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ABSTRACT

Soil microorganisms perform various ecosystems 
functions. They are indispensable part of sustainable 
soil health and agricultural production. The aim of 
the present investigation was to ascertain the status 
of soil microbial diversity in selected rainfed regions 

of India. The soil samples were collected from four 
different locations viz., Ballowal Saunkhri (Punjab), 
Parbhani (Maharashtra), Ananthapuramu (Andhra 
Pradesh) and Vijayapura (Karnataka). Further, we 
have quantified the abundance of bacteria, fungi, 
actinomycetes, free living nitrogen fixing bacteria, 
Pseudomonas spp. and phosphorus solubilizing 
bacteria. Estimated Shannon diversity index (H), 
Simpson dominance index (C) and the ratio of fungi 
and bacteria (F: B). Our findings showed the signifi-
cant differences among different microbial functional 
groups and F: B ratio across different rainfed regions 
of India. Highest Shannon diversity index was ob-
served at Ballowal Saunkhri. Whereas, Simpson dom-
inance index was maximum at Parbhani. A positive 
correlation was observed between different microbial 
functional groups with soil organic carbon. In conclu-
sion, inceptisols of Ballowal Saunkhri with relatively 
higher soil organic carbon and slightly alkaline pH 
recorded maximum abundance and diversity indices 
of soil microorganisms vis-à-vis other rainfed regions. 

Keywords  Fungi, Bacteria, Rainfed, Soil microbial 
diversity, Shannon index. 
 
INTRODUCTION

The living soil is fundamental to sustain life on the 
planet earth (Schloter et al. 2018). Due to the pres-
ence of variety of micro  organisms in soil, it is being 
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termed as living and breathing skin of earth. There 
are about 5 × 1031 microbial cells, which constitute 
around 60 % of the total biomass (Rao 2007). Soil 
microorganisms are key drivers of several ecosys-
tems functions such as bio-geochemical cycling of 
nutrients, removal of toxic pollutants, decomposition 
of organic matter, suppression of pest and diseases, 
improving plant growth and yield (Bargaz et al. 2018, 
Manjunath et al. 2016, 2018). The composition and 
abundance of soil microorganisms strongly influences 
soil health and also act as sensitive indicators (Wang 
et al. 2020, Schloter et al. 2018). Indiscriminate use 
of chemical fertilizers and pesticides in agricultural 
production is adversely affecting soil bio-diversity, 
soil health, productivity and also the environment 
(Walkiewicz et al. 2020, Cavicchioli et al. 2019). 
Beneficial microorganisms with their multiple func-
tions like provisioning of nutrients and management 
of pest and diseases are integral part of sustainable 
agricultural production systems (Bakker et al. 2018, 
Wang et al. 2020). Bacterial and fungal abundance 
enhanced the wheat yield and nitrogen uptake under 
dryland conditions (Tautges et al. 2016). Chen et al. 
(2020) reported that, diversity of soil microorganisms 
is vital for sustainable plant productivity. Soils with 
higher magnitude of bio-diversity are more resilient 
to environmental changes (Jiao et al. 2019). Soil 
microbial diversity is affected by soil type, environ-
ment, crop and soil management practices (Srinivasa 

Rao et al. 2018).  Decline of soil microbial diversity 
significantly impacts nutrient cycling (Philippot et al. 
2013) and impairs ecosystem functioning in the long 
run (Hautier 2015). Hence, it is imperative to maintain 
the soil microbial diversity for sustainable ecosystem 
functioning. In view of the fact that, richer diversity 
of soil microorganisms provides better chances to 
different microorganisms carry out various ecosystem 
functions (Wagg et al. 2021).  A very little information 
is available on the status of soil microbial diversity 
in different rainfed regions of India having different 
climate, soil type and rainfall. Hence, the objective 
of the present study was to estimate the current 
status of soil microbial diversity in selected rainfed 
regions viz., Ballowal Saunkhri (Punjab), Parbhani 
(Maharashtra), Ananthapuramu (Andhra Pradesh) and 
Vijayapura (Karnataka) representing sub-humid (hot 
dry), semi-arid (hot moist), arid (hot) and semi-arid 
(hot dry) climatic conditions, respectively.
 
MATERIALS AND METHODS

Locations of soil sampling

The soil samples were collected during the year 2018 
from 04 different rainfed regions of India differing 
in soil type, rainfall and climatic conditions. The 
locations were Ballowal Saunkhri (Punjab), Parbhani 
(Maharashtra), Anantapuramu (Andhra Pradesh) and 

Table 1.  Geographic, climatic and edaphic properties of the studied rainfed locations.

	 Ballowal Saunkhri	 Parbhani	 Anantapur	 Vijayapura
Particulars	 (Punjab)	 (Maharashtra)	 (Andhra Pradesh)	 (Karnataka)

Geographic location	 31o5′53.19″ N and	 19.2608 °N and	 14°41’218’’N	 160 46’ 15.16’’ N and
(Latitude and  longitude)	 76 o23′22.684″ E	 76.7748°E	 and 77040’115’’E	 750 44’53.78’’ E
Climate	 Sub-humid	 Semi-arid	 Arid (Hot)	 Semi-arid
	 (Hot dry)	 (Hot moist)		  (Hot dry)

Soil type	 Inceptisols	 Vertisols	 Alfisols	 Vertisols

Organic carbon (%)	 0.49	 0.44	 0.36	 0.42
pH	 7.6	 7.85	 6.51	 8.02

Available N (kg ha-1)	 117	 189	 143.5	 198.5
Available P (kg ha-1)	 45.6	 17.93	 76.5	 13.2
Available K (kg ha-1)	 168	 432	 345.5	 389.8
Mean annual rainfall (mm)	 1011	 901	 544	 595
Mean annual temperature 	 40.8	 33.01	 34.10	 41.81
Max and Min (°C)	 2.30	 18.22	 21.76	 7.6  
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Vijayapura (Karnataka).  The latitude, longitude, 
climate and soil type information has been presented 
in Table 1. Soil samples were taken from 0-15 cm 
(from the top surface) using an augur. Six random soil 
samples were collected from each location, they were 
hand crushed, passed through 2 mm sieves and im-
mediately kept in cool boxes. The soil samples were 
brought to laboratory and kept at 4°C until analysis.

Soil chemical analyses

The available nitrogen (Subbiah and Asija 1956), 
available phosphorus (Olsen et al. 1954), available 
potassium (Jackson 1973), organic carbon (Walkley 
and Black 1934) and pH (soil : water : 1:2.5,  Jackson 
1973) of the samples were determined by following 
indicated established procedures.

Enumeration of culturable soil microbial
population

The important groups of soil microorganisms viz., 
bacteria, actinomycetes, fungi, phosphorus solubiliz-
ing bacteria, free living nitrogen fixing bacteria and 
Pseudomonas spp. were quantified using different 
media such as nutrient agar (Seeley et al. 1991), 
Kenknight agar (Kenknight and Muncie 1939), 
Rose bengal agar (Martin 1950), Pikovskaya agar 

(Pikovskaya 1948),  Jensen N-free agar  (Jensen 1942) 
and King’s B agar (King et al. 1954), respectively.  
The  soil  dilution  spread plate technique was fol-
lowed to enumerate the microorganisms. Briefly, ten 
grams of each soil sample was mixed in sterile water 
blanks (90 ml) for ten minutes in a shaker.  After mak-
ing required dilutions, 0.1 ml of the suspension was 
spread on the surface of the media plates. The plates 
were incubated at 28 ± 2˚C for different time periods. 
It was 2-3 days for bacteria, Pseudomonas spp.  and 
free-living nitrogen fixing bacteria; 4-6 days for fun-
gi, phosphorus solubilizing bacteria and fungi; 7-10 
days for actinomycetes. After the incubation period, 
the colony forming units (CFU) were counted and 
expressed as CFU g-1 of soil. In case of Pikovskaya 
agar, formation of clear halo around the colonies was 
an indication of inorganic phosphate solubilization, 
such colonies were counted and expressed as colony 
forming units per gram of soil.

Culturable soil microbial diversity and dominance 
indices

The culturable soil microbial diversity index was 
calculated by following one of the most widely used 
diversity index i.e., Shannon diversity index (H). The 
following equation (Shannon 1948) ;

Table  2.  Abundance of different functional groups of microorganisms across selected rainfed locations. Different alphabets within a 
column indicates significant difference at p ≤ 0.05. *NFB – Nitrogen fixing bacteria,   *PSB – Phosphorus solubilizing bacteria.
	
				    Pseudomonas
	 Bacteria	 Fungi	 Actinomycetes	 spp.	 NFB*	 PSB*
	 (Log10  CFU 	 (Log10  CFU	 (Log10 CFU 	 (Log10 CFU	 (Log10 CFU	 (Log10 CFU
Rainfed regions	 g-1 soil)	 g-1 soil)	 g-1 soil)	 g-1 soil)	 g-1 soil)	 g-1 soil)

Ballowal
(Sub-humid
Hot dry)	 8.57	 4.38a	 6.76a	 7.22a	 5.95a	 4.11a

Parbhani
(Semi-arid
Hot moist)	 8.60	 2.89b	 2.58b	 5.16b	 4.35b	 2.12bc

Ananthapuramu
(Arid hot)	 8.40	 3.12b	 4.39c	 5.17b	 4.91b	 2.61abc

Vijayapura
(Semi-arid 
Hot dry)	 8.62	 1.75c	 3.53bc	 4.67b	 5.16ab	 1.70c

SEm	 0.27	 0.22	 0.47	 0.32	 0.29	 0.55
LSD
(p ≤ 0.05)	 0.91	 0.75	 1.58	 1.09	 0.96	 1.84  
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             s                          
H = – ∑  (Pi.lnPi)
           i=1

was used for the estimation of culturable soil micro-
bial diversity index. Wherein, H - Shannon diversity 
index for culturable soil microbial diversity; Pi = 
portion of the whole population made up of micro-
bial genus/group i, s = numbers of microbial genus/
group observed, ∑ = sum from species 1 to species 
s, ln - natural logarithm.

Similarly, culturable soil microbial dominance index 
(C) was estimated by following the Simpson domi-
nance index equation (Simpson 1949) ;

            s
C = – ∑   Pi2

           i=1
 
Wherein; C- culturable soil microbial dominance 
index, Pi = portion of the whole population made up 
of microbial genus/group i, s = numbers of microbial 
genus/group observed, ∑ = sum from species 1 to 
species s.

Statistical  analyses

The data was analyzed by means of analyses of vari-
ance (ANOVA) using Statistical Packages for Social 
Sciences (2016). To find out statistical significance 
between treatment means, LSD test at 95% probabil-
ity level was done. To compare the treatment means 
Duncan’s multiple range test (DMRT) was used. 

Simple correlation coefficients were computed to 
find out the relationships between the variables using 
SPSS (2016).

RESULTS AND DISCUSSION

Soil parameters such as organic carbon, pH, soil 
nutrients and weather parameters like rainfall and 
temperature affect structure of soil microbial commu-
nities (Cao et al. 2016). A summary of soil chemical 
properties of all the locations is given in Table 1. Soil 
organic carbon content ranged from 0.36 -0.49%. 
Highest organic carbon content was recorded at 
Ballowal Saunkhri. The available N, P and K ranged 
from 117-98.5, 13.2-76.5, 168-432 kg/ha, respective-
ly. The highest available N, P and K was observed at 
Vijayapura, Ananthapuramu and Parbhani, respec-
tively. The pH of the soils ranged from 6.51-8.02, the 
highest and lowest pH was recorded at Vijayapura and 
Ananthapuramu, respectively.

Significant differences among different micro-
bial functional groups such as fungi, actinomycetes, 
Pseudomonas spp., nitrogen fixing bacteria and 
phosphorus solubilizing bacteria were observed 
across different rainfed regions of India. Highest 
fungal, actinomycetes, Pseudomonas spp., nitrogen 
fixing bacteria and phosphorus solubilizing bacterial 
population was recorded at Ballowal Saunkhri. The 
lowest fungal, Pseudomonas spp. and phosphorus 
solubilizing bacterial population was noticed at 
Vijayapura. Similarly, Parbhani samples recorded 
lowest actinomycetes and nitrogen fixing bacteria 
in comparison with other rainfed regions (Tables 2, 
3).  Soil organic carbon which acts as a major energy 
source to microorganisms, plays a significant role 
in shaping the abundance and functional diversity 
of soil microorganisms (Hao et al. 2008, Luo et 
al. 2015). The relatively higher soil organic carbon 
content of Ballowal Saunkhri as compared to other 
regions might have influenced the abundance of 
fungal, actinomycetes, Pseudomonas spp., nitrogen 
fixing bacteria and phosphorus solubilizing bacterial 
population. Further, a positive correlation between 
different groups of microorganisms and soil organic 
carbon was also recorded in the present investigation 
(Fig. 3).  Soil pH is another important parameter 
which determines the composition of soil microor-

Fig. 1.  Ratio of fungi and bacteria across analyzed rainfed loca-
tions of India.
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ganisms, as it strongly influences solubilization and 
availability of nutrients (Kemmitt et al. 2006, Yang et 
al. 2017).  In our study, significant positive correlation 
was observed between pH and bacteria. Whereas, 
a negative correlation was noticed between fungi, 
actinomycetes,  Pseudomonas spp. and phosphorus 
solubilizing bacteria with the soil pH. Rousk et al. 
(2009) observed the increase of fungal growth and 
decrease of bacterial growth at lower pH. Similarly, 
relatively higher soil pH recorded at Vijayapura and 
Parbhani might be the reason for low fungal counts. 
Actinomycetes generally grow abundantly in neutral 
or slightly alkaline soils (Cavaletti et al. 2006). In 

the present study, slightly alkaline pH of Ballowal 
Saunkhri favored the growth of actinomycetes and 
recorded higher population as compared to other 
regions. Chemical fertilizers particularly nitrogen 
decreases soil microbial diversity (Nie et al. 2018, 
Nemergut et al. 2008).   Negative correlation obtained 
between soil available nitrogen and fungi, actino-
mycetes, Pseudomonas spp. nitrogen fixing bacteria 
and phosphorus solubilizing bacteria in the present 
study also confirms previous reports. Soil phospho-
rus had a positive influence on soil microorganisms 
(Allison et al. 2005). Similarly, our results showed 
a positive correlation between soil phosphorus and 

Fig. 2.  Soil microbial diversity indices (a) Shannon Index , (b) Simpson Index of the analyzed rainfed regions of India.  Different 
alphabets above the bars indicates significant difference at p ≤ 0.05.

Table  3.  Comparative analysis of variance (ANOVA) for different functional groups of microorganisms. *NFB – Nitrogen fixing bacteria,
*PSB – Phosphorus solubilizing bacteria.

		  Type III 
Source of		  Sum  of
variance	 Dependent variable	 squares	 df	 Mean square	 F	 Sig

		  0.186	 0.138	 0.138	 0.138	 0.936
	 Fungi	 21.05	 3	 22.89	 22.89	 0.000
	 Actinomycetes	 57.67	 3	 14.15	 14.15	 0.000
	 Pseudomonas spp.	 23.21	 3	 11.96	 11.96	 0.000
	 NFB	 7.93	 3	 5.23	 5.23	 0.008
	 PSB	 20.01	 3	 3.65	 3.65	 0.030
Error	 Bacteria	 9.02	 20	 0.451		
	 Fungi	 6.13	 20	 0.307		
	 Actinomycetes	 27.16	 20	 1.35		
	 Pseudomonas spp.	 12.93	 20	 0.647		
	 NFB	 10.10	 20	 0.505		
	 PSB	 36.55	 20	 1.828		
Total	 Bacteria	 1764.52	 24			 
	 Fungi	 249.04	 24			 
	 Actinomycetes	 532.39	 24			 
	 Pseudomonas spp.	 777.73	 24			 
	 NFB	 641.66	 24			 
	 PSB	 223.56	 24   
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fungi, actinomycetes, Pseudomonas spp. nitrogen 
fixing bacteria and phosphorus solubilizing bacteria. 
Precipitation enhances soil microbial biomass as it 
helps in movement of various substrates and also 
the motility of microorganisms (Saetre et al. 2005, 
Blazewicz et al. 2014). A positive correlation of 
rainfall with the different soil microbial communities 
in the present investigation corroborates the previous 
studies. Temperature strongly influence the metabolic 
activity of microorganisms (Zaidi and Imam 2008). 
Pietikainen et al. (2005) reported that, microbial 
activity increased with increasing temperature in the 
agricultural soil. Similarly, our results also showed 
a positive correlation between temperature and soil 
microbial communities.

The ratio of fungi and bacteria is a key param-
eter of soil functioning which is strongly related to 
carbon storage in soils (Ananyeva et al. 2006). In the 
present investigation, highest value was observed at 
Ballowal Saunkhri vis-vis other analyzed rainfed 
regions. The dominance of fungi in the community of 
soil microorganisms improves carbon sequestration 
and soil aggregation (Six et al. 2006). Significant 
differences in F:B were observed between different 
rainfed regions. Ballowal Saunkhri recorded signifi-
cantly highest value as compared to other rainfed 

regions. The Parbhani and Ananthapuramu recorded 
statistically at par values. The lowest F : B ratio was 
noticed at Vijayapura (Fig. 1). 

Shannon diversity index (H) is one of the most 
commonly used diversity index to determine the rich-
ness and evenness of culturable soil microorganisms 
since it gives uniform weight age to common and rare 
groups of microorganisms (Shannon 1948, Mahanta 
et al. 2017, Manjunath et al. 2018). Higher value of 
H index implies higher species diversity and more 
evenness of species in a community.  In the present 
study, maximum and minimum Shannon diversity 
index (H) was recorded at Ballowal Saunkhri and 
Parbhani respectively (Fig. 2a).  However, there 
was no significant difference with Ananthapuramu. 
The lowest Shannon diversity index was observed at 
Parbhani (Fig. 2a). The Simpson dominance index 
provides information about the most common spe-
cies in the community. The value of Simpson index 
is more means a few species are predominant in the 
community (Simpson 1949, Mahanta et al. 2017). 
In our study,  higher value was observed at Parbhani 
indicating the dominance of very few species as 
compared to Ballowal Saunkhri, which recorded 
lowest value signifying the diversity of different 
species (Fig. 2b). 

The correlations between soil microbial com-
munities, soil chemical and weather parameters were 
analyzed using principal component analysis (Fig. 
3). The first and second axes explained 55.94 % 
and 32.40 % of the total variation respectively.  Soil 
organic carbon, rainfall and temperature showed a 
positive correlation with the different soil microbial 
communities. Significant correlation coefficient (r) 
was observed between bacteria and pH. Negative 
correlation was recorded between fungi, actinomy-
cetes, Pseudomonas spp. and phosphorus solubiliz-
ing bacteria with the soil pH. Except for bacteria a 
negative correlation was recorded between nitrogen, 
potassium content of soil and different functional 
groups of microorganisms.

CONCLUSION 

Present research findings revealed the significant dif-
ferences in soil microbial diversity at different rainfed 

Fig. 3.  Principal component analysis of soil microbial com-
munities, soil chemical and weather parameters.  B-bacteria, 
A-actinomycetes, F-fungi, PSB-phosphorus solubilizing bacteria, 
NFB-nitrogen fixing bacteria, Ps-Pseudomonas spp.; OC-organic 
carbon, RF-rainfall, T-temperature, N-nitrogen, P-phosphorus 
and K-potassium.
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locations of India viz., Ballowal Saunkhri (Punjab), 
Parbhani (Maharashtra), Anantapuramu (Andhra 
Pradesh) and Vijayapura (Karnataka). A positive 
correlation was observed between different microbial 
functional groups with soil organic carbon, rainfall 
and temperature.   In future, soil metagenomics stud-
ies can be conducted to get in sights of unculturable 
soil microorganisms.

ACKNOWLEDGEMENT

We thank the authorities of ICAR-CRIDA, AI-
CRPDA, Hyderabad; ICAR Network project on 
National Innovations in Climate Resilient Agricul-
ture (NICRA); AICRPDA center, PAU, Ballowal 
Saunkhri; AICRPDA center, UAS (D), Vijayapura; 
AICRPDA center, VNMKV, Parbhani and AICRPDA 
center, ANGRAU, Ananthapuramu   for providing 
necessary facilities towards undertaking this study.

REFERENCES

Allison SD, Vitousek PM (2005) Responses of extracellular 
	 enzymes to simple and complex nutrient inputs. Soil 
	 Biol Biochem  37 :  937—944.
Ananeva ND, Susian EA, Chernova OV, Chernov IIu, Maka-
	 rova OL (2006) The ratio of fungi and bacteria in 
	 the biomass of different types of soil determined by se-
	 lective inhibition. Microbiologia 75 (6) : 807—813. 
Bakker P, Pietersr CMJ, de Jonge R, Berendsen RL (2018) 
	 The Soil-borne legacy. Cell 172 : 1178—1180.
Bargaz A, Lyamlouli K, Chtouki M, Zeroual Y, Dhiba D 
	 (2018) Soil microbial resources for improving fertili-
	 zers efficiency in an integrated plant nutrient manage-
	 ment system. Front Microbial 9:1606. 
 Blazewicz SJ, Schwartz E, Firestone MK (2014) Growth 
	 and death of bacteria and fungi underlie rainfall-indu-
	 ced carbon dioxide pulses from seasonally dried 
	 soil.  Ecology  95 ( 5) : 1162—1172.
Cao H, Chen R, Wang L et al. (2016) Soil pH, total phospho-
	 rus, climate and distance are the major factors influenc-
	 ing microbial activity at a regional spatial scale. Sci 
	 Rep 6 : 25815.
Cavaletti L, Monciardini P, Bamonte R, Schumann P, Rohde
	 M, Sosio M et al. (2006) New lineage of filament-
	 ous, spore-forming, gram-positive bacteria from soil.
	 Appl Environ Microbiol 72 : 4360—4369.
Cavicchioli R, Ripple WJ, Timmis KN, Azam F, Bakken
	 LR, Baylis M et al. (2019) Scientists’ warning to huma-
	 nity: Microorganisms and climate change. Nat Rev Mi-
	 crobiol 17 : 569—586.
Chen Q, Ding J, Zhua Y, Heb J, Hub H (2020) Soil bacterial 
	 taxonomic diversity is critical to maintaining the pl-
	 ant productivity. Environ Int 140:105766.
Fenchel T, Gdawg K, Blackburn TH (2012) Biogeochemi-

	 cal Cycling in Soils. In: Fenchel T, King GM, Black-
	 burn TH (eds) .  Bacter ia l  Biogeochemist ry,  pp 
	 89-120 10.1016/B978-0-12-415836-8.00006-2.
Hao XH, Liu SL, Wu JS, Hu RG, Tong CL, Su YY (2008) Eff-
	 ect of long-term application of inorganic fertilizer 
	 and organic amendments on soil organic matter 
	 and microbial biomass in three subtropical paddy 
	 soils. Nutr Cycl Agroecosyst 81 : 17—24.
Hautier Y (2015) Environmental changes affect ecosys-
	 tem stability via biodiversity. Science  348 : 336—340.
Jackson ML (1973)   Soil chemical analysis. Prentice Hall of
	 India Pvt Ltd. New Delhi, India.
Jensen HL (1942) Nitrogen fixation in leguminous plants II: 
	 Is symbiotic nitrogen fixation influenced by Azotobac-
	 ter. Pro Line Soc NSW 57 :  205—212.
Jiao S, Wang J, Wei G, Chen W, Lu Y (2019) Dominant role     of
	 abundant rather than rare bacterial taxa in maintain-
	 ing agro-soil microbiomes under environmental dis-
	 turbances. Chemosphere  235 : 248—259. 
Kemmitt S, David W, Keith G, Davey J (2006) pH regulation 
	 of carbon and nitrogen dynamics in two agricultural 
	 soils. Soil Biol Biochem 38 : 898—911. 
Kenknight G,  Muncie JH (1939) Isolation of phytopathoge-
	 nic actinomycetes. Phytopathology 29 : 1000—1001.
King EO, Ward MK, Raney DE (1954) Two simple media 
	 for the demonstration of pyocyanin and fluorescin.  J 
	 Lab Clini Med  44 : 301—307.
Luo X, Fu X, Yang Y, Cai P, Peng S, Chen W et al. (2015) 
	 Microbial communities play important roles in modula-
	 ting paddy soil fertility. Sci Rep 6 : 20326. 
Mahantaa D, Bhattacharyya R, Mishra PK, Gopinath 
	 KA, Chandrashekara C, Jeevanandan K, Raja A, Tuti 
	 M, Varghese E, Pandey MB, Bisht JK, Bhatt JC 
	 (2017) Influence of a six-year organic and inorganic 
	 fertilization on the diversity of the soil culturable 
	 microorganisms in the Indian mid-Himalayas. Appl 
	 Soil Ecol 120 : 229—238.
Manjunath M, Kanchan A, Ranjan K, Venkatachalam 
	 S, Prasanna R, Ramakrishnan B, Hossain F, Nain 
	 L, Shivay YS, Rai AB, Singh B (2016) Beneficial cyan-
	 obacteria and eubacteria synergistically enhance bioav-
	 ailability of soil nutrients and yield of okra.  Heliyon e-
	 000  66 : 1—28.
Manjunath M, Kumar U, Yadava RB, Rai AB, Singh B 
	 (2018) Influence of organic and inorganic sources of nu-
	 trients on the functional diversity of microbial com-
	 munities in the vegetable cropping system of the 
	 Indo-Gangetic plains. Compt Ren Biol 341 (6) : 349—357.
Marteinsson VA, Klonowski1 E, Reynisson P, Vannier 
	 BD, Sigurdsson, Olafsson M (2015) Microbial colo-
	 nization in diverse surface soil types in Surtsey and di-
	 versity analysis of its subsurface microbiota. Biogeos-
	 ciences 12 (4) : 1191—1203.
Martin JP (1950) Use of acid, rose bengal and streptomycin 
	 in the plate method for estimating soil fungi. Soil Sci 
	 69 : 215—232.
Nemergut DR, Townsend AR, Sattin SR, Freeman KR, Fierer
	 N, Neff JC et al. (2008) The effects of chronic nitro-
	 gen fertilization on alpine tundra soil microbial com-
	 munities : Implications for carbon and nitrogen cycl-



535

 

	 ing. Environ Microbiol 10 (11) : 3093—3105.
Nie Y, Wang M, Zhang W, Ni Z, Hashidoko Y, Shen W 
	 et al. (2018) Ammonium nitrogen content is a domi-
	 nant predictor of bacterial community composition in 
	 an acidic forest soil with exogenous nitrogen enrich-
	 ment. Sci Total Environ 624 : 407—415. 
Olsen SR, Cole VC, Watanabe FS, Dean LA (1954) Estima-
	 tion of available phosphorus in soils by extraction 
	 with sodium bicarbonate. USDA, Washington, USA.
Philippot L, Spor A, Catherine HN2, David B, Bizouard1
	  F, Jones1, 3 CM, Sarr1 A, Maron1 PA (2013) Loss 
	 in microbial diversity affects nitrogen cycling in soil. 
	 The ISME J 7 : 1609—1619.
Pietikainen J, Pettersson M, Erland B (2005) Comparison 
	 of temperature effects on soil respiration and bacterial 
	 and fungal growth rates, FEMS Microbiol. Ecol 52
	 (1) : 49—58. 
Pikovskaya RI (1948) Mobilization of phosphorus in soil
	  in connection with vital activity of some microbial 
	 species. Microbiology 17 : 362—370.
Rao DLN (2007) Microbial diversity, soil health and sustaina-
	 bility. J Ind Soc Soil Sci 55 (4) :1—12.
Roesch LFW, Fulthorpe RR, Riva A, Casella G, Hadwin 
	 AKM, Kent AD et al. (2007) Pyrosequencing enumera-
	 tes and contrasts soil microbial diversity. The ISME J 
	 1 : 283—290. 
Rousk J, Philip B, Erland B (2009) Contrasting Soil pH Eff-
	 ects on fungal and bacterial growth suggest functio-
	 nal redundancy in carbon mineralization. Appl Envi-
	 ron Microbiol 75 : 1589—1596. 
Saetre P, Stark JM (2005) Microbial dynamics and carbon 
	 and nitrogen cycling following re-wetting of soils bene-
	 ath two semi-arid plant species. Oecologia 142 : 247—260.
Schloter M, Nannipieri P, Sorensen J, van Elsas JD (2018) 
	 Microbial indicators for soil quality. Biol Fert Soils
	 54 : 1—10.
Seeley HW, Van De Mark PJ, Lee JJ (1991) Microbes in ac-
	 tion: A laboratory manual of Microbiology. 4th edn.
	 Freeman WH, Co Gordonsville, Virginia (USA).
Shannon CE (1948) A mathematical theory of communica-
	 tion. Bell Syst Tech J 27 : 379—423.

Simpson EH (1949) Measurement of diversity. Nature 
	 163 : 688—68.
Six J, Frey SD, Thiet RK, Batten KM (2006) Bacterial, fun-
	 gal contributions to carbon sequestration in agroeco-
	 systems. Soil Sci Soc Am J 70: 555—569.
SPSS (2016) Statistical Package for Social Sciences. SPSS 
	 Inc Chicago (USA).
Srinivasa Rao Ch, Kundu S, Grover M, Manjunath M, Sudh-
	 anshu KS, Patel JJ,  Singh SR, Singh RP, Patel 
	 MM, Arunachalam A, Soam SK (2018) Soil enzymes 
	 in semi-arid and sub-humid rainfed agricultural systems 
	 as indicators of soil sustainability. Trop Ecol 59 
	 (1) : 99—108.
Subbiah BV, Asija GL (1956) A rapid procedure for the de-
	 termination of available nitrogen in soils. Curr Sci 25 :
	 259—260.
Tautges N, Tarah S, Catherine R, Ian B (2016) Soil microb-
	 ial diversity and activity linked to crop yield, quality in 
	 a dryland organic wheat production system. Appl Soil 
	 Ecol 108 : 258—268. 10.1016/j.apsoil.2016.09.003.
Wagg C, Hautier Y, Pellkofer S, Banerjee S, Schmid B, van-
	 der Heijden MGA (2021) Diversity, asynchrony in 
	 soil microbial communities stabilizes ecosystem func-
	 tioning. eLife 10: e62813.
Walkiewicz A, Brzezinska M, Andrzej B, Lidia S, Frac 
	 M (2020) Early response of soil microbial biomass, ac-
	 tivity to biofertilizer application in degraded brunic are-
	 nosol and abruptic luvisol of contrasting textures. Agro-
	 nomy 10 : 1347. 
Walkley A, Black CA (1934) Estimation of organic carbon
	 by chromic acid titration method. Soil Sci 37 : 29—38.
Wang CH, Wu L, Wang Z, Alabady MS, Parson D, Molumo Z 
	 et al. (2020) Characterizing changes in soil microbi-
	 ome abundance and diversity due to different cover cr-
	 op techniques. PLoS One 15 (5) : e0232453.
Yang Y, Li X, Liu J, Zhou Z, Zhang T, Wang X (2017) Bacter-
	 ial diversity as affected by application of manure in 
	 red soils of subtropical China. Biol Fert Soils 53 : 1—11.
Zaidi BR, Imam SH (2008) Biodegradability. In : Jørgensen
	 SE, Fath BD (eds). Encyclopedia of Ecology. Acade-
	 mic Press, pp 357—366. 


