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Abstract:



Soil’s microbiological settlement in a Zea mays parcel under long-term agricultural practices aiming to minimize the disruption of the soil’s structure, composition and natural biodiversity was analyzed by culture-dependent and culture-independent processes. Of the different processes, morphological-type differentiation of cultured microflora produced the best results and, while Polymerase Chain Reaction (PCR)-agarose electrophoresis has also provided us with reliable ones, soil PCR-DGGE (Denaturing Gradient Gel Electrophoresis) did not, which may occur because of the dependence of the method on the practice. Over a three-year period, this soil seemed very stable as its C/N ratio remained roughly constant and available for microbial growth. Because no soil overturning occurred, we were able to maintain most of the cultured microbial population whose fluctuations depended only on edaphoclimatic conditions. The number of cultured bacteria, molds, total microorganisms, and the biodiversity indices were usually lower in the driest season (fall) than in the rest of the year, except for Acinetobacter and Stenotrophomonas, which showed the opposite behavior. Coincident with the rise in temperature during the summer, the relative abundance of Gram+ bacteria increased, mostly reflecting an increase in the spore-forming bacteria Streptomyces and Bacillus. Despite these variations, the evenness index and the quantity of distinct microbiological life remained practically unaltered, recovering their maximum levels when the proper edaphoclimatic conditions were present, which indicates the long-term stability of the microbial community in this soil. The performed study put forward important insights for assessing the sustainability of maize production under long-term conservation agriculture management systems, highlighting that adequate management might prevent the degradation of soil quality, thus contributing to promote sustainable agriculture.
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1. Introduction


Traditional agricultural practices can contribute to a decrease in soil quality, considering that tillage introduces processes that may damage the natural soil ecosystem. In fact, tillage modifies considerably many of the soil’s physical properties including bulk density, pore space, pore size distribution, water holding capacity, soil moisture content, and aggregation [1]. Soil erosion in the Mediterranean basin is particularly common [2], and south-western Spain is no exception. Also, the constantly shifting climate of the region make it very averse to proper crop development and, if on one hand the high temperatures felt in the summer lead to the soil’s quick water depletion, on the other the concentrated precipitation in the winter makes way for the “splash” effect, which accelerates the region’s soil erosion and leads to higher rates of organic matter (OM) mineralization, causing the already scarce contents of OM in the soil to deplete more quickly and, consequently, cause lower microbiological activity [3]. Microbial activity is the cornerstone and natural source for maintaining environmental sustainability [4]. As ecosystem functioning is largely dependent on soil microbial dynamics, and the biological diversity of these systems is being altered, ecosystem sustainability is at risk [5]. In order to control soil’s degradation, to increase its water-holding capacity [6] and to improve soil microorganism dynamics considering the implementation of more beneficial environmental conditions [7,8], practices that mitigate the disruption of the soil’s structure, composition and its natural biodiversity are required. Soil microbial diversity is important to the sustainability of agricultural ecosystems as microbes facilitate several processes that support agronomic production [9]. It is stated that the physico-chemical properties of the soil are proportionate to its microbiological content [10,11] and that microbiological life is a favorable indicator of proper soil characteristics [12,13,14,15].



Soil quality can be assessed through the primary action that microbiological life has on OM mineralization [16], and because it affects the soil’s sustainability it is important to assess the effect that the microbiological communities have on the soil [17,18] and also the overall agricultural ecosystem’s sustainability [9]. The limited information available on microbiological diversity, its stability and its dynamics in soil [19,20,21], and how it determines soil’s capacity to respond to external alterations, including degradation provoked by agriculture and the role in environmental sustainability, makes it important to improve knowledge about the characteristics and the seasonal fluctuations of these communities in settled cultural soils to measure the significance of changes derived from human activity [21,22,23].



Although soil’s microbiological life is diverse, only about 1% or less can be cultured and isolated using common laboratory media [24]. To overcome that limitation, various non-culturing procedures that depend on nucleic acid extraction and polymerase chain reaction (PCR) gene amplification using molecular techniques are the preferred approaches to assess soil microbiological community structure and dynamics [25,26]. However, differences have been found among culture-dependent and culture-independent methods. Both techniques result in certain bias, resolving different fractions of bacterial communities [25,27,28]. Despite this, current microbial community fingerprinting methods cannot provide fully reliable diversity indices [29], though they can be used to compare levels of biodiversity in different habitats and ecosystems or to look at the impacts of different types of stimuli on biodiversity [30,31].



Copiotrophs, containing high-GC Gram-positive bacteria are best represented by culture-dependent methods, while difficult-to-culture widespread genera such as Acidobacteria and Verrucomicrobia are best represented by culture-independent methods [32,33,34]. These strategies can be highly useful to assess microbial community stability in soil, as the results they produce are quite complementary [27,35,36]. Also, culturable bacteria communities, because of their high total biomass and metabolic activity, are very important to the soil ecosystem [26], serving, therefore, as responsive indicators of the physical, chemical, and biological changes in the ecosystem and its sustainability [37].



In this study, the fluctuations of the microbiological communities in a Zea mays production area, under specific agricultural practices aiming to minimize the disruption of the soil’s structure, composition and natural biodiversity, were analyzed both by culture-dependent and culture-independent methods. We then compared and analyzed the obtained data that resulted from the different approaches, in relationship to the studied soil’s microbiological community.




2. Materials and methods


2.1. Sampling Site


For three consecutive years, topsoil samples (0–10 cm) were collected using sterile tools, sent to the laboratory and stored at 4 °C for less than 72 h before its analysis. The samples were obtained from a Zea mays culture located in south-western Spain (Extremadura—lat: 39°06′N; long: 5°40′W). The site has a Mediterranean climate with a mean annual precipitation below 500 mm with very hot dry summers. The soil was a stony distric luvisol (ISSS-ISRIC-FAO, 1994) [38] with 21%, 30% and 49% of clay, silt and sand, respectively. The soil’s pH is 5.3. This region has a serious limitation in developing sustainable agriculture with an aridity index below 0.50 according to the UNESCO [39].



The studied area was sowed with a winter crop of Avena strigosa using a direct seeding system and, thus, no soil overturning occurred. The remaining straw stubble was left on the soil’s surface. Irrigation started at maize sowing (April), and was maintained throughout the growing season until two weeks before harvest at the end of September. Since this conservation management regime had been initiated six years before the beginning of our study, it was already categorizable as a long-term regime.



The study area was divided into four plots of about 200 m2 (20 × 10 m) each. Each plot was sampled in triplicate four times a year, once a season with samples taken in January, April (before sowing), July, and September (after harvesting). The sampling date for each season varied between 10 to 20 days because we tried to sample under similar environmental conditions of soil moisture and temperature.




2.2. Physical and Chemical Analyses of Soil


Samples were air-dried and crushed to pass a 2 mm sieve before assay. Organic C was defined using dichromate oxidation [40]. After using the Kjeldahl method, total N content was determined [41]. Soil moisture content (vol/vol) was measured on a monthly basis using a PR1 capacitance profile probe (Delta-T Devices Ltd, Cambridge, UK), a sealed composite rod, ~25 mm diameter, with electronic sensors, organized according to fixed intervals along its length. Soil temperature was monitored at 1 h intervals using a temperature probe inserted 10 cm into the soil, and connected to a data logger.




2.3. Plating of Soil Samples and De Visu Analysis of Cultured Microorganisms


Soil samples were passed through a 2-mm sterile sieve, resuspended in sterile water (5 g/50 mL) and diluted up to 106 times using sterile distilled water. To detect the greatest amount of culturable bacteria and fungi [42], 100 µL aliquots were spread onto different agar culture media: yeast extract peptone dextrose (YEPD), malt extract (ME), a special medium for Azotobacter and Azomonas (AZO), peptone (PEP), and tryptone soy agar (TSA) [43], Rose Bengal (RB) agar [44], starch-casein (SC) [43] and malachite green (MG) agar, a special medium for Pseudomonas [45]. Cultured microorganisms from each sample were expressed as total colony forming units (CFU) g−1 dry soil. Soil moisture content was determined by weighing fresh and dried soil (100 °C for 24 h). Plates were incubated at 25 °C, for up to 10 days to detect slow-growing microorganisms.




2.4. DNA Extraction from Soil and Cultured Bacteria


Total soil DNA was extracted from 1 g of soil with an UltraClean soil DNA kit (Mo Bio Laboratories Inc., Solana Beach, CA, USA). The cultured bacteria total DNA was extracted from a suspension combining all the colonies raised on TSA, PEP, and SC plates. Approximately the same amount of biomass from each colony was carefully picked up and suspended all together in 500 μL of sterile water. The bacteria were lysed by freeze-thawing. This procedure facilitates the detection of slow-growing cultured bacteria by PCR amplification.




2.5. PCR Amplification, Sequencing of 16S Ribosomal DNA and Bacteria Identification


The PCR was directly performed from lysed bacteria or purified soil DNA with the kit pReTaq Ready-To-Go PCR Beads (Amersham Biosciences, Little Chalfont, UK), with the 16S ribosomal DNA (rDNA) specific bacterial primers 27F (forward) and 907R (reverse) [46]. The thermocycler protocol considered an initial denaturation step of 95 °C for 2 min, followed by 35 cycles of denaturing at 95 °C for 15 s, annealing at 55 °C for 15 s, and extension at 72 °C for 2 min; and a final extension at 72 °C for 10 min [47]. The amplification products were purified with the Jetquick PCR purification Spin Kit (Genomed, Löhne, Germany) as a preliminary step for DNA sequencing of isolated bacteria as per the manufacturer’s recommendations and the purified rDNA PCR fragment, from each of the isolated microorganisms, was sent to the sequencing service Secugen S.L. in Madrid, Spain and performed on a ABI 3700 sequencer. The partial 16S rDNA gene sequences were manually edited with the software Chromas v. 1.45 (http://www.technelysium.com.au/chromas.html), and were analyzed against those in GenBank by using Blast [48].




2.6. PCR-Agarose Gel Electrophoresis of the Bacterial Soil Community


PCR amplification of soil or cultured bacteria DNA was carried out with primers 27F and 1527R (Escherichia coli numbering) following the hot-start touchdown PCR protocol [49] in a Thermocycler T-Gradient 96 (Biometra, Göttingen, Germany). This was followed by gel electrophoresis (2% agarose, TAE 0.5×) of 15 µL of each PCR amplification. After gel staining (with 0.5 µg/L of ethidium bromide), DNA fragment size (with respect to a 1 kb DNA ladder, GibcoBRL (Gel Company, San Francisco, CA, USA) and band intensities were determined. We analyzed the band patterns through the Diversity and Quantity software from Bio-Rad Laboratories (Hercules, CA, USA).




2.7. PCR-DGGE Analysis of the Bacterial Soil Community


The variable V3 region of 16S rRNA gene sequences of soil or cultured bacteria DNA was PCR amplified by using the bacterial primers 341F-GC (with a GC-rich tail on its 5’ side) and 518R [50] in a Thermocycler T-Gradient 96. The Denaturing Gradient Gel Electrophoresis analysis was performed as previously described [50] in a DCcode System (Bio-Rad Laboratories, Hercules, CA, USA). Four migration markers for Pseudomonas aeruginosa, Escherichia coli, Paenibacillus sp., and Streptomyces caviscabies were used as previously described [47]. We analyzed the band patterns through Bio-Rad which is a Diversity and Quantity software.



Soil samples and the seasonal and annual fluctuations of microbial communities were analyzed through different indices, the Shannon general diversity index H [51], the evenness index E [52], and the Simpson dominance index D [53] which were calculated from the number of bands on DGGE analyses and the relative intensities of these bands. The intensity of the bands was reflected as peak heights from densitometric curve. The indices were calculated from the following equations: H = − ∑(ni/N) (log ni/N), E = Hmax/logS, and D = S − 1/logN, where N is the entire bands figure and S is the different bands figure.




2.8. Statistical Data Analysis


In order to measure time-induced changes in microbiological communities, discriminant analysis was utilized [54,55]. Analysis of variance (ANOVA) and the Duncan test for equality of means were used to detect significant differences between seasons and years. A 5% probability level was used to accept or reject the null hypothesis. All the statistical analyses were performed with the IBM Analytics SPSS (version 19.0, IBM Corp., Armonk, NY, USA).





3. Results


3.1. Analysis of Cultured Microorganisms


The microorganisms from a total of 36 soil samples (12 sampling dates per triplicate) were cultured in eight different culture media (YEPD, TSA, PEP, ME, RB, MG, AZO, and SC). A total of 72 bacterial morphological types were differentiated according to the colonies’ characteristics and cell morphology. After 16S rDNA sequencing, they were re-grouped into 43 bacterial species, in addition to two common groups for all the unidentified yeasts and molds (Figure 1 and Table 1). The genera with the greatest number of detected different species were Streptomyces (11 species), Pseudomonas (9 species), and Bacillus (6 species). They were also some of the most relatively abundant, together with Acinetobacter, Arthrobacter, and Stenotrophomonas. The amount of cultured molds was roughly 10% of total cultured microorganisms, with the lowest amount found in fall after harvest, when the soil moisture content decreased because irrigation had ceased and there was the usual absence of rain. The appearance of cultured yeasts was sporadic (Table 1). The differentiation of the 30 most frequent bacterial morphological types (present in most soil samples) was validated in some de novo experiments by confirming the data by 16S rDNA sequencing or DGGE analysis (for a total of 149 new isolated colonies). We confirmed that the total error of the morphological-type differentiation was moderately low, 4.02%, and was always below 29% for a given morphological-type, being 0% in most occurrences (Table 2). This error was mostly due to the morphological similarity between some of the species of Bacillus and Pseudomonas, and the difficulty in identifying Rhodococcus corynebacterioides and Stenotrophomonas maltophilia. The 13 remaining species were not considered in this validation because they appeared sporadically, in less than 7% of the soil samples, and always with a frequency lower than 1%.


Figure 1. Different morphological typologies and corresponding species of bacterial colonies rose in TSA, SC, YEPD, and AZO media seeded with the soil sample of fall of the third year. Ps, Pseudomonas. S, Serratia. P, Paenibacillus. B, Bacillus. C, Chryseobacterium. Ste, Stenotrophomonas. J, Janthinobacterium. K, Klebsiella. Mi, Micromonospora. R, Rhodococcus. Sta, Staphylococcus Ac, Acinetobacter. Pa, Pantoea. M, Microbacterium. Ar, Arthrobacter. Str, Streptomyces. Bu, Burkholderia. Modified from Muñoz et al., 2010 [56].
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Table 1. Fluctuation of the different cultured-microorganisms of the soil microbial community of the maize crop during three years. Modified from Muñoz et al., 2010 [56].







	
Genus/Type of Microorganism

	
First Year

	
Second Year

	
Third Year

	
Average




	
Sp

	
Su

	
Au

	
Wi

	
Sp

	
Su

	
Au

	
Wi

	
Sp

	
Su

	
Au

	
Wi






	
Azotobacter (1) ○

	
0.3aA

	
0.6bA

	
0.3aB

	
0.4aA

	
0.3abA

	
0.5cA

	
0.2aA

	
0.5bcA

	
0.3aA

	
0.8cA

	
0.3aAB

	
0.5bA

	
0.4




	
Acinetobacter (2) ○

	
1.3aA

	
9.1bB

	
11.2bB

	
18.2cA

	
1.8aA

	
9.2bB

	
13.3cB

	
19.5dA

	
4.1abB

	
1.2aA

	
7.2bA

	
15.6cA

	
9.3




	
Burkholderia (1) ○

	
11.7bA

	
5.1aA

	
4.2aB

	
5.3aB

	
10.6cA

	
8.8bB

	
5.8aB

	
7.2bB

	
12.2cA

	
5.8bA

	
2.9aA

	
2.6aA

	
6.9




	
Chryseobacterium (1) ○

	
2.6cB

	
1.5bA

	
0.7aA

	
1.6bB

	
2.0bB

	
7.2cB

	
0.8aA

	
2.2bC

	
1.0bA

	
0.2aA

	
0.9bA

	
0.8bA

	
1.8




	
Janthinobacterium (1) ○

	
0.0aA

	
0.0aA

	
0.0aA

	
0.2bA

	
0.0aA

	
0.0aA

	
0.0aA

	
0.3A

	
0.0aA

	
0.0aA

	
0.0aA

	
0.2bA

	
0.1




	
Klebsiella (1) ○

	
0.2bA

	
0.0aA

	
0.0aA

	
0.0aA

	
0.3abA

	
0.0aA

	
1.1bB

	
1.4bB

	
0.6bA

	
0.4bB

	
0.0aA

	
0.0aA

	
0.3




	
Pantoea (1) ○

	
1.6cB

	
0.7bA

	
0.3aA

	
0.7bB

	
0.9aA

	
3.2bB

	
0.5aA

	
1.0aB

	
1.4bB

	
0.1aA

	
0.4aA

	
0.3aA

	
0.9




	
Pseudomonas (9) ○

	
40.1cB

	
21.6bA

	
12.7aA

	
19.5bB

	
30.0cA

	
16.1aA

	
21.3bB

	
12.0aA

	
42.4bB

	
27.6aA

	
20.0aB

	
24.4aB

	
24.0




	
Serratia (1) ○

	
1.7bB

	
0.9bA

	
0.1aA

	
0.4abA

	
0.1aA

	
0.4cA

	
0.5cA

	
0.1bA

	
0.1aA

	
0.3abA

	
0.1aA

	
0.6bA

	
0.4




	
Stenotrophomonas (1) ○

	
6.3bA

	
2.7aB

	
32.9dA

	
16.5cA

	
5.9aA

	
2.4aB

	
32.3cA

	
12.9bA

	
6.4bA

	
1.7aA

	
38.9dA

	
13.9cA

	
14.4




	
Arthrobacter (2) ●

	
7.3aA

	
18.9bA

	
18.4bB

	
9.0aA

	
22.6cB

	
17.0bA

	
6.5aA

	
11.9abB

	
6.6aA

	
21.3bA

	
7.3aA

	
11.1aB

	
13.2




	
Bacillus (6) ●

	
8.9aA

	
15.9bA

	
12.9bB

	
8.4aA

	
11.6bA

	
11.9bA

	
7.5aA

	
16.4cB

	
9.1aA

	
18.0cA

	
10.0aA

	
12.7bB

	
11.9




	
Microbacterium (1) ●

	
0.0aA

	
0.0aA

	
0.0aA

	
0.0aA

	
0.0aA

	
0.0aA

	
0.0aA

	
0.0aA

	
0.2bB

	
0.0aA

	
0.0aA

	
0.0aA

	
0.0




	
Micromonospora (1) ●

	
0.4bA

	
0.6cA

	
0.3aA

	
0.7cA

	
0.8aB

	
2.9bB

	
0.7aA

	
0.9aA

	
0.4bA

	
0.1aA

	
0.4bA

	
0.3bA

	
0.7




	
Paenibacillus (1) ●

	
4.7cA

	
2.0bA

	
0.9aA

	
2.1bA

	
4.7bA

	
2.6aA

	
2.3aB

	
2.9aA

	
4.3cA

	
2.3bA

	
1.2aA

	
2.0bA

	
2.7




	
Rhodococcus (1) ●

	
1.3abB

	
2.0cB

	
1.0aA

	
1.5abB

	
0.4aA

	
0.0aA

	
1.8bA

	
0.0aA

	
0.6aA

	
2.4cB

	
1.6bA

	
1.1abB

	
1.1




	
Staphylococcus (1) ●

	
0.0aA

	
0.0aA

	
0.1bA

	
0.4cA

	
0.0aA

	
0.0aA

	
0.4bA

	
0.2bA

	
0.0aA

	
0.0aA

	
0.0aA

	
0.2bA

	
0.1




	
Streptomyces (11) ●

	
11.7bA

	
18.5cA

	
3.7aA

	
14.6bA

	
7.9aA

	
16.7cA

	
5.3aA

	
10.3bA

	
10.4aA

	
18.6cA

	
9.1aB

	
13.0abA

	
11.7




	
Gram+ bacteria

	
34.3

	
57.9

	
37.3

	
36.7

	
48

	
51.1

	
24.5

	
42.6

	
31.6

	
62.7

	
29.6

	
40.4

	
41.4




	
Gram− bacteria

	
65.8

	
42.2

	
62.4

	
62.8

	
51.9

	
47.8

	
75.8

	
57.1

	
68.5

	
38.1

	
70.7

	
58.9

	
58.5




	
Nº bacteria b

	
30.4

	
23.36

	
16.9

	
24.8

	
37.7

	
22.4

	
32.0

	
37.1

	
30.3

	
35.8

	
29.7

	
30.6

	
29.3




	
Nº yeasts a

	
0.0

	
0.0

	
0.0

	
0.0

	
0.3

	
0.1

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.2

	
0.1




	
Nº moulds b

	
3.86

	
3.81

	
2.59

	
2.86

	
2.66

	
3.16

	
2.49

	
4.37

	
3.13B

	
3.66

	
2.0

	
2.91

	
3.1




	
Nº microorganisms b

	
34.3

	
27.1

	
19.5

	
27.7

	
30.4

	
25.5

	
34.5

	
41.5

	
33.4

	
39.5

	
31.7

	
33.5

	
31.6




	
Nº DB

	
33

	
32

	
34

	
33

	
35

	
29

	
34

	
33

	
37

	
33

	
30

	
33

	
33




	
D

	
15.9

	
15.5

	
6.9

	
12.7

	
13.0

	
12.9

	
7.7

	
13.4

	
15.9

	
14.5

	
5.7

	
13.5

	
12.3




	
H

	
3.0

	
3.0

	
2.5

	
2.9

	
2.9

	
2.9

	
2.8

	
2.9

	
3.1

	
3.0

	
2.5

	
3.0

	
2.9




	
E

	
0.8

	
0.8

	
0.7

	
0.8

	
0.8

	
0.8

	
0.7

	
0.8

	
0.8

	
0.8

	
0.7

	
0.8

	
0.8




	
Annual D

	
16.2

	
16.0

	
16.2

	




	
Annual H

	
3.1

	
3.0

	
3.0

	




	
Annual E

	
0.8

	
0.8

	
0.8

	








Data for Gram+, Gram−, and each bacterium genus corresponds to the percentages of colonies relative to the number of colony forming units (CFU) for each soil sample. Data for the other types of microorganisms are CFU counts for each soil sample. a, CFU/g dry soil × 106. b, CFU/g dry soil × 107. The number of different species detected for each bacterium genus is stated at the side in parentheses. Sp, spring. Su, summer. Au, fall. Wi, winter, ○: Gram−. ●: Gram+. D, Simpson dominance index. H, Shannon general diversity index. E, evenness index. Nº. DB, number of different bacterium species. ANOVAs and Duncan’s tests: Data in the same row followed by the same small letter are not significantly different in the same year at p < 0.05 level. Data in the same row followed by the same capital letter are not significantly different in the same season at the p < 0.05 level.








Table 2. Comparison of detected cultured bacteria according to their morphological features and their 16S rRNA gene sequence or PCR-DGGE, and the error of the discrimination from morphological assignments.







	
Microorganism

	
Nº of Colonies Analysed

	
Error (%)




	
s

	
d






	
Acinetobacter haemolyticus

	
2

	
3

	
0




	
Acinetobacter rhizosphaerae

	
1

	
4

	
0




	
Arthrobacter dextranolyticus

	
2

	
4

	
0




	
Arthrobacter nicotinovorans

	
5

	
4

	
0




	
Bacillus simplex

	
1

	
7

	
12.5




	
Bacillus subtilis

	
5

	
3

	
0




	
Bacillus thuringiensis

	
1

	
6

	
14.3




	
Bacillus weihenstephanensis

	
1

	
4

	
0




	
Chryseobacterium indologenes

	
1

	
4

	
0




	
Janthinobacterium lividum

	
1

	
5

	
0




	
Klebsiella trevisanii

	
1

	
4

	
0




	
Microbacterium oxydans

	
1

	
4

	
0




	
Pseudomonas jessenii

	
2

	
6

	
12.5




	
Pseudomonas mediterranea

	
3

	
3

	
0




	
Pseudomonas mosselii

	
2

	
3

	
0




	
Pseudomonas poae

	
1

	
4

	
0




	
Pseudomonas putida

	
4

	
3

	
0




	
Rhodococcus corynebacterioides

	
1

	
6

	
28.6




	
Serratia proteamaculans

	
1

	
5

	
0




	
Stenotrophomonas maltophilia

	
2

	
5

	
14.3




	
Streptomyces scabrisporus

	
1

	
5

	
0




	
Streptomyces violaceorubidus

	
2

	
0

	
0




	
Streptomyces flavovirens

	
2

	
0

	
0




	
Streptomyces xanthophaeus

	
2

	
0

	
0




	
Streptomyces ciscaucasicus

	
2

	
0

	
0




	
Streptomyces griseoaurantiacus

	
2

	
0

	
0




	
Streptomyces drozdowiczii

	
2

	
0

	
0




	
Streptomyces violascens

	
2

	
0

	
0




	
Streptomyces virginiae

	
2

	
0

	
0




	
Streptomyces carpaticus

	
2

	
0

	
0




	
Total accumulated error

	
4.02








s: number of colonies validated by DNA sequencing. d: number of colonies validated by PCR-DGGE.








It was expected that a greater number of microorganism species could be detected by increasing the number of different culture media used. However, although we used as many as eight media, most of the microorganisms detected using all of them were detectable using combinations of just three different media. For example, for a given soil sample (fall of the third year), of a maximum of 36 bacterial morphological types detected with the eight media (Table 3), all 36 were detected by using SC/YEPD/AZO, 32 by TSA/SC/YEPD, 33 by SC/PEP/AZO, 34 by TSA/SC/AZO, and 30 by TSA/SC/PEP (Table 4). The D index estimated by any of these three-media combinations varied from 11.38 to 12.24 (90.8–97.7% of the maximum achieved by using the eight media—12.53), and the H index from 2.49 to 2.72 (83.6–91.3% of the maximum achieved—2.98). The evenness varied from 0.78 to 0.81, very close to that estimated by using the eight media—0.91. Similar results were found for the rest of the soil samples, although it was not always possible to detect the maximum of species detected with the eight media by using a three-media combination, as occurred with the SC/YEPD/AZO combination in the above example.



Table 3. Different cultured-bacteria genera detected in the soil sample of fall during the third year of sampling by using eight culture media.







	
Genus

	
Culture Media




	
TSA

	
SC

	
YEPD

	
AZO

	
MG

	
ME

	
PEP

	
BR

	
Mean






	
Arthrobacter (2) ●

	
8.6

	
9.9

	
5.4

	
5.7

	
0.0

	
10.6

	
4.4

	
8.3

	
6.6




	
Bacillus (6) ●

	
11.2

	
2.0

	
11.2

	
20.8

	
0.0

	
11.4

	
7.1

	
11.1

	
9.3




	
Microbacterium (1) ●

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
Micromonospora (1) ●

	
0.5

	
0.0

	
0.4

	
0.0

	
0.0

	
0.0

	
1.1

	
0.0

	
0.3




	
Paenibacillus (1) ●

	
1.1

	
0.0

	
2.7

	
1.9

	
0.0

	
0.8

	
1.1

	
2.8

	
1.3




	
Rhodococcus (1) ●

	
2.1

	
3.9

	
0.0

	
1.9

	
0.0

	
1.6

	
1.1

	
2.8

	
1.7




	
Staphylococcus (1) ●

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
Streptomyces (11) ●

	
4.3

	
44.7

	
1.9

	
0.0

	
0.0

	
1.6

	
2.7

	
11.1

	
8.3




	
Acinetobacter (2) ○

	
7.0

	
20.4

	
5.4

	
5.7

	
0.0

	
1.6

	
6.0

	
0.0

	
5.8




	
Azotobacter (1) ○

	
0.0

	
0.0

	
0.0

	
5.7

	
0.0

	
0.0

	
0.0

	
0.0

	
0.7




	
Burkholderia (1) ○

	
3.2

	
0.0

	
1.2

	
22.6

	
0.0

	
3.3

	
2.2

	
0.0

	
4.1




	
Chryseobacterium (1) ○

	
0.0

	
0.0

	
3.5

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.4




	
Janthinobacterium (1) ○

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
Klebsiella (1) ○

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
Pantoea (1) ○

	
0.5

	
0.0

	
0.8

	
0.0

	
0.0

	
0.0

	
0.5

	
0.0

	
0.2




	
Pseudomonas (9) ○

	
17.1

	
7.2

	
23.2

	
15.1

	
100

	
18.7

	
23.1

	
41.7

	
30.8




	
Serratia (1) ○

	
0.0

	
0.0

	
0.4

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
Stenotrophomonas (1) ○

	
44.4

	
11.8

	
44.0

	
20.8

	
0.0

	
50.4

	
50.5

	
22.2

	
30.5




	

	

	

	

	

	

	

	

	

	
Total




	
D

	
9.57

	
10.2

	
9.41

	
4.61

	
1.34

	
9.32

	
9.37

	
4.42

	
12.53




	
H

	
2.36

	
2.82

	
2.26

	
1.48

	
0.83

	
2.24

	
2.18

	
1.36

	
2.98




	
E

	
0.74

	
0.88

	
0.73

	
0.77

	
0.86

	
0.76

	
0.78

	
0.77

	
0.91




	
Nº DB

	
19

	
27

	
18

	
9

	
2

	
15

	
17

	
6

	
36




	
Nº UB

	
0

	
11

	
2

	
4

	
0

	
0

	
0

	
0

	
17








Data for each bacterium genera are the percentage of colonies relative to the total colony number raised in culture media (mean of three repetitions for each soil sample). ○: Gram−. ●: Gram+. D, Simpson index of dominance. H, Shannon index of general diversity. E, evenness index. Nº DB, number of different bacteria. Nº UB, number of unique bacteria.








Table 4. Analysis of cultured bacteria from fall sampling during the third year by using different culture media combinations.







	
Variable

	
Culture Media Combination




	
TSA/SC/YEPD

	
AZO/YEPD/SC

	
AZO/PEP/SC

	
TSA/SC/AZO

	
TSA/SC/PEP






	
D

	
11.6

	
12.2

	
11.7

	
12.0

	
11.4




	
H

	
2.61

	
2.72

	
2.54

	
2.67

	
2.49




	
E

	
0.80

	
0.81

	
0.80

	
0.81

	
0.78




	
Nº DB

	
32

	
36

	
33

	
34

	
30




	
Nº UB

	
13

	
17

	
15

	
15

	
11








D, Simpson index of dominance. H, Shannon index of general diversity. E, evenness index. Nº DB, number of different bacteria. Nº UB, number of unique bacteria.









3.2. PCR-Agarose and PCR-DGGE Analysis of Soil and Cultured Bacteria DNA


In an attempt to improve the microbial biodiversity measurement, we also analyzed the same soil sample (fall of the third year) by PCR-agarose and PCR-DGGE to compare the results with those from the morphological-type differentiation of cultured microorganisms.



Although the results obtained with the soil DNA were not as clear and easy to interpret as those obtained with DNA from cultured bacteria, the number of different DNA bands detected by PCR-agarose of the soil DNA was greater than detected by analyzing the TSA or SC cultured bacteria (22 vs. 15 or 14, respectively), and the number of unique DNA bands detected was also much greater (12 vs. 3 or 2, respectively). Of the total of 31 bands detected, 17 were unique bands for one of these three techniques, and only 14 were shared by two or three of these approaches (Figure 2).


Figure 2. PCR-agarose of bacterial DNA from the soil sample of fall of the third year. LM, 1 kb DNA ladder. Soil, DNA from soil. TSA and SC, DNA from cultured bacteria raised in TSA and SD media respectively. D, Simpson dominance index. H, Shannon general diversity index. E, evenness index. Nº DB, number of different bands. Nº UB, number of unique bands.
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Fewer different DNA bands were detected by PCR-DGGE of the soil DNA than by analyzing the SC, TSA, or PEP cultured bacteria (14 vs. 28, 22, or 22, respectively). Also, the number of unique DNA bands detected by PCR-DGGE of soil was lower than detected by PCR-DGGE of SC-cultured bacteria (4 vs. 7), but greater than those detected in TSA or PEP cultured bacteria (4 vs. 1 or 0). Of the total of 33 different bands detected, 12 were unique for one of these techniques, while 21 were shared by two or more of the techniques. A variable proportion of the detected DNA PCR-DGGE bands was identified by visual matching to the DNA fragments of the specific microorganisms that were previously isolated and used in the DGGE as control markers: 11 out of 14 for the soil sample, 14 out of 28 for SC, 14 out of 22 for TSA, and 15 out of 22 for PEP medium (Figure 3). As was the case with PCR-agarose, the results obtained with the soil DNA were not as clear and easy to interpret as those obtained with DNA from cultured bacteria. Nevertheless, of the total of 35 DNA PCR-DGGE bands detected in the total of the soil samples analyzed, as many as 29 were identified by comparing with the 43 control markers, and only 6 (12%) were unidentified. Of the control markers obtained from cultured bacteria, 14 were not detected in any of the DNA soil samples. Most of these were Streptomyces (Str. carpaticus, Str. flavovirens, Str. xanthophaeus, Str. griseoaurantiacus, Str. virginiae, Str. ciscaucasicus, Str. drozdowiczii, Str. violascens, Str. carbonacea, Str. scabrisporus, Str. violaceorubidus), in addition to Ar. nicotinovorans, B. simplex, and B. megaterium. It is possible that spore-forming bacteria such as Streptomyces and Bacillus were not detected in the soil because of the difficulty in isolating the DNA from the spores, which would not be the case with DNA from the cultured bacteria [57]. The differences between the results obtained with the cultured-microorganism DNA from different culture media were not as evident (Figure 3). Very similar results were obtained for all the soil samples analyzed during the three years. In view of these results, we used the eight-media morphological-type differentiation of cultured-bacteria, soil PCR-agarose, and soil PCR-DGGE to analyze the fluctuation of the microbial soil community in this maize crop.


Figure 3. PCR-DGGE and density traces of bacterial DNA from the soil sample of fall of the third year. M, migration markers (Ps. ae., Pseudomonas aeruginosa; E. coli, Escherichia coli; Pa. sp., Paenibacillus sp.; Str. ca., Streptomyces caviscabies). Soil, DNA from soil. SC, TSA and PEP, DNA from cultured bacteria raised in SC, TSA and PEP media respectively. ○, Gram−. ●, Gram+. Streptomyces, migration zone of the PCR fragments of Streptomyces; Bacillus, zone of Bacillus; and Pseudomonas, zone of Pseudomonas. *, density peaks detected by Quantity software. D, Simpson dominance index. H, Shannon general diversity index. E, evenness index. Nº DB, number of different bands. Nº UB, number of unique bands. Ps, Pseudomonas. C, Chryseobacterium. Ste, Stenotrophomonas. J, Janthinobacterium. Ac, Acinetobacter. B, Bacillus. K, Klebsiella. S, Serratia. M, Microbacterium. Ar, Arthrobacter. Str, Streptomyces. Modified from Muñoz et al., 2010 [56].
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3.3. Seasonal Fluctuation and Interannual Stability of the Soil Microbial Community in a Long-Term No-Tillage Maize Crop


Significant seasonal fluctuation was observed for the total number of bacteria, molds, total microorganisms, and for the bacteria of most genera. However, for many bacterial genera there were no significant interannual differences for the same season (Table 1). The amounts of cultured bacteria, molds, and total microorganisms were usually lowest in the fall (after harvest), with the exception of total bacteria and total microorganisms of the second year, which were lower in the summer than in the fall. Also, the numbers of most of the species detected in the cultured bacteria generally showed the same trend of variation as the total of bacteria, molds, and total microorganisms, with the exception of Acinetobacter and Stenotrophomonas which showed the opposite behavior, increasing in the fall. D and H indices also decreased in the fall, coinciding with the decrease in soil moisture content (Table 1 and Figure 4C). However, the number of different species detected did not decrease in the fall (Table 1), although fewer bands were detected by soil PCR-agarose in the fall, while those detected by soil PCR-DGGE followed an irregular pattern (Figure 4A,B). The D and H indices of cultured bacteria and the soil PCR-agarose D index showed the expected seasonal fluctuations in accordance with the fall decrease in soil moisture content. Similar results were found for the D and H indices of total microorganisms including molds and yeasts (data not shown). The soil PCR-DGGE D index increased in the winter with the rise in soil moisture content, as did the biodiversity indices estimated by the other procedures, but it decreased in the spring in a trend unrelated to the maintenance of the soil moisture content. In general, the H index fluctuated less than the D index because it measures preferably the presence of rare species instead of the frequency of each species, as does the D index [58]. No correlation was found between biodiversity index (H or D) with the observed genera. Additionally, as identified before, the fluctuation in soil organic carbon, total nitrogen was not significant, thus it is not predictable to find correlations among the aforementioned parameter. In fact, soil organic carbon and total nitrogen remained constant throughout the three years (2.78 ± 0.18% and 0.12 ± 0.006% respectively), and the temperature fluctuated according to the season (spring = 13.68 ± 0.33 °C, summer = 22.23 ± 0.25 °C, fall = 18.38 ± 0.32 °C, and winter = 9.93 ± 0.44 °C). In general, Gram– bacteria were more abundant than Gram+, except in the summer when the Gram+ predominated mostly due to the relative increase of the spore-forming bacteria Streptomyces and Bacillus.


Figure 4. Fluctuation of the bacterial soil community in the maize field as determined by soil PCR-agarose (A), soil PCR-DGGE (B), and de visu identification of bacteria cultured in eight different media (C). Sp, spring. Su, summer. Au, fall. Wi, winter. The number of different bands detected is given at the bottom of each electrophoresis line. (A): LM, DNA molecular markers (1 kb ladder). (B): M, migration markers (Ps. Ae., Pseudomonas aeruginosa; E. coli, Echerichia coli; Pa. sp., Paenibacillus sp.; Str. ca., Streptomyces caviscabies). (C): ●, D index of cultured bacteria. ○, H index of cultured bacteria. ▲, D index of soil PCR-DGGE bands. △, H index of soil PCR-DGGE bands. ■, D index of soil PCR-agarose bands. □, H index of soil PCR-agarose bands. ♦ Percentage of soil moisture content. Modified from Muñoz et al., 2010 [56].
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4. Discussion


The cultured bacterial community of the studied soil is simpler than other soil communities. For example, whereas we detected 18 genera and 43 species in our stony soil by plating onto eight different culture media, as many as 116 species have been found in a silt loam soil with greater organic carbon and moisture content [27]. Aslam et al. [59] found 27 and 38 genera in a subtropical soil managed under conventional and no-tillage practices, respectively. However, in a Mediterranean soil contaminated with copper, with organic carbon and nitrogen contents similar to the soil analyzed in our study, 16 genera and 32 species were recovered using culture-dependent methods [60], and another study described eight phylogenetic groups in an extremely low-moisture silt soil [61]. These differences could be due to the intrinsic properties of the different soils considered, and to the environmental conditions at each location, especially the climate. Also, given the general belief that only a small proportion of soil bacteria can be cultured in standard laboratory media [24], it is conceivable that we could be missing difficult-to-culture bacteria that can be detected by culture-independent procedures. However, more bacterium species were detected by culturing methods than by PCR-DGGE analyses. DGGE fingerprinting does not provide complete coverage of soil bacterial diversity, since only a limited number of bands can be resolved [62,63], and it has been suggested that PCR-DGGE reveals only the dominant components of the communities [64,65,66]. Also, some minor components could develop in culture media but still remain undetected through PCR-DGGE. It could be even possible that, under our experimental conditions, the proportion of dominant viable non-culturable soil bacteria was less than generally believed, and most dominant non-culturable bacteria are actually non-viable forms of the cultured ones.



The seasonal fluctuations of most bacterial genera, the total number of bacteria, molds, and total microorganisms were greater than the interannual fluctuations (Table 1). Coinciding with the decrease in soil moisture content, the amounts of cultured bacteria, molds, and total microorganisms were usually lowest in the fall; whereas the high summer temperature seems to increase the relative abundance of the Gram+ spore-forming bacteria Streptomyces and Bacillus. Similar results have been reported for a pasture soil, where microbial biomass was highest from April to August, and decreased during the fall to winter period [67]. Shi et al. [68] also found low values for most microbial properties in a maize-soybean rotation under dry weather conditions. Also, the proportion of most of the species detected among the cultured bacteria mostly varied with the same general trend. The exceptions of Acinetobacter and Stenotrophomonas which increased in the fall could be due to the increased oxygenation of the soil concomitant with the reduction in moisture content, or to the disappearance of rhizodepositions after harvest [69,70]. Such changes in environmental conditions could result in a relative increase in growth of Acinetobacter and Stenotrophomonas with respect to the rest of the bacteria, and so induce some suits in the bacterial communities, showing a dynamic bacterial succession in the studied soils. The other exception to the general pattern found in the analysis of the bacterial communities occurred during the second sampling year, when lower index values were observed in summer than in fall. According to Shi et al. [68], this could have been due to the warm weather conditions with high summer temperature reached that year (mean of 32.73 °C during the second-year vs. 30.27 °C and 31.55 °C for the first and third years, respectively) [68]. D and H indices also decreased in fall, coinciding with the decrease in soil moisture content (Table 1 and Figure 4C). While a similar number of bacterial species were detected throughout the year using culturing methods, culture-independent methods (PCR-DGGE) showed seasonal variations, indicating changes in the dominant members of the bacterial communities in the studied soils. The evenness of the cultured microorganisms, however, remained roughly constant throughout the three years, as also did the evenness estimated by soil PCR-agarose and PCR-DGGE (data not shown).



As individual technique, soil PCR-agarose, PCR-DGGE of cultured bacteria from SC, TSA, or PEP media, and morphological-type differentiation of SC colonies, detected the most bacterial species (this is assuming that each PCR-DNA band belonged to a different species). Also, the biodiversity estimated with these solo techniques was higher than with the other individual techniques (Table 3, Figure 2 and Figure 3). Of the three culture-dependent-technique combinations, SC/TSA/PEP for CD-PCR-DGGE, and AZO/YEPD/SC for morphological-type differentiation were the most successful, giving the highest values of species detected and of biodiversity estimated. Nonetheless, the other three-technique combinations also yielded high values, not far from the maximum achieved by considering all the species raised in the eight-culture media (Table 4 and Figure 3).



Although most diversity indices do not reflect the differences in species richness or species evenness [71], the cultured bacteria D and H indices, soil PCR-agarose D index, and cultured microorganisms (including molds and yeasts) D and H indices, all reflected the seasonal fluctuation of most species corresponding to the fall decrease in soil moisture content. The soil PCR-DGGE D index increased in the winter with the rise in soil moisture content, but, in contrast to the rest of the indices, it decreased in the spring in a trend unrelated to the maintenance of soil moisture content, probably due to a selection of a low number of the major bacterial components of the community. In general, since the H index did not reflect these fluctuations as strongly as did the D index, the latter may be better suited to analyze seasonal soil bacterial community fluctuations. This is because the D index measures the frequency of each species instead of the presence of rare species as does the H index (i.e., [58,72]).




5. Conclusions


Soils subjected to long-term agricultural practices that are aimed at minimizing the disruption of the soil's structure, composition and natural biodiversity in a Zea mays crops purport to be fairly persistent probably because its C/N contents were kept over the studied period. Because no soil overturning occurs, most of the cultured microbiological population fluctuations depended only on edaphoclimatic conditions and, in spite of the native fluctuations, the quantity of distinct microbiological life remained practically unaltered, demonstrating a dynamic behavior and recovering their maximum levels when the proper edaphoclimatic conditions were present again.



As stated by [73], common agricultural practices are responsible for shaping the microbial communities in the agro-ecosystem and, according to the study of [74] the agricultural ecosystem sustainability can be restored stimulating soil life. We conclude, then, like [75] and the United Nations Sustainable Development Goals (Convention on Biological Diversity) [76], which the bacterial communities present in the soil largely contribute to the soil’s sustainability.
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