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Determination of biologically active components of the soil organic matter, such as soil microbial biomass carbon (C) and nitrogen (N) can be used as indicators for variations in soil productivity due to changes in soil management. Soil agronomic management practices bring about changes in the physical and chemical properties of the soil, resulting in variations in soil microbial biomass and microbial diversity. The effects of tillage, mulch and inorganic fertilizers on soil microbial biomass C and N, microbial populations and bacterial diversity were determined from the treatment combinations which had been applied for 5 years in Central Kenyan Highlands. The test crop used was maize (Zea mays L.). The study involved conventional and minimum tillage systems, mulching and inorganic fertilizers (120 kg N/ha). Tillage (P < 0.001), mulch (P < 0.001), and fertilizer (P = 0.009) significantly affected soil microbial biomass C and N whereby minimum tillage and mulch increased soil microbial biomass C and N. Interestingly, minimum tillage and mulch recorded the highest bacteria and fungi CFUs compared to conventional tillage and inorganic fertilizers. Only fertilizer and mulch (P < 0.001) had significant effect on actinobacteria CFUs. Amplified ribosomal DNA analysis (ARDRA) showed that the highest genetic distance of 0.611 was recorded between treatments conventional tillage + no mulch + no NPK fertilizer and conventional tillage + no mulch + NPK fertilizer. The results demonstrate that minimum tillage and mulching are attractive soil agronomic management practices since they increase soil microbial biomass and bacterial diversity in agricultural soils.
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INTRODUCTION

Soil agronomic management practices, particulary those which improve soil fertility are widely used by farmers to increase crop production in their farms (Balota et al., 2003; Kara and Bolat, 2008). Changes in levels of soil fertility can be measured by use of active fractions in the soil organic pool such as soil microbial biomass (He et al., 2013). Soil microbial biomass refers to the mass of the living component of the soil organic matter, thus measurement of soil microbial biomass is vital in decomposition of organic materials in the soil and can be used as an early indicator of the variations in soil physical, chemical and biological properties (Baaru et al., 2007). These variations in soil properties may be due to use of soil management practices such as organic and inorganic inputs (Nakhro and Dkhar, 2010). In this study, soil microbial biomass was determined at V4 (maize juvenile stage) which is the stage under control of microRNA156 genes which regulate key maize processes including heteroblasty. As a result, any soil management- induced change at juvenile stage will determine the growth and survival of the plant (Cavaglieri et al., 2009).

Most agricultural soils have limited amounts of nitrogen (N) due to slow rates of N-mineralisation and therefore, there is need of addition of external N by use of inorganic fertilizers (Mucheru-Muna et al., 2007; Mugendi et al., 2007). Application of inorganic fertilizers especially those containing N provides immediate positive impacts in the soil by increasing crop growth and productivity (Mucheru-Muna et al., 2014; Shaheen and Sabir, 2017). Conservation soil management practices such as mulching and reduced tillage have been used by farmers extensively because they enhance stabilization of organic C in the soil (Fuentes et al., 2010). Conventional tillage involves a lot of soil manipulation during land preparation (Kabir, 2004; Alguacil et al., 2008), resulting in degradation of soil aggregates and rapid oxidation of soil organic matter which eventually reduces soil microbial biomass and important microbial communities. On the other hand, reduced tillage systems cause little soil disturbance, maintain soil aggregates and ultimately improve the quality of the soil through increase in soil microbial biomass (Habig and Swanepael, 2015).

The diverse and complex groups of soil microorganisms play a critical role in enhancing soil biological fertility in agricultural soils (Nakhro and Dkhar, 2010). A number of molecular techniques are used to determine the diversity of soil microorganisms based on their genotypic and phenotypic properties (Koeleman et al., 1998). Some of these techniques include ARDRA which involves polymerase chain amplification of 16S rDNA genes using primers targeting the conserved regions of microorganisms, followed by digestion by restriction endonucleases and agarose gel electrophoresis to produce distinguishable DNA fingerprints of microorganisms. Therefore, ARDRA is vital for rapid monitoring of microbial communities in environmental samples as well as diversity of microorganisms in response to changing environmental conditions (Dash and Das, 2018; Panigrahi et al., 2019).

In this study, we hypothesized that tillage, mulching and inorganic fertilization affect soil microbial biomass C and N, bacteria diversity and populations of bacteria, fungi and actinobacteria in the soil. The specific objectives were to; (i) determine the effect of tillage, mulching and NPK fertilizers on soil microbial biomass C and N at maize juvenile stage, (ii) monitor the effect of tillage, mulching and NPK fertilizers on bacteria, fungi and actinobacteria CFUs at different growth stages of maize, and (iii) evaluate the effect of tillage, mulching and NPK fertilizers on bacteria diversity at maize juvenile stage.



MATERIALS AND METHODS


Experimental Site

The field experiments were conducted at Kirege Primary School (S 00°20'07.0;” E 037°36'46.0” and an altitude of 1,526 meters above sea level), Chuka Division in Tharaka-Nithi County, Kenya and they were part of a field experiment. The annual precipitation of the study site is between 950 and 1,500 mm and the annual mean temperature is 210C. The study site has Humic Nitisol soils with 75 % clay, 18 % silt, 7 % sand, pH (water) 4.65, 0.01 % P, 0.02 % total N and 0.15 % organic carbon (Ngetich et al., 2014).



Experimental Design

The experiment was established on 7th April 2013 and was set up in a randomized complete block design and replicated three times. The treatments were; minimum tillage + mulch + NPK fertilizer (M1), minimum tillage + no mulch + no NPK fertilizer (M2), minimum tillage + no mulch + NPK fertilizer (M3), minimum tillage + mulch + no NPK fertilizer (M4), conventional tillage + mulch + NPK fertilizer (C1), conventional tillage + no mulch + no NPK fertilizer (C2), conventional tillage + no mulch + NPK fertilizer (C3) and conventional tillage + mulch + no NPK fertilizer (C4). In conventional tillage, weeding was done using a hand hoe at a depth of 15 cm at the beginning of the season whereas in minimum tillage weed control was achieved by manual uprooting. Inorganic fertilizers which were used are NPK (23:23:0) and triple super phosphate (TSP). For plots receiving NPK fertilizers, nitrogen was applied at a rate of 120 kg ha−1 in split whereby 60 kg ha−1 of NPK (23:23:0) was applied as starter fertilizer while the remaining 60 kg ha−1 was applied by top dressing with urea 30 days after planting. Phosphorous was blanket applied to give a supply of 90 kg ha−1 inclusive of the amount supplied by the starter fertilize. For plots which did not receive NPK fertilizer, TSP was used to supply phosphorus at a rate of 90 kg ha−1. Dried maize stovers from the previous cropping season were broadcasted at the rate of 3 Mg ha−1 7 days after emergence for mulch treatments. The plots were 8.0 m by 8.0 m with 1 m and 3 m wide alleys separating plots within a block and between the blocks, respectively.



Maize Crop Management

Maize crop (Zea mays L.) was planted on 7th April 2013 for the first cropping season and also in the subsequent 4 years. Maize planting was done immediately after soil preparation. A spacing of 0.75 by 0.50 m between and within rows was used in planting three maize seeds per hill which were thinned to two plants per hill 2 weeks after emergence to give the recommended plant density of 53,333 plants ha−1 (Jaetzold et al., 2007).



Soil Sampling

Undisturbed soil was sampled at 0–20 cm depth from seven points in each plot, pooled together to obtain an homogenous soil sample for each plot. Sampling was done at four different times; before maize planting (1st November 2016), when the maize was at vegetative 4 (V4) stage (22nd November 2016), when the maize was at vegetative 6 (V6) stage (3rd January 2017) and at harvesting stage of the maize (28th March 2017) as described by Hajabbasi and Schumacher (1994). The soil was used for determination of soil microbial biomass C and N, bacteria diversity, enumeration of bacteria, fungi and actinobacteria, and also for determination of soil physicochemical properties.



Determination of Soil Microbial Biomass C and N

The soil microbial biomass C and N was determined using chloroform fumigation-extraction technique (Baaru et al., 2007). The microbial biomass C and N were obtained using the following equations according to Bailey et al. (2002) using a correction factor of 0.45.
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Enumeration of Microbial Populations

Isolation and enumeration of bacteria, fungi and actinobacteria from the soil was done using spread plate method. Nutrient agar (NA) was used for bacteria isolation, Potato dextrose agar (PDA) for fungi isolation and M1 media (10 g of starch, 4 g of yeast extract, 2 g of peptone and 18 g of agar in 1 liter of distilled water) for actinobacteria isolation and enumeration. Ten grams of the sample soil collected was suspended in 90 ml of sterile water blanks in 250 ml conical flasks and diluted serially to yield three dilutions. Using a sterile pipette, 0.1 ml of the the first dilution (10−1) was plated onto three petri dishes containing Potato Dextrose agar (PDA), 0.1 ml of 10−2 dilution was plated onto three petri dishes containing M1 media while 0.1 ml of 10−3 dilution was plated onto three petri dishes containing nutrient agar (NA).



DNA Extraction, PCR Amplification and Amplified ribosomal DNA Restriction Analysis (ARDRA) of Bacteria 16S rDNA Gene

Genomic DNA from bacteria isolates was extracted using Quick-DNA™ miniprep kit (UK) following the manufacturer's instructions and 16S rDNA gene amplified using primers 27f (5′- AGA GTT TGA TCM TGG CTC AG - 3′) and 1492r (5′- CGG TTA CCT TGT TAC GAC TT - 3′) which are complementary to conserved regions of 16S rDNA gene in bacteria (Monis et al., 2005). The PCR products were then digested separately using EcoRI, HaeIII and MspI restriction enzymes according to the manufacturers' instructions (Odee et al., 2002).



Data Analyses

Data was tested for homogeneity of variance by Bartlett test. Data on soil microbial biomass C and N, populations of bacteria, fungi and actinobacteria were analyzed by three-way ANOVA and wherever feasible means were separated by Tukey's Honest Significance Difference (HSD) at P < 0.05 using SAS (version 9) software. Restriction patterns were analyzed using GenAIEx software (version 6.5) to determine the diversity of bacteria isolates. The bacteria diversity profiles were determined using Shannon's Information Index I. Dendrograms were drawn using Darwin software (version 6.0) based on Nei's unbiased genetic distance. Principal Coordinate Analysis for bacterial diversity were drawn using PAST software version 3.




RESULTS


Effects of Tillage, Mulching and Inorganic Fertilization on Soil Microbial Biomass C and N

Minimum tillage + mulch + no NPK fertilizer treatment produced the highest microbial biomass C and N with an average of 122.27 μg g−1 and 12.73 μg g−1, respectively while conventional tillage + no mulch + NPK fertilizer produced the lowest microbial biomass C and N of 82.07 μg g-1 and 4.50 μg g−1 respectively (Table 1). Moreover, the effects of tillage (P < 0.001), mulch (P < 0.001) and fertilizer (P = 0.009) were significantly different on soil microbial biomass C and N. On average, mulch treatment produced highest microbial biomass C and N of 110.29 μg g-1 and 8.43 μg g−1, respectively whereas NPK fertilizer treatment produced the lowest microbial biomass C and N of 86.48 μg g−1 and 6.76 μg g−1.


Table 1. Soil microbial biomass C and N as influenced by tillage, mulch and inorganic fertilization, and their interactions.
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Effects of Tillage, Mulching and Inorganic Fertilization on Bacteria Populations

In this study, the number of bacteria was significantly affected by tillage (P = 0.009), mulch (P = 0.001) and fertilizer (P = 0.001) at V4, V6 and maize harvest stages. Application of mineral fertilizers reduces bacteria population whereas mulch treatments enhance bacteria populations. At V4 (juvenile) stage, the highest number of bacteria CFUs was obtained in mulch treatment whereas the lowest number of bacteria CFUs was obtained in NPK fertilizer treatment. A similar trend was observed at V6 and maize harvest stages. Before maize planting, the number of bacteria was not significantly affected by tillage, mulch and fertilizer (Figure 1).


[image: Figure 1]
FIGURE 1. Bacteria CFUs as influenced by tillage, mulching and inorganic fertilization. Stages of maize growth were; before maize planting: 0 days, V4 stage: 22 days, V6 stage: 63 days, and maize harvest stage: 147 days. Vertical bars represent means and whiskers – standard errors. C1, Conventional tillage + mulch + NPK fertilizer treatment; C2, Conventional tillage + no mulch + no NPK fertilizer treatment; C3, Conventional tillage + no mulch + NPK fertilizer treatment; C4, Conventional tillage + mulch + no NPK fertilizer treatment; M4, Minimum tillage + mulch + no NPK fertilizer treatment; M2, Minimum tillage + no mulch + no NPK fertilizer treatment; M3, Minimum tillage + no mulch + NPK fertilizer treatment; M1, Minimum tillage + mulch + NPK fertilizer treatment. Different letters indicate significant differences at P < 0.05 (Tukey's HSD test).
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FIGURE 2. Fungi CFUs as influenced by tillage, mulching and inorganic fertilization. Stages of maize growth were; before maize planting: 0 days, V4 stage: 22 days, V6 stage: 63 days, and maize harvest stage: 147 days. Vertical bars represent means and whiskers – standard errors.




Effects of Tillage, Mulching and Inorganic Fertilization on Fungi and Actinobacteria Populations

The number of fungi CFUs in soil sampled at V4, V6 and maize harvest stages was significantly affected by tillage (P = 0.001), mulch (P = 0.002) and fertilizer (P = 0.001). Mulch treatment enhanced fungi populations across all stages of maize growth whereas NPK fertilizer application reduced fungi populations. The number of actinobacteria CFUs was significantly (P = 0.011) affected by fertilizer only at V4 stage whereas at V6 stage the number of actinobacteria CFUs was significantly (P = 0.002) affected by mulch only. However, the number of actinobacteria CFUs in the soil sampled before maize planting and maize harvest stages was not significantly affected by tillage, mulch and fertilizer (Figure 3).
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FIGURE 3. Actinobacteria CFUs as influenced by tillage, mulching and inorganic fertilization. Stages of maize growth were; before maize planting: 0 days, V4 stage: 22 days, V6 stage: 63 days, and maize harvest stage: 147 days. Vertical bars represent means and whiskers – standard errors.




Effects of Tillage, Mulching and Inorganic Fertilization on Bacteria Diversity

In this study, sixty (60) bacteria isolates were obtained which were placed in 15 groups based on their differences and similarities on morphological and biochemical characteristics. The colony size of the isolates ranged from 0.4 to 2.3 mm while the margin ranged from entire to wavy. The color of the bacteria isolates varied from cream to white with flat or raised elevation in nutrient agar plates. The bacteria isolates showed varied response to catalase, oxidase, urease, citrate, triple sugar iron (TSI) and motility tests. The Shannon's Information Index I showed that the 15 bacteria groups from the eight (8) treatments were genetically diverse with M4 treatment having the highest genetic diversity estimate of H= 0.30 while C3 treatment had the lowest genetic diversity estimate of H = 0.10 (Table 2).


Table 2. Shannon's Information Index I and percentage of Polymorphic Loci (% P) of bacteria isolates from the eight treatments based on ARDRA analysis.
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Assessment of pairwise Nei unbiased genetic distance showed that the highest distance of 0.611 was between C2 and C3 treatments. M1 and M2 treatments had the lowest genetic distance between them of 0.002 (Table 3). Principal coordinate analysis of the bacteria isolates from the 8 treatments showed that there was genetic variation. Isolates from M1, M2, M3, M4, and C4 treatments were most distributed and they were found in two quadrants while isolates from C3 treatment were the least distributed and they were found in only one quadrant (Figure 4).


Table 3. Pairwise Population Matrix of Nei Unbiased Genetic Distance of eight treatments based on ARDRA analysis.
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FIGURE 4. Principal coordinate analysis of 15 bacteria isolates based on ARDRA restriction patterns. Percentage of variation explained by the first two coordinates; 1, 32.71%; 2, 20.39%.





DISCUSSION


Soil Microbial Biomass C and N at Juvenile Stage

In this work, we demonstrated significant effect of typical smallholder soil agronomic management practices on soil microbial biomass. Minimum tillage produced higher soil microbial biomass C and N than conventional tillage using hand hoes. Minimum tillage favors availability of nutrients to soil microorganisms and also protect soil biological components such as bacteria and fungi which constitute the greater portion of soil microbial biomass (Yeboah et al., 2016). In conventional tillage brings about loss of substantial amounts of C in form of CO2 (Balota et al., 2003), therefore contributing to low microbial biomass C and N. Hand hoes resulted in disruption of microhabitats of soil bacteria and fungi as well as physical breakage of filamentous microorganisms, resulting to low microbial biomass C and N.

Application of mulch increase amount of organic C and release readily available N in the soil (Mugwe et al., 2009; He et al., 2013), resulting in high microbial biomass C and N in mulch-treated soils. Use of dead mulch in agriculture provides many benefits to crops such as retaining moisture in the soil, reducing fluctuations in temperature, controlling soil erosion as well as suppressing of weeds (Diallo-Diagne et al., 2016). The findings of this study are consistent with those reported by Diallo-Diagne et al. (2016) who reported elevated levels of microbial biomass C and N in soils treated with organic materials. Inorganic fertilizers produce toxic compounds in the soil which result in low organic C content which in turn affect growth of soil microorganisms (Nakhro and Dkhar, 2010). As a result, there is decrease in soil microbial biomass C and N following application of inorganic fertilizers like NPK. On the other hand, organic materials increase amount of organic C and retain soil moisture, hence increase soil microbial biomass C and N (Kiboi et al., 2018; Bolo et al., 2021).



Bacteria Populations Before Maize Planting, V4, V6 and Harvest Stages

The numbers of bacteria obtained from soil sampled before maize planting were lowest compared to those obtained at V4, V6 and maize harvest stages. This could be ascribed to absence of organic acids and chelating compounds in root exudates before maize planting, which increase the availability of nutrients present in soil required for bacteria growth (Cavaglieri et al., 2009). In the present study, V4 stage produced highest number of bacteria CFUs compared to V6 stage, harvest stage and before maize planting. As the plant grows it produces exudates which influence the number of microorganisms in the rhizosphere (Johnston-Monje et al., 2016). The quantity of the exudates produced by a particular plant varies with the age of the plant (Cavaglieri et al., 2009). Therefore, the population of bacteria at V6 and maize harvest stages is less compared to the population of bacteria at V4 stage. These findings are similar to those obtained by Di Cello et al. (1997) who reported that the populations of Burkholderia cepacia associated with roots of maize plant decreased as the plant approached maturity.

Mineral fertilizers and organic inputs can have an influence on the total number of bacteria found in a particular soil (Zhen et al., 2014). Mulch increases amount of organic C in the soil (Nakhro and Dkhar, 2010) which favors establishment of more bacteria because C is one of the major nutrients required by microorganisms to carry out metabolism. Application of soluble inorganic fertilizers increases the toxic levels of ammonia and alters the soil pH which is detrimental to growth of bacteria (He et al., 2013), resulting in decrease of bacteria populations in NPK fertilizer treated soils.



Fungi and Actinobacteria Populations Before Maize Planting, V4, V6 and Harvest Stages

The populations of fungi and actinobacteria obtained from soils sampled before maize planting were less than those obtained from soils sampled at V4, V6 and maize harvest stages. Growth of plants produces beneficial compounds such as energy and C sources which act as nutrients for sporulation of soil fungi (Tahat and Sijam, 2012). Minimum tillage produced a higher number of fungi compared to conventional tillage because reduced tillage systems do not create imbalance in soil properties such as aeration, temperature, pH, moisture and mixing of residues in the soil (Reji et al., 2012). Changes in these soil properties negatively affect soil microorganisms (Klikocka et al., 2012), especially fungi and as a result the populations of soil fungi was less in conventional tillage soils.

Organic materials such as mulch enhance abundant quantities of organic C which are vital for establishment of more fungi in the soil (Mader et al., 2000). As a result, application of mulch enhances growth of fungi compared to no application. Organic materials also provides readily available C (Mader et al., 2000) which is vital for metabolism of soil microorganisms such as actinobacteria, resulting in more actinobacteria CFUs in mulch treated soils.



Bacteria Diversity at Juvenile Stage

The Shannon's Information Index showed that the bacteria isolates obtained in this study were genetically diverse with bacteria isolates from M4 treatment recording the highest genetic diversity estimate while isolates from C3 treatment recorded the lowest genetic diversity estimate. This could be ascribed to land use practices employed by farmers as well as the genotype of the host plant (Lei et al., 2017; Bolo et al., 2021). Soil management practices such as organic inputs favor growth of more bacteria while other practices like mineral fertilization limit growth and survival of soil bacteria (Cerny et al., 2003; Mwenda et al., 2011), resulting in variation of bacteria isolates obtained from different soil agronomic practices.

A relatively wide Nei unbiased genetic distance of 0.611 was observed among isolates obtained from C2 and C3 treatments. This could be possibly due to different genetic origins of bacteria isolates in these two treatments. However, isolates from M1 and M2 treatments had the lowest genetic distance between them of 0.002. Principal coordinate analysis further showed genetic differentiation among the bacteria isolates from different treatments (Rohwer et al., 2001; Silva et al., 2013). This shows that there was high diversity in the bacteria isolates obtained at juvenile stage of maize growth.




CONCLUSIONS

In this study, minimum tillage and mulching using dried maize stovers increased soil microbial biomass C and N, population of bacteria, fungi and actinobacteria while the same parameters were decreased by conventional tillage and inorganic fertilization. However, combinations of different treatments did not significantly affect soil microbial biomass and bacterial diversity in this study. Our experimental findings further shows that there was considerable genetic variation within the bacteria populations obtained from different treatments. This study points out that minimum tillage and mulching are attractive soil agronomic management practices since they increase soil microbial biomass and bacterial diversity, which are key indicators for soil fertility.
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