the soil. Each plot was 5.2 m × 4
m. A 2 m strip was left between each block. The plots were ploughed after the first significant rain event to a
depth of 0.2 m. The cropping system is a continuous monoculture of sorghum (Sorghum bicolor L., cultivar Sariasso 14) with 31.250 plants ha−1 and 0.4 m × 0.8 m spacing between seed-beds. The sorghum grain yield was
measured in all plots from an area of 9.6 m2. The grain yield was obtained after air-drying until a constant
weight was obtained.

2.3. Soil Sampling
Soil samples were taken after 26 years of continuous cultivation and at different stages of development of sorghum: on sowing (July), 6 weeks after sowing (August), during flowering (September) and on harvesting (November). The six replicate plots of each treatment were used as independent replicates for each analysis. For
each plot, a composite soil sample was collected from the 0 - 10 cm soil layer. Field-moist soil samples were
sieved (<2 mm) and further divided into two subsamples. The first was stored at 4˚C for microbial biomass and
enzyme activities measurements performed within one month following each sampling date. The other subsamples were stored at −20˚C for molecular analyses.

2.4. Microbial Biomass C
The microbial biomass C was determined from 20 g of fresh soil by the chloroform fumigation-extraction method [27]. The microbial biomass in fumigated (10 days) and unfumigated (control) soil was quantified using
ninhydrin-N reactive compounds extracted from soils with 1 M KCl. The ninhydrin-reactive nitrogen content
was determined using a continuous flow colorimeter (Evolution II, Alliance-Instrument, France). The biomass C
was calculated as the increase in ninhydrin-N between fumigated and unfumigated soils, multiplied by 21. The
results were expressed as µg·C·g−1 soil.

2.5. Enzyme Assays
The β-glucosidase activity was assessed using 100 µl of 5 mM p-nitrophenyl-β-D-glucanopyranoside (PNG) as
Table 1. Soil characteristics, plant biomass and grain yields of the differently amended plots at Saria II experimental station,
Burkina Faso. Data are Means (Standard Error) of six replicates.
Con

ConN

Str

StrN

Man

ManN

Total C (mg/g)

2.16 (0.3) b

2.22 (0.8) b

2.48 (0.0) b

2.68 (0.0) b

3.57 (0.0) a

3.56 (0.0) a

Total N (mg/g)

0.15 (0.0) b

0.16 (0.0) b

0.15 (0.0) b

0.17 (0.0) ab

0.27 (0.0) a

0.25 (0.0) ab

CEC (meq/%)

1.95 (0.3) a

2.24 (0.7) a

2.13 (0.6) a

1.99 (0.4) a

2.37 (0.4) a

2.33 (0.4) a

pH KCl

4.58 (0.3) c

4.09 (0.2) d

5.19 (0.2) ab

4.76 (0.2) c

5.51 (0.3) a

5.14 (0.4) b

Total P (mg/kg)

112.67 (17.3) b

96.83 (30.2) b

113.67 (15.1) b

112.67 (20.9) b

147.33 (19.2) a

146.50 (23.4) a

Available P (mg/kg)

30.77 (4.9) bc

28.22 (8.0) bc

31.64 (11.9) bc

26.19 (5.3) c

56.37 (28.1) a

45.53 (18.9) ab

Grain yield (kg/ha)

167 (174) b

207 (124) b

90 (60) b

233 (154) b

730 (319) a

737 (350) a

Plant biomass (kg/ha)

480 (426) b

627 (286) b

300 (192) b

600 (390) b

1893 (779) a

1900 (806) a

Means followed by the same letter in the same rows do not differ significantly (P < 0.05).
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the substrate [28]. Soil subsamples (100 mg of fresh soil) were incubated at 37˚C for 2 h with 400 µl of citrate
phostphate buffer at pH 5.8. The p-nitrophenol (p-NP) produced in the enzymatic reactions was extracted and
determined at 400 nm. The results were expressed as µg p-NP released g−1·soil·h−1. Acid phosphatase activity
was determined using p-nitrophenyl phosphate disodium (p-NPP, 5 mM) as substrate [29]. Fresh soil (100 mg)
was incubated at 37˚C for 1 h with 0.5 M sodium acetate buffer at pH 6 and 100 µl of substrate [30]. The
p-nitrophenol (p-NP) formed was determined by spectrophotometry at 400 nm and the results were expressed as
µg p-NP released g−1·soil·h−1. The fluorescein diacetate activity (FDA) was determined using the method described by Adam and Duncan [31]. A 1 g-fresh soil was exposed to 200 µl of FDA solution (FDA 1 mg·ml−1
and phosphate potassium buffer, 60 mM) at pH 7.6 for 1 h at 30˚C. Measurements were taken at 490 nm and the
results were expressed as µg fluorescein released g−1·soil·h−1.

2.6. Bacterial Community Structure Analysis
Molecular analyzes were limited to 4 replicates per sample in order to reduce their related cost. Total DNA extraction was done as described by Hai et al. [32]. The extractions were performed using “Precellys-Keramik-Kit”
lysing tubes (PEQLAB Biotechnologie GmbH, Germany) and the suspensions were then subjected to bead beating (BeadBeater, Biospec Products). DNA concentrations were measured and checked for the presence of potential PCR inhibitors using a NanoDrop fluorospectrophotometer (NanoDrop Technologies, Delaware, USA).
PCR-denaturing gradient gel electrophoresis (PCR-DGGE): The V3 region of the 16S rRNA gene was amplified for denaturing gradient gel electrophoresis analysis using primers UNIV518r [33] and EUB338f with a
40-bp GC clamp at the 5’ end [34]. A touchdown PCR was performed in 25 µl containing 2.5 ng ADN, Taq Polymerase Ready-To-Go (Amersham-Bioscienes, France) and 0.5 µM of each primer. The thermal profile for
amplification was as follows: 5 min at 94˚C; 20 cycles of 30 s at 94˚C, 30 s at 65˚C (the annealing temperature
decreased by 0.5˚C at every cycle), and 1 min at 72˚C. The additional 10 cycles were run at an annealing temperature of 55˚C. The PCR products were electrophoresed on 1.5% (w/v) agarose gels and stained for 30 min
with ethidium bromide (1 mg·L−1). For DGGE analysis, the ampliﬁed products (20 µl) were separated with the
Ingeny U-Phor system (Ingeny, Goes, The Netherlands) in 8% polyacrylamide (acrylamide-bisacrylamide
[37.5:1]) gel containing a linear 45% to 70% denaturant gradient (100% denaturant contained 7 M urea and 40%
formamide). Electrophoresis was carried out using 1 X Tris-acetate-EDTA buffer at 100 V and 60˚C for 17 h.
Gels were stained for 30 min with ethidium bromide (1 mg·L−1) and destained in distilled water for 10 min. The
banding patterns were then photographed using a Vilber Lourmat gel imaging system (Vilber Lourmat, France).
Band detection and their intensity quantification were performed using TotalLab gel imaging software (Nonlinear Dynamics Ltd., Newcastle UK), with manual checking and adjustment of each band position. The richness
index (R) was calculated with the assumption that each band was an operational taxonomic unit (OTU). Band
intensity was used as an indication of relative abundance. The clustering of the DGGE patterns analyzed using
TotalLab was performed using the Unweighted Pair Group method with Mathematical Average (UPGMA). The
structural diversity of the microbial community was estimated by the Shannon index of general diversity [35]
based on the number of bands present and the relative intensities of the bands in each lane. The intensity of the
bands was estimated from the peak heights. The Shannon H index was calculated using the following equation:
H = − ∑ ( Pi ∗ log Pi )

where Pi is ni/N; ni is the peak height and N is the sum of all peak heights.

2.7. Statistical Analyses
The differences between treatments were estimated by three-way analysis of variance using XLSTAT 2010
software and the Fischer Least Significant Difference (LSD) test at 5% level used to determine whether the
sampling date, treatment, nitrogen input and possibly interaction between them had any significant influence.
Pearson correlation coefficients were used to assess relationships between selected soil variables. All results
were significant when P < 0.05.

3. Results
3.1. Sorghum Grain Yields and Plant Biomass
Grain yields ranged from 167 kg·ha−1 to 737 kg·ha−1 (Table 1). Significantly higher yields were obtained in
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soils amended with manure and manure + N-fertilizer (P < 0.001). No significant difference was noticed between straw-amended soils (Str and StrN) and control soils (Con and ConN). Highest plant biomass yields
(Table 1) were obtained from the manure-amended plots (P < 0.001). Interestingly, straw amendment reduced
plant biomass yields (300 kg·ha−1) compared to the untreated control (480 kg·ha−1).

3.2. Microbial Biomass and Enzyme Activities
The results regarding microbial biomass and enzyme activities are shown in Table 2. The three-way analysis of
Table 2. The effect of long term fertilization on microbial biomass and enzymatic activities in soils collection at the four
sampling seasons. Data are means (standard error) of six replicates
Treatment
Date
Con

ConN

Str

StrN

Man

ManN

Con

ConN

Str

StrN

Man

ManN

Sowing

29.72 (0.87)

25.88 (1.81)

41.6 (2.84)

38.44 (1.42)

49.88 (1.07)

49.88 (1.41)

Microbial biomass
(mg·C·kg−1·soil)

6 weeks

33.05 (1.77)

31.00 (1.27)

47.11 (2.43)

42.38 (2.78)

52.55 (1.44)

51.51 (1.33)

Flowering

17.27 (2.72)

26.16 (2.10)

11.61 (1.18)

27.55 (3.62)

15.33 (3.69)

19.77 (2.08)

Harvested

4.94 (0.44)

5.88 (0.67)

6.16 (0.65)

4.16 (0.30)

6.5 (0.70)

8.6 (0.87)

Sowing

85.87 (2.0)

92.23 (4.5)

119.29 (4.0)

127.72 (4.2)

127.75 (5.0)

146.03 (4.0)

Phosphatase
(µg·PNP·g−1·soil·h−1)

6 weeks

85.34 (4.9)

85.73 (2.5)

109.34 (2.8)

112.42 (4.5)

109.35 (1.3)

141.89 (5.4)

Flowering

91.02 (4.6)

102.86 (7.7)

113.33 (5.4)

146.80 (7.6)

124.53 (7.4)

158.89 (7.1)

Harvested

73.20 (2.8)

91.96 (4.3)

104.17 (3.4)

109.75 (2.8)

114.16 (4.3)

131.75 (3.4)

B-glucosidase
(µg·PNP·g·−1·soil·h−1)
Sowing

9.87 (0.7)

6.70 (0.6)

14.55 (0.5)

12.49 (0.3)

15.71 (0.4)

15.62 (0.5)

6 weeks

8.41 (0.6)

7.24 (1.0)

14.09 (0.6)

14.34 (0.6)

18.05 (0.7)

16.85 (0.7)

Flowering

9.82 (0.8)

6.21 (0.5)

14.46 (0.8)

19.76 (0.8)

22.13 (1.3)

18.97 (0.6)

Harvested
Fluorescein diacetate
(µg·fl·g−1·soil·h−1)
Sowing

16.84 (0.9)

21.27 (2.0)

17.29 (0.7)

16.95 (1.3)

24.61 (0.7)

19.30 (0.7)

0.86 (0.0)

0.81 (0.0)

1.32 (0.0)

1.80 (0.1)

1.37 (0.0)

2.07 (0.0)

6 weeks

1.35 (0.1)

1.85 (0.1)

2.65 (0.1)

3.25 (0.1)

3.65 (0.1)

3.79 (0.1)

Flowering

1.30 (0.0)

1.75 (0.0)

1.63 (0.1)

2.70 (0.1)

2.94 (0.2)

3.20 (0.2)

Harvested

1.17 (0.0)

1.74 (0.1)

1.84 (0.1)

1.98 (0.1)

2.51 (0.1)

2.59 (0.0)

df

Microbial
Biomass

Source of variation

Phosphatase B-glucosidase

Fluorescein
diacetate

P (<0.05)
Date

3

<0.0001

0.037

<0.0001

<0.0001

Input management

2

0.000

<0.0001

<0.0001

<0.0001

N fertilizer

1

ns

0.002

ns

0.002

Date∗input management

6

0.001

ns

0.024

ns

Date∗N fertilizer

3

ns

ns

ns

ns

Input management∗N fertilizer

2

ns

ns

ns

ns

Date∗input management∗N
fertilizer

6

ns

ns

ns

ns
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variance carried out on the data allowed us to show the effect of the organic management, N fertilizer and the
sampling date on microbial biomass and enzyme activities. There was an interaction between the sampling date
and the organic management on microbial biomass and β-glucosidase activity. Application of N fertilizer had
not modified these parameters. Overall, organic management had an effect at the first two sampling dates, at the
time of sowing and 6 weeks later. In these cases values of microbial biomass were significantly (P < 0.05) higher than that of the controls and the assessment of the differences show: 44% for straw and 79% for manure at the
time of sowing and 40% for straw and 62% for manure 6 weeks after sowing. The microbial biomass dropped
considerably from flowering to an average of 6.01 µg·g−1 at harvest, a factor of 6.5 times less than the overall
average measured at the time of sowing. β-glucosidase activity increased significantly (P < 0.05) with the addition of manure or straw with respect to the control at the first three sampling dates. This difference was no longer significant at the final sampling (harvest).
Regarding phosphatase and FDA activities, there was no significant interaction between the date, organic
management and N fertilizer application. The maximum values for these variables were for samples taken at the
time of sowing and, above all, during flowering. Adding manure also resulted in an average increase of 49% for
phosphatase and 104% for FDA relative to the control, regardless of the sampling date or the addition of N fertilizer. Adding straw had a lesser effect with an average increase of 33% for phosphatase and 59% for FDA relative to the control. Adding N increased phosphatase by 13% and FDA by 22% for FDA relative to plots without
N fertilizer addition.

3.3. Bacterial Community Structure
The DGGE of the 16S rRNA ampliﬁed from all of the treatments displayed different patterns. The clustering
method revealed two major clusters at sowing, 6 weeks and harvest sampling time (Figure 1). Cluster 1 groups
the soil amended with manure (Man and ManN) and straw plus N fertilizer (StrN), while the control (Con, and
ConN) and soil amended with straw (Str) are grouped in cluster 2. However, this differentiation was less evident
for samples taken during flowering. There was less difference in the community structure in StrN and Man
amended soils than in the straw and control treatments. The patterns had some common and dominant bands indicating that there were common bacterial types in the soils regardless of the type of amendment applied and the
plant development stage.
Globally the richness R index and the Shannon-Weaver diversity index (H) had the same trend and showed
that the microbial diversity varied with the type of soil management and generally increased with the application
of manure (Table 3). Microbial diversity varied significantly (P < 0.05) with the sorghum development stages
with the lowest values recorded at flowering.

3.4. Correlation between the Microbial Biomass, Enzyme Activities and Shannon’s
Diversity
Correlation coefficients between microbial biomass, enzyme activities and the Shannon diversity were calculated (Table 4) and revealed distinct variation during the different sorghum development stages. At sowing a
negative correlation was observed between Shannon’s diversity and microbial biomass (P = 0.003) and FDA (P
= 0.011) whereas positive correlations were found between microbial biomass and phosphatase (P < 0.0001),
FDA (P < 0.0001), β-glucosidase (P = 0.000) activities at this date and 6 weeks sampling date. At flowering the
Shannon’s diversity and enzyme activities (phosphatase P = 0.002), FDA (P = 0.001), β-glucosidase (P = 0.007)
were correlated. At harvest time only FDA and Phosphatase were positively correlated (P < 0.0001).

4. Discussion
Long-term fertilization had a significant effect on soil organic C, total N content, total P and pH. The highest
values of soil organic C, total N content, total P were recorded in soils amended with organic manure. Similar
effects were shown in previous long-term field studies using comparable organic amendments. Masto et al. [10],
Chu et al. [7] and Liu et al. [23] showed that organic manure significantly increased the amount of soil organic
C and total N. Mandal et al. [36] and Enwall et al. [37] on a long-term application site (34 and 51 years) have
recorded a significant increase in organic C and total N for amendment with farmyard manure with NPK. The
application of organic amendments (manure or sewage sludge) generally increased the SOM content to a much
greater extent than that of inorganic fertilizer [23] [37] [38].
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(a)

(b)

(c)

(d)

Figure 1. Profiles and UPGMA dendrogram describing pattern similarities of DGGE profiles obtained from
treatments at different growth stages. (a) sowing, (b) 6 weeks after sowing, (c) flowering, (d) harvested;
Con: control, ConN: control + urea, Str: straw, StrN: straw + urea, Man: manure, ManN: manure + urea.
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Table 3. Species richness (R) and Shannon diversity (H) indexes values for DGGE profiles from soils collection at the four
sampling date.
R

H

Sowing

6 weeks

Sowing

6 weeks

Con

B

A

C

B

22.50 c

A

A

B

A

ConN

A

A

24.00 c

C

B

20.25 d

A

1.36 a

A

1.35 ab

C

1.06 c

B

Str

A

25.00 a

B

22.00 d

D

15.00 c

C

B

1.34 ab

C

1.29 cd

D

1.14 b

A

StrN

B

23.75 b

C

C

21.00 b

A

27.00 a

A

1.33 ab

C

C

B

Man

B

23.00 c

A

C

B

24.00 b

C

1.31 bc

A

D

1.23 a

B

ManN

C

22.50 d

A

C

B

C

A

C

1.27 a

B

23.00 c
25.00 a

25.75 b

20.50 e
28.00 a
28.75 a

Flowering

Harvested

13.50 d
13.25 d

20.50 d

19.75 b
22.50 a

24.50 b

1.30 c

1.28 c

Flowering

1.31 bc

1.08 c

1.25 d

1.24 a

1.36 a
1.39 a

Harvested
1.32 b
1.27 c
1.40 a

1.28 c

1.33 b
1.34 b

Means (n = 4) within columns followed by the same letter are not significantly different (P < 0.05). Capital letters indicate significant difference in the
same row (P < 0.05).

Table 4. Correlation matrix of pearson (P < 0.05) of microbial biomass, enzymes activities and Shannon index diversity
enzymes activities.
Variables

Shannon H

Biomasse

Phosphatase

B-glucosidase

FDA

Sowing
Shannon H

1

Biomasse

−0.65***

1

ns

0.75***

ns

0.67

***

0.61**

0.78

***

0.85

***

1

Phosphatase
B-glucosidase
FDA

−0.49

*

1
1
0.49*

1

6 weeks
Shannon H

1

Biomasse

ns

1

Phosphatase

ns

0.71***

B-glucosidase
FDA

ns

0.46

ns

0.74

*

0.62**

***

0.73

***

1
0.71***

1

Flowering
Shannon H

1

Biomasse

ns

Phosphatase
B-glucosidase
FDA

1

0.56

**

ns

1

0.65

**

ns

0.57**

1

*

ns

ns

ns

0.50

1

Harvest
Shannon H

1

Biomasse

ns

1

Phosphatase

ns

ns

1

B-glucosidase

ns

ns

ns

FDA

ns

ns

0.86

***

Coefficients higher than 0.70 are in bold NS Not significant, *P < 0.05, **P < 0.01, ***P < 0.001.
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This study showed that N input through amendment with urea significantly decreased the soil pH. This could
be attributable to the repeated application of inorganic fertilizers as is the case in Saria. This acidifying effect of
N-fertilizer is in agreement with the ﬁndings of Hati et al. [39] and Liu et al. [23]. As agricultural use of inorganic fertilizers unavoidably increases soil acidity, Ge et al. [40] recommended that the combined use of organic
manure with inorganic fertilizers should be considered depending on the balance between crop demand and the
supply of available nutrients in the soil.
Microbial biomass has often been used to assess the effect of different farming systems on soil fertility [41].
In this study, the microbial biomass (MBC) varied according to the sorghum developmental stage. High values
were recorded at sowing and 6 weeks after sowing, which were periods with heavy rainfall. Long-term application of organic manure significantly increased the biomass C at the various sampling times, followed by amendment with straw. This result is consistent with previous findings of Gu et al. [9] and Liu et al. [23] who observed
that the microbial biomass was considerably greater in soils receiving manure along with NPK fertilizer than in
plots receiving only inorganic fertilizer. This increase in microorganisms might be explained by the source of
easily degradable compounds through the addition of organic matter in the oligotrophic soil environment [42].
Previous studies [38] [43] reported that farming systems using green manures, manure and crop rotation to provide carbon inputs produced higher total microbial biomass than the systems using only inorganic fertilizers.
These carbon rich materials can sustain microbial activity and growth, thus enhancing biogeochemical nutrient
cycles [44]. The decreased MBC content after inorganic fertilizer application is also consistent with several previous reports [22] [45] [46]; it could be explained by the acidifying effect of mineral N.
Houot and Chaussod [47] found a positive correlation between microbial biomass and C content on a 80-year
corn/beet rotation site with various types and levels of fertilization. Organic amendment was also reported to increase enzyme activities in soil [48] [49]. The presence and activity of living beings in the soil result in the synthesis of enzymes. Enzymes play a key role in the nutrient cycle. Our results showed that extracellular enzymes
(acid phosphatase, β-glucosidase, FDA) were enhanced by organic amendments, especially manure. The differences in these activities may be related to the soil properties such as carbon content and microbial biomass [10]
[24]. The enzyme activities studied in this work (phosphatase, β-glucosidase and fluorescien diacetate) had different activity peaks: 6 weeks after sowing for FDA, flowering for phosphatase and on harvesting for β-glucosidase. This could be explained by the nature of their substrates. The FDA hydrolysis rate is widely accepted as
an accurate method for measuring total microbial activity in soils [31] because FDA hydrolysis is mediated simultaneously by protease, esterase and lipase and it can reflect the activities of these enzymes in soil [50] [51].
FDA activity showed clear seasonal variation with the highest value 6 weeks after sowing correlated with the
highest microbial biomass. The reduction of FDA on flowering and harvest may be attributed to the lower uptake of fluorescein diacetate by soil microbial cells owing to high drying stress and the destruction of enzymes
such as protease. The β-glucosidase and phosphatase activities in soils have been found to be persistent for long
periods owing to some form of enzyme protective mechanism existing in soils, for example bound to soil colloids and humic substances, free in soil solutions or associated with living or dead plants or microbial cells. These
mechanisms may protect those enzymes against external factors such as desiccation. Our result suggests
enrichment in soil litter of a cellulolitic [52] which acts as substrate for the enzymes at a later stage.
Molecular fingerprinting (DGGE) was used to examine the effects of long-term fertilization regimes on bacterial community structure. These results showed that long-term organic and inorganic fertilization had different
effects on the genetic structure of the total bacterial community. The different treatments displayed different
DGGE profiles. Nannipieri et al. [53] defined microbial diversity as a general term used to include genetic diversity, that is, the amount and distribution of genetic information, within microbial species. This DGGE technique allows to analyze many samples at a same time and to compare the communities during environmental
modifications [20] [54]. DGGE technique take account alive and dead microorganisms that can cause extracellular enzymes found in the soil of which a correlation Shannon and enzyme activities is possible. The correlation
between soils parameters showed that soil functioning and diversity vary according to the plant growth steps.
Microbial biomass and enzyme activities were correlated at sowing and at the early stage of plant development.
Greater enzyme activities could be related to greater production of enzymes by the increased microbial biomass
[55]. Positive correlations between them support this view. At flowering, the correlations between diversity and
microbial activities suggest that for this period known for much exudation and rhizodeposition, microbial activity could be linked to the diversity of microbial communities and not the density. Results showed that no direct
relationship exists between the microbial properties, activities and community structure. However, the differ-

29

N. H. Diallo-Diagne et al.

ences in response to the amendments suggest that microbial function and community structure reflect the microbial diversity. The differences in the microbial activity or function might be reflected in changes in community
structure.
Changes in microbial activity and composition can in turn influence plant growth by increasing nutrient turnover. In practice, the crop yield is the result of all the physical, chemical, biological interactions in the soil. Results showed that the manure-amended plots displayed the highest grain yield indicating the benefits of organic
manure on crop growth. These results are consistent with those obtained in long-term fertilizer experiments by
Hati et al. [39], Bi et al. [56] and Liu et al. [23]. However, straw-amendment did not stimulate grain yield.
Moreover, no significant difference was measured between N fertilized and unfertilized treatments. Mando et al.
[24], investigating the same field experiment, obtained different results when comparing grain yields measured
for the various treatments in 1999, 2000, 2001 and 2002. Their results also showed that soil amended with manure exhibited the highest grain yields, but they found that the application of straw led to higher grain biomass
than that of the control soil. Moreover, they observed a significant positive impact of the application of N fertilizer in combination with straw. It seemed that the positive impact of straw recorded up to 2002 was no longer
significant compared to un-amended soil in 2006. This result may be explained by the fact that organic materials
such as cereal residues may have a strong influence on the immobilization of inorganic N [57] [58] and may release allelopathic compounds in soils [59] [60], thereby affecting crop yields. A reduction in yield following
straw addition has been reported in several works [61] [62].

5. Conclusion
This study, in one of the few long-term experimental sites in a tropical environment with semi-arid climate,
complements previously published works [24]. It provides additional information by comparing the effect of repeated annual amendments of crop residues and manure with or without urea on the soil biological components.
The higher microbial abundance, enzyme activities and soil bacteria diversity recorded with manure application
reflected a better substrate and nutrient cycling capacity compared to other treatments. Long term fertilization of
sorghum straw does not reveal an improvement in grain yields compared to mineral fertilized and control plots.
This result shows that it is important to characterize the processes for release and mineralization of nutrients
more clearly depending on the nature of the resources available for farmers.
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