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Integrating crop and livestock is being considered to improve soil health by carbon sequestration.
A two-year study (2019-2021) at CPBES in Newton, MS was aimed to evaluate soil microbial
diversity in the warm, humid regions, specifically southeastern USA. Amplicons targeting
bacterial 16S rRNA genes and fungal ITS2 regions were sequenced. Taxonomic assignment and
microbial diversity characterization were performed using QIIME2®. Soil fungal diversity
showed significant differences (alpha diversity, p = 0.031 in yr. 2020 and beta diversity, p =
0.037 in yr. 2021). Canonical Correspondence Analysis (CCA) and Mantel test showed
significant influence on fungal diversity due to carbon (rm = 0.2581, p = 0.022), nitrogen (rm =
0.2921, p = 0.0165) in yr. 2021, and on bacterial diversity due to EE-GRSP (rm = 0.22, p = 0.02)
in yr. 2020. Long term study of ICLS can help us better understand the shift in microbiome to
improve crop production sustainably.
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CHAPTER I
INTRODUCTION
The use of chemical fertilizers, pesticides, and tillage in conventional agriculture has left
the soil devoid of nutrients, carbon, and microbiota required to support crop production and
ecosystem services. Ecosystem maintenance gives multifaceted benefits to human beings, such
as water availability, carbon sequestration, oxygen supply, food, fiber, recreation, waste
treatment, habitat for animals, and microorganisms (Costanza et al., 1997). Humans must
maintain and replenish the soil to be able to maintain the ecosystem. Soil is facing adverse
challenges due to intensive land cover changes to meet increasing food demands (Amundson et
al., 2015).
Land cover change due to forestry, farming, recreation and retirement purposes leads to
change in soil quality and health in the southeastern US (Napton et al., 2010). Sustainable
agriculture and implementing proper conservation practices in agriculture has the ability to
restore soil health by sequestering soil organic carbon (SOC) (Franzluebbers, 2010). A
systematic review shows that alternative management practices such as usage of cover crops,
minimum disturbance to soil, and soil amendments improves soil’s chemical, physical, and
biological properties , thereby, improving soil health (Vida et al., 2020; Norris & Congreves,
2018). According to USDA-NRCS, “Soil health is the continued capacity of soil to function as a
vital living ecosystem that sustains plants, animals, and humans.” The assessment of soil health
would require measuring microbial diversity, in addition to physical and chemical properties of
1

soil (Fierer et al., 2021). The presence of high biodiversity in soil helps in suppressing pathogens
present in soil and displays resistance to disturbance and stress (Brussaard et al., 2007).
However, soil biodiversity is under threat due to change in land cover, climate change, high
levels of fertilizers, pesticides and chemical nutrients in soil (Bach et al., 2020). An Integrated
Crop-Livestock System (ICLS) can provide us with opportunities to postulate different strategies
to maintain ecosystem services and achieve better growth in crop production and decline in
environmental degradation (Lemaire et al., 2014). Ideally, ICLS can also aid farmers in gaining
extra income by marketing livestock due to rotation between cash crop and grazing production in
addition to improving soil health (Salton et al., 2014).
Conservation agriculture (CA) systems seek to minimize soil disturbance, maximize
surface cover, and diversify crops to improve soil health by augmenting soil organic carbon
(SOC) (Page et al., 2020). The study of microbial diversity present in soil can help us understand
the interaction between microbial and plant ecology (Torsvik & Øvreås, 2002). Understanding
the role of soil microbiome in the ecological interactions can help us in the implementation of
appropriate soil management practices to improve soil quality. The ecological interactions of
microbes in soil are less studied. So, the metagenomics study of microbial diversity in soil will
help us understand how the microbial composition and its functional diversity changes across
different space (Fierer et al., 2012). The knowledge of change in microbial diversity due to
different management practices is key to decreasing environmental degradation and achieving
sustainable agriculture, which would in turn replenish degrading microbiota in soil. Failure to
study and identify microbiota below ground, responsible for replenishing the soil would
adversely affect our agriculture production and ecosystem services.

2

Study Purpose
Study 1: The purpose of the study was to determine the effect of cover crops and grazing
on microbial diversity present in soil of East-central Mississippi to improve the soil health, and
thereby increase growth and yield of row crops.
Study 2: Another purpose of the study was to determine the effect of cover crops and
tillage on microbial diversity present in soil of East-central Mississippi to improve the soil
health, and thereby increase growth and yield of row crops.
The overarching aim of the study was to establish the means to help producers improve
soil health and incorporate sustainable agriculture to reduce the degradation of soil. The purpose
of the study was also to provide knowledge about ecosystem service benefits of integrating cover
crops and grazing in row crop production system.
Study Objectives
The objectives of the study were to:
Obj. 1: Describe the effect of cover crop, grazing and tillage practices on the
structure and diversity of microbial communities in soil.
Obj. 2: Analyze factors affecting microbial niche differentiation and networks using
next generation DNA sequencing and assessing chemical, physical and biological
characteristics of soil.
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Study Hypothesis
Study 1: The principal hypothesis of the study was that the soil microbial diversity and
composition will be greater in mixture of cover crops, oats, crimson clover, and tillage radish.
Study 2: The principal hypothesis of second study was that the soil microbial diversity
will be greater in no-tillage system.
The expected hypotheses for the objectives in the study are:
1.

The cover crop mix, grazing and no-tillage will have significant effect on
microbial diversity in soil.

2.

There will be higher fungal diversity in no-till soil.

3.

The soil with better aggregate stability and higher carbon and nitrogen level will
have stronger microbial diversity due to niche differentiation.

4

CHAPTER II
LITERATURE REVIEW
Cover Crops in Row Crop Production Systems
Cover crops are plants grown in the fallow field before the planting of a cash crop to
alleviate the weeds organically, diminish soil erosion and elevate biomass, which changes soil
properties. In addition to providing ground cover that aids in preventing soil erosion, the cover
crop also incorporates carbon in the soil to improve the soil health (Reicosky & Forcella, 1998).
Commercial agriculture has led to decline in crop yield due to excessive use of fertilizers,
pesticides, and other management measures. Alternative management methods are required to
increase the soil fertility (Norris & Congreves, 2018). Vukicevich et al. (2016) suggested that the
crop yield could increase by manipulating soil microbial diversity through growth and
management of selective cover crop mixtures. An increase in plant diversity would potentially
increase beneficial soil microbiota (Vukicevich et al., 2016).
Integrated crop-livestock system (ICLS) with proper management can benefit soil health
and increase farmer’s income by increasing crop yield (Tobin et al., 2020). Cover crop rotation
results in higher arbuscular mycorrhizal fungi (AMF) biomass, which can enhance beneficial
microbial biomass, increase mycorrhiza interactions to roots in subsurface soil. Bacteria such as
Acidobacteria, Actinobacteria, Proteobacteria (bacteria) and Ascomycota (fungi) were detected
in cover crop treatments (Somenahally et al., 2018). The mixture of cover crop increases soil
microbial diversity, which can decrease the growth of soil-borne pathogens. Brassicas can
5

suppress fungal pathogens and promote the growth of disease–suppressing bacteria. There are
enormous benefits of using mixture of cover crops such as providing ground cover to the soil,
reduction in use of chemical for weed control; carbon sequestration in controlling water,
temperature, aeration and soil aggregates without harming the environment (Marais et al., 2020;
Reicosky & Forcella, 1998). A cover crop also helps in suppressing the growth of weeds (Didon
et al., 2014).
Use of cover crops in row crop agriculture increases taxonomic and phylogenetic
richness, diversity of soil microbiota when compared with conventional farming practices
(Lupatini et al., 2017a). Different mixtures of cover crops in combination with no-tillage and
minimum tillage increases the microbial diversity of soil in row crop systems (CastellanoHinojosa & Strauss, 2020). Spatial and temporal variation in management practices promotes
building better agroecosystems that improve soil microbiome differently (Babin et al., 2019).
Understanding of how different management practices, such as usage of cover crops with tillage
or cover crops with no tillage, in agriculture affects the soil microbiome can help in providing
proper recommendations to farmers for higher yield, carbon sequestration, and dealing with
climate change (Schmidt et al., 2018b). The effect of different cover crops on soil quality and
soil health (Lehmann et al., 2020) needs to be monitored and studied, as study by Nair &
Ngouajio (2012) demonstrated that cover crops like rye (Secale cereale)and rye-vetch (Vicia
sativa) mixture did not contribute significantly in changing the soil properties when the effect of
compost was compared.
Grazing on Cover Crops
Grazing can affect community and diversity of soil microbes in direct and indirect means.
Trampling and deposition of urine and manure by cattle can affect soil physical and chemical
6

properties. Grazing may increase nutrient availability and soil aggregation, factors responsible
for improving soil quality (de Faccio Carvalho et al., 2010). Manure and urine deposition can
directly affect soil microbial community; tending to decrease soil pH and increase soil nitrogen
(N) (Kardol et al., 2014). Indirectly, grazing also affects plant growth, composition, belowground
input to the soil, which affects soil microbial communities (Wardle, 2006; Xun et al., 2018). A
shift from fungi dominated microbiome to bacterial microbiome was exhibited in a grazing study
by Xun et al.( 2018). Four levels of grazing intensity with 0, 2, 4 and 8 cattle per plot on a
meadow steppe grassland were studied and it was concluded that light grazing intensity had
higher alpha-diversity whereas moderate grazing intensity showed high beta-diversity. The
impact of integrating cover crops and grazing needs to be studied to understand how these two
systems influence the shift in microbiome and its potential to improve soil health.
The ICLS strategies are needed for achieving food security and sustainable environment
for agriculture (Lemaire et al., 2014; Salton et al., 2014). A long term study in Dourados, Brazil
studied the effect of conventional tillage (oats and soybean), no-tillage (soybean, corn, wheat, oat
and turnip) ICLS with soybean (Glycine max), pasture under no-till and permanent pasture and
concluded that ICLS is a suitable management system for better production and soil health
(Salton et al., 2014) . Considering the benefits of ICLS, a grazing strategy can increase
sustainability when grassland and farmland is incorporated together, and the positive effects of
collaboration from farmers can be seen (Havet et al., 2014). Moreover, an economic analysis on
ICLS system in South Dakota with rotation of corn (Zea mays)-soybean (Glycine max)-rye
(Secale cereal L.) showed increase in farm profit by $17.23 in 1st yr. and $43.61 in 2nd yr.
(Tobin et al., 2020). The study also concluded that grazing did not negatively impact soil
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properties such as pH, electrical conductivity, microbial biomass C, and soil infiltration rate.
However, higher bulk density was observed which increases compaction.
A three-yr. study of grazing cover crops, oats (Avena sativa) and pea/oats (Pisum
sativum/Avena sativa) in grazed (sheep) and non-grazed system in Manitoba, Canada showed
higher NO3-N concentrations in grazed system (Cicek et al., 2014). Furthermore, there were no
negative effects on cash crop, wheat (Triticum aestivum) and rye (Secale cereale) yield in
subsequent year. Biogeochemical cycles are regulated and environmental degradation can be
controlled with diversified and structured use of landscape when deploying an ICLS. (Lemaire et
al., 2014). Manure produced by cattle or other grazing livestock changes the biological soil
properties (Pokhrel et al., 2021). Additionally, grazing improves soil quality by modifying
nutrient pathways and soil aggregation even in the absence of diverse cover crops in Southern
Brazil (de Faccio Carvalho et al., 2010). Therefore, incorporating grazing with cover crops can
help in regaining and retaining soil fertility.
Tillage Practices
Tillage can be defined as the method of preparing the seedbed by mixing the soil before
planting. Tillage can be divided into primary and secondary tillage, where primary tillage
involves usage of moldboard, chisel or disk plow (Lobb, 2008). Secondary tillage is shallow (1015 cm) compared to primary tillage i.e., 15-25 cm (Carter & McKyes, 2005). Conventional
tillage (CT) involves both primary and secondary tillage to incorporate the crop residues in the
soil. Tillage homogenizes the soil and increases the nutrient mobility in soil. No-tillage (NT) soil
has greater nutrient concentrations present near the soil surface and tilled soil has higher
decomposition of organic matter and mineralization (Hendrix et al, 1986). No-tillage systems
encompass leaving crop residues on the soil surface without mechanical mixing which provides
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different physical, chemical and biological properties based on residue biomass, when compared
to CT where soil is homogenized by mechanical mixing (Blevins et al., 1984).
A review study by Vukicevich et al. (2016) investigated benefits of cover crops on crop
production by increasing microbial diversity. The study concluded that diverse plant groups can
increase microbial diversity, resistant to pathogens, brassicas promote disease suppression by
resisting fungal and bacterial pathogens. It also suggests that frequent tillage, application of
herbicides and fungicides can decrease beneficial microbiota in soil. Moreover, tillage practices
do not affect chemical properties but do alter physical properties such as aggregate stability (G.
Shanmugam et al., 2021). Microbial diversity, C and N, water stable aggregates and enzyme
activity changes with change in land use (Sarto et al., 2020). Therefore, CT can affect the soil
microbiome negatively when compared to NT cropping systems. Conservation tillage includes
the different tillage systems that helps in conserving soil and water loss. There are different types
of conservation tillage such as ridge tillage, zone tillage, mulch tillage and no-tillage (NT)
(Carter, 2005). However, conservation tillage does not affect the microbial community and
diversity but cover crop such as summer cowpea (Vigna unguiculata) do improve beneficial
microbial biomass in winter wheat (Somenahally et al., 2018).
Conventional tillage would affect fungal diversity because of soil disturbance but
bacterial diversity would be unaffected as fungi grows in hyphal form whereas bacteria grow as a
single cell (Hendrix et al., 1986). A research meta-analysis indicated the increase in soil bacterial
diversity is related to NT practices but demonstrated no significant change in fungal diversity
(Yüze Li et al., 2020). A long term study (23 yr.) in Southern Brazil found that cover crops
increases microbial biomass, irrespective of CT and NT in oxisol soil (Balota et al., 2014). So,
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it’s important to study the effect increased biomass on improving the different soil parameters,
and eventually soil health.
Soil Microbiome and Cover Crops
Organic farming increases the soil microbial diversity and improves the sustainability
when compared to conventional farming. There is a specific microbial taxa that promotes
suppressing pathogens (plant-parasitic nematodes and soil borne fungi), when organic farming is
adopted in a cropping system (Lupatini et al., 2017b). Increased variety of cover crops, in
absence of tillage, has been shown to increase microbial composition and diversity (Schmidt et
al., 2018a). Intensity of grazing, or the number of animals stocked per ha, also affects the
microbial community, from low-growing fungi dominated microbiome to high-growing bacteria
dominated microbiome (Xun et al., 2018).
Rhizosphere is the soil around the roots, where microorganisms, soil, and roots interact
with each other. Exudates from plant roots are the chemicals and metabolites released by roots.
The root exudates shapes the soil microbiome to increase plant productivity by enhancing the
nutrient availability and suppressing pathogens (Chaparro et al., 2012). Incorporation of
leguminous crops with other cover crops has its own benefit in improving the soil quality
(Sharma et al., 2018). Moreover, the nitrogen fixing leguminous crops such as alfaalfa
(Medicago sativa), pea (Pisum sativum), white clover ( Trifolium repens)and crimson clover
(Trifolium incarnatum) on coarse sandy loam soil have shown to improve organic matter levels
and change in active bacterial community (Girvan et al., 2003). Organic additions such as cattle
slurry and biogas residues are required for functional capability of microbial community to
improve soil health (Chen et al., 2020)
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Multiple studies have been conducted to analyze above- ground diversity but the
microbial diversity below- ground remains enigmatic (Stevens et al., 2020). The studies
reviewed justifies the study of microbial diversity below -ground for achieving sustainable
agriculture techniques, tools, and protocols (Bender et al., 2016).
Next Generation Sequencing (NGS)
MiSeq amplicon sequencing has been use to determine microbial diversity by using
universal marker genes such as 16S ribosomal ribonucleic acid (16S rRNA) (Dong et al., 2017)
and internal transcribed spacer 2 (ITS 2) region (Ihrmark et al., 2012). Quantitative Insights Into
Microbial Ecology version 2 (QIIME2™) helps in transferring raw sequence data of 16SrRNA
into taxonomic and phylogenetic profiles by denoising the data (Hall & Beiko, 2018). MOTHUR
v.1.43.0 (Schloss, 2020), a software package helps in analyzing the amplicon sequencing reads of
16SrRNA and ITS 2 region. MiSeq is an instrument used for doing both single and paired-end
sequencing. It can produce 15 GB output data in less than 4 hrs. (Ravi et al., 2018). 16SrRNA
amplicon sequencing using Miseq paired-end sequencing requires merging and filtering of
sequence data to prepare for analysis (Parikh et al., 2016). Microbiome studies involve use of
bioinformatics pipelines such as Quantitative Insight into Microbial Ecology (QIIME) and
Mothur to process large sequence data for analysis (López-García et al., 2018). One important
step in microbiome study is to align the sequences with taxonomy database such as Green Genes,
Ribosomal database project (RDP), NCBI taxonomy and SILVA (Balvoči & Huson, 2017).
SILVA is mainly used for 16SrRNA amplicon sequencing. Ordination techniques such as
Principal Component Analysis (PCA), Principal Coordinate Analysis (PCoA), Non-metric
multidimensional scaling (NMDS), Canonical Correspondence analysis (CCA) (Gower, 1987)
is used to perform multivariate analysis based on distance matrix such as Bray Curtis, Euclidean
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distance. There are several diversity indices such as Chao1, Shannon and Simpson’s diversity
indices to understand the variation of microbial diversity within the samples. It is important to
study the microbial diversity to understand the composition, function, and evenness of microbes
in different environment. We need to understand how these diverse microbes are being beneficial
in improving the soil health.
Amplicon Targeted Sequencing
Targeted amplification of variable region with ends of conserved region of a microbial
genome is used for amplicon targeted sequencing (Callahan et al., 2019). 16S rRNA gene of
bacteria and ITS2 region of fungi are widely used for studying microbial diversity.16S rRNA
is 1500 base pairs long bacterial gene with 9 variable regions and 9 conserved regions.
Conserved regions are used to build primers. V4 region of 16SrRNA is widely used to study
bacterial diversity using primers 515f/806r (Walters et al., 2015). Internal Transcribed Spacer 2
(ITS2) region considered as a universal marker for studying for phylogenetic and taxonomic
studies (Yao et al., 2010). ITS2 region is the gene between 5.8S and 28S rRNA in fungal
genome, where conserved sequences of 5.8 S and 28S rRNA are used for amplification.
(Coleman, 2003).
Enhancing Soil Properties
Soil health, which is interchangeably used with soil quality and soil fertility is dependent
on improved physical, chemical and biological properties of soil (Jian et al., 2020). Soil acidity,
or pH, plays an important role in determining the microbial community within soil layers
(Shanmugam & Kingery, 2018). The extracellular protein released from hyphae of AMF, known
as glomalin-related soil protein (GRSP), promotes the development of soil aggregates (Wright &
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Upadhyaya, 1998). Soil aggregates are small cluster of soil bound together due to presence of
minerals and organic carbon that remains intact even after mechanical disruption and period of
wetting event by rainfall (Wilpiszeski et al., 2019). Large quantities of GRSP is found as macroaggregates in soil with NT when compared with conventional tillage (Wright et al., 2007). By
studying soil physical, chemical and biological properties, and comparing with microbial
diversity, a robust understanding of how to improve soil health can be acquired (Doran & Zeiss,
2000; Norris & Congreves, 2018). The determination of soil characteristics is important when
ascertaining a change in microbial diversity due to change in soil properties (G. Shanmugam et
al., 2021). The relationship between different soil properties and microbial diversity may assist in
influencing the soil properties to increase the microbial diversity, which would subsequently
promote soil health.
Summary
Cover crops has been studied extensively for enriching soil properties and organic matter
but their capacity to affect soil microbial diversity remains somewhat unexplored. Incorporation
of multiple management practices such as usage of cover crop, tillage reduction, and grazing
may improve soil microbial diversity and increase soil carbon inputs (Balota et al., 2014). More
research studies are required to determine the effects of cover crops grazing and tillage practices
on microbial diversity in a quest to improve soil health. Grazing will alter microbial diversity by
increasing bacterial diversity and reducing fungal diversity indirectly due to changes in soil
carbon. (Eldridge et al., 2017) and the direct effect of ICLS on levels of microbial diversity
necessitate further study.
Soil microbial diversity plays a significant role in protecting crop against soil pathogens.
Crop, soil type and different management practices may determine the soil biodiversity. The
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interactions of soil, crop and microbes warrants for further study (Brussaard et al., 2007).
Research towards studying microbiome is being encouraged as the microbial diversity in soil
plays an important role in plant growth and its importance is similar to the ability of plant growth
promotion (Ray et al., 2020). Manipulating and engineering soil microbiome through different
agriculture management such as incorporation of mixture of cover crops, grazing, no tillage or
conventional tillage with incorporation of plant growth promoting regulators (PGPR) is the
future of sustainable agriculture (Bender et al., 2016; Roesch et al., 2007). However, there are
limited studies quantifying the interaction between microbial diversity, soil and plant and
sustainable ecosystem (Kennedy & Smith, 1995). Therefore, interactions between microbial
diversity due to ICLS and their functionality for sustainable agriculture were studied.
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CHAPTER III
MATERIALS AND METHODS
Study Site
Field trials were conducted at the Coastal Plain Branch Experiment Station (CPBES),
Newton, MS (-89.08152, 32.33708). Field trials at CPBES began in August 2019 and concluded
in September 2021. There were two field trials a) a grazing trial (GT) with cover crops treatment
and grazing and, b) a tillage trial (TT) with cover crops and tillage treatment. The two studies,
GT and TT were performed at two different locations; each site separated by 1.2 km (0.75 miles)
at CPBES. Soil sampling were conducted at both locations to study soil microbial diversity by
performing targeted amplicon sequencing (bacteria and fungi) with characterization of different
soil properties.
Grazing Trial
The GT had nine, approximately 0.80 ha (2.0 ac) paddocks for establishment of cover
crops and grazing. Soil in the paddocks were classified as a Boswell fine sandy loam (Fine,
mixed, active, thermic Albaquic Paleudalfs) and Shubuta Clay loam (Fine, mixed, semiactive,
thermic Typic Paleudults). Both soils were considered well drained and highly erodible. Each
paddock had 3 to 8 percent slope. So, each paddock was divided and marked as ridge slope, side
slope, and toe slope based on the elevation difference to determine if elevation plays a role in
change of soil properties, and subsequently microbial diversity.
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Figure 3.1

Schematic diagram of field trail of grazing study at CPBES*, Newton.

*CPBES is Coastal Plain Branch Experiment Station located in Newton, MS
Tillage Trial
The TT site consisted of 24 plots, measured as 0.76 m by 0.38 m (30 ft. by 15 ft.) with
0.127 m (5 ft.) spacing between each plot. Soil in plot areas were classified as a Prentiss fine
sandy loam (coarse-loamy, siliceous, semiactive, thermic Glossic Fragiudults).

Figure 3.2

Schematic diagram of field trial of tillage study at CPBES*, Newton.

*CPBES is Coastal Plain Branch Experiment Station in Newton, MS
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Field Experimental Design
Grazing Trial
The primary field operations from 2019-2020 (1st year) and 2020-2021 (2nd year)
included cover crop establishment, cattle management, and soybean (Glycine max) management.
Cover crop mixture of oats (Avena sativa), crimson clover (Trifolium incarnatum) and tillage
radish (Raphanus sativus var. oleifer) were planted on both GT paddocks. The randomized
complete block design (RCBD) was applied to experimental field areas. Three replications of
cover crop treatments were applied randomly to each paddock. There was no tillage treatment in
GT study. Perennial grass (warm season) was grown in paddocks with no tillage for grazing in
past 3 years. Cover crop treatments included oats (O), oats + crimson clover (OC) and oats +
crimson clover + tillage radish (OCR) in grazing study, as shown in Fig. 3.1. The seeding rate of
cover crops and cultivars are shown in table 3.1. Cover crop treatments were seeded by a no-till
drill with 7.5-inch row spacing. Paddocks with O treatment were fertilized with 50 lb. N ac-1.
Paddocks with OC and OCR were fertilized with 25 lb. N ac-1. For grazing trial, 36 weaned,
predominantly Angus crossbred steers (Bos taurus) were used to graze cover crop paddocks. A
set stocking rate of 1,345 kg ha-1 (1,200 lb. ac-1) was used throughout the trial, and no additional
animals were added to any paddock (Biermacher et al., 2012). Grazing commenced each winter
once cover crop heights reached approximately 25 cm (10 in). All paddocks were continuously
grazed, and steers were removed once forage heights reached approximately 10 cm (4 in).
During this period, steers were allowed to graze on stockpiled oat pasture. Once cover crop
height reaches back to approximately 25 cm (10 in), steers were reintroduced in the paddocks.
Mean total animal days (sum of the number of days animals remained on each paddock divided
by the total size of the paddock) were 47, 48, and 48 d for the oats (O), oats + crimson clover
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(OC), and oats + crimson clover + tillage radish (OCR) treatments, respectively. Weed control
and other applications are mentioned in table.
The cover crops and weeds were desiccated using 0.000946353 cubic meter per 43,560
sq. ft. (one qt ac-1) N-phosphonomethyl glycine3 (glyphosate) in month of April during both
years. Each paddock was fertilized by 200 lb. K ac-1 during first yr. Soybeans (A4618 maturity
group 4.6) were planted by drilling of soybeans at 7.5 inches spacing in grazed paddocks at the
rate of 120,000 targeted plant population. Variation in cattle grazing in two years was due to low
temperature and low rainfall in Jan.-Feb. 2021 which affected forage growth for 2nd yr. (Table
3.2). Cover crop, cattle and soybean (Glycine max) management is outlined in detail in thesis
(Bass et al, 2021). Soils were sampled in June 2020 (1st yr.) and May 2021 (2nd yr.) during
establishment of soybean. Timeline of operations in the field for both years are shown in table
3.2.

Table 3.1: Cultivars and seeding rate for cover crop treatments in yr. 2019 and 2020.
Cover Crop Treatment
Cultivars
Seeding Rate (lbs. ac-1)
Oats (O)
Bob
80
Oats + Crimson clover (OC)
Bob + AU Sunrise
80 + 10
Oats + Crimson clover +
Bob + AU Sunrise + Daikon
80 + 10 +5
Tillage Radish (OCR)
O is cover crop oats only. OC is mixture od cover crop oats and crimson clover, OCR is mix of
cover crop oats, crimson clover, and radish.
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Table 3.2

Timeline of field operations in grazing trial in both years.

Field Operations (GT)
2019-2020 (1st yr.)
2020-2021 (2nd yr.)
Cover crops planting
9th-10th Oct. 2019
14th-15th Oct. 2020
-1
Fertilization (50 lb. N ac (O) 25 lb. N
3rd Feb. 2020
12th Nov. 2020
ac-1 (OC and OCR)
Grazing Started
9th Jan. 2020
3rd Mar. 2021
Grazing End
9th Apr. 2020
7th Apr. 2021
Desiccation of cover crops (Glyphosate
9th Apr. 2020
8th Apr. 2021
– Burn down (1 qt ac-1)
Fertilization (200 lb. ac-1)
28th Apr. 2020
Soybean planting
28th Apr. 2020
21st-22nd Apr. 2021
Application of Pre-emerge (S4th May 2020
14th May 2021
-1
metolachlor- 1.3 pt. ac , Cloransulam 0.3 oz. ac-1, Glyphosate-1 qt ac-1)
Soil sampling
2nd June 2020
14th May 2021
Weed Control (Glyphosate-1 qt ac-1)
11th June 2020
Insecticide (Methoxyfenozide +
16th Aug. 2021
Spinetoram- 5 oz ac-1, Bifenthrin (4 oz.
ac-1
Weed Control (Paraquat -Burndown
17th Sep. 2020
7th Sep. 2021
10 oz. ac-1)
Soybean Harvest (GT)
7th Oct. 2020
12th Oct. 2021
GT is grazing trial. N is Nitrogen. O is cover crop oats only. OC is mixture od cover crop oats
and crimson clover, OCR is mix of cover crop oats, crimson clover, and radish.
Tillage Trial
The primary field operations for tillage trial included tillage, cover crop establishment,
and soybean management. The randomized complete block design (RCBD) was applied to
experimental plots. Three replications of tillage treatment, no-tillage (NT) and conventional
tillage (CT) was randomly applied to the plots with three replications of three cover crop
treatments and one unplanted control as shown in Fig. 3.2. Tillage application, conventional
tillage (CT) was performed randomly before seeding of cover crop during fall of each year.
Conventional tillage consisted of two passes with a disk harrow followed by a single pass with a
section harrow (rolling baskets) to incorporate crop residues and preparation of seedbed,
respectively (Bass et al. 2021). In the TT plots, soybeans were planted with a conventional
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planter in the conventional tillage treatments and a no-till planter in the no-tillage treatments. For
second year, cover crops were established in fall of 2020. Treatments and field operations are
listed in table 3.3.
The cover crops and weeds were desiccated using 0.000946353 cubic meter per 43,560
sq. ft. (one qt ac-1) N-phosphonomethyl glycine3 (glyphosate) in month of April during both
years. Each plot was fertilized by 100 lb. K ac-1 before planting soybean in first yr. Soybeans
(A4618 maturity group 4.6) were planted by drilling at 7.5 inches spacing in each plot at the rate
of 120,000 targeted plant population. Tillage treatment, cover crop, and soybean management is
outlined in detail in thesis (Bass et al, 2021). Soils were sampled in June 2020 (1st yr.) and May
2021 (2nd yr.) during establishment of soybean.
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Table 3.3

Timeline of field operations in tillage trial in both years.
Field Operations (TT)

2019-2020 (1st yr.)

2020-2021 (2nd yr.)

Cover crops planting

17th Oct. 2019

15th Oct. 2020

Fertilization (50 lb. N ac-1)

12th Dec. 2019

9th Nov. 2020

Desiccation of cover crops (Glyphosate
– Burn down (1 qt ac-1)

9th Apr. 2020

8th Apr. 2021

Fertilization (100 lb. K ac-1)

28th Apr. 2020

Soybean planting

28th Apr. 2020

21st-22nd Apr. 2021

Soybean planting

28th Apr. 2020

22nd Apr. 2021

Application of Pre-emerge (Smetolachlor- 1.3 pt. ac-1, Cloransulam 0.3 oz. ac-1, Glyphosate-1 qt ac-1)

4th May 2020

14th May 2021

Soil sampling

2nd June 2020

14th May 2021

Weed Control (Glyphosate-1 qt ac-1)

11th June 2020

Insecticide (Methoxyfenozide +
Spinetoram- 5 oz. ac-1, Bifenthrin (4
oz. ac-1

16th Aug. 2021

Weed Control (Paraquat -Burndown
10 oz. ac-1)

17th Sep. 2020

7th Sep. 2021

Soybean Harvest

28th Sep. 2020

12th Oct. 2021

TT is tillage trial. N is Nitrogen, K is Potassium. O is cover crop oats only. OC is mixture od
cover crop oats and crimson clover, OCR is mix of cover crop oats, crimson clover, and radish.

Soil Sampling and Storage
Soil samples were collected from both GT and TT trials on June 2, 2020, and May 14,
2021. Three soil samples were collected from top 0-15 cm (5.9 in) at three different areas marked
as ridge slope, side slope and toe slope from each paddock. Collected soil were composited and
homogenized in a bucket by mixing with hand. In TT plots, the soil was collected from middle of
each row. Soils were filled in 50 ml tube and air-tight quart size Ziploc bags. Approximately 700
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– 1000 gm (1.5 - 2.2 lb.) of soil for each treatment plot was stored in ice cooler chest until
returning 50 ml tubes into -80 ºC (-112 ºF) freezer and in -20 ºC (-4 ºF) freezer in the laboratory.
Soil Preparation
Soil from the -20 ºC (-4 ºF) freezer were thawed for two to three hours for subsampling in
two different plastic bags and one 50 ml tube for soil physicochemical characterization, archive
purposes, and microbial analysis, respectively. Ziploc bag of subsampled soil was air-dried for 2
days on brown paper. The air-dried soil was ground using mortar and pestle, passed through 2.0
mm (No. 10) sieve, and stored at room temperature for performing different physical and
chemical characterization of soil. Soil from -80 ºC (-112 ºF) freezer in 50 ml tubes were used for
genomic DNA extraction.
DNA Extraction and Amplicon Sequencing
Soil stored in 50 ml tube in -80 ºC freezer were thawed for 1 hr. to extract the genomic
DNA. A measured 0.5 g of soil was used to extract the total genomic DNA using DNeasy®
Power Soil ®Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions with
slight modifications (Williams et al, 2013). Extracted genomic DNA was quantified using ND1000 Nanodrop™ (Thermo Scientific, Wilmington, DE, USA) to determine the concentration of
genomic DNA. Extracted genomic DNA from each soil sample was run on 0.8% agarose gel
with 6 µl ethidium bromide and was probed by an ultraviolet analyzer (Lee et al., 2012). A 30 µl
sample of extracted genomic DNA was transferred to 1.5 ml Eppendorf tubes. They were packed
in a freezer box with dry ice and sent to Novogene® (Sacramento, California) advancing genomic
services to sequence for V4 region of bacterial 16S rRNA (Johnson et al., 2019) using 515F
(GTGCCAGCMGCCGCGGTAA) and 806R (GGACTACHVGGGTWTCTAAT) primers and
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Internal Transcribed Spacer 2 (ITS2) region (Casimiro et al., 2004) of fungal nuclear ribosomal
RNA between 5.8S and 26S rRNA with primer set of ITS3F (GCATCGATGAAGAACGCAGC)
and ITS4R (TCCTC-CGCTTATTGATATGC) (Kodadinne Narayana et al., 2022). Illumina®
(San Diego, California) MiSeq paired-end sequencing (Asif et al., 2017; Jäger et al., 2017; Liu et
al., 2020; Mysara et al., 2016; Parikh et al., 2016; VG, 2018) was used for amplicon sequencing.
The raw DNA readings from sequencing were processed by bioinformatics pipeline, Quantitative
Insights into Microbial Ecology 2 (QIIME2™) for taxonomy assignment and characterization of
microbial diversity. Figure 3.3 details a flowchart of the procedure, from soil sample to
bioinformatics analysis.

Figure 3.3

Flowchart showing DNA extraction and sequencing,

Agarose gel electrophoresis is done to check the quality of genomic DNA. Adding barcodes,
primers and indexes prepare library. Bioinformatics analysis provides alpha and beta diversity of
microbes.
Processing of Microbial DNA Sequence Data
The 16S rRNA and ITS2 (Walters et al., 2021) raw sequence results were processed and
analyzed by establishing a pipeline at the High Performance Computing Collaboratory (HPC2)
core facility at Mississippi State University, Starkville, MS. Primers and chimeras were trimmed
from raw DNA sequences using QIIME2™ (Caporaso et al., 2011). Trimmed DNA sequences
were sorted based on the barcodes to analyze the data to describe and compare microbial
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communities. After filtering and quality check, Amplicon sequence variants (ASVs) were
generated by running DADA2 version (2021.11.0). Taxonomy alignment was performed using
SINA (Pruesse et al., 2012) taxonomy in QIIME.
Bioinformatics and Statistical Analysis
MicrobiomeAnalyst, an online tool was used to perform comprehensive analysis such as
compositional analysis, biodiversity analysis, correlation analysis based on data from 16S rRNA
and ITS2 processed sequences. Abundance profile and metadata file for both bacteria and fungi
were uploaded as BIOM format with QIIME as taxonomy labels on marker data profiling in
https://www.microbiomeanalyst.ca/ (accessed on 17th May 2022) (Chong et al., 2020). For
downstream analysis, low abundance and low variance features were removed based on mean
and standard deviation, respectively. Filtered data were neither rarefied nor transformed. All the
samples were brought to same scale by dividing the samples utilizing total sum scaling.
Biodiversity analyses (alpha and beta diversity) were performed on feature-level taxonomy for
different Operational Taxonomic Units (OTUs) (based on 97% similarity). Statistical
significance was calculated using ANOVA and PERMANOVA at level of 0.05 for alpha and
beta diversity, respectively. Chao1 (richness) and Shannon (richness and evenness) diversity
index were used to analyze alpha diversity. Chao1 provides qualitative measure of alpha
diversity, emphasizing on rare species. However, we should also consider quantitative measure
i.e. relative abundance of species providing both richness and evenness to study microbial
diversity (Prehn-Kristensen et al., 2018). Richness and evenness of different OTUs are measured
by Shannon diversity index, which are randomly sampled (Spellerberg & Fedor, 2003).Principal
Coordinate Analysis (PCoA) was performed to analyze each sample points in 2D for beta
diversity. Feature level as taxonomy was used for alpha and beta diversity. Phylum as taxonomy
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level were used to perform correlation analysis such as Pattern Search, univariate analysis and
metagenomeseq. Pearson r correlation coefficient was used for pattern search. T-test/ANOVA
was used for univariate analysis and zero-inflated Gaussian fit was used for metagenomeseq at
adjusted p-value cut-off of 0.05.
PAleontological Statistics (PAST®) software (version 4.08) was used to analyze the
relationship between approx. 300generated Amplicon Sequence Variants (ASVs) and
physicochemical soil properties on cover crop treatments, elevation difference and tillage
treatments. Canonical coordinate analysis (CCA) was performed to study the correlation between
difference soil properties and 300 ASVs. Univariate analysis was performed using SAS version
9.4® (Cary, NC). The PROC GLM procedure was used to study fixed effects in both GT and TT.
Replication and year were considered random effects. Elevation difference was not part of
experimental design but is considered as a factor in running the analysis to determine the change
in soil properties due to elevation. Soil properties (pH, total C, total N, electrical conductivity,
water stable aggregates and EE-GRSP) were compared across (a) O, OC, OCR in GT and O, OC,
OCR and control in TT, (b) Ridge slope (R), side slope (S), Toe slope (T) in GT, (c) No-tillage
(NT) and conventional tillage (CT) in TT. Mean comparisons of all soil properties were
analyzed using Tukey’s protected least significant difference (LSD) at significance level of 0.05.
Mantel test was performed at p-value<0.05 using PC-ORD software (MJM Software,
Gleneden Beach, OR USA) to determine the correlation connection between two matrices,
microbial communities, and soil properties.
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Soil Characterization
Physical Properties
Soil Particle Size Analysis
Soil particle size were analyzed by micropipette method (Miller & Miller, 2008), which
follows Stokes law. Soil gravimetric moisture content were calculated after drying 10 gm of soil
in hot-air oven at 105 ºC. A 30-gm soil sample were mixed with 90 ml of 0.5%
hexametaphosphate solution, in a plastic bottle, in 1:3 ratio for particle dispersion and were
shaken for 16 hr. on a reciprocating shaker at a rate of 120 shakes per minute. The suspension
was sieved through 0.053 mm mesh (no. 270) to separate sand particles. The sand particles on
top of sieve were dried at 105 ºC overnight. The suspension of silt and clay was transferred to
500 ml graduated cylinder, stirred vigorously, and left on the bench to settle for 5 hours. After 5
hours, 10 cm of 25 ml pipette was inserted in the suspension to pipette out clay particles and it
was dried at 105 ºC overnight. The sand, clay and silt concentration were calculated using
equation no. 3.5, 3.6 and 3.7, respectively. The analysis of soil particle size was repeated for
every 15th soil sample for quality control.
Calculations:

Moisture content (g) = mass of subsample (10 g) – [(mass of oven-dried subsample +
beaker) – mass of beaker (g)]

(3.1)

Oven-dry (od) soil (g) = mass of sample (g) – moisture content (g)

(3.2)

Gravimetric soil moisture content (%) = [mass of moist soil (g) − mass of oven-dried
soil (g)/mass of oven-dried soil (g)] × 100

(3.3)

26

Clay content (g) = [mass of od clay (g) + mass of beaker (g)] – mass of beaker (g)

Sand content (%) = (mass of sand (g) / mass of od soil (g)) *100

Clay content (%) = (mass of clay(g) / mass of od soil (g)) *100

Silt content (%) = 100 - (sand content + clay content) *100

(3.4)

(3.5)

(3.6)

(3.7)

Water Stable Aggregates
Wet sieving method (Kemper & Rosenau, 2018) was used to measure wet aggregate
stability. Air-dried soil samples were sieved through 2 mm sieve and then through 1 mm sieve.
Four grams of 1-2 mm sized air-dried soil aggregates was transferred into numbered sieves. The
weighed and numbered cans was filled with 100 ml. deionized water to cover the soil in the sieve
on the bottom stroke of the wet sieving apparatus. After 3 mins. of mixing, sieve was put in
numbered and measured cans in 100 ml of 0.2% sodium hydroxide solution (dispersing solution)
Sieving was performed until only sand particles remained on the sieve. The soil collected in both
cans was oven dried in hot-air oven at 110 ºC overnight. The measurement of dried cans was
taken and was subtracted from measured empty cans. Water stable aggregate was calculated as
shown in the equation below (3.8).
WSA = ds / (ds + dw) *100%
where,
WSA (%) = water stable aggregates
ds = mass of aggregate dispersed in dispersing solution (g)
dw = mass of aggregate dispersed in deionized water (g)
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(3.8)

Chemical Properties
pH
Soil pH was measured using a method described by Mclean (2015). A 10 gm of air-dried
and passed through 2 mm sieved soil was mixed with 10 ml of deionized water in 25 ml beaker.
The soil suspension was allowed to stand for 10 mins. Metler Toledo, Seven Easy pH Meter S20
was calibrated using buffer 4, 7, and 10. pH readings were taken by inserting the pH electrode,
while swirling the suspension.
Electrical Conductivity
Ten grams of air dried and sieved through 2 mm sieve soil was mixed with 50 ml of
deionized water in a ratio of 1:5. The suspension mixture was shaken at 125 rpm for one hr. The
suspension was filtered through Whatman filter paper #40. The electrical conductivity was
measured using Oakton CON 510 bench conductivity/TDS meter. Duplicate readings were taken
to assure accuracy of the measurement.
Total Carbon and Nitrogen analysis
One gm of 2 mm air-dried, and sieved soil was sent to Mississippi State University’s
(MSU) soil testing lab to analyze the total carbon (C) and nitrogen (N) using the Vario max cube
organic elemental analyzer from Elementar® (Langenselbold, Germany).
Biological Properties
Easily extractable glomalin-like proteins
Glomalin is a glycoprotein found in hyphae of arbuscular mycorrhizal fungi (AMF)
(Wright & Upadhyaya, 1998). Easily extractable glomalin related soil proteins (EE-GRSP) were
extracted from soil (Reyna & Wall, 2014) using Bicinchoninic acid (BCA) assay (Walker,
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1994). One gram of bulk soil sample was mixed with 8 ml 20 mM sodium citrate at pH 7 in 50
ml centrifuge tubes. Centrifuge tubes were autoclaved at 121 ºC for 30 mins. It was centrifuged
at 5000×g for 15 minutes to extract the supernatant containing EE-GRSP. Pierce BCA Protein
assay kit was used to assay EE-GRSP, and absorbance was measured at 562 nm in a
spectrophotometer. Standard curve was plotted based on measurement of standard solutions from
Pierce™ BCA Protein Assay Kit.
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CHAPTER IV
RESULTS
Grazing Trial
Microbial Distribution and Abundance
Bacterial distribution
There were 2,559,050 total read counts with minimum count of 42,578 and maximum
count of 1, 08,126 from 27 soil samples in yr. 2020. In yr. 2021, 2,014,657 total read counts with
minimum count of 51266 and maximum count of 87239 were found. The maximum relative
abundance of Proteobacteria (31%), Actinobacteria (29%), Acidobacteria (13%) and Firmicutes
(11%) were found in yr. 2020 (Fig. 4.1). In yr. 2021, the relative abundance of Proteobacteria
was 34% with presence of Actinobacteria (18%), Acidobacteria and Firmicutes (14%) (Fig. 4.2).
There was presence of other bacterial phyla such as Chloroflexi, Planctomycetes, Fibrobacteres,
Gemmatimonadetes, and Nitrospirae in both the years. Some phyla were present as not- assigned
in yr. 2020.
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Figure 4.1

Relative Abundance of bacterial communities across cover crop treatment in O (Oats), OC
(Oats + crimson clover), OCR (Oats+ crimson clover +tillage radish) in yr. 2020.

X axes shows relative abundance of different bacterial phyla. Y axes shows cover crop treatments, O, OC, and
OCR. There are 24 colored bars in each cluster to show the abundance based on height of colored bar in yr.
2020.
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Figure 4.2

Relative Abundance of bacterial communities across cover crop treatment in O (Oats), OC
(Oats + crimson clover), OCR (Oats+ crimson clover +tillage radish) in yr. 2021.

X axes shows relative abundance of different bacterial phyla. Y axes shows cover crop treatments, O, OC, and
OCR. There are 21 colored bars in each cluster to show the abundance based on height of colored bar in yr.
2021.

Fungal distribution
There were 1908356 total read counts from 27 soil samples with minimum count of
25023 and maximum count of 110830 in yr. 2020. There were 2212765 total read counts with
minimum count of 49700 and maximum count of 103506 in yr. 2021. Maximum relative
abundance of phylum Ascomycota, 85% and 88%, were found in yr. 2020 and 2021,
respectively. The presence of other phyla such as Basidiomycota, Mortierellomycota,
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Rozellomycota, Mucoromycota, and Glomeromycota were also found. Some phyla were present
as not assigned and unidentified.

Figure 4.3

Relative abundance of fungal communities across different cover crop treatment O (Oats),

OC (Oats + Crimson clover), OCR (Oats+ Crimson clover +tillage radish) in yr.
2020.
X axes shows relative abundance of different bacterial phyla. Y axes shows cover crop treatments, O, OC, and
OCR. There are 10 colored bars in each cluster to show the abundance based on height of colored bar in yr.
2020.
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Figure 4.4

Relative abundance of fungal communities across different cover crop treatment O (Oats),

OC (Oats + Crimson clover), OCR (Oats+ Crimson clover +tillage radish) in yr.
2021.
X axes shows relative abundance of different bacterial phyla. Y axes shows cover crop treatments, O, OC, and
OCR. There are 12 colored bars in each cluster to show the abundance based on height of colored bar in yr.
2021.

Alpha diversity profiling
Alpha diversity is the measure of variation within samples. It was measured on indices
chao1 and Shannon diversity index. Chao1 measures richness of the community whereas
Shannon measures both richness and evenness of the community.
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Bacterial alpha diversity
Cover Crops
There was no significant difference found in richness (Chao1) and evenness (Shannon) in
both years, as shown in fig. 4.5 (ANOVA: (a) p value = 0.325 and (b) p value= 0.199 for yr.
2020; p value = 0.51 and 0.62 as shown in fig. 4.6 (a) and 4.6 (b) for yr. 2021, respectively.
(a)

Figure 4.5

(b)

Box plots showing bacterial community richness index, chao1 and Shannon
diversity index (richness and evenness) across cover crop for year 2020 (a) p-value
= 0.33, (b) p-value = 0.19.

ANOVA was performed at significance level of p<0.05. X-axes are represented by cover crop
treatment Oats (O), OC (Oats + crimson clover) and OCR (Oats + crimson clover + tillage
radish). Y-axes shows bacterial richness in Chao1 index and bacterial richness and evenness in
Shannon index. In the boxplot, black diamond shows mean, line horizontal within the box shows
median and whiskers shows lowest and highest OUT. Points outside the box are outliers and
individual OTUs.
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(a)

Figure 4.6

(b)

Box plots showing bacterial community richness index, chao1 and Shannon
diversity index (richness and evenness) across cover crop for year 2021 (a) p-value
= 0.52, (b) p-value = 0.08.

ANOVA was performed at significance level of p<0.05. X-axes are represented by cover crop
treatment Oats (O), OC (Oats + crimson clover) and OCR (Oats + crimson clover + tillage
radish). Y-axes shows bacterial richness in Chao1 index and bacterial richness and evenness in
Shannon index. In the boxplot, black diamond shows mean, line horizontal within the box shows
median and whiskers shows lowest and highest OUT. Points outside the box are outliers and
individual OTUs.
Elevation Difference
There was no significant difference in alpha diversity in yr. 2020. However, significant
differences were found in richness (Chao1) and evenness (Shannon) in year 2021, as shown in
Fig. 4.8 (a) p value = 0.02 and (b) p value= 0.04.
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(a)

Figure 4.7

(b)

Box plots showing bacterial community richness index, chao1 and Shannon
diversity index (richness and evenness) across elevation difference for year 2020
(a) p value = 0.50, (b) p-value = 0.08

ANOVA was performed at significance level of p<0.05. X-axes are represented by ridge, side
and toe slope. Y-axes shows bacterial richness in Chao1 index and bacterial richness and
evenness in Shannon index. In the boxplot, black diamond shows mean, line horizontal within
the box shows median and whiskers shows lowest and highest OTU. Dots outside the box are
outliers and individual OTUs.
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(a)

Figure 4.8

(b)

Box plots showing bacterial community richness index, chao1 and Shannon
diversity index (richness and evenness) across elevation difference for year 2021,
(a) p-value = 0.02, (b) p-value = 0.04.

ANOVA was performed at significance level of p<0.05. X-axes are represented by ridge, side
and toe slope. Y-axes shows bacterial richness in Chao1 index and bacterial richness and
evenness in Shannon index. In the boxplot, black diamond shows mean, line horizontal within
the box shows median and whiskers shows lowest and highest OUT. Dots outside the box are
outliers and individual OTUs.
Fungal alpha diversity
Cover Crops
The box plots shown in fig. 4.1.5. represents alpha diversity with indices chao1 and
Shannon in fungi. ANOVA test showed p-value = 0.031 (Fig. 4.9 a) and 0.274 (fig. 4.9 b) for
chao1 and Shannon respectively in yr. 2020. For yr. 2021, p-value for chao1 and Shannon were
0.439 and 0.104, respectively. Moreover, the fungal richness increased from 295 to 415 OTUs in
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cover crop treatment, O (Oats), 270 to 400 OTUs in OC (Oats + Crimson clover) and 315 to 420
OTUs in OCR (Oats + Crimson clover + radish).
(a)

Figure 4.9

(b)

Box plots showing fungal community richness index, chao1 and Shannon diversity
index (richness and evenness) across cover crop for year 2020 (a) p-value = 0.031,
b) p-value = 0.27.

ANOVA was performed at significance level of p<0.05 X-axes are represented by cover crop
treatment Oats (O), OC (Oats + crimson clover) and OCR (Oats + crimson clover + tillage
radish). Y-axes shows bacterial richness in Chao1 index and bacterial richness and evenness in
Shannon index. In the boxplot, black diamond shows mean, line horizontal within the box shows
median and whiskers shows lowest and highest OTU. Dots outside the box are outliers and
individual OTUs.
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(a)

(b)

Figure 4.10 Box plots showing fungal community richness index, chao1 and Shannon diversity
index (richness and evenness) across cover crop for year 2021 (a) p-value = 0.43,
(b) p-value = 0.10.
ANOVA was performed at significance level of p<0.05 X-axes are represented by cover crop
treatment Oats (O), OC (Oats + crimson clover) and OCR (Oats + crimson clover + tillage
radish). Y-axes shows bacterial richness in Chao1 index and bacterial richness and evenness in
Shannon index. In the boxplot, black diamond shows mean, line horizontal within the box shows
median and whiskers shows lowest and highest OTU. Dots outside the box are outliers and
individual OTUs.
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Elevation Difference
(a)

Figure 4.11

(b)

Box plots showing fungal community richness index, Chao1 and Shannon
diversity index (richness and evenness) across slope difference in paddocks for
year 2020 a) p-value = 0.58, b) p-value = 0.08.

ANOVA was performed at significance level of p<0.05. X-axes are represented by ridge, side
and toe slope. Y-axes shows bacterial richness in Chao1 index and bacterial richness and
evenness in Shannon index. In the boxplot, black diamond shows mean, line horizontal within
the box shows median and whiskers shows lowest and highest OTU. Dots outside the box are
outliers and individual OTUs.
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(a)

Figure 4.12

(b)

Box plots showing fungal community richness index, Chao1 and Shannon
diversity index (richness and evenness) across slope difference in paddocks for
year 2021 (a) p-value = 0.91, (b) p-value = 0.14.

ANOVA was performed at significance level of p<0.05. X-axes are represented by ridge, side
and toe slope. Y-axes shows bacterial richness in Chao1 index and bacterial richness and
evenness in Shannon index. In the boxplot, black diamond shows mean, line horizontal within
the box shows median and whiskers shows lowest and highest OTU. Dots outside the box are
outliers and individual OTUs.
Beta diversity and Principal Coordinate Analysis (PCoA)
Beta diversity is the measure of variation of microbes between samples. Principal
coordination analysis is an ordination technique to depict large sets of data in 2D format where
each point represents a sample and diversity is determined by distance matrix, Bray-Curtis
dissimilarity. Samples close together shows similarity and samples far from each other shows
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dissimilarity. Since there were multiple variables, PERMANOVA was performed to determine
beta diversity.
Bacterial Beta diversity
Permutational ANOVA showed p-value<0.173 and <0.301 in yr. 2020 and 2021,
respectively. Major axis (x-axis) showed percent variation of 18.8% in yr. 2020 and 21.8% in yr.
2021. Minor axis (y-axis) had percent variation of 11.4% and 9.3% respectively in yr. 2020 and
2021. As shown in figs. 4.13, 4.14 and 4.15, all sample points have clustered together and p
values are more than 0.05, representing no significant difference in bacterial beta diversity for
cover crop treatments. However, elevation difference showed significant difference in beta
diversity in yr. 2021 with p-value = 0.013 (Fig. 4.16)
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Cover Crops

Figure 4.13

Principal Coordinate Analysis (PCoA) shows bacterial beta diversity based on
Bray Curtis dissimilarity matrix for cover crop treatments in yr. 2020, R-squared:
0.080084; p-value < 0.366.

PERMANOVA was performed at significance level <0.05. Each point represents a sample point
with several OTUs, where purple dot is O (Oats), green dot is OC (Oats + crimson clover), and
yellow dot is OCR (Oats + crimson clover + tillage radish). Axis 1 on x-axis is major axis
showing variability of 18.8% and axis-2 on y axis is minor axis showing variability of 11.4%.

44

Figure 4.14

Principal Coordinate Analysis (PCoA) shows bacterial beta diversity based on
Bray Curtis dissimilarity matrix for cover crop treatments in yr. 2021, R-squared:
0.082693; p-value < 0.301.

PERMANOVA was performed at significance level <0.05. Each point represents a sample point
with several OTUs, where purple dot is O (Oats), green dot is OC (Oats + crimson clover) and
yellow dot is OCR (Oats + crimson clover + tillage radish). Axis 1 on x-axis is major axis
showing variability of 21.8% and axis-2 on y axis is minor axis showing variability of 9.3%.
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Elevation Difference

Figure 4.15

Principal Coordinate Analysis (PCoA) shows bacterial beta diversity based on
Bray Curtis dissimilarity matrix for elevation difference in yr.2020.

PERMANOVA was performed at significance level <0.05. Each point represents a sample point
with several OTUs, where purple point is ridge slope, green point is side slope and yellow point
is toe slope. (a) Axis 1 on x-axis is major axis showing variability of 18.8% and axis-2 on y axis
is minor axis showing variability of 11.4%, R-squared: 0.088934; p-value < 0.173.
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Figure 4.16

Principal Coordinate Analysis (PCoA) shows bacterial beta diversity based on
Bray Curtis dissimilarity matrix for elevation difference in yr. 2021.

PERMANOVA was performed at significance level <0.05. Each point represents a sample point
with several OTUs, where purple point is ridge slope, green point is side slope and yellow point
is toe slope. Axis 1 on x-axis is major axis showing variability of 21.8% and axis-2 on y axis is
minor axis showing variability of 9.3%, R-squared: 0.12157; p-value < 0.013.
Fungal beta diversity
Permutational ANOVA showed p-value<0.139 and <0.037 in yr. 2020 and 2021,
respectively. Major axis (x-axis) showed percent variation of 10.4% in yr. 2020 and 12.3% in yr.
2021. Minor axis (y-axis) had percent variation of 9.4% and 9.7% respectively in yr. 2020 and
2021. There was no significant difference in yr. 2020. However, fungal beta diversity was
significant in yr. 2021 as separation in sample points are visible in fig. 4.18.
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Cover Crops

Figure 4.17

Principal Coordinate Analysis (PCoA) showing fungal beta diversity based on
Bray Curtis dissimilarity matrix for cover crop treatments in yr. 2020.
PERMANOVA was performed at significance level <0.05.

Each point represents a sample point with several OTUs, where purple dot is O (Oats), green dot
is OC (Oats + crimson clover) and yellow dot is OCR (Oats + crimson clover + tillage radish).
Axis 1 on x-axis is major axis showing variability of 10.4% and axis-2 on y axis is minor axis
showing variability of 9.4%, R-squared: 0.08645; p-value < 0.139.
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Figure 4.18

Principal Coordinate Analysis (PCoA) showing fungal beta diversity based on
Bray Curtis dissimilarity matrix for cover crop treatments in yr. 2021.
PERMANOVA was performed at significance level <0.05.

Each point represents a sample point with several OTUs, where purple dot is O (Oats), green dot
is OC (Oats + crimson clover) and yellow dot is OCR (Oats + crimson clover + tillage radish).
Axis 1 on x-axis is major axis showing variability of 12.3% and axis-2 on y axis is minor axis
showing variability of 9.7%, R-squared: 0.0986; p-value < 0.037.

49

Elevation Difference

Figure 4.19

Principal Coordinate Analysis (PCoA) showing fungal beta diversity based on
Bray Curtis dissimilarity matrix for elevation difference in yr. 2020.
PERMANOVA was performed at significance level <0.05.

Each point represents a sample point with several OTUs, where purple dot is ridge slope, green
dot is side slope and yellow dot is toe slope. Axis 1 on x-axis is major axis showing variability of
10.4% and axis-2 on y axis is minor axis showing variability of 9.4%, R-squared: 0.073; p-value
< 0.615.

50

Figure 4.20

Principal Coordinate Analysis (PCoA) showing fungal beta diversity based on
Bray Curtis dissimilarity matrix for elevation difference in yr. 2021.
PERMANOVA was performed at significance level <0.05.

Each point represents a sample point with several OTUs, where purple dot is ridge slope, green
dot is side slope and yellow dot is toe slope. Axis 1 on x-axis is major axis showing variability of
12.3% and axis-2 on y axis is minor axis showing variability of 9.7%, R-squared: 0.072; p-value
< 0.62
Correlation Analysis (Pattern Search)
The clustering analysis of bacterial phyla with different cover crop treatment will provide
the knowledge of which cover crop treatment had higher and positive correlation with beneficial
bacterial phyla. The correlation is determined by distance measure, Pearson r correlation
analysis.
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Bacteria
In yr. 2020, dominant 24 phyla were correlated with O, OC, and OCR. Phyla such as
TM6, Actinobacteria, Elusimicrobia and Firmicutes were positively correlated with cover crop
treatment, OCR whereas Fibroacteres, TM7, Bacteriodetes and Acidobacteria were negatively
correlated with O, as shown in fig. 4.21. Similarly, in yr. 2021, dominant 21 phyla were found.
Firmicutes, Elusimicrobia and Actinobacteria were positively correlated with OCR whereas
BRC1, Acidobacteria, Nitrosporae, Gemmatimonadetes were negatively correlated with cover
crop, O, as shown in fig. 4.22.
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Figure 4.21

Impact of cover crops on different bacterial phyla based on Pearson r correlation
coefficient in yr. 2020.

X-Axes shows correlation coefficient from -1 to 1.Y-axes shows 24 bacterial phyla in yr. 2020.
Pink bar shows positive correlation as it is higher than 0 and blue bar shows negative correlation
as it is lower than 0. Mini heat map on right shows high and low correlation of cover crop
treatments, O (Oats), OC (Oats + crimson clover) and OCR (Oats + crimson clover + tillage
radish) where blue is low, yellow is medium and red is high correlation.
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Figure 4.22

Impact of cover crops on different bacterial phyla based on Pearson r correlation
coefficient in yr. 2021.

X-Axes shows correlation coefficient from -1 to 1.Y-axes shows 21 bacterial phyla in yr. 2021.
Pink bar shows positive correlation as it is higher than 0 and blue bar shows negative correlation
as it is lower than 0. Mini heat map on right shows high and low correlation of cover crop
treatments, O (Oats), OC (Oats + crimson clover) and OCR (Oats + crimson clover + tillage
radish) where blue is low, yellow is medium and red is high correlation.
Fungi
The presnce of top 10 fungal phyla in yr. 2020 and 12 top phyla in yr 2021 were found to
be correlated based on distance measure, pearson r correlation. The phyla Chytridiomycota,
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Mortierellomycota, Rozellomycota were found to be positively correlated with cover crop
treatment OCR in yr. 2020, as shown in fig. 4.23. However, the presence of phyla
Blastidiomycota, Glomeromycota were found to be positively correlated with OC cover crop
treatment in yr. 2021. Phylum Ascomycota was positively correlated with OCR treatment, as
shown in fig. 4.24.

Figure 4.23

Impact of cover crops on different fungal phyla based on Pearson r correlation
coefficient in yr. 2020.

X-Axes shows correlation coefficient from -1 to 1.Y-axes shows 10 fungal phyla in yr. 2020.
Pink bar shows positive correlation as it is higher than 0 and blue bar shows negative correlation
as it is lower than 0. Mini heat map on right shows high and low correlation of cover crop
treatments, O (Oats), OC (Oats + crimson clover) and OCR (Oats + crimson clover + tillage
radish) where blue is low, yellow is medium and red is high correlation.
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Figure 4.24

Impact of cover crops on different fungal phyla based on Pearson r correlation
coefficient in yr. 2021.

X-Axes shows correlation coefficient from -1 to 1.Y-axes shows 12 fungal phyla in yr. 2021.
Pink bar shows positive correlation as it is higher than 0 and blue bar shows negative correlation
as it is lower than 0. Mini heat map on right shows high and low correlation of cover crop
treatments, O (Oats), OC (Oats + crimson clover) and OCR (Oats + crimson clover + tillage
radish) where blue is low, yellow is medium and red is high correlation.
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Soil Characterization
Different physicochemical and biological properties measurement are shown in table 4.1
and 4.2 Mean and standard deviation are shown with significance level of 0.05. LSD results,
calculated by SAS 9.4® are also shown. There were no overall significant differences seen in
physicochemical properties for cover crop treatment in both the years. However, there were
significant differences in C: N ratio due to cover crop treatment in yr. 2020 (Table 4.1).
Additionally, pH, and total carbon showed significant difference due to elevation difference in
both the years. EE-GRSP levels were also significantly different in yr. 2020.
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Table 4.1

Soil physical and chemical properties for different treatments for yr. 2020.

Treatment

pH

Cover
Crop (CC)
O
6.28±0.15a
OC
6.43±0.17a
OCR
6.28±0.13a
Slope
Ridge
Side
Toe

6.67±0.09a
6.14±0.12b
6.19±0.16b

EC

Total C
(%)

Total N
(%)

C:N

WSA
(%)

169.07±17.00a
240.80±19.29a
238.63±31.14a

2.63± 0.23a
3.06± 0.27a
3.34± 0.19a

0.28 ±0.03a 10.72 ±0.21b 77.37± 5.98a
0.26± 0.02a 11.66 ±0.13a 75.80± 3.90a
0.28± 0.02a 11.31±0.30ab 70.92± 7.98a

234.78±17.81a
206.28±38.34a
207.44±13.96a

3.18± 0.25a
2.53± 0.20b
3.23± 0.22a

0.28± 0.02a
0.26± 0.03a
0.28± 0.02a

11.34 ±0.24a
11.08 ±0.27a
11.26 ±0.27a

EE-GRSP
(mg g-1)

2.02 ±0.16a
2.06 ±0.18a
1.78 ±0.13a

66.78± 6.10b 2.26 ±0.19a
70.8±6.83ab 1.73±0.09ab
86.51± 2.54a 1.86 ±0.13b

CC
0.69
0.1
0.12
0.67
0.015*
0.71
0.33
Slope
0.035*
0.66
0.052*
0.81
0.66
0.06
0.04*
CC*slope
0.7
0.63
0.54
0.71
0.88
0.49
0.38
O (Oats), OC (Oats + crimson clover) and OCR (Oats + crimson clover + tillage radish). * Represents significance. Abbreviations:
EC- electrical conductivity, C-carbon, N-nitrogen, C: N- carbon –nitrogen ratio, WSA- Water stable aggregates, EE-GRSP- easily
extractable glomalin related soil protein
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Table 4.2

Soil physical and chemical properties for different treatments for yr. 2021.
Treatment
Cover Crop
(CC)
O
OC
OCR
Slope
Ridge
Side
Toe
CC
Slope
CC*slope

pH

EC

Total C
(%)

Total N
(%)

6.48±0.08a 135.86±11.86a 3.368±0.24a 0.29±0.02a
6.59±0.07a 113.83±11.39a 3.161±0.32a 0.26±003a
6.42±0.12a 113.60±10.32a 2.993±0.20a 0.26±0.03a

C:N

11.39±0.36a
12.16±0.36a
11.75±0.62a

WSA
(%)

EE-GRSP
(mg g-1)

73.05±2.72a 1.73±0.19a
83.37±2.06a 1.69±0.10a
76.36±4.63a 1.67±0.12a

6.59±0.06a 110.97±8.89a 2.76±0.16b 0.25±0.02a 11.28±0.25b 76.18±2.85a 1.54±0.11a
6.58±0.06a 119.04±11.40a 3.09±0.21ab 0.27±0.02a 11.52±0.37ab 80.16±3.03a 1.77±0.18a
6.31±0.12b 133.29±13.29a 3.67±0.31a 0.30±0.03a 12.50±0.61a 76.43±4.64a 1.79±0.12a
0.38
0.04*
0.34

0.32
0.41
0.49

0.59
0.04*
0.33

0.56
0.28
0.41

0.37
0.08
0.92

0.17
0.71
0.88

0.94
0.35
0.12

O (Oats), OC (Oats + crimson clover) and OCR (Oats + crimson clover + tillage radish). * Represents significance. Abbreviations:
EC- electrical conductivity, C-carbon, N-nitrogen, C: N- carbon –nitrogen ratio, WSA- Water stable aggregates, EE-GRSP- easily
extractable glomalin related soil protein
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Effect of physiochemical properties on bacterial communities
Soil properties were correlated with cover crop treatment. In fig. 4.25, WSA is positively
correlated with cover crop treatment, O in yr. 2020, as shown in CCA biplot. There was no
significant correlation in yr. 2021. Elevation differences showed significant correlation between
toe slope and C: N ratio in yr. 2021. Glomalin was also significantly correlated with toe slope in
yr. 2021.
Different physical and chemical properties such as pH, total carbon and nitrogen, WSA and EEGRSP can affect the abundance of bacterial communities. Canonical Correspondence analysis
(CCA) was performed to determine the effect of soil properties. Phyla Firmicutes was
significantly present and positively correlated with electrical conductivity and pH in yr. 2020.
Phyla Actinobacteria were also present and significantly correlated with total C, N and glomalin.
In yr. 2021, several bacterial phyla such as Acidobacteria, Verrucomicrobia were strongly
correlated with electrical conductivity. Plantomycetes and Bacteridetes were correlated with total
C and N. Glomalin has effect on Nitrosporae and C: N ratio on Chloroflexi. Proteobacteria was
also correlated with pH.
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Cover crops

Figure 4.25

Canonical Correspondence analysis showing the correlation between different soil
properties and bacterial communities for cover crops in yr. 2020.

O is represented by blue circle, red triangle for OC and blue circle for OCR, Arrows represents
different physicochemical properties such as pH, total C, total N, C: N ratio, EC (Electrical
conductivity), aggregate stability, glomalin (EE-GRSP). The length of arrow shows the strength
of relationship
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Figure 4.26

Canonical Correspondence analysis showing the correlation between different soil
properties and bacterial communities for cover crops in yr. 2021.

O is represented by blue circle, red triangle for OC and blue circle for OCR, Arrows represents
different physicochemical properties such as pH, total C, total N, C: N ratio, EC (Electrical
conductivity), aggregate stability, glomalin (EE-GRSP). The length of arrow shows the strength
of relationship
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Elevation Difference

Figure 4.27

Canonical Correspondence analysis showing the correlation between different soil
properties and bacterial communities for elevation difference in yr. 2020.

Ridge slope is represented by blue circle, red square for side slope and green triangle for toe
slope. Arrows represents different physicochemical properties such as pH, total C, total N, C: N
ratio, EC (Electrical conductivity), aggregate stability, glomalin (EE-GRSP). The arrow length
indicated the strength of variable responsible for relationship. Bottom x and y axis are scales for
sample points. Top x and y axis represents arrows plotted.
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Figure 4.28

Canonical Correspondence analysis showing the correlation between different soil
properties and bacterial communities for elevation difference in yr. 2021.

Ridge slope is represented by blue circle, red square for side slope and green triangle for toe
slope. Arrows represents different physicochemical properties such as pH, total C, total N, C: N
ratio, EC (Electrical conductivity), aggregate stability, glomalin (EE-GRSP). The arrow length
indicated the strength of variable responsible for relationship. Bottom x and y axis are scales for
sample points. Top x and y axis represents arrows plotted.
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Bacterial Abundance

Figure 4.29

CCA plot showing relationship between different bacterial abundance and soil
properties in yr. 2020.

Points represents different bacterial phyla. Line represents different physicochemical properties
such as pH, total C, total N, C: N ratio, EC (Electrical conductivity), aggregate stability,
glomalin (EE-GRSP). The line length indicated the strength of variable responsible for
relationship.

65

Figure 4.30

CCA plot showing relationship between different bacterial abundance and soil
properties in yr. 2021.

Points represents different bacterial phyla. Lines represents different physicochemical properties
such as pH, total C, total N, C: N ratio, EC (Electrical conductivity), aggregate stability,
glomalin (EE-GRSP). The line length indicated the strength of variable responsible for
relationship.
Effect of physiochemical properties on fungal communities
Cover crop treatment, OC were significantly correlated with C: N ratio in yr. 2020 and
OCR was significantly correlated with aggregate stability in yr. 2021, as evident from fig 4.31
and 4.32, respectively. There was no significant correlation due to elevation differences on the
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paddocks. In yr. 2020, several phyla such as Chytridiomycota and Basidiomycota were
significantly correlated with total C and N. Fungal abundance plot shows the high and significant
abundance of Ascomycota due to total C and N levels in yr. 2021. There were presence of phyla
Mucoromycota, Rozellomycota due to change in aggregate stability. Chytridiomycota were
highly correlated with C: N ratio, as evident from fig. 4.35.
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Cover crops

Figure 4.31

Canonical Correspondence analysis showing the correlation between different soil
properties and fungal communities for cover crops in yr. 2020.

O is represented by blue circle, red triangle for OC and blue circle for OCR. The arrow length
indicated the strength of variable responsible for relationship. Bottom x and y axis are scales for
sample points. Top x and y axis represents arrows plotted.
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Figure 4.32

Canonical Correspondence analysis showing the correlation between different soil
properties and fungal communities for cover crops in yr. 2021.

O is represented by blue circle, red triangle for OC and blue circle for OCR. The line length
indicated the strength of variable responsible for relationship. Bottom x and y axis are scales for
sample points. Top x and y axis represents arrows plotted.
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Elevation Difference

Figure 4.33

Canonical Correspondence analysis showing the correlation between different soil
properties and fungal communities for elevation difference in yr. 2020.

Ridge slope is represented by blue circle, red square for side slope and green triangle for toe
slope. Arrows represents different physicochemical properties such as pH, total C, total N, C: N
ratio, EC (Electrical conductivity), aggregate stability, glomalin (EE-GRSP). The arrow length
indicated the strength of variable responsible for relationship. Bottom x and y axis are scales for
sample points. Top x and y axis represents arrows plotted.
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Figure 4.34

Canonical Correspondence analysis showing the correlation between different soil
properties and fungal communities for elevation difference in yr. 2021.

Ridge slope is represented by blue circle, red square for side slope and green triangle for toe
slope. Arrows represents different physicochemical properties such as pH, total C, total N, C: N
ratio, EC (Electrical conductivity), aggregate stability, glomalin (EE-GRSP). The arrow length
indicated the strength of variable responsible for relationship. Bottom x and y axis are scales for
sample points. Top x and y axis represents arrows plotted.

71

Fungal Abundance

Figure 4.35

CCA plot showing relationship between different fungal abundance and soil
properties in yr. 2020.

Points represents different fungal phyla. Lines represents different physicochemical properties
such as pH, total C, total N, C: N ratio, EC (Electrical conductivity), aggregate stability,
glomalin (EE-GRSP). The line length indicated the strength of variable responsible for
relationship.
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Figure 4.36

CCA plot showing relationship between different fungal abundance and soil
properties in yr. 2021.

Points represents different fungal phyla. Lines represents different physicochemical properties
such as pH, total C, total N, C: N ratio, EC (Electrical conductivity), aggregate stability,
glomalin (EE-GRSP). The line length indicated the strength of variable responsible for
relationship.
Mantel Test
Mantel test is non-parametric statistical test to analyze the correlation between two
matrices, soil properties and microbial diveristy (bacterial and fungal). Mantel statistic, rM ranges
from -1 to +1, where -1 represents negative correlation and +1 represents positive correlation.
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There was no overall significant correlation between bacterial diversity and soil properties in
either years. However, significant correlation was seen between bacterial diversity and EE-GRSP
in yr. 2020 (Table 4.3).
There was no overall significant correlation between fungal diversity and soil properties
in yr. 2020. However, significant correlation was seen between fungal diversity and total C (rM =
0.25, p-value = 0.02) N and electrical conductivity in yr. 2021 (Table 4.4).
Bacterial community
Table 4.3

Mantel test showing mantel statistic (rM) and p-values of different soil properties
for bacterial communities.

Abbreviations: EC- electrical conductivity, C-carbon, N-nitrogen, C: N- carbon –nitrogen ratio,
WSA- Water stable aggregates, EE-GRSP- easily extractable glomalin related soil protein, rM =
partial Mantel statistic, below 0-negative correlation, between 0 and 1- positive correlation

Soil properties
pH
C
N
C: N
WSA
EC
EE-GRSP

2020
rM
-0.06
-0.001
0.005
0.083
0.217
-0.032
0.22

p-value
0.50
0.98
0.95
0.38
0.07
0.77
0.02*
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2021
rM
-0.13
-0.04
-0.07
-0.07
0.05
0.04
0.13

p-value
0.33
0.66
0.55
0.57
0.64
0.63
0.33

Fungal Community
Table 4.4

Mantel test showing mantel statistic (rM) and p-values of different soil properties
for fungal communities.
2020

2021

Soil properties

rM

p-value

rM

p-value

pH

0.03

0.69

-0.06

0.64

C

0.16

0.18

0.25

0.02*

N

0.13

0.15

0.29

0.01*

C: N
WSA

0.07
-0.09

0.44
0.43

-0.002
0.05

0.98
0.68

EC

0.01

0.91

0.18

0.05*

EE-GRSP

-0.18

0.06

-0.04

0.72

Abbreviations: EC- electrical conductivity, C-carbon, N-nitrogen, C: N- carbon –nitrogen ratio,
WSA- Water stable aggregates, EE-GRSP- easily extractable glomalin related soil protein, rM =
partial Mantel statistic, below 0-negative correlation, between 0 and 1- positive correlation

Tillage Trial
Microbial Distribution and Abundance
Cover Crops
There were 2425094 total read counts with minimum count of 85564 and maximum
count of 113037 in 24 soil samples in yr. 2020. In yr. 2021, 1924099 total read counts with
minimum count of 50250 and maximum count of 98013 were found. The maximum abundance
of Proteobacteria (38%), Actinobacteria (24%), Acidobacteria (10%) and Firmicutes (7%) were
found in yr. 2020, as shown in fig. 4.37. In yr. 2021, the relative abundance of Proteobacteria
was 36%, Actinobacteria and Acidobacteria were 15% and 14% relatively abundant
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respectively, evident from fig. 4.38. Similar trend was found in tillage treatment. There was
presence of other bacterial phyla such as Chloroflexi, Plantomycetes, Cyanobacteria,
Bacteroidetes, and Nitrospirae in both years for cover crop treatment and tillage treatment.

Figure 4.37

Relative Abundance of bacterial communities across cover crop treatment in O
(Oats), OC (Oats + crimson clover), OCR (Oats+ crimson clover +tillage radish)
and control (no cover crops) in yr. 2020.

There are 30 colored bars in each cluster to show the abundance based on height of colored bar.
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Figure 4.38

Relative Abundance of bacterial communities across cover crop treatment in O
(Oats), OC (Oats + crimson clover), OCR (Oats+ crimson clover +tillage radish)
and control (no cover crops) in yr. 2021.

There are 20 colored bars in each cluster to show the abundance based on height of colored bar.

Tillage treatment
2425094 total read counts with minimum count of 85564 and maximum count of 113037
were found from 24 soil samples in yr. 2020. 1924099 total read counts with minimum count of
50250 and maximum count of 98013 in 2021. The maximum abundance of Proteobacteria
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(31%), Actinobacteria (29%), Acidobacteria (13%) and Firmicutes (11%). There was presence
of other bacterial phyla such as Chloroflexi, Cyanobacteria, Fibrobacteres, Gemmatimonadetes,
Nitrospirae in both the years Some phylas were present as not- assigned in yr. 2020.
In yr. 2021, the relative abundance of Proteobacteria was 36% with presence of
Actinobacteria (15%), Acidobacteria (13%) and Firmicutes (9%). There was presence of other
bacterial phyla such as Chloroflexi, Verrucomicrobia, Fibrobacteres, Gemmatimonadetes,
Nitrospirae in both the years.

Figure 4.39

Relative Abundance of bacterial communities across tillage treatment CT and NT in yr. 2020.

X-axis shows relative abundance. Cluster names on Y axis are CT (conventional tillage) and NT (no-tillage).
There are 25 colored bars in each cluster to show the abundance based on height of colored bar.
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Figure 4.40

Relative Abundance of bacterial communities across tillage treatment CT and NT in yr. 2021.

Cluster names on x axis are sample ids (NG – non-grazing). Y axes shows relative abundance of different
bacterial phyla. There are 20 colored bars in each cluster to show the abundance based on height of colored
bar.
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Alpha Diversity Profiling
Cover Crops
(a)

Figure 4.41

(b)

Box plots showing bacterial community richness index, Chao1(richness) and
Shannon diversity index (richness and evenness) across cover crop treatments in
plots for year 2020 a) p-value = 0.19, b) p-value = 0.02.

ANOVA was performed at significance level of p<0.05. X-axes are represented by cover crop
treatment, control (no cover crop) Oats (O), OC (Oats + crimson clover) and OCR (Oats +
crimson clover + tillage radish). Y-axes shows bacterial richness in Chao1 index and bacterial
richness and evenness in Shannon index. In the boxplot, black diamond shows mean, line
horizontal within the box shows median and whiskers shows lowest and highest OTU. Dots
outside the box are outliers and individual OTUs.
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(a)

Figure 4.42

(b)

Box plots showing bacterial community richness index, Chao1(richness) and
Shannon diversity index (richness and evenness) across cover crop treatments in
plots for year 2021 (a) p-value = 0.98, (b) p-value = 0.82.

ANOVA was performed at significance level of p<0.05. X-axes are represented by cover crop
treatment, control (no cover crop) Oats (O), OC (Oats + crimson clover) and OCR (Oats +
crimson clover + tillage radish). Y-axes shows bacterial richness in Chao1 index and bacterial
richness and evenness in Shannon index. In the boxplot, black diamond shows mean, line
horizontal within the box shows median and whiskers shows lowest and highest OTU. Dots
outside the box are outliers and individual OTUs.
Tillage treatment
There was no significant difference found in richness (Chao1) and evenness (Shannon)
for cover crop treatment for both yrs., as shown in Fig. 4.2.6 (t-test): (a) p value = 0.462 and (b)
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p value= 0.863. However, significant difference was seen in both years for tillage treatment as
shown in fig. 4.2.6; (c) p value = 0.014 and (d) p value = 0.0006.
(a)

Figure 4.43

(b)

Box plots showing fungal community richness index, Chao1 and Shannon
diversity index (richness and evenness) across tillage treatment, CT (conventional
tillage) and NT (no-tillage) for year 2020 a) p-value = 0.46, b) p-value = 0.86.

ANOVA was performed at significance level of p<0.05. X-axes are represented by tillage
treatment, CT (conventional tillage) and NT (no-tillage) Y-axes shows bacterial richness in
Chao1 index and bacterial richness and evenness in Shannon index. In the boxplot, black
diamond shows mean, line horizontal within the box shows median and whiskers shows lowest
and highest OTU. Dots outside the box are outliers and individual OTUs.
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(a)

Figure 4.44

(b)

Box plots showing fungal community richness index, Chao1 and Shannon
diversity index (richness and evenness) across tillage treatment, CT (conventional
tillage) and NT (no-tillage) for year 2021 (a) p-value = 0.01, (b) p-value = 0.0006.

ANOVA was performed at significance level of p<0.05. X-axes are represented by tillage
treatment, CT (conventional tillage) and NT (no-tillage) Y-axes shows bacterial richness in
Chao1 index and bacterial richness and evenness in Shannon index. In the boxplot, black
diamond shows mean, line horizontal within the box shows median and whiskers shows lowest
and highest OTU. Dots outside the box are outliers and individual OTUs.
Beta diversity and Principal Coordiante Analysis (PCoA)
Permutational ANOVA showed p-value<0.693 and <0.974 in yr. 2020 and 2021,
respectively. Major axis (x-axis) showed percent variation of 17% in yr. 2020 and 35.6% in yr.
2021. Minor axis (y-axis) had percent variation of 9.7% and 14.3% respectively in yr. 2020 and
2021. As shown in fig. 2, all sample points have clustered together and p values are more than
0.05, representing no significant difference in bacterial beta diversity for cover crop treatments.
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Cover Crops

Figure 4.45

Principal Coordinate Analysis (PCoA) showing fungal beta diversity based on
Bray Curtis dissimilarity matrix for elevation difference in yr. 2020

PERMANOVA was performed at significance level <0.05. Each point represents a sample point
with several OTUs, where purple dot is ridge slope, green dot is side slope and yellow dot is toe
slope. Axis 1 on x-axis is major axis showing variability of 10.4% and axis-2 on y axis is minor
axis showing variability of 9.4%, R-squared: 0.121; p-value < 0.693.
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Figure 4.46

Principal Coordinate Analysis (PCoA) showing fungal beta diversity based on
Bray Curtis dissimilarity matrix for elevation difference in yr. 2021.

PERMANOVA was performed at significance level <0.05. Each point represents a sample point
with several OTUs, where purple dot is ridge slope, green dot is side slope and yellow dot is toe
slope. Axis 1 on x-axis is major axis showing variability of 12.3% and axis-2 on y axis is minor
axis showing variability of 9.7%, R-squared: 0.083; p-value < 0.974.
Tillage Treatment
Permutational ANOVA showed p-value<0.007 in both the years for tillage treatment,
indicated significant difference in beta diversity, as shown in fig. 4.47 and 4.48. Major axis (xaxis) showed percent variation of 17% in yr. 2020 and 35.6% in yr. 2021. Minor axis (y-axis)
had percent variation of 9.7% and 14.3% respectively in yr. 2020 and 2021.
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Figure 4.47

Principal Coordinate Analysis (PCoA) shows bacterial beta diversity based on
Bray Curtis dissimilarity matrix for tillage treatments in tillage trial for yr. 2020.

Statistical significance was performed at significance level <0.05 using PERMANOVA. Each
point represents a sample point with several OTUs, where purple dot is ridge slope, green dot is
side slope and yellow dot is toe slope. Axis 1 on x-axis is major axis showing variability of
10.4% and axis-2 on y axis is minor axis showing variability of 9.4%, R-squared = 0.078, pvalue<0.007.
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Figure 4.48

Principal Coordinate Analysis (PCoA) shows bacterial beta diversity based on
Bray Curtis dissimilarity matrix for tillage treatments in tillage trial for yr. 2021.

Statistical significance was performed at significance level <0.05 using PERMANOVA. Each
point represents a sample point with several OTUs, where purple dot is ridge slope, green dot is
side slope and yellow dot is toe slope. Axis 1 on x-axis is major axis showing variability of
12.3% and axis-2 on y axis is minor axis showing variability of 9.7%, R-squared = 0.135, pvalue<0.007.
Coorelation analysis (Pattern Search)
Cover Crops
In yr. 2020, dominant 25 phylas were correlated with control, O, OC and OCR. Phyla
such as Crenarchaeota, OP3, Acidobacteria, Chloroflexi, were positively correlated with cover
crop treatment, OCR and Planctomycetes was positively correlated with cover crop, OC.
whereas Cyanobacteria, TM7, Bacteriodetes and TM6 were negatively correlated. Similarly, in
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yr. 2021, dominant 20 phylas were correlated. Bacterial phylas such as Candidatus, Firmicutes,
Verrucomicrobia were positively correlated with OCR. Plantae, Chlamydiae and Spirochaetes
were positively correlated with OC. However, Cyanobacteria, Actinobateria were negatively
correlated with control.

Figure 4.49

Impact of covercrops on different bacterial phylas based on Pearon r correlation
coefficient in tillage trial for yr. 2020.

X-Axes shows correlation coefficient from -1 to 1.Y-axes shows 25 bacterial phyla in yr. 2020
Pink bar shows positive correlation as it is higher than 0 and blue bar shows negative correlation
as it is lower than 0. Mini heat map on right shows high and low correlation of cover crop
treatments, O (Oats), OC (Oats + crimson clover) and OCR (Oats + crimson clover + tillage
radish) where blue is low, yellow is medium and red is high correlation.
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Figure 4.50

Impact of covercrops on different bacterial phylas based on Pearon r correlation
coefficient in tillage trial for yr. 2021.

X-Axes shows correlation coefficient from -1 to 1.Y-axes shows 20 bacterial phyla in yr. 2021.
Pink bar shows positive correlation as it is higher than 0 and blue bar shows negative correlation
as it is lower than 0. Mini heat map on right shows high and low correlation of cover crop
treatments, O (Oats), OC (Oats + crimson clover) and OCR (Oats + crimson clover + tillage
radish) where blue is low, yellow is medium and red is high correlation.
Tillage treatment
The presence of 25 dominant phyla in yr. 2020 and 20 dominant phyla in yr 2021 were
found to be correlated based on distance measure, pearson r correlation. The phyla
Verrucomicrobia, Chloroflexi, BRC1, Cyanobacteria and Actinobacteria were found to be
89

positively correlated with no tillage treatment in yr. 2020. However, the presence of phyla
Bacteriodetes, Armatimonadetes, Crenarchaeota and Proteobacteria were found to be
negatively correlated with conventional tillage treatment in yr. 2020. For yr. 2021, bacterial
phylas such as Nitrosporae, Thaumarchaeota, Bacteriodetes and Actinobacteria were positively
correlated with no tillage treatment. The phylas such as Cyanobacteria, Gemmatimonadetes,
Armatimonadetes and Acidobacteria were found to be negatively correlated with conventional
tillage.
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Figure 4.51

Impact of tillage on different bacterial phyla based on Pearson r correlation
coefficient for tillage trial (TT) in yr. 2020.

Pink bar shows positive correlation and blue bar shows negative correlation X-Axes shows
correlation coefficient from -1 to 1.Y-axes shows 25 bacterial phyla in yr. 2020. Pink bar shows
positive correlation as it is higher than 0 and blue bar shows negative correlation as it is lower
than 0. Mini heatmap on right shows high and low correlation of tillage treatments, NT (Notillage) and CT (Conventional tillage) where blue is low, yellow is medium and red is high
correlation.
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Figure 4.52

Impact of tillage on different bacterial phyla based on Pearson r correlation
coefficient for tillage trial (TT) in yr. 2021.

Pink bar shows positive correlation and blue bar shows negative correlation X-Axes shows
correlation coefficient from -1 to 1.Y-axes shows 20 bacterial phyla in yr. 2021. Pink bar shows
positive correlation as it is higher than 0 and blue bar shows negative correlation as it is lower
than 0. Mini heatmap on right shows high and low correlation of tillage treatments, NT (Notillage) and CT (Conventional tillage) where blue is low, yellow is medium and red is high
correlation.
Soil Characterization
Different physicochemical and biological properties measurement for tillage study are
shown in table 4.5 and 4.6. Mean and standard deviation are shown with significance level of
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0.05. LSD results, calculated by SAS 9.4® are also shown. There were no significant differences
seen in physicochemical properties for cover crop treatment in both the years except in pH
(2020). However, tillage treatment showed significantly higher difference in total C, N, and pH
for yr. 2021. There was significant difference in C: N ratio and EE-GRSP levels.
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Table 4.5

Soil physical and chemical properties for different cover crops and tillage treatment of tillage study for yr. 2020

Treatment

Control
O
OC
OCR

NT
CT

EC

2020
Total C (%)

Total N (%)

C: N

WSA (%)

EE-GRSP
(mg g-1)

6.09±0.05b
6.37±0.08a
6.3±0.07ab
6.41±0.07a

153.04±22.07a
123.56±12.16a
123.04±18.62a
129.95±11.28a

Cover Crop
(CC)
0.79±0.01a
0.83±0.05a
0.84±0.03a
0.82±0.03a

0.086±0.002a
0.086±0.004a
0.089±0.003a
0.086±0.003a

9.25±0.08a
9.56±0.07a
9.47±0.16a
9.52±0.17a

46.82±11.27a
56.42±10.50a
64.58±7.76a
46.19±11.51a

0.85±0.12a
0.72±0.09a
0.78±0.16a
0.75±0.13a

6.29±0.06a
6.30±0.06a

Tillage
141.33±12.12a 0.85±0.02a
123.47±10.86a 0.79±0.02b

0.09±0.002a
0.08±0.002a

9.52±0.11a 46.48±8.04a
9.37±0.07a 60.53±5.88a

0.77±0.07a
0.77±0.1a

0.45
0.24
0.07

0.94
0.1
0.91

0.39
0.28
0.67

0.89
1
0.28

pH

CC
0.03*
Tillage
0.92
CC*Tillage 0.93

0.78
0.04*
0.74

0.46
0.14
0.1

Abbreviations: EC- electrical conductivity, C-carbon, N-nitrogen, C: N- carbon –nitrogen ratio, WSA- Water stable aggregates, EEGRSP- easily extractable glomalin related soil protein
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Table 4.6

Soil physical and chemical properties for different cover crops and tillage treatment of tillage study for yr. 2021.

Treatment

Control
O
OC
OCR

NT
CT

2021
pH
EC
Total C
(%)
Cover
Crop (CC)
6.48±0.07a 60.18±2.8a 0.89±0.07a
6.64±0.09a 55.88±3.83a 0.81±0.03a
6.41±0.09a 53.21±5.83a 0.87±0.06a
6.51±0.12a 56.22±4.04a 0.88±0.07a

Total N
(%)

0.09±0.006a
0.08±0.003a
0.09±0.005a
0.09±0.006a

C: N

WSA
(%)

9.52±0.17a 46.82±11.27a
9.43±0.10a 56.4±10.50a
9.58±0.11a 64.58±7.76a
9.61±0.21a 46.19±11.51a

Tillage
6.36±0.05b 52.37±2.55a 0.98±0.03a 0.1±0.002a 9.78±0.09a
6.66±0.06a 60.38±2.80a 0.75±0.01b 0.08±0.001b 9.29±0.05b

46.48±8.04a
60.53±5.88a

EE-GRSP
(mg g-1)

0.53±0.034a
0.50±0.026a
0.58±0.036a
0.58±0.043a

0.58±0.026a
0.51±0.02b

CC
0.25
0.69
0.27
0.27
0.65
0.46
0.25
*
*
*
*
Tillage
0.001
0.07
<.0001
<.0001
0.0005
0.14
0.02*
CC*Tillage
0.66
0.59
0.17
0.22
0.31
0.1
0.39
Abbreviations: EC- electrical conductivity, C-carbon, N-nitrogen, C: N- carbon –nitrogen ratio, WSA- Water stable aggregates, EEGRSP- easily extractable glomalin related soil protein
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CCA Analysis
Canonical correspondence analysis in Fig. shows the correlation between soil properties
and treatment plots. In fig. 4.53, pH, WSA, total C, Total N are clustered with no tillage, as
shown in CCA biplot and EC is clustered with conventional tillage in yr. 2020. In yr. 2021, Total
C, N and C: N ratio showed correlation with no tillage (Fig. 4.54).

Figure 4.53

Canonical Correspondence analysis showing the correlation between different soil
properties and bacterial communities for cover crops and tillage in yr. 2020.

Red circle denotes control in conventional tillage (CT), red square is Oats in CT, red triangle is
OC in CT and red diamond is OCR in CT. The green circle denotes control in conventional
tillage (CT), green square is Oats in CT, green triangle is OC in CT and green diamond is OCR
in CT. The arrow length indicated the strength of variable responsible for relationship. Bottom x
and y axis are scales for sample points. Top x and y axis represents arrows plotted.
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Figure 4.54 Canonical Correspondence analysis showing the correlation between different soil
properties and bacterial communities for cover crops and tillage in yr. 2021.
Red circle denotes control in conventional tillage (CT), red square is Oats in CT, red triangle is
OC in CT and red diamond is OCR in CT. The green circle denotes control in conventional
tillage (CT), green square is Oats in CT, green triangle is OC in CT and green diamond is OCR
in CT. The arrow length indicated the strength of variable responsible for relationship. Bottom x
and y axis are scales for sample points. Top x and y axis represents arrows plotted.
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Mantel Test
There was significant correlation between bacterial diversity and soil properties in both
years. In yr. 2020, pH and electrical conductivity showed significant correlation between
different ASVs. In yr. 2021, total C and total N showed significantly high correlation, as evident
from table 4.7.
Table 4.7

Mantel test showing mantel statistic (rM) and p-values of different soil properties
for bacterial communities of tillage study in yr. 2020 and 2021.
2020

Soil properties
rM
pH
0.303
C
-0.135
N
-0.103
WSA
0.222
EC
0.256
EE-GRSP
-0.1007
* Represents significant correlation.

2021
p-value
0.003*
0.270
0.385
0.009*
0.028*
0.459

rM
0.063
0.311
0.297
-0.009
0.029
0.124

p-value
0.347
0.000007*
0.000017*
0.876
0.69
0.09

Abbreviations: EC- electrical conductivity, C-carbon, N-nitrogen, C: N- carbon –nitrogen ratio,
WSA- Water stable aggregates, EE-GRSP- easily extractable glomalin related soil protein, rM =
partial Mantel statistic, below 0-negative correlation, between 0 and 1- positive correlation
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CHAPTER V
DISCUSSION
The far-reaching goal of the study was to gain knowledge and understanding on how
microbial diversity could help in improving soil health for implementation of sustainable
agriculture without degrading the environment. The study of microbial diversity with
physicochemical properties were entailed for duration of two years. The effect of cover crops,
grazing and tillage on microbial diversity was investigated using Illumina paired end miseq
sequencing. The effect of different soil properties on microbial diversity was also studied. We
hypothesized that cover crop mix, grazing and no tillage would have significant effect on
microbial diversity. We also hypothesized that fungal diversity would be greater than bacterial
diversity in NT.
Effect of cover crops and grazing on soil microbial community composition
Microbial relative abundance
There was decrease in bacterial phyla total read counts from 2,55,9050 to 2,01,4657 in yr.
2021 due to different cover crop treatments. However, the fungal community counts increased
from 1,90,8356 to 2,21,2765 in yr. 2021. Proteobacteria (31-34%), Actinobacteria,
Acidobacteria and Firmicutes were the major bacterial phyla (Fig. 4.1.1). Ascomycota was major
fungal phyla which comprised 85-88% of 12 different fungal phyla (Fig.4.1.2). Cover crop
treatments (O, OC, and OCR) didn’t show any different trend in either bacterial or fungal
community composition.
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Alpha and Beta diversity
The significant difference was found in fungal richness (p-value = 0.031) in yr. 2020.
There was increased fungal richness and diversity in each cover crop treatment, as evident from
fig.4.1.5. There was significant difference (PERMANOVA: R2 =, p-value = 0.037) in fungal beta
diversity due to cover crop treatment in yr. 2021 (Fig. 4.1.9) contrary to bacterial beta diversity,
where separation in cluster was found due to cover crop treatment, OC, and OCR.
However, elevation difference showed significant difference in bacterial alpha and beta diversity
contrary to fungal diversity. The significant increase in fungal abundance and diversity by cover
crops compared to bacterial diversity can be explained because the grazing trial was performed
on no-tillage, where soil was not disturbed. Previous review study has shown that fungal
community grows better in no-till due to hyphal form of growth in fungi (Hendrix et al., 1986).
Correlation analysis (Pattern Search)
The positive correlation of beneficial bacteria such as TM6, Actinobacteria,
Elusimicrobia and Crenarchaeota was observed with cover crop treatment, OCR (fig. 4.1.11a),
in agreement with study by Wang et al. (2020). The bacterial phyla such as Firmicutes,
Planctomycetes and Cyanobacteria were also positively correlated with cover crop treatment,
OC (fig. 4.1.11b). Previous studies have shown the presence of similar bacterial phyla in other
cover crop treatments (Gao et al., 2022). The bacterial phyla, Actinobacteria will be beneficial
in improving the soil health as it provides with multiple benefits such as decomposition of
organic matter, plant growth promotion (Boukhatem et al., 2022; Sathya et al., 2017),
bioremediation (Carmona et al., 2016), resistance from pathogen. Crenarcaheota acts as an
ammonium oxidizer in thermophilic regions (Weidler et al., 2008), which can help with nitrogen
cycle. It was interesting to see the presence of Cyanobacteria and Planctomycetes in cover crop
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treatment, OC as it has legume, crimson clover. Since, Cyanobacteria helps with nitrogen
fixation and Planctomycetes helps in C and N cycling (Delmont et al., 2018), correlated with
presence of legume, in agreement with study by (Yuanyuan Li et al., 2014). The Fungal phyla,
Chytridiomycota, Mortierellomycota, Blastoclmidomycota, and Ascomycota were positively
correlated with cover crop treatment, OCR (Fig. 4.1.12a). Chytridiomycota helps with
decomposition of organic matter and are highly abundant in high-elevation regions like alpine
regions (Freeman et al., 2009). Mortierellomycota are saprophytes and live on dead leaves,
which can help in improving organic matter. (Fröhlich-Nowoisky et al., 2015). Rozellomycota,
Blastoclmidomycota, Glomeromycota, Mucoromycota were positively correlated with cover crop
treatment, OC (Fig. 4.1.12b). Glomeromycota forms arbuscular mycorrhizae that helps with
plant growth and is abundant in terrestrial ecosystem (Stürmer & Kemmelmeier, 2021). They can
extract nitrogen from soil (Hodge & Fitter, 2010)These fungi are dominant in soil due to
different edaphic factors such as pH, moisture content (Tedersoo et al., 2014). Mucoromycota
interacts with plant by forming hyphae (Bonfante & Venice, 2020)
Soil characterization
There was significant difference observed in C: N (p-value = 0.015) ratio in yr. 2020,
where cover crop treatment, OC showed significantly higher C: N ratio. There were no overall
significant differences in soil properties due to cover crop treatment in yr. 2021. However,
elevation difference showed significant difference in pH and total C levels in both yr. Higher
carbon levels in grazing trial compared to tillage trial can be explained by incorporation of
organic residue from grazing cattle in the treatment plots, in agreement with (Chahal et al.,
2020). In yr. 2020, WSA and EE-GRSP were significantly different. Previous study has shown
that addition of organic nitrogen affects the fungal community composition and diversity in
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undisturbed forest in Michigan (Cline et al., 2018). pH plays an important role in bacterial
community structure with higher diversity in neutral soil (Wu et al., 2017).
Effect of physiochemical and biological properties on microbial communities
Mantel test of a relationship between bacterial communities and soil physicochemical
properties showed significant correlation between bacterial community composition and EEGRSP (rM = 0.228, p-value= 0.029). Water stable aggregates also showed correlation with
bacterial community (rM = 0.217, p-value = 0.078). It was motivating to observe the correlation
of both EE-GRSP and WSA as glomalin helps in formation of better soil aggregates (Rillig,
2011). EE-GRSP also promotes soil organic carbon (He et al., 2020) and interestingly, there was
significant correlation between fungal community composition and total carbon, nitrogen and
electrical conductivity in yr. 2021. The previous study has shown that high salinity promotes
fungal abundance of Ascomycota and decreases bacterial abundance of Proteobacteria and
Firmicutes (Yang et al., 2020) We can interpret that cover crop mixes helped with levels of
carbon, nitrogen, WSA and EE-GRSP which helped in improving the microbial diversity, in
agreement with study by (Chu et al., 2017)
Mantel test showed significant correlation between different bacterial community and
EE-GRSP. However, no significant correlation between different soil properties such as pH, total
C, total N, water stable aggregates, electrical conductivity, EE-GRSP and different bacterial
communities was seen in yr. 2021. Also, there was no significant correlation between fungal
communities and different soil properties in yr. 2020. But significant correlation between total C,
N, electrical conductivity, and different fungal communities was observed in yr. 2021.

102

Relationship between soil properties and microbial abundance
Canonical correspondence analysis revealed that total N, total C, aggregate stability and
glomalin were responsible for abundance of Actinobacteria and Crenarchaeota in yr. 2020.
On other hand, pH, C: N ratio and electrical conductivity was responsible for abundance of
Firmicutes with 68.4% as major axis (Fig. 4.1.15a). Firmicutes bacterial phyla can survive in
extreme conditions such as high temperature and high salinity (Reid et al., 2021). In yr. 2021,
total C, total N and electrical conductivity was responsible for abundance of Acidobacteria,
Planctomycetes, Verrucomicrobia. Since, carbon provides substrate for microbial growth, there
was abundance of different bacteria and fungi.
The abundance of fungal phyla, Ascomycota and Chytridiomycota was explained by C: N
ratio, in agreement with Y. Wang et al., (2020). Electrical conductivity and pH were responsible
for abundance of Basidiomycota. In yr. 2021, Basidiomycota and Chytridiomycota were
influenced by total C and total N levels, in agreement with study by Di Lonardo et al.(2020) pH,
glomalin and aggregate stability also played role in the abundance.
Effect of cover crops and tillage practices on soil microbial community composition
Microbial relative abundance
Total read count decreased from 2,42,5094 to 1,92,4009 in yr. 2021. The relative
abundance of Proteobacteria, Actinobacteria, Acidobacteria and Firmicutes showed similar
trend for both cover crop and tillage treatment in both the years (Fig. 4.2.1 and 4.2.2)
Alpha and Beta diversity
There was significant difference in Shannon diversity in yr. 2020 (p-value = 0.02) for
cover crop treatment. Moreover, cover crop treatments had higher bacterial abundance and
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diversity than control (Fig.4.2.3a, b) with cover crop, O showing higher richness and diversity.
However, there was no significant difference in bacterial richness and diversity in yr. 2021 (Fig.
4.2.3 c, d). For tillage treatment, bacterial alpha diversity was significantly higher in CT, as
evident from fig.4.2.4 c, d. The higher bacterial alpha diversity in CT was observed as opposed
to study by Lupwayi et al. (2001). The higher bacterial diversity in CT can be explained since
more labile carbon source was present for bacterial metabolism in tilled soil. Bacterial beta
diversity was not significantly different in yr. 2021 for cover crop treatment but tillage treatment
showed significant differences in both the years (Fig. 4.2.6).
Correlation analysis (Pattern Search)
The positive correlation of Crenarchaeota, Acidobacteria, and Chloroflexi with cover
crop treatment, OCR promoting plant growth, decomposition of organic substances,
photosynthetic ability, and biogeochemical cycles. Similarly, no tillage was positively correlated
with bacterial phyla such as Verrucomicrobia, Cyanobacteria, Actinobacteria which would also
help in fixing nitrogen, reducing global warming through carbon sequestration and
bioremediation. Correlation analysis showed presence of beneficial bacterial phyla such as
Crenarchaeota, Acidobacteria, Chloroflexi, Actinobacteria, Firmicutes positively correlated
with cover crop treatment, OCR in yr. 2020. Similarly, Firmicutes, Verucomicrobia,
Proteobacteria, Bacteriodetes phyla were positively correlated with cover crop treatment, OCR.
Soil characterization
For cover crop treatment, pH was significantly different and higher in cover crop
compared to control in yr. 2020. pH was significantly different in cover crop treatment, with
OCR having highest pH (Table 4.2.1 Total C was significantly higher in NT in yr. 2020.
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However, there was no significant difference found in any soil properties due to cover crop
treatment, but tillage treatment showed significant difference in pH (p-value = 0.001), total C (pvalue <0.001), total N (p-value <0.001), C:N ratio (p-value = 0.0005), and EE-GRSP (p-value =
0.02) in yr. 2021. Previous studies have shown the benefits of NT on physical properties in
improving aggregate stability and carbon levels(Blanco-Canqui & Ruis, 2018).
Effect of physicochemical and biological properties on microbial communities
The fig. 4.2.9 also showed the presence of clustering for relationship on microbial
communities due to pH, WSA, total C and total N on NT treatment plots in yr. 2020. In yr. 2021,
Total C, N and C: N ratio significantly correlated with approx. three hundred ASVs on NT
treatment plots. For tillage trial, pH, WSA and electrical conductivity showed significant
correlation with bacterial community in yr. 2020. For yr. 2021, significantly high correlation was
observed with bacterial communities. Study by Ying-ping Wang et al., (2021) showed that soil
carbon composition plays an important role in microbial diversity and should be studied to
improve the soil health. It is imperative that soil carbon and nitrogen plays an important role in
shifting the microbiome in soil, which would help in improving the soil health.
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CHAPTER VI
CONCLUSION AND FUTURE WORK
This study was undertaken to understand the effect of cover crop, grazing, and tillage on
improving the microbial community composition and diversity. We studied bacterial and fungal
diversity using targeted metagenomic sequencing through Illumina MiSeq paired end
sequencing. Our results showed that there were no significant differences between the cover
crops treatments that were consistent over two years of study period. However, the broad
conclusion from this study would be that cover crop and grazing integration does help in
improving soil properties through changing microbial diversity. Tillage trial showed the positive
effect of cover crops over no cover crop in increasing bacterial richness and diversity. Also, notillage had positive correlation with different bacterial and fungal communities compared to
conventional tillage, as evident from pattern search and CCA analysis. The presence of
beneficial microbiota will help in promoting plant growth through nutrient cycling, nitrogen
fixation, photosynthetic ability, degradation of organic matter, and promoting plant growth. The
bacterial abundance of Actinobacteria, Firmicutes, Planctomycetes and Cyanobacteria would
help in decomposition of organic matter, C/N cycles, and photosynthesis. The fungal abundance
of Chyridiomycota, Mucoromycota, Ascomycota and Glomeromycota would help in improving
the soil quality by pathogen resistance and mycorrhizal growth. It is conclusive that the
microbial functional diversity can be used as an indicator of management induced changes to soil
quality due to presence of these beneficial microbiota. The knowledge of the management
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system through which we can improve the microbial diversity and soil properties, would help us
in gaining more confidence in incorporating grazing and cover crops in agriculture system. The
ICLS system will help in improving the degraded ecosystem and pave a path for sustainable
agriculture. However, targeted amplicon sequencing using16S rRNA and ITS2 genes has limited
ability in studying functionally active microbes present in the soil. Therefore, further studies
using whole genome sequencing techniques would help predict functional roles (genes present,
genes transcription abundance) of active microbiome in these systems. The study also suggests
that long term study of ICLS can help us understand the shift in microbiome that would help in
understanding the role of cover crops, grazing and tillage in improving crop production
sustainably.
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