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ABSTRACT 

The application of animal manure as a fertilizer source is a common practice in Western 

Canada. Manure acts as an organic amendment, while providing an economic means of 

restoring soil nutrients imperative to plant growth. This being said, manure is also 

microbiologically active, capable of introducing new bacteria into the soil and 

groundwater environments. The development of high-throughput molecular techniques 

has provided a means of characterizing the bacterial communities of animal manures, and 

ecosystems affected by their presence. This study examined the impact of pig slurry 

amendments on the bacterial communities of soil, groundwater, and the hindgut of 

grazing cattle over the growing season using three common molecular methods 

(Terminal-restriction fragment length polymorphism (T-RFLP), Sanger sequencing, and 

pyrosequencing). T-RFLP results show that sample occasion had more of an impact on 

the bacterial communities in cattle, soil and groundwater than slurry application. Both T-

RFLP and Sanger sequencing characterized the pig slurry as being dominated by 

Firmicutes, specifically Clostridium spp. Sanger sequencing confirmed that very few 

classified genera present in the pig slurry were common to the other three environments. 

Pyrosequencing provided a more in-depth characterization of soil and groundwater over 

the growing season following the application of slurry. Firmicutes were again dominant 

in the pig slurry, and were comprised mainly of Clostridium spp. Slurry treated soils had 

greater relative abundance of Firmicutes, specifically Clostridium spp., compared to 

unamended soil. Pyrosequencing identified only one groundwater sequence out of 13,578 

sequences that was common to the pig slurry, which indicates very little transfer from 

slurry to groundwater. Pyrosequencing was then performed on an annual cropping system 

to compare the impact of manures (solid dairy, and solid pig), and synthetic N on the 
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bacterial community of soil in the short- (within a growing season) and medium-term 

(after three successive years). Solid pig manure treatments revealed greater diversity 

compared to synthetic and control treatments and diversity was also higher at post-

harvest than post-planting. Bacterial communities between treatments were distinct in the 

short-term but returned to their original structure by the end of the growing season. The 

results from the above study indicate minimal transfer of bacteria between manure and 

associated ecosystems as well as a resilient soil bacterial community. This is 

demonstrated by the return of the soil bacterial community to its original structure 

following nutrient enrichment. Future research involving functional metagenomics would 

provide greater insight into the overall role of the bacteria within the soil and could assist 

in linking function to phylogeny. 
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FORWARD 

This thesis was prepared in manuscript format with each manuscript consisting of an 

introduction, materials and methods, results, discussion and conclusion. The thesis 

consists of three manuscripts, each corresponding to a chapter. Prior to the manuscripts 

there is a general introduction and review of the literature. The manuscripts are then 

followed by a general discussion and conclusions. Citation for all manuscripts are 

combined and presented in chapter eight. The list of authors for each manuscript as well 

as my role in the research is presented on the respective title pages. All manuscripts have 

been formatted for The Journal of Applied Soil Ecology but have not yet been submitted 

for publication. 
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1.0 GENERAL INTRODUCTION 

 

Bacteria have been identified in nearly every ecological niche and their presence and 

diversity is thought to be imperative to the maintenance of ecosystem functioning 

(Balvanera et al., 2006; Cardinale et al., 2007; Cardinale et al., 2006). Soil is one of the 

most diverse ecosystems on earth with a single gram containing upwards of 104 different 

bacterial species and approximately 109 cells (Curtis et al., 2002). The biodiversity of soil 

is often linked to soil health, where an increase in below-ground diversity can improve 

above ground plant productivity and composition as well as impact plant and animal 

pathogen persistence (van der Heijden et al., 2008; van Overbeek et al., 2010).  

Livestock manures are a valuable source of plant nutrients, including: nitrogen, 

phosphorus, potassium, sulfur and magnesium (Newton et al., 2003). It has therefore 

become common practice in Manitoba and other regions in North America to use 

livestock manure as a method to fertilize pasture and crop land. This practice not only 

results in increased pasture productivity, but has been shown to lengthen the duration of 

forage production allowing cattle to graze further into the fall reducing the requirement 

for harvested feed (van Wieringen et al., 2005). With respect to soil quality, this practice 

has been demonstrated to increase soil tilth and carbon sequestration (Russelle et al., 

2007).  

Although there are several economic and environmental benefits to the use of 

manure, it has been increasingly scrutinized for its capacity to contaminate downstream 

watersheds with nitrogen and phosphorus leading eutrophication of associated lakes 

(Cicek et al., 2006; Schindler et al., 2006). Research in Canada has primarily focused on 
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the fate of nutrients within farming operations, however manure can also introduce new 

bacteria, into the soil environment. The majority of studies to date have focused on the 

use of conventional culture techniques to examine popular zoonotic pathogens such as 

Esherichia coli O157:H7 (Holley et al., 2008). Although these studies are of value for 

identifying specific pathogens of interest, generic E. coli typically constitutes less than 

1% of the bacterial community in manure (Drasar and Barrow, 1985).  

With the recent development of molecular techniques we are now capable of 

examining entire bacterial communities as opposed to focusing on those bacteria that are 

easy to culture. Terminal-restriction length polymorphism allows bacterial communities 

to be examined up to the order level with accuracy that is dependent on the reference 

database used (Sepehri et al., 2007). Sanger sequencing, in contrast, can provide genus 

level classification but is more time consuming as each individual bacterium must be 

cloned and sequenced (Shendure and Ji, 2008). With recent developments in high-

throughput pyrosequencing, in-depth characterization of bacterial communities is now 

possible in a short amount of time. With increased coverage over culture-based 

techniques and other molecular-based techniques, pyrosequencing provides more 

accurate estimates of diversity (Tamaki et al., 2011). Further, sequence lengths 

approaching those of Sanger sequencing capabilities classification of sequences up to the 

genus level is often achieved (Li et al., 2012; Novais and Thorstenson, 2011; Tamaki et 

al., 2011).  

To date, integrated crop-livestock production systems research has examined 

changes in the bacterial community of soil and groundwater following application with 

animal manure, however rarely has the bacterial community within the manure itself been 
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characterized (Chaudhry et al., 2012; Hong et al., 2013). The soil and groundwater can be 

impacted directly by manure through inoculation with manure microorganisms, or 

indirectly through nutrient enrichment, which favors the growth of certain bacterial 

populations (Saison et al., 2006).  

This thesis will characterize the bacterial communities of pig slurry, pasture soil 

amended with pig slurry, the groundwater associated with the pasture, and the hindgut of 

cattle grazing the pasture to determine whether changes seen in the bacterial community 

of the ecosystem could be a result of direct bacterial transfer from slurry or indirect 

growth due to nutrient enrichment. Characterization of the bacterial communities 

throughout the growing season will identify shifts in the community over time and 

provide insight into the duration of the impact from slurry. More specifically, soil 

amended with solid pig manure, solid dairy manure, or synthetic N will then be examined 

in the short-term (within a growing season) and medium-term (after three successive 

years) to identify and compare changes between the bacterial communities in soil. 

Individual bacterial taxa and diversity as impacted by individual soil nutrients will also 

be examined. 
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2.0 LITERATURE REVIEW 

2.1 Microbial ecology 

Microbial ecology is defined as the relationship between populations of microorganisms 

and their environment and includes bacteria, archea, viruses, protists and fungi (Fuhrman, 

2009). The microbial community structure of many environments has been characterized 

in the past, and include: animal and human gut, marine environments, the oral cavity, 

soil, acid mines, etc (Ahn et al., 2011; He et al., 2012; Khafipour et al., 2009; Tyson et 

al., 2004; Wylie et al., 2012). The extent of characterization has varied, ranging from 

description of only culturable bacteria, to full metagenome and biochemical pathway 

reconstruction. Given that there are approximately 5x1030 bacteria on earth, and that these 

bacteria represent greater diversity than any other Domain, characterizing microbial 

community structures of more diverse ecosystems is a difficult task even with the newest 

high-throughput techniques (Fuhrman, 2009; Whitman et al., 1998).  

2.2 Assessing microbial communities with current technology 

2.2.1 Culture 

Culture was the first techniques used to characterize microbial community structure. 

However, scientists quickly realized that only select bacterial populations were isolated 

compared to those observed under a microscope (Amann et al., 1995). It is estimated that 

even with specially formulated growth media, more than 99% of species on earth remain 

‘unculturable’. Additionally, due to the differential growth characteristics of 

microorganisms it does not give an accurate representation of the proportion of 
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populations, but rather selects based on the bacteria’s capacity to grow on the specific 

medium (Malik et al., 2008).  

2.2.2 16S rDNA community analysis methods 

Since Pace first initiated culture independent analysis of microbial communities in 1985 

(Pace et al., 1885) an estimated 3,401,996 bacterial 16S sequences have been deposited in 

GenBank as of November 1st, 2012, approximately 2 million more compared to 2005. 

(Geer et al., 2010; Lozupone and Knight, 2005). Enhanced understanding of microbial 

diversity and function in recent years can be attributed to the significant advancements in 

microbial community analysis techniques (Malik et al., 2008); specifically those 

techniques focused on nucleic acid analysis.  

The full length16S rRNA gene has been deemed the gold standard in microbial 

identification (Woese et al., 1990). It is a highly conserved molecule of approximately 

1500 nucleotides, studded with nine variable regions (Gutell et al., 1994). The length of 

the sequence allows statistical differences between aligned sequences to be determined 

and grouped according to phylogeny (Schleifer, 2009). Additionally, it is ubiquitous to all 

bacteria and is functionally preserved as a 1% change in the 16S sequence is thought to 

take approximately a million years (Fuhrman, 2009; Moran et al., 1993). The extensive 

use of the 16S rRNA gene by scientists for phylogenetic comparisons has further 

contributed to the robustness of 16S gene databases (Greengenes, RDP, SILVA, etc.). 

The universality of this gene has made it extremely popular for the characterization of 

bacterial communities, however caution must be taken when using this gene to measure 

true bacterial diversity. The copy number of the 16S gene varies between bacterial 
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populations and can lead to an overestimation of certain bacterial populations with 

respect to others (Vetrovsky and Baldrian, 2013). On average, there are approximately 

2.5 times more 16S genes compared to the number of bacterial species, with genomes 

containing between 1 and 15 copies (Acinas et al., 2004; Klappenbach et al., 2001). 

Additionally, a single bacterial species may contain multiple 16S sequences that differ by 

greater than 1% (Pei et al., 2010). This being said, it still remains the gene of choice for 

characterization of bacterial communities. 

2.2.2.1 Community fingerprinting techniques 

The two most commonly used fingerprinting techniques, denaturing gradient gel 

electrophoresis (DGGE) and terminal-restriction fragment length polymorphism (T-

RFLP), are most often based on the analysis of the 16S rDNA gene. They provide a quick 

and economic means of comparing microbial communities from different samples (Malik 

et al., 2008). DGGE is performed on amplified double stranded DNA fragments of the 

same length from a bacterial community sample. This mixture of DNA fragments are 

subjected to a linear gradient of DNA denaturants within a polyacrylamide gel and 

individual fragments are separated based on the electrophoretic mobility of their partially 

melted double stranded DNA. Once denaturation occurs, the molecule will essentially 

stop migrating. This results in a banding pattern where the number of bands relates to the 

number of dominant members of the bacterial community. Temperature gradient gel 

electrophoresis is very similar to DGGE but employs a linear temperature gradient as 

opposed to DNA denaturants, urea and formamide (Muyzer and Smalla, 1998). Although 

these techniques do not provide extensive information on the phylogenetic composition 

of bacterial communities, they are useful for identifying dominant members of the 

 6 



bacterial communities through sequencing of individual bands (Muyzer and Smalla, 

1998; Sanz and Kochling, 2007). 

T-RFLP has been used extensively for the past 20 years as a high-throughput, 

semi-automated microbial community-fingerprinting technique capable of providing 

comparative estimates of richness and evenness between samples (Tiedje et al., 1999). T-

RFLP employs a 5’ fluorescently labeled primer during the polymerase chain reaction 

(PCR). Restriction enzymes are used to digest PCR amplicons resulting in restriction 

fragments of various lengths. An automated sequencer then detects only the fluorescently 

labeled terminal-restriction fragments (T-RFs) thereby minimizing the number of peaks 

(bands) used for the analysis (Marsh, 1999). Each unique T-RF is representative of a 

single operational taxonomic unit (OTU) (Liu et al., 1997).  

Classification of T-RFs can be accomplished using web-based tools available 

through the Ribosomal Database Project (RDP) (Marsh et al., 2000), Phylogenetic 

Assessment Tool (PAT) and through Microbial Community Analysis (MiCA) (Kent et 

al., 2003; Shyu et al., 2007). MiCA uses primer-enzyme combinations to obtain in silico 

T-RF fragments from known 16S gene databases. The known T-RFs can then be matched 

to experimental T-RFs in PAT in order to provide information on the bacterial profile of 

each sample (Danovaro et al., 2006; Marsh et al., 2000; Shyu et al., 2007). Because the 

length of the T-RF is used to classify bacteria and not the sequence, accurate 

classification is achieved at a lower phylogenetic resolution (Marsh et al., 2000; Kitts, 

2001). This being said, techniques such as Sanger sequencing have been used to improve 

the degree of taxonomic classification of T-RFs, thereby obtaining the high-throughput 

advantage of T-RFLP along with the specificity of Sanger sequencing (Zella et al., 2011). 
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Used alone, T-RFLP is still useful for determining major shifts in dominant bacterial 

populations.  

2.2.2.2 Sanger sequencing 

Sanger sequencing, has been the predominant sequencing technique since the 1970s and 

has been used extensively for both shotgun sequencing and 16S community sequencing 

(Moorthie et al., 2011). As a first generation sequencing technology, each sequence 

reaction focuses on a single target or DNA fragment. For community sequencing, clone 

libraries are constructed prior to sequencing. This is a lengthy process that involves 

ligating 16S amplicons from bacterial community DNA into vectors followed by 

transfection of E. coli with the vectors. Transfected E. coli is then cultured. To obtain 

sequences, individual colonies are selected, each containing a single 16S amplicon. 

Vectors are extracted and amplicon segments are again individually amplified and 

sequenced using vector specific primers (Shendure and Ji, 2008).  

The process of Sanger sequencing involves a single reaction of single stranded 

DNA amplicons, primers, fluorescently labeled dideoxynucleotides (ddNTPs) each 

labeled with four different dyes, along with their corresponding deoxynucleotides 

(dNTPs). Sanger sequencing is performed through chain termination, whereby ddNTPs 

have an H-atom attached to the 3’ carbon as opposed to an OH-atom; subsequent chain 

elongation does not occur as the formation of a phosphodiester bond with the adjacent 

nucleotide is prevented. With the ddNTPs present in lower concentrations than their 

corresponding dNTPs, a series of variable sequence strand lengths are produced, whereby 

the length of the strand is dependent on the incorporation of the ddNTP relative to the 5’ 
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end. Sequence strands are separated by automated electrophoresis and the bands are 

subsequently detected with fluorescence spectroscopy. This automated process has the 

ability to sequence up to 384 targets in a single run, with an approximate cost of $0.50 

per kb. Additionally, reads of over 1000 bp are possible, which improves sequence 

alignments and taxonomic classification of phylotypes using reference 16S databases 

(Moorthie et al., 2011; Shendure and Ji, 2008).  

Although this technique has led to the identification of a significant number of 

unculturable bacteria, it is incredibly laborious and the majority of ecology research using 

this technique is based on approximately 200 sequences. It has been estimated that it 

takes between 16,000 and 50,000 sequences to account for only 50% of the richness in 

more complex environments such as the soil (Dunbar et al., 2002). Therefore when 

employing clone-based approaches like Sanger sequencing as the sole technique to 

characterize microbial communities, diversity is largely underestimated. 

2.2.2.3 Second-generation sequencing 

In 2005, high-throughput second-generation sequencing techniques that eliminate the 

need for clone library construction became commercially available (Margulies et al., 

2005). The most popular platforms include: the Illumina®, SOLiDTM, and the Roche/454. 

These technologies are capable of producing between 25 million and one billion sequence 

reads per run; significantly more than the Sanger method (Margulies et al., 2005; 

Metzker, 2010). With this increase in number of reads, there is, however, a substantial 

decrease in the read length.  
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The Roche/454 is often the chosen platform for 16S analysis because it produces 

the longest read lengths compared to the other NGS technologies ranging from 

approximately 250 bp with the oldest GS FLX platform to 450 bp with the GS FLX 

Titanium. The newest FLX+ 454 platform is capable of producing between 600 and 800 

bp read lengths, not far from the average Sanger sequence (Tamaki et al., 2011).  

Prior to sequencing using the 454 technology, an initial PCR is performed in order 

to isolate the 16S target genes. The addition of sample specific barcodes, also known as 

multiplex identifiers during this initial PCR allows up to 132 samples to be run in parallel 

and later separated according to their barcode (Parameswaran et al., 2007; Roche, 2013). 

16S DNA templates are then clonally amplified in an emulsion PCR. Single stranded 

target DNA is attached onto beads with the use of adaptors containing universal priming 

sites. One DNA molecule per bead is captured and clonal amplification then takes place 

on a single bead within an emulsion producing a bead with multiple identical DNA 

fragments. Following the amplification procedure, 1-2 million beads containing 16S 

fragments representative of the bacterial sample or a multiplex of barcoded samples are 

loaded into wells of a picotitre plate along with enzymes sulfurylase and luciferase 

(Metzker, 2010).  

Pyrosequencing® is a “sequencing by synthesis” method whereby individual 

dNTPs are flooded over picotitre plate wells one at a time. Unincorporated dNTPs are 

degraded by apyrase to dinucleotides, however when the dNTP added is complementary 

to the next nucleotide in the sequence, a light signal is emitted. This light signal results 

from ATP-sulfurylase and luciferase present in surrounding wells that react with 
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pyrophosphate when a new base is added. The intensity of the light signal is proportional 

to the number of bases added (Metzker, 2010; Shendure and Ji, 2008). 

(𝑁𝐴)𝑛 + 𝑑𝑁𝑇𝑃    𝑝𝑜𝑙𝑦𝑚𝑒𝑟𝑎𝑠𝑒   (𝑁𝐴)𝑛+1 + 𝑃𝑃𝑖 

𝑃𝑃𝑖 + 𝐴𝑃𝑆   𝐴𝑇𝑃−𝑠𝑢𝑙𝑓𝑢𝑟𝑦𝑙𝑎𝑠𝑒  𝐴𝑇𝑃 + 𝑆𝑂42− 

𝐴𝑇𝑃 + 𝐿𝑢𝑐𝑖𝑓𝑒𝑟𝑖𝑛 +  𝑂2
     𝐿𝑢𝑐𝑖𝑓𝑒𝑟𝑎𝑠𝑒    𝐴𝑀𝑃 + 𝑃𝑃𝑖 + 𝑂𝑥𝑦𝑙𝑢𝑐𝑖𝑓𝑒𝑟𝑖𝑛 +  𝐶𝑂2 +

𝐿𝑖𝑔ℎ𝑡 

Figure 2.1 Pyrosequencing reaction (Ronaghi, 2001) 

The Illumina genome analyzer has recently been used for 16S community 

analysis (Jiang et al., 2013). In comparison to the 454 technology, the Illumina MySeq 

platform produces a maximum of 250 bp reads, but can generate overlapping paired end 

reads, which are produced through sequencing of the forward and reverse strand. The 

forward and reverse should in theory overlap by 50-100 bp so when matched, produce up 

to double the number of bp per read capable of spanning the 459 bp V3-V4 region 

(Illumina, 2013). The use of this platform for the analysis of 16S sequence data is still in 

the developmental stages and matching paired end reads can be a difficult task if 

overlapping regions are not long enough. If this is the case, shorter regions of the 16S 

gene are targeted which can in turn be problematic for classification at lower levels of 

discrimination. The previous protocol, which targeted the 254 bp V4 region, was only 

capable of providing community discrimination at the phylum level. This being said, the 

Illumina platform has the capacity to produce 1000 times more reads than the 454-

platform with more accurate base calling (Highlander, 2012). 
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Similar to pyrosequencing, the Illumina platform also employs clonal 

amplification, however this is done by immobilizing the forward and reverse primers on a 

glass slide. The 16S template library is flanked with adaptors, which are then hybridized 

to the primers. DNA polymerase then binds to the primed template and amplification is 

initiated. One-hundred to two-hundred million spatially-separated clusters corresponding 

to individual template members are created through bridge PCR. Each cluster contains 

approximately 1000 clonal copies of a single member. The ratio of primers to template 

determines the cluster density (Metzker, 2010; Shendure and Ji, 2008). Because the slide 

can be divided into 8 separate lanes, a total of 96 samples can be run in parallel (Illumina, 

2013; Metzker, 2010; Shendure and Ji, 2008).  

Sequencing is then performed on single stranded DNA. Sequencing progresses 

with single base extensions with modified DNA polymerase and modified nucleotides. 

The nucleotides are called reverse terminators, where by the 3’ hydroxyl position is 

bound to another cleavable molecule so that only one base can be added at a time. Unlike 

pyrosequencing, all four nucleotides are added at once and bases compete for 

incorporation into the sequence strand. Once the complementary base is added the other 

nucleotides are washed away (Shendure and Ji, 2008).  

As mentioned above the choice of variable region for the Illumina platform is 

important to achieve overlapping paired end reads (Werner et al., 2012). However, the 

choice of variable region can also impact the accuracy of the results. Phylogenetic 

divergence between 16S sequences is mainly contained within the nine hypervariable 

regions with some regions being more variable than others and providing more accurate 

taxonomic classification than others (Liu et al., 2008; Stackebrandt and Goebel, 1994; 
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Youssef et al., 2009). Operational taxonomic unit (OTU) distance levels used to assign 

species diversity and composition are based on the full-length 16S sequence, however, 

the majority of studies apply this analysis to partial sequence lengths. For this reason, it is 

important when examining partial sequences that the appropriate variable regions is 

chosen in order to produce the most accurate results possible. Recent studies have found 

that the V1-V3 region is more divergent than other regions of the 16S gene, thereby 

providing greater phylogenetic resolution. In many cases this region provides the best 

estimates on OTU richness, and is most effective for genus level identification compared 

to full-length 16S sequences. Additionally, the majority of sequences deposited into the 

RDP database are partial sequences that cover the V1 to V4 region, which improves 

phylogenetic analysis. Although, V1 to V3 is the suggested region for bacterial analysis 

using the FLX Titanium, with the newer technology (FLX +) longer reads can be 

generated and therefore, V1 to V4 region is suggested for analysis (Chakravorty et al., 

2007; Kim et al., 2011). 

Overall second-generation sequencing is substantially cheaper than the Sanger 

method. However, with the enormous amount of data that is obtained, data processing has 

become the bottleneck of the procedure and computational sequence analysis platforms 

have been developed to assist with data management. The three most popular platforms 

include: MOTHUR (Schloss et al., 2009), RDP’s pyrosequencing pipeline (Cole et al., 

2005), and QIIME (Kuczynski et al., 2011). All three platforms allow raw sequences to 

be processed and aligned. Sequences can then be grouped into OTUs and basic ecological 

questions can be asked surrounding community diversity, community composition, 
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differences between two or more communities, and functional role of community 

members can be addressed (Highlander, 2012).  

2.2.2.4 Third-generation sequencing 

Single molecule real time sequencing on the PacBio platform is a third-generation 

sequencing technique developed by Pacific Biosciences that has recently been examined 

for its use in 16S rRNA amplicon sequencing (Mosher et al., 2013). In comparison to 

second-generation platforms, PacBio is less expensive and produces longer read lengths 

varying from 3,000 to 15,000 bp (Lowman et al., 2012). The platform has been criticized 

as producing low accuracy sequence reads, however with the use of circular consensus 

sequencing of shorter reads (<1500 bp) accuracy can be improved by through multiple 

passes of the sequence read (Au et al., 2012). Ligated hairpin structures called 

SMRTbells create circular amplicons allowing for these multiple passes to occur when 

shorter reads are used (Fichot and Norman, 2013). 

 PacBio sequencing uses zero-mode waveguides, which are small well-like 

containers that have single polymerases attached to the bottom of the wells along with the 

DNA template and sequencing primer (Byermans and den Dunnen, 2014; Mosher et al., 

2012). DNA fragments are then sequenced with free flowing nucleotides, which upon 

incorporation into the DNA strand generate nucleotide-specific fluorescence (Fichot and 

Norman, 2013). Unlike the second-generation sequencing techniques DNA synthesis is 

recorded in real-time (Byermans and den Dunnen, 2014). 

 Nanopore sequencing technology that specifically focuses on nucleotide 

sequencing is currently being developed by Oxford Nanopore Technologies. This 
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company has developed a technology in which DNA is passed through a nanopore one 

base at a time. An electrical current that passes over the nanopore exhibits a change in 

potential as the nucleotide passes through the nanopore. The change in potential differs 

between each of the four nucleotides allowing the DNA sequence to be read one base at a 

time. Where the two previously discussed second-generation sequencing techniques rely 

on amplification and fluorescently labeled bases, nanopore technologies do not 

(Ashkenasy et al., 2005). The MinION system has recently been released by Oxford 

Nanopore technologies for the analysis of single molecules of DNA or RNA, however 

accuracy and read lengths provided by this system are still unavailable (Byermans and 

den Dunnen, 2014). With the ever-changing technology comes the ability to produce 

longer read lengths that will improve both phylogenetic and taxonomic resolution leading 

to advancements in knowledge on bacterial community dynamics (Mosher et al., 2012). 

2.3 Analysis of 16S ecology data 

2.3.1 Alpha diversity 

Alpha diversity is a function of both richness and evenness, which are defined as the 

number of different bacteria within a community (Highlander, 2012) and the relative 

abundance of each bacterial taxa, respectively (Begon et al., 1990). Commonly used 

richness indices include: choa1, choa2, ACE, and ICE. Where Chao1 and ACE are 

abundance-based richness estimators and require abundance data as an input, Chao2 and 

ICE are incidence-based richness estimators and therefore require incidence data as an 

input. In general, these richness-based indicators differ in the way they account for rare 

species. ACE and ICE calculate richness with the use of a correction term that is based on 
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the relative abundance or incidence of rare species. Rare species in the case of ACE and 

ICE are considered to be those with fewer than 10 individuals in the sample in 

comparison to Chao1 and Chao 2 which do not apply a correction term but instead solely 

calculate the ratio of singleton species to doubleton species (Chazdon et al., 1998).  

Diversity is most commonly measured using the Shannon diversity index (also 

known as the Shannon-Weaver index), and the Simpson index (Bent and Forney, 2008; 

Hughes et al., 2001). These indices provide information regarding richness and evenness. 

Diversity indices actually represent the uncertainty in the species identity within a 

sample. For example, if a single species were sampled from a community it is the 

likelihood of being able to identify that species that would be indicated by the diversity 

estimate. Therefore, communities with greater numbers of species and increased evenness 

will promote greater uncertainty in the identification of a single species. To provide a 

better representation of true diversity, Shannon and Simpson diversity indices can be 

expressed as effective Shannon and inverse Simpson. Effective Shannon is calculated as 

the exponent of the Shannon diversity index and inverse Simpson is calculated as the 

inverse of the Simpson diversity index. Where effective Shannon provides equal 

weighting to rare and abundant species, inverse Simpson provides more weighting to the 

abundant species (Jost, 2006). Rare species can then be calculated as the effective 

Shannon minus inverse Simpson.  

Plant and animal ecologists typically assign diversity measurements based on 

species (Begon et al., 1990), however in the prokaryotic world, due to the inability to 

culture the majority of microorganisms and differentiate species according to a universal 

classification concept, microorganisms are most often binned into categories based on 
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sequence similarity or phylogenetic relatedness (Forney et al., 2004; Lozupone and 

Knight, 2005; Schloss, 2009). Microbial diversity measurements are therefore spoken of 

in terms of the number of OTUs or phylotypes (Bent and Forney, 2008). When applying 

this concept to the bacterial 16S rDNA analysis, a 97% sequence similarity is thought to 

represent a single species, 95% similarity to represent a single genus, and > 80% to 

represent a single phylum (Schloss and Handelsman, 2005). 

2.3.2 Taxonomic classification of sequences 

The term “taxonomy” refers to the hierarchical arrangements of defined units 

(microorganisms), the naming of those units, and the identification of unknown 

organisms based on the relationship to the defined units (Kampfer, 2012; Kampfer and 

Glaeser, 2012; Schleifer and Truper, 2006). Determining taxonomic groupings for 

microorganisms can be performed according to different guidelines as biologists have not 

come to an agreement on which method is better. This has resulted in the creation of 

several different taxonomies (Hugenholts, Ludwig, Pace, RDP, Greengenes, NCBI, 

SILVA, etc) often comprised of differently named and redundant lineages (DeSantis et 

al., 2006).  

The National Centre for Biotechnology Information (NCBI; Bethesda, MD, USA) 

taxonomy database is possibly the most referenced database, however, because updates 

are based on user sequence submission, many sequences are classified only at the 

Domain level (Federhen, 2012; McDonald et al., 2012). Greengenes, RDP and SILVA 

taxonomies all have associated databases and have attempted to improve classification of 

environmental sequences beyond what is provided by NCBI (DeSantis et al., 2006; 
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Federhen, 2012; McDonald et al., 2012; Pruesse et al., 2007; Wang et al., 2007a). Given 

the speed at which whole genomes can be sequenced, taxonomies are being based 

increasingly on sequence data. However, this strategy, has been criticized by many 

biologists because 16S rRNA sequence divergence does not necessarily reflect the order 

of evolution and the whole cell should remain the focus (Kampfer, 2012). Many of these 

biologists continue to refer to Bergey’s taxonomy for classification, which was reviewed 

in 2001 to incorporate rRNA-based phylogeny (Garrity et al., 2001; Wang et al., 2007a).  

“Classification” is the placement of microorganisms or sequence data within 

hierarchical structure and leads to the identification of unknown bacterial members of a 

community. A variety of classification algorithms have been used to classify 

microorganisms, with the two most popular being the Naïve Bayesian classifier employed 

by RDP, and the k-nearest-neighbour method (DeSantis et al., 2003; Wang et al., 2007a). 

The Bayesian classifier is often the preferred method when analyzing high-throughput 

sequence data because it does not require sequence alignment, leading to decreased 

processing time and further, it can be used to classify a large volume of partial sequences 

with an accuracy of above 88.7% (Wang et al., 2007a). When analyzing high-throughput 

data on platforms such as MOTHUR, users can choose their preferred classifier (Schloss 

et al., 2009). Once classified this information allows scientists to determine whether 

members of two or more communities differ as opposed to simply indicating the degree 

of difference (Wang et al., 2007a).  
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2.3.3 Explaining and visualizing beta diversity 

Diversity is important when comparing two different communities or a single community 

before and after a perturbation; for example, the diversity of the soil bacterial community 

before and after fertilization. This difference in diversity between communities is known 

as beta diversity (Highlander, 2012; Martin, 2002).  

Variation in community composition between environmental sites can be 

explained and visualized using multivariate ordination methods. Multivariate procedures 

analyze data consisting of several correlated variables (bacterial species and/or 

environmental variables) within a single sample (soil plot) (Kenkel, 2006) and identify 

two or three combinations of variables that are able to summarize the majority of the 

variation in the dataset (Ramette, 2007). Examples of multivariate analysis methods 

include: principal component analysis (PCA), correspondence analysis, principal 

coordinate analysis and nonmetric multidimensional scaling.  

PCA is generally used when species data show a linear response to environmental 

variables. The species data from a sample (row) by species (column) table is used to 

calculate the principal components (axes). The amount of variation explained by each 

axis is given by the eigenvalue (score), where as eigenvectors (loadings) indicate which 

variables contribute the greatest variation in the data set. Although, PCA is the more 

widely used method, it is important to note that species tend to favour specific 

environmental conditions and therefore display a unimodal response to environmental 

variables. In this case, data can undergo logarithmic transformation or alternatively, 

correspondence analysis can be used as an alternative choice (Kenkel, 2006; Ramette, 
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2007). Conversely, principal coordinate analysis and nonmetric multidimensional scaling 

are not linear combinations of the original variables but complex functions that are based 

on a dissimilarity measure. Dissimilarity measures are calculated based on sequence 

distance matrices, which allows phylogenetic relatedness between sequences to be 

retained and incorporated into the principal coordinate analysis or nonmetric 

multidimensional scaling plots (Ramette, 2007; Suleiman et al., 2013). 

Partial least square discriminant analysis is also a data reduction method similar to 

PCA. However, where PCA does not specify treatment categories and only provides 

dimension reduction based only on the predictive variables (species), partial least square 

discriminant analysis pre-defines treatment categories so information on the relationship 

between predictive and dependent variables can be used to choose the most explanatory 

predictive variables for the dataset (Maitra and Yan, 2008; Perez-Enciso and Tenenhaus, 

2003). It is therefore a more supervised form of data reduction and functions to maximize 

the variation between dependent variables (treatment categories) so that bacterial taxa 

that associate with a particular treatment are more easily identified compared to other 

multivariate approaches such as PCA (Baty et al., 2008).  

Where indirect ordination (i.e. PCA and correspondence analysis) identifies axes 

without identifying the source of the variation direct ordination incorporates the variation 

observed in environmental variables to help explain the variation observed in species 

data. In the case of direct ordination, only the variation attributable to the measured 

environmental variables is displayed. Multivariate direct ordination methods include 

redundancy analysis and canonical correspondence analysis. Redundancy analysis is the 
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canonical version of PCA and canonical correspondence analysis is the canonical version 

of correspondence analysis.  

2.3.4 Analyzing beta diversity 

Several beta diversity measurements have been developed to indicate whether the 

composition of two communities is statistically different (i.e they have a different 

structure). The Jaccard and Sorenson indices (S=S12/[0.5(S1+S2)]) were originally 

developed as a species based comparison method for macroecosystems. Limitations 

regarding the use of this statistic for comparison of microbial communities is two-fold. 

Firstly, “species” or OTUs are not universally defined. Secondly, closely related species 

typically do not enhance the genetic diversity of the ecosystem compared to more 

divergent species. This indicates that highly similar OTUs should not be counted in 

diversity calculations in the same manner as OTUs with more phylogenetic diversity 

(Martin, 2002).  

Phylogenetic divergence-based distance measures such as: OTU-based 

approaches used in MOTHUR (Schloss, 2008), analysis of molecular variance (Excoffier 

et al., 1992), homogeneity of molecular variance (Stewart and Excoffier, 1996), 

parsimony test (Martin, 2002), Unifrac (Lozupone and Knight, 2005), and LIBSHUFF 

(Singleton et al., 2001) have been developed for more accurate comparison of microbial 

communities. These methods incorporate the degree of divergence between sequences 

when calculating distance between communities (Schloss, 2008).  

OTU-based approaches allow the frequency distribution of microorganisms 

assigned to categories or taxonomic groups to be analyzed. They are sensitive to 

 21 



sequencing depth and without adequate community coverage can underestimate richness 

and diversity of communities (Schloss and Handelsman, 2005). The underestimation of 

richness and diversity can be overcome by using Monte Carlo testing methods where 

complete sequence coverage of an ecosystem is not necessary to determine statistical 

differences between communities. Monte Carlo testing is used by several distance 

measures including: analysis of molecular variance, homogeneity of molecular variance, 

LIBSHUFF and UniFrac (Schloss, 2008). Analysis of molecular variance and P-test 

allow differences between two communities to be determined, however for comparison of 

multiple communities homogeneity of molecular variance, UniFrac or LIBSHUFF are 

required (Lozupone and Knight, 2005; Martin, 2002; Schloss, 2008).  

2.3.5 Determining ecological roles of microorganisms 

Microorganisms are fundamental to the maintenance of ecosystem processes and 

constitute the main drivers of biogeochemical cycles (Falkowski et al., 2008). Functional 

attributes of microorganisms can be identified individually through signature genes 

(Dinsdale et al., 2008). However, within the field of microbial ecology much attention 

has been paid to linking individual microorganisms with specific functions or 

environmental processes to determine how microbial assemblages function as a network 

(Morales and Holben, 2011; Tyson et al. 2004). An enhanced understanding of this link 

will provide insight into the ecosystem’s response to perturbations and possible 

remediation measures.  

In 2004, near complete gene inventories for five dominant members of a low-

complexity acid mine biofilm were obtained through shotgun sequencing of 
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environmental DNA. This accomplishment provided insight into the individual function 

of newly sequenced microorganisms as well as their ecological roles (Tyson et al., 2004). 

Although this is the ultimate goal for every environment, application of this technique to 

more complex ecosystem is limited because the majority of communities have much 

greater richness and unevenness (Morales and Holben, 2011), complicating the assembly 

of genomes. With the advancements in high-throughput sequencing, metagenomic 

capabilities have allowed gigabytes of genomic data to be gathered for individual 

ecosystems. Near complete genomes have been obtained through the advancements in the 

study of functional metagenomics (Hess et al., 2011; Iverson et al., 2012; Nealson and 

Venter, 2007). However, even with these advancements, the ability to link bacterial 

identities to specific ecological roles and ecosystem functions is limited by cost, the lack 

of overlapping fragments, and the absence of reference genomes for genome assembly 

(Morales and Holben, 2011). For these reasons, many researchers still use the 16S gene 

as the basis for comparative microbial ecology studies. Although assuming a link 

between 16S phylogeny and ecological function can be misleading, environmental meta-

data can be used to more accurately estimate functional roles of microorganisms within 

their environment. 

2.4 Bacterial community structure of manure 

Application of animal manures to agricultural land is common practice in Manitoba, and 

Canada in general. It is an effective method of waste disposal and allows plant available 

nutrients to be returned to the land as a method of fertilization. It is estimated that the 

amount of pig manure produced in Manitoba is enough to fertilize 6% of Manitoba’s 
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agricultural land based on N requirements, and 15% based on P requirements (Manitoba 

Conservation, 2006; Manitoba Pork Council, 2007). 

Pig manure is most commonly stored as slurry in anaerobic lagoons (Whitehead 

and Cotta, 2001) where as cattle manure is often spread as fresh manure, stockpiled, or in 

fewer cases composted on-farm prior to land application (Larney et al., 2006). These 

manures are often analyzed for organic matter, N, P, and K content in order to determine 

land application rates (Larney and Hao, 2007; Schwartz and Dao, 2005). Although, a 

large number of bacteria, some pathogenic, are present in manure and affected by storage 

methods, very few studies have characterized the bacterial communities present in the 

manure (Cotta et al., 2003; Larney et al., 2006). Previous research has demonstrated that 

both the bacterial structure of fresh pig feces and cattle feces do not remain the same once 

outside the host (Cotta et al., 2003; Durso et al., 2011). Fresh cattle feces are 

characteristically dominated by Firmicutes and Bacteroidetes, where as uncomposted 

cattle manure from the surface of feedlot pens is dominated by Actinobacteria, 

Firmicutes, Bacteroidetes and Proteobacteria, as determined by pyrosequencing (Durso et 

al., 2011). Bacterial communities have also been found to differ based on sample location 

in the compost pile and environmental conditions associated with each zone. DGGE and 

Sanger sequencing revealed that Bacteroidetes and Proteobacteria were the dominant 

groups at the surface of the compost, however Clostridium and Bacillus species, both of 

which belong to the Firmicutes dominated in the thermophilic core zones (Green et al., 

2004; Maeda et al., 2010). 

Stored pig slurry, which is a mixture of feces and urine, is known to be an 

anaerobic ecosystem (Peu et al., 2006; Whitehead and Cotta, 2001). Stored pig slurry and 
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pig feces have both been found to be dominated by Firmicutes, and more specifically 

Clostridium spp., Streptococcus spp., and Lactobacillus spp. That being said, bacteria 

present in stored slurry tend to be limited to only a few taxonomic groupings (Cotta et al., 

2003). Where Clostridium was common to both feces and stored slurry, Clostridium 

botulinum was found to be the most common member of feces, and C. coccoides and 

Enterococcus were most common in the stored slurry. Feces are also more likely to 

contain groups of Streptococci and Lactobacilli than stored slurry (Cotta et al., 2003; 

Whitehead and Cotta, 2001). 

2.5 Bacterial community structure of soil  

Until recently our ability to monitor the diversity of the soil microbial ecosystem and the 

impact of agricultural management practices on this diversity has been limited by 

technology. This being said, the biodiversity of the soil has been estimated to provide an 

economic profit of 1,546 billion dollars through a variety of ecological, social and 

economic services (Maron et al., 2011; Pimentel et al., 1997).  

Soil is a complex environment inhabited by macro- and micro-organisms, which 

together function to maintain biochemical cycling, improve plant productivity, degrade 

pollutants, and help regulate climate (Griffiths and Phillipot, 2012; Zhang et al., 2006). 

Additionally, soil acts as an interface by filtering above ground pollutants and 

minimizing transfer of these pollutants to potable groundwater. The bacterial diversity of 

soil is immense, with each gram of soil containing an estimated 104 species and 109 cells 

(Curtis et al., 2002). Recent research has indicated that biodiversity can improve the 

stability of ecosystem function over time, indicating it is more resistant and/or resilient to 
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environmental perturbations (Campbell et al., 2011; Jiang and Pu, 2009; Konopka, 2009). 

Further, this below-ground diversity is linked to above-ground plant productivity 

(Marschner et al., 2004; Zak et al., 2003).  

Several studies have characterized the bacterial communities in soil using various 

molecular techniques. These studies have demonstrated that the dominant soil bacteria 

fall into the following phyla: Actinobacteria, Acidobacteria, Proteobacteria, Chloroflexi, 

Planctomycetes, and Bacteroidetes (Chaudhry et al., 2012; Li et al., 2012; McCaig et al., 

1999; Shange et al., 2012; Singh et al., 2009; Sun et al., 2004). Most often the dominant 

phylum is the Proteobacteria, of which the Betaproteobacteria, and Gammaproteobacteria 

are characterized as copiotrophic; thriving when nutrients are in abundance. The 

Actinobacteria are known to be functionally diverse and contribute to the decomposition 

of organic matter (Acosta-Martinez et al., 2008; Goodfellow and Williams, 1983). Unlike 

Proteobacteria, the Actinobacteria are characterized as oligotrophic, are able to degrade 

complex substrates and produce antibiotics as a byproduct provides giving them a 

competitive advantage over other bacteria (Acosta-Martinez et al., 2008; Andrade, 2004; 

Berdy, 2005; Coombs and Franco, 2003).  

The impact of various management practices on the diversity and membership of 

soil bacterial communities has been examined. In a recent study, bacterial communities in 

agricultural soils were found to be more diverse than forest soils (Upchurch et al., 2008). 

The relative abundance of dominant phyla also varied between grassland and forest soils. 

In one study, Alphaproteobacteria dominated in forest soils, and Actinobacteria 

dominated in grassland soils (Nacke et al., 2011). Additionally, Actinobacteria has been 

found to be even more dominant in conservation grasslands, compared to pasture and 
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cropland (Acosta-Martinez et al., 2008). In another study, pastureland was found to have 

had increased richness over annual cropland and cropland displayed increased richness 

over forested land. Additionally, Proteobacteria, and specifically Alphaproteobacteria, 

were the dominant members followed by Actinobacteria and Acidobacteria regardless of 

land use (Shange et al., 2012).   

Tillage is another management practice that has been found to affect bacterial 

diversity. As the physical diversity (microhabitats) within the soil environment is 

disturbed the diversity of the soil is decreased (Acosta-Martinez et al., 2010). Soil 

properties have additionally been found to impact the bacterial communities in soil, and 

pH is often the most influential condition affecting bacterial communities. Although the 

response of bacterial phyla to changes in pH have not been consistent across studies, 

Acidobacteria typically dominates at lower pH, with a more even distribution of various 

taxa at higher pH levels (Dimitriu and Grayston, 2010; Griffiths et al., 2011; Lauber et 

al., 2008; Lauber et al., 2009; Li et al., 2012). 

Finally, organic versus chemical management has been examined and although 

previous research suggested that organic farming led to increased bacterial diversity, a 

recent study that utilized pyrosequencing did not find a significant difference (Li et al., 

2012; Mader et al., 2002). Relative abundance of bacterial taxa did, however, differ 

between management types as Proteobacteria was more dominant in the organic managed 

soil, and Actinobacteria was more dominant in the conventionally managed soil (Li et al., 

2012). 
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2.6 Response of the soil bacterial community to manure amendments 

As mentioned above, the use of animal manure as a fertilizer source is a common practice 

in Canada, and therefore research on the impact of different types of animal manure (pig, 

cow, and poultry) and chemical fertilizers is merited. Studies that have examined the 

impact of cattle manure on the diversity of soil have found that manure amendments 

promote greater diversity over chemical fertilizers and over unamended soil (Chaudhry et 

al., 2012; Sun et al., 2004). Proteobacteria has been found to be more abundant in cattle 

manure-treated soil than chemically-treated or unamended soils. Alternatively, 

chemically-treated soils display greater relative abundance of Actinobacteria, and 

unamended soils display greater relative abundance of Acidobacteria (Chaudhry et al., 

2012). Although studies represent a starting point for research in this area, they focus 

exclusively on cattle manure amendments leaving gaps in knowledge regarding the 

impact of pig manure on soil bacterial communities (Chaudhry et al, 2012; Parham et al., 

2003; Sun et al., 2004). Additionally, the short- (within season), medium- (several years) 

and long-term (many years) impact of different nutrient sources on soil bacterial 

communities has not been fully explored.  

2.7 Factors affecting survival and transport of bacteria in the environment 

Once manure is applied to land manure-bacteria generally begin do die off (Heuer et al., 

2008). However, the length of survival ultimately depends on the method of application, 

soil type, various physical chemical properties of soil, as well as biological factors. The 

following section will highlight these factors. 
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2.7.1 Method of application 

Solid manures in Canada are typically surface applied and slurry can be either surface 

applied or injected. Moisture content and UV exposure have a significant impact on 

survival of bacteria once applied to land. Therefore bacteria in solid manure and slurries 

that are surface applied typically survive for shorter periods compared to injected slurries 

that dry more slowly and are protected from UV radiation (Nicholson et al., 2005). 

Additionally, pre-tillage has been found to reduce E. coli concentrations in groundwater 

by 2 log10 cfu ml-1 compared to straight surface application (Samarajeewa et al., 2012). 

Tillage results in the disruption of macropores and soil cracks and this is thought to 

reduce the movement of these bacteria to shallow groundwater and provide additional 

porosity to soil, allowing increased manure storage capacity in soil (Lapen et al., 2008; 

Shipitalo and Gibbs, 2000; Turpin et al., 2007).  

2.7.2 Soil texture 

Sandy loam and clay soils generally promote longer survival times compared to sandy 

soils and this is due to the increased water-holding capacity of clay soils, increased 

adsorption of bacteria to the negatively charged soil particle, and the smaller pore spaces 

which protect the bacterial cells from other predators (Santamaria and Toranzos, 2003). 

E. coli O157:H7 has been found to survive for up to four months in clay soils compared 

to two months in sandy soils (Fenlon et al., 2000; Nicholson et al., 2005). Additionally, 

vertical movement of bacteria is increased in coarse soils with greater pore spaces 

compared to finer textured soils (Tan et al., 1991). 
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2.7.3 Moisture 

Soil moisture is linked to soil texture and also has a significant impact on the survival of 

bacteria, with different species being able to resist different levels of soil moisture. E. coli 

O157:H7 is significantly affected by dehydration, with drained soils resulting in a more 

rapid cell death than undrained soils (Dowe et al., 1997; Vidovic et al., 2007). It has been 

suggested that rainfall not only contributes to the movement and distribution of bacteria 

through infiltration and run off, but can improve survival of pathogens by creating a 

moist soil environment (Guan and Holley, 2003; Hekman et al., 1994; Santamaria and 

Toranzos, 2003). This being said, as the soil becomes more saturated and soil pores are 

filled, the viability of obligate aerobes may be lessened due to the increasingly anoxic 

environment (Mawdsley et al., 1995).  

2.7.4 Temperature 

Temperature is another factor that significantly influences the survival and movement of 

bacteria (Kemp et al., 1992). Generally, lower temperatures lead to increased survival 

times in soil, water and manure. S. typhimurium has been found to survive in pig slurry 

for up to 58 days in winter months compared to only 34 days in the summer months 

(Mannion et al., 2007) and has been found to survive in 5°C soil for 63 days compared to 

only 42 days in 22°C soil (Zibilske and Weaver, 1978). Similarly, E. coli O157:H7 has 

survived for at least 91 days in water at 8°C but was inactivated more quickly at 25°C 

(Wang and Doyle, 1998). The survival of E. coli O157:H7 in autoclaved soil 

demonstrated an opposite trend. It is suggested that the competitive effect of indigenous 
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soil bacteria are expressed to a higher degree at temperatures around 21°C (Vidovic et al., 

2007).  

2.7.5 Biological factors  

Within microbial communities, bacteria interact according to three types of symbiotic 

interactions, which include:  mutualistic, commensal, and antagonistic interactions. 

Mutualism involves an interaction between organisms, whereby both benefit from the 

presence of the other. Commensalism is the association whereby one organism benefits 

from the presence of the other, and the other organism is not affected positively or 

negatively by the other. Antagonist interactions can be divided into competition and 

predation. Competition occurs when microorganisms compete for nutrients or space 

within the ecosystem and can greatly impact the structure of microbial communities. 

Bacteria can also compete by producing compounds that are harmful to other organisms, 

thereby inhibiting their growth (Little et al., 2008). Antibiotic production by certain soil 

bacteria, for example, inhibits the growth of pathogens capable of infecting plant species 

(Raaijmakers et al., 2002). Although predation by bacteria towards other bacteria is rare, 

it has been found to occur (Reichenbach, 1999).  

Pathogens like other bacteria within the community are also subject to these 

interactions and their survival is therefore dependent on the community composition. 

Although pathogen survival is reduced when nutrient flow is reduced due to the inability 

of the pathogen to compete for the required nutrients (Franz et al., 2008), a negative 

correlation between soil bacterial diversity and the invasiveness of pathogens has also 

been identified. This negative correlation is likely a result of the community members 
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performing a combination of above-mentioned antagonistic actions (van Elsas et al., 

2012; Westphal et al., 2011). 

Other factors that influence survival and movement of pathogens in soils include: 

soil pH, root systems, salinity, oxygen availability, nutrient availability and soluble 

organic matter (Kemp et al., 1992; Mawdsley et al., 1995; Santamaria and Toranzos, 

2003; Semenov et al., 2011; Semenov et al., 2009; Vidovic et al., 2007). 

2.8 Source and infectivity of common zoonotic pathogens 

Zoonotic pathogens are infectious organisms capable of being transmitted between 

animals and humans (Cleaveland et al., 2001). They are an important component of 

bacterial communities that can be shed in animal manures and have been linked to many 

disease outbreaks in the human population (Health Canada, 2000). Water is a major 

vector for the transmission of zoonotic pathogens to the human population and for this 

reason regular water quality testing is performed. Waterborne outbreaks associated with 

livestock manure are more prevalent in the spring and summer months (Thomas et al., 

2006) in areas in close proximity to agricultural land and are often linked to extreme 

weather events (Curriero et al., 2001; Jokinen et al., 2012).  

Common zoonotic pathogens that have been linked to agroecosystems include: 

Escherichia coli O157:H7, Salmonella spp., Yersinia enterocolitica, Listeria 

monocytogenes, Campylobacter spp.; and parasites such as Cryptosporidium parvuum, 

and Giardia (Pell, 1997). C. parvuum and Giardia are protozoan parasites and although 

they are significant human pathogens, this section will focus solely on bacterial 

pathogens.  
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2.8.1 Escherichia coli O157:H7 

E. coli can be commensal or pathogenic in nature and is a main component of the 

intestinal tract of most mammals. Enterohaemorragic E. coli O157:H7 is however 

pathogenic and has the ability to cause hemorrhagic colitis and hemolytic uremic 

syndrome (Gyles, 2007). E. coli O157:H7 has mainly been isolated from cattle and in 

fewer cases from sheep and goats (Fairbrother and Nadeau, 2006; Gyles, 2007; La 

Ragione et al., 2009). It is highly pathogenic to pigs but is rarely isolated from these 

animals (Ferens and Hovde, 2010; Richards et al., 2006). E. coli O157:H7 from cattle is 

the cause of many disease outbreaks, the majority of which have been linked to ingestion 

of undercooked meat or contaminated water (Ferens and Hovde, 2010). Its ability to 

cause infection is due to the low infective dose (~10 cells) (Santamaria and Toranzos, 

2003). One of the most well documented outbreaks in Canadian history occurred in 

Walkerton, Ontario, where E. coli 0157:H7 contamination of a municipal well resulted in 

the death of nine people and illness in over 700 (Kondro, 2000). The individuals affected 

by this incident were still experiencing irritable bowel syndrome a decade later (Ford et 

al., 2010; Marshall et al., 2010).  

Cattle generally shed higher concentrations of E. coli O157:H7 than both chicken, 

and deer, with fresh manure containing more of the bacterium than that which is stored 

(Chapman et al., 1997; Hutchison et al., 2004; Renter et al., 2003; Richards et al., 2006). 

Inactivation of E. coli in manure occurs more slowly than other manure-borne pathogens 

(Hutchison et al., 2005a), which indicates that manure storage times are important for the 

inactivation of pathogenic E. coli prior to land application.  
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2.8.2 Salmonella spp.  

Salmonella, is one of the most common causes of gastroenteritis in the world and has 

been identified as the most common on-farm bacterial pathogen, identified in 77% of 

manure samples (Farzan et al., 2010; Girones et al., 2010). Various pathogenic species 

include: Salmonella typhimurium, S. enteriditis, and S. durbi, however S. typhimurium is 

the most universal and has been isolated from poultry, pigs, cattle, goats, sheep, and 

humans (Ekperigin and Nagaraja, 1998). Similar to E. coli O157:H7, Salmonella has a 

very low infective dose of where only 15-100 cfu are required to cause infection 

(Cobbold et al., 2006; Jyoti et al., 2009).  

Although this bacterium is most often isolated from poultry, cattle have been 

found to have the highest concentration of Salmonella spp. among positive isolations 

(Hutchison et al., 2004). Additionally, Salmonella is more likely to be identified in stored 

manure samples compared to fresh fecal samples, which can have added implications for 

environmental contamination when spreading manure (Farzan et al., 2010).  

2.8.3 Yersinia enterocolitica 

Yersinia enterocolitica has been identified in cattle but are more commonly associated 

with pig and poultry manure (Pell, 1997). Y. enterocolitica is a psychotropic bacteria and 

have been found to survive in 4°C sterile spring water for over a year (Karapinar and 

Gonul, 1991). In soil however, it does not survive for more than 10 days (Chao et al., 

1988). The infective does of Y. enterocolitica is 108 bacteria, much higher than both E. 

coli O157:H7 and Salmonella (Fleming and Hunt, 2006). 
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2.8.4 Listeria monocytogenes 

Listeria monocytogenes is capable of causing severe neurological symptoms in humans. 

Additionally, it is difficult to control due to its ability to grow in a wide range of 

temperatures, pH and sodium concentrations (Bille and Doyle, 1991; Pell, 1997). Listeria 

is more frequently identified in cattle (29.8%) and sheep (29.2%) compared to pigs 

(19.8%) and poultry (19.4%). It has been found to be more abundant in stored cattle and 

sheep manure versus fresh and has been found to survive in slurry for more than 6 

months (Hutchison et al., 2004; Nicholson et al., 2005). Although Listeria can 

contaminate water, the majority of outbreaks are due to contamination of raw dairy 

products and vegetables, which is likely due to its ability to survive in these environments 

(Recommendations by The National Advisory Committee on Microbiological Criteria for 

Foods, 1991; van Renterghem et al., 1991). Listeria has been found to survive for as long 

as six months in slurry (Nicholson et al., 2005), up to 120 days in soil and up to 128 days 

on plants (Hutchison et al., 2005b; van Renterghem et al., 1991; Ziemer et al., 2010), 

which is longer than many other pathogenic bacteria. Once in water, Listeria is much less 

fastidious than Salmonella, E. coli, and Yersinia, with survival times of up to 56 days 

(Ziemer et al., 2010). The infective dose of L. monocytogenes for healthy people is 

approximately 107 to 109, which is similar to that of Y. enterocolitica, however this 

number decreases to 105 to 107 for high risk individuals (Farber et al., 1996). 

2.8.5 Campylobacter spp. 

Campylobacteriosis is the leading food-borne illness in industrialized countries and was 

also implicated in the Walkerton outbreak (Girones et al., 2010; Thomas et al., 2006; 
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Westrell et al., 2009). Campylobacter spp. has been isolated from various animal feces 

including cattle, poultry and swine as well as water and soil (Butzler, 2004; Stanley et al., 

1998). In comparison to other pathogens it does not tolerate environmental stresses well 

(Bicudo and Goyal, 2003). Although there are many species of Campylobacter capable of 

causing diarrhea, C. jejuni is the most common cause (Butzler, 2004). Viable numbers of 

C. jejuni in stored manure slurry have been found to decline much more quickly than E. 

coli 0157:H7, Salmonella spp., and L. monocytogenes (Bicudo and Goyal, 2003; 

Hutchison et al., 2005a), however it has been found to survive for up to 3 months in dairy 

slurry at temperatures < 20 °C (Nicholson et al., 2005). The low infective dose 

(approximately 500 organisms; Cole et al., 1999) of Campylobacter and the fact that it is 

more abundance in stored manure compared to fresh feces, heightens its risk for 

environmental contamination and human illness (Bicudo and Goyal, 2003; Farzan et al., 

2010; Hutchison et al., 2004).  

The above listed pathogens all belong to the phylum Proteobacteria, however 

other manure-borne bacterial pathogens that have received much less attention includes: 

Bacillus anthracis, Brucella spp., Chlamydia spp. Leptospira spp., Klebsiella spp., 

Mycobacterium spp. and Clostridium perfringens (Cole et al., 1999; Ziemer et al., 2010). 

More research is needed to examine survival and dissemination of other zoonotic 

pathogens.  

2.9 Pathogen identification methods 

There are a variety of classical and molecular microbiology techniques used to indicate 

pathogen presence in various environments. The optimum method of pathogen 
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identification should be cost effective, quick, quantitative, specific, sensitive to the 

detection of low concentration of pathogens, and capable of detecting viable but non-

culturable bacteria. 

2.9.1 Indicator organisms 

Standard biological water quality tests measure the presence of indicator organisms to 

identify when fecal contamination has occurred. Traditional indicator organisms are easy 

to culture, and are a quick and economic method to identify fecal contamination in 

waterways; examples include: E. coli, fecal and total coliforms (Harwood et al., 2005; 

Wilkes et al., 2009). These organisms are not typically pathogenic, but are present in high 

numbers in the gastrointestinal tract of animals and therefore indicate that fecal 

contamination has likely occurred and that pathogens may be present in the water source 

(Health Canada, 2010; Wilkes et al., 2009).  

It is thought that a combination of these traditional indicators along with 

alternative indicators could provide a means of identifying the source of fecal 

contamination and could provide a more comprehensive description of the relationship 

between fecal contamination and the presence of various pathogenic organisms 

(Savichtcheva and Okabe, 2006). Bacteroides spp. has previously been used as a fecal 

indicator, however, the requirement for anaerobic growth conditions makes it difficult to 

examine without the use of molecular techniques. This being said, Bacteroides species 

are host-specific and can therefore be used for fecal source tracking (Fremaux et al., 

2009; Kreader, 1995; Simpson et al., 2004). Clostridium perfringens is another example 

of an alternative fecal indicator. It is considered to be a more conservative indicator of 
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fecal pollution, as the majority of the Clostridia population form spores that are much 

more resistant to environmental stress, temperature and predation compared to other 

indicators and pathogens (Davies et al., 1995; Harwood et al., 2005; Medema et al., 

1997). Other previously examined indicator bacteria include: fecal streptococci, fecal 

enterococci and Bifidobacterium (Davies et al., 1995; Harwood et al., 2005; Savichtcheva 

and Okabe, 2006). 

One study that monitored the relationship between common zoonotic pathogens 

and indicator organisms in surface water samples found that only 3% of samples 

contained pathogens when indicator organisms were absent. Although this frequency of 

false negatives was quite low, the use of filtration (pore size 0.45 µm) prior to enrichment 

and enumeration can affect the number of pathogens that are ultimately detected (Wilkes 

et al., 2009). This can occur as enteropathogens, have the ability to enter into a viable but 

non-culturable state in response to environmental stressors (Dinu and Bach, 2009; Oliver, 

2005). Viable but non-culturable bacteria can be as small as 0.2 µm in diameter, and 

therefore can go undetected when filtration is used (Oliver, 2005; Roszak and Colwell, 

1987; Wang et al., 2007b). Microorganisms in this state can survive for periods of up to a 

year, are capable of resisting more extreme conditions than commensal indicator bacteria, 

and once resuscitated have the ability to cause infection (Dinu and Bach, 2009). 

Other concerns with the use of indicator organisms include the increased 

environmental fitness of pathogens, the ability of indicator organisms to proliferate in the 

environment, and the appropriateness of the indicator organism for the given environment 

(Girones et al., 2010). For the above reasons, alternative methods that allow quick, 

quantitative and reliable identification of pathogens have been explored.  
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2.9.2 Pathogen specific culture methods 

For specific detection of pathogens selective media is used along with biochemical tests 

(Girones et al., 2010; PHAC, 2000). These methods have been employed extensively and 

are therefore highly standardized. However, due to the slow growing nature of many 

pathogens along with their unique growth requirements, identification procedures can be 

very labor intensive and time consuming requiring several days for identification 

(Rayman and Aris, 1981). Additionally, biochemical or immunological tests that allow 

identification at the species or strain level are often not available (Dong et al., 2008). 

Molecular techniques have become the focus of recent research and their use in a clinical 

setting is becoming more prevalent as a quicker, more sensitive method of identifying 

pathogens within environmental samples (Boutaga et al., 2003; Girones et al., 2010).  

2.9.3 Real-time PCR (RT-PCR) 

Pathogens are often present in very low numbers in environmental samples making them 

difficult to detect by way of culture. Molecular methods have been shown to be sensitive 

to the presence of very few pathogens, especially when an enrichment step is completed 

prior to PCR (Boutaga et al., 2003; Girones et al., 2010; Seo et al., 2006). RT-PCR, is 

arguably the most robust and common molecular technique for the detection of a known 

set of pathogens (Girones et al., 2010). It can either be qualitative or quantitative and 

employs fluorescence chemistry that allows real-time detection of a target amplicon 

through the measurement of fluorescence. This fluorescence is proportional to the 

quantity of DNA (Saleh-Lakha et al., 2005).  
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 Two different chemistries are available for quantitative RT-PCR each with 

strengths and weaknesses. SYBR® Green chemistry is less expensive than the TaqMan® 

chemistry, however because it employs DNA binding dye, which binds non-specifically 

to double stranded DNA to produce the fluorescent signal it has the potential to produce 

false positives. Additionally, SYBR Green is not capable of multiplex PCR. TaqMan 

chemistry is capable of measuring multiple bacteria in a single reaction and additionally 

uses template specific probes, which generates a fluorescent signal only when the desired 

template is amplified (BioRad, 2006; Nobel and Weisberg, 2005).  

Although RT-PCR is incredibly sensitive and quantitative, it is important to note 

that the equipment and reagents are quite expensive and some may argue that they are not 

feasible for routine monitoring procedures. Additionally, genomes or genetic markers are 

quantified rather than the number of cells per volume of water. Depending on the stage of 

cell division and the number of genetic markers within the pathogens genome, 

quantification using these two parameters can lead to an overestimation of the number of 

pathogens within a given sample (Girones et al., 2010). Determining the number of 

genome copies per cell for each individual pathogen can provide increased accuracy 

(Brettar and Hofle, 2008). This being said, it has been noted that pathogen identification 

time can be reduced from 48 h using culture to just 4 h using multiplex PCR (Park et al., 

2011) and successful quantification of a variety of templates, in environments such as 

water, soil, and manure has been achieved. 
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2.9.4 Other molecular methods 

Other methods have been applied for the detection of bacterial pathogens. Fluorescence 

in situ hybridization has the advantage over RT-PCR in that it permits bacteria to be 

visualized at the single cell level using fluorescently labeled probes, however like RT-

PCR this technique is often not specific enough to identify pathogens at the species or 

sub-species level (Brettar and Hofle, 2008; Kim et al., 2011; Tsuchiya, 2011). For 

improved specificity and characterization of pathogens, unique target genes can be 

targeted either though PCR or microarray based technology (Miller et al., 2008).  

High-throughput sequencing, as described above has been applied more often to 

full genome sequencing and bacterial community analysis, however its use in 

characterizing the diversity of pathogens in an environment has been investigated (Bibby 

et al., 2010; Hong et al., 2013; Metzker, 2010). This technique generally relies on 

universal genes like 16S and therefore it is not capable of accurately differentiating 

closely related bacteria (Bibby et al., 2010; Miller et al., 2008). This technique could 

however be useful as a first step to determining which pathogens to monitor in a given 

ecosystem.  

2.10 Conclusions 

Obtaining an inventory of bacterial community members in complex environments such 

as the soil has become more feasible with recent advancements in 454 pyrosequencing. 

Data analysis and interpretation is a lengthy process and users should be knowledgeable 

of the various methods and limitations. Only then can meaningful conclusions be made 
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regarding the impact of environmental change on bacterial community structure and 

function.  

 Agricultural producers continue to provide and abundance of food and the 

application of livestock manure has in part contributed to this accomplishment with at 

least a short-term increase in soil diversity compared to synthetic fertilizers. However the 

long-term impact on the soil, water, plant and animal microbial ecosystems coupled with 

the potential for pathogen invasion is complex and requires further investigation. 

Although pig manure is most abundant in Manitoba, the impact on the bacterial 

component of the soil has been minimally studied in the past. It is important that 

comparisons be made between the different animal manures to identify their differential 

impacts on members of the soil bacterial community. 

 Techniques that accurately identify common zoonotic pathogens are available and 

survivability of these pathogens under a variety of environmental conditions continues to 

be studied. It is necessary that identification methods become more high throughput in 

order to quantitatively identify a wide range of common and infrequent pathogens in a 

single run and that bacterial communities continue to be studied to assess manures as 

bacterial inoculums and to track significant changes in integrated livestock production 

systems.  
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2.11 Overall research objectives 

The general objective of the research of this thesis is to understand the impact of manure 

amendments on soil bacterial communities and associated environments in terms of the 

fate and persistence of manure-bacteria, and the overall response of the soil bacterial 

communities to nutrient enrichments.  

2.11.1 Specific objectives 

The following are the specific objectives of the research of this thesis and the chapters in 

which they are addressed; 

1. To describe the merits of manure as a fertilizer in integrated livestock production 

systems, as well as the limits of our knowledge in terms of soil bacterial ecology and 

bacterial community analysis in these production systems (Chapter 1/General 

Introduction) 

2. To summarize current methods used for bacterial community characterization and 

analysis, and to highlight recent findings in the field of soil bacterial ecology bringing to 

light important questions regarding the impact of manure amendments on the soil 

bacterial ecosystem that require further research (Chapter 2/Literature Review) 

3. To apply T-RFLP and Sanger sequencing to determine how pig slurry impacts the 

bacterial community composition of the hindgut of grazing cattle, soil and groundwater, 

with a focus on identifying pathogen-associated and slurry-associated genera within each 

environment over two years (Chapter 3/Manuscript I) 
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4. To identify the impact of pig slurry amendments on soil and groundwater bacterial 

communities by high-throughput pyrosequencing of the bacterial communities of pig 

slurry, soil and groundwater (Chapter 4/Manuscript II) 

5. To identify the impact of manures (solid pig, and solid dairy) and synthetic N additions 

on soil bacterial communities under an annual cropping system in the short-term (within 

a growing season) and medium-term (after three successive years) in terms of bacterial 

diversity, bacterial composition, and the relationship between individual taxonomic 

groups and soil properties (Chapter 5/Manuscript III) 

6. To compare and discuss the general findings from all three manuscripts and their 

respective contributions to the research field (Chapter 6/General Discussion)  

7. To summarize the major findings of the thesis and propose future directions for 

research (Chapter 7/Conclusions) 
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3.0 MANUSCRIPT I 

 

 

Bacterial Community of the Cattle Hindgut, Soil, and Groundwater in an Integrated 

Livestock Pasture Production System Fertilized with Pig Slurry 

 

Ainsley C. Hamm1, Mario Tenuta2, Kim H. Ominski1 and Denis O. Krause1 

 

Department of Animal Science1, and Department of Soil Science2, University of 

Manitoba, Winnipeg, MB 

 

My role in the completion of this manuscript included: groundwater sample collection, 

bacterial analysis of pig slurry, cattle fecal, soil and groundwater samples, molecular and 

statistical data analysis, and the lead in writing the manuscript. 
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Abstract. The application of pig slurry to tame pastureland increases forage production 

for grazing animals and for this reason has become common practice in Manitoba. Slurry 

contains a variety of bacteria, and these slurry-associated bacteria may be transferred to 

grazing cattle, soil or underlying groundwater. This study examines the use of terminal-

restriction fragment length polymorphism (T-RFLP) combined with Sanger sequencing 

to monitor changes in the bacterial composition of cattle feces, soil, and groundwater 

over a two-year period and within three pig slurry application rates, and two forage 

utilization practices (hayed and grazed by cattle). Slurry-associated genera present in the 

three associated environments were also identified. As characterized by T-RFLP analysis, 

pig slurry and cattle fecal samples were composed of six phyla and dominated by the 

Firmicutes (91% and 83%, respectively) and Proteobacteria (6% and 11%, respectively). 

Soil was characterized by 15 phyla and groundwater by 16 phyla. These environments 

were again dominated by Firmicutes (34% and 38%, respectively), and Proteobacteria 

(41% and 40%, respectively). Cattle feces, soil and groundwater sampled at different 

times throughout the study displayed significant differences in bacterial community 

structure and in relative abundance of Proteobacteria and Firmicutes. Slurry treatment 

and forage utilization were consistently identified as non-significant within each 

environment. Sanger sequencing revealed pig slurry and cattle fecal samples to be 

dominated primarily by Clostridium spp., of which the species differed between the two 

environments. Firmicutes in groundwater were, in contrast, classified as Bacillus spp., 

and Lactobacillus spp. Sanger sequencing displayed the importance of bacterial 

community characterization at a higher taxonomic resolution as the genus/species level 

showed that slurry bacteria do not persist in soil or transfer to groundwater environments.   

 46 



3.1 Introduction 

The use of manure as a fertilizer source is common practice in Manitoba, as it is in many 

agricultural areas of the world. However, manure management has become an increasing 

concern among the public and regulatory authorities. It is well known that manure is a 

source of zoonotic pathogens that can be transferred to humans through groundwater 

impacted by manure (Holley et al., 2008). In fact, the most well documented bacterial 

outbreak in Canadian history occurred in Walkerton, Ontario, where E. coli 0157:H7 

originating from a nearby cattle farm contaminated a municipal well. The presence of 

these bacteria and lack of adherence to protocol at the local water treatment plant led to 

illness in over 700, and the death of nine people (Kondro, 2000). Outbreaks such as this 

have generated significant interest in assessing the relationship between manure 

application and pathogen occurrence in associated ecosystems.  

To date, research to monitor the occurrence of pathogens has primarily focused on 

the culture of common zoonotic pathogens such as Escherichia coli, Salmonella spp., 

Yersinia enterocolitica, Campylobacter spp., Listeria monocytogenes etc. (Ziemer et al., 

2010). A study conducted in southwestern Manitoba at the La Broquerie Pasture and 

Swine Management Site on coarse textured soil, with a high groundwater table examined 

the translocation of Salmonella, Y. enterocolitica, and E. coli O157:H7 from the pig 

slurry to soil, grass forage, and grazing cattle. Although identical S. derby and S. krefeld 

serovars were found in the forage and pig slurry, Y. enterocolitica was not identified in 

any of the environments, and the increased numbers of E. coli following manure 

application could not be traced back to the pig slurry (Holley et al., 2008).  
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Numerous other studies have documented the persistence and leaching of 

manure/slurry bacteria in soil by way of culture and have found that survival and 

percolation of these bacteria are affected by method of application (Amin et al., 2013; 

Forslund et al., 2011; Samarajeewa et al., 2012), manure type (Semenov et al., 2009), soil 

type (Bech et al., 2010), and rainfall timing (Gagliardi and Karns, 2000; Saini et al., 

2003). Culture techniques provide a means of thoroughly monitoring and characterizing 

manure-borne bacteria, however monitoring multiple different bacteria is labour intensive 

and less common pathogens remain undetected (Girones et al., 2010). Molecular 

fingerprinting techniques could improve our ability to monitor the fate of a wide range of 

manure-associated bacteria in the environment.  

Secondary to pathogen transmission, understanding the impact of manure 

application on the overall bacterial community structure of associated ecosystems is 

becoming of greater interest. The role of soil microorganisms in soil fertility, and organic 

matter turnover is well documented, however information on the impact of repeated 

manure application on these bacterial communities is lacking (Parkinson and Coleman, 

1991). The use of microbial fingerprinting techniques such as terminal-restriction length 

polymorphism (T-RFLP) provides a means of comparing bacterial communities. 

However, to date, the majority of studies that have employed T-RFLP analysis have 

made comparisons based on diversity of terminal restriction fragments (T-RFs) and the 

similarity of T-RF profiles (Culman et al., 2008; Fuka et al., 2009; Jeong et al., 2008; 

Jesus et al., 2009; La Montagne et al., 2003; Wolsing and Prieme, 2004). Further 

taxonomic classification of the identified fragments is possible and has previously been 

performed (Kent et al., 2003; Romero-Perez et al., 2011, Sepehri et al., 2007). Sanger 
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sequencing can be used in addition to T-RFLP to identify manure-associated genera in 

downstream ecosystems (Jeong et al., 2008).  

The objective of this research is to determine how the pig slurry as a fertilizer 

source impacts the bacterial community composition of grazing cattle, soil and 

groundwater using T-RFLP. Additionally, slurry-associated genera will be identified in 

each environment using Sanger sequencing. Unclassified genera will be further examined 

to identify redundant sequences among the four environments.  

3.2 Materials and methods 

3.2.1 Experimental site 

This study examined pig slurry, cattle feces, soil and groundwater collected between 

2005 and 2006 from the La Broquerie Pasture and Swine Manure Management Site 

located 13 km south of La Broquerie, Manitoba, Canada (Figure 3.1). The pasture was 

divided by electric fencing into 12 separate plots consisting of three slurry application 

rates (control (no amendment), split-rate, and single-rate) and two forage utilization 

practices (hayed, and cattle grazed) as described by (Holley et al., 2008). There were two 

replicate plots for each slurry and forage treatment combination. The soil at the site was 

mapped to Berlo series (70%), a lacustrine loamy fine sand (FAO Gleyed Luvisol, 

Canadian system Gleyed Dark Gray Luvisol) and to the Kergwenan series (30%), an 

outwash loamy sand to gravel (FAO Greyzem, Canadian system Gleyed Dark Gray 

Chernozem). Soil characteristics were gravelly loamy sand texture, pH of 7.9, cation 

exchange capacity of 15.1 molc kg-1, and bulk density of 1.68 Mg m-3.  
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Pig slurry was taken from the primary cell of a three-stage earthen storage lagoon 

located 300 m from the site. The storage system collected slurry from four pig feeder (Sus 

scrofa domestica) barns. Following three hours of agitation using a slurry pump agitator 

(GEA Houle Inc. Drummondville, QC), pig slurry was broadcast spread on slurry plots. 

Slurry application was targeted to achieve the recommended rate of 123 kg available N 

ha-1 (Prairie Provinces’ Committee on Livestock Development and Manure Management, 

2006) for the spring single-rate application and 62 kg available N ha-1 applied in fall and 

spring for the split-rate application. Slurry addition commenced the spring of 2003 and 

prior to this there were no manure additions and no animals had been on this site for 10 

years. For a complete description of slurry application see (Tenuta et al., 2010).  

 Fifteen groundwater wells, comprising of one well per plot and three 

immediately adjacent to the study area (background wells designated here as B1, B2 and 

B3), allowed access to underlying groundwater. Well depths ranged from 1.7 to 4.8 m 

across study plots. For full details on well depths and screen lengths see (Walkty, 2006). 

Shallow well depths permitted access to surface groundwater with the intent to monitor 

bacteria most recently translocated from above plots. The direction of groundwater flow 

was determined by Manitoba Conservation and Water Stewardship (Dr. Graham Phipps, 

personal communication) to be from the southwest to the northeast and treatment wells 

were positioned based on this information. Wells located outside the study area (B1, B2 

and B3) were drilled on the southeast side of the field with the intent to measure 

microbial and chemical contamination of groundwater from surrounding fields (Walkty, 

2006). Wells were constructed of 5 cm PVC pipe with the pipe below ground having a 

0.0025 cm diameter mesh screen to allow passage of water. The PVC pipe was closed 
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with a PVC screw cap and a metal casing protected the aboveground portion of the PVC 

pipe.  

3.2.2 Sample collection and processing   

In the spring of 2005 and 2006, slurry was sampled in sterile plastic containers as it was 

moved from the earthen manure storage to the tanker. Four samples were collected during 

the 2005 and 2006 applications and were frozen at -20°C for analysis of bacterial 

communities. 

 Ten yearling crossbred steers of various British breeds (Bos primigenius taurus) 

were assigned to each grazed plot according to weight so that the total mass at the 

beginning of the trial was equal among pastures. Grazing commenced on or about May 

24th of each year, following slurry application. Fecal grab samples were collected from 

each steer on the following dates: May 30th (designated here as T1 for Time-1), June 21st 

(T2) and July 20th (T3) in 2005; and May 29th (T4), and June 20th (T5) in 2006. Samples 

were pooled according to plot and frozen at -20°C for bacterial analysis.  

 Fifteen surface soil samples were collected from 0-5 cm of each of the 12 plots 

using a 5.1 cm wide hand auger (Clements Associates Inc., Newtort, IA, USA). Samples 

were collected in April of 2005 just prior (designated here as TA for Time-A) and just 

following (TB) slurry application, and again in May of 2005 (TC) one month following 

slurry application. In 2006, samples were collected only from hayed plots in May (TD) 

just prior to slurry application and again in July (TE) and August (TF) following manure 

application. The auger was sanitized with quaternary ammonium solution (ZEP, Atlanta, 
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GA, USA) prior to sampling a plot. For each collection time, samples were composited 

for each plot and frozen at -20°C for bacterial analysis. 

Groundwater samples were collected from the 15 water-monitoring wells in 

September (designated here as Ta for Time-a) and November (Tb) of 2005 and in May 

(Tc), July (Td) and September (Te) of 2006. Each individual well was equipped with 

sterilized Teflon® tubing (Johnson Industrial Plastics, Winnipeg, MB, CAN) and #24 

Tygon® tubing (Cole-Parmer Canada Inc., Anjou, PQ, CAN) to prevent cross-

contamination between individual wells. The tubing remained in the respective wells 

between sample occasions. A peristaltic pump (Series 2 Geopump, Geotech 

Environmental equipment Inc., Denver, CO, USA) was used to sample 2 L of 

groundwater from each well. Water was sampled from 10 cm below the top of the screen 

when the water level was above the screen or from 10 cm below the water line when the 

water level was below the screen (Walkty, 2006). The ends of the Teflon tubing were 

wiped with 70% ethanol prior to sampling and approximately 100 mL of groundwater 

was flushed through the tubing prior to collection to avoid contamination. Samples were 

collected in 2 L sterile plastic containers and stored on ice for transport to the laboratory. 

Within 24 hours of sampling groundwater samples were filtered using 0.2 µm pore size 

Thermo ScientificTM NalgeneTM sterile analytical filter units (Thermo Fisher Scientific 

Inc., Waltham, MA, USA). Filtration of a single plot was equally split between two 

filtration systems and following filtration a quarter of the filter (125 mL of groundwater) 

was used for each subsequent DNA extraction.  
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3.2.3 DNA extraction 

Genomic DNA was extracted from pig slurry and cattle fecal samples in duplicate using 

the ZR Fecal DNA MiniPrep KitTM (Zymo Research Corporation, Irvine, CA, USA), 

genomic DNA from soil was extracted using the ZR Soil Microbe DNA MiniPrep KitTM 

(Zymo Research Corporation) and genomic DNA from groundwater was extracted in 

duplicate using the PowerSoil® DNA Isolation Kit (MoBio Laboratories Inc., Carlsbad, 

CA, USA), according to manufacturers protocols. DNA quality was verified by gel 

electrophoresis using 1% agarose gels and ethidium bromide for visualization. Duplicate 

extractions were pooled and stored at -20°C.  

3.2.4 PCR and T-RFLP analysis   

Amplification of DNA was done using 16S universal primers 27F (5’- 

AGAGTTTGATCMTGGCTCAG -3’) and 1100R (5’-TTGCGCTCGTTGCGGGACT-

3’) in a thermocycler. The 5’ end of the 27F primer was fluorescently labeled with 

WellRED D4 dye (Sigma-Aldrich, St. Louis, MO, USA). DNA was amplified in 

duplicate volumes of 25 µL and corresponding polymerase chain reaction (PCR) products 

were pooled. The PCR reaction was as follows:  2.5 µL 10x PCR buffer, 1 mM MgCl2, 

0.2 mM of dNTPs, 0.5 mM of each primer, and 0.5 U EconoTaq® DNA Polymerase 

(Lucigen, Middleton, WI, USA). Negative controls containing only PCR master mix 

were run concurrently with samples to check for contamination. The thermocycle 

reaction was as follows:  initial denaturation at 94°C for 5 minutes; 35 cycles at 94°C for 

1 minute; 62°C for 2 minutes; and 72°C for 1 minute; and a final extension at 72°C for 10 
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minutes. PCR products were verified and quantified by gel electrophoresis using 1% 

agarose gels and DNA was stained with ethidium bromide for visualization.  

PCR products were digested in 20 µL volumes with the HhaI restriction enzyme 

(Promega, Madison, WI, USA). Digestion reaction was as follows: 16.8 µL of PCR 

product, 10 U of HhaI enzyme, 2 µL of 1x HhaI buffer, and 0.2 µL of bovine serum 

albumin. The length of the fluorescently labeled T-RFs was determined by capillary 

electrophoresis using the CEQTM 8800 Genetic Analysis System (Beckman Coulter, 

Fullerton, CA, USA). Between 3 and 8 ng of digested product, and 0.75 µL of a 1000 bp 

DNA standard marker (BioVentures Inc, Murfreesboro, TN, USA) were mixed and 

adjusted to a final volume of 32.5 µL with sample loading solution. CEQ software v. 9.0 

was used to analyze the fragment data and fragment binning of 2 bp was conducted when 

constructing T-RF profiles. Samples were run in triplicate and peaks that were not 

produced in two out of the three corresponding profiles were eliminated from the 

analysis. Only peaks with relative abundances higher than 1% were included (Dollhopf et 

al., 2001).   

3.2.5 Classification of terminal restriction fragments (T-RFs) 

The Ribosomal Database Project (RDP) database was searched for sequences previously 

found in soil, water, and pig and cattle manures. Resulting sequences were then used to 

create a reference database in MiCA (Microbial Community Analysis, v. 3; Department 

of Biological Sciences, University of Idaho http://mica.ibest.uidaho.edu/) of probable T-

RFs from the four environments examined in the current study. This custom reference 

database was composed of a total of 63,403 sequences and was used for the 
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characterization of soil and groundwater. Pig slurry and cattle fecal samples were 

characterized by a database (H.Q database) previously created and available on MiCA, 

which comprised sequences found in the gut of pigs, ruminants, humans and mice 

(Bhandari et al., 2008). T-RFs do not provide accurate identification of bacteria at the 

genus or species level, however subsampling the full RDP database for only those 

sequences that correspond to soil, water, cattle, or pig slurry somewhat improves the 

accuracy of this classification. 

 The Virtual Digest (ISPaR) provided by MiCA was used to construct a reference 

library of T-RFs from the subsampled RDP database using the 27F and 1100R primers 

listed above, as well as the HhaI restriction enzyme. This reference library was exported 

to the Phylogenetic Assignment Tool (Kent et al., 2003). Observed T-RFLP data from 

individual samples were then compared to the reference library and resulting accession 

numbers were uploaded to the sequence cart in RDP-II and classified using the RDP 

classifier provided by the Ribosomal Database Project.  

3.2.6 Statistical analysis 

3.2.6.1 Principal component analysis  

Principal component analysis (PCA) was used to compare the bacterial community 

structure of each environment (pig slurry, cattle feces, soil and groundwater) across 

treatments and sample occasions. It was carried out in CANOCO (Plant Research 

International BV, Wageningen, Netherlands) using T-RF occurrence data. Sample 

occasions and treatment were assessed using separate biplots for each environment. 
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3.2.6.2 T-RFLP bacterial composition analysis 

Abundances of bacterial phyla were converted to relative abundances as percentage 

occurrence prior to statistical analysis. Normality of residuals for phylum-level data was 

determined using PROC UNIVARIATE in SAS (SAS, 2008). Non-normally distributed 

data were ArcSin transformed according to the model: (𝑦) = (𝑎𝑟𝑐𝑠𝑖𝑛�𝑦). Following 

normalization, data were analyzed using PROC MIXED in SAS. Data that was not 

normally distributed following the ArcSin transformation were analyzed using PROC 

GLIMMIX and fitted to the Poisson distribution (Tkachuk et al., 2014). The pig slurry 

data were analyzed as a one-way analysis of variance (ANOVA) to determine whether 

bacterial phyla varied significantly between years. Cattle feces were analyzed as a two-

way ANOVA to determine whether bacterial phyla displayed significant sample occasion 

or slurry treatment effects. Soil and groundwater were analyzed as a three-way ANOVA 

to determine whether bacterial phyla displayed significant sample occasion, slurry 

treatment, or forage utilization effects. Interaction effects were also generated for the 

two- and three-way analysis. Two of 30 cattle fecal, 27 of 72 soil and 4 of 75 

groundwater samples were not available. Due to missing data, replicates were not 

generated in certain situations and differences in least squares means could not be 

generated using the three-way ANOVA. For this reason, one-way ANOVA of the main 

effects was also performed in order to identify differences. Tukey’s honestly significant 

difference test was used along with a P-value of 0.05 to indicate significant differences. 

Abundant phyla were identified as those that made up > 1% relative abundance of the 

bacterial community and low-abundance > 0.1% relative abundance (Tkachuk et al., 

2014). 

 57 



3.2.7 Clone library construction 

Genomic DNA from pig slurry, cattle feces, soil and groundwater were individually 

composited and clone libraries were created through amplification of the 16S gene using 

27F (5’-GAAGAGTTTGATCATGGCTCAG-3’), 1100R (5’-

TTGCGCTCGTTGCGGGACT-3’) universal primers. PCR reaction was as follows:  2.5 

µL 10x PCR buffer, 1 mM MgCl2, 0.2 mM of dNTPs, 0.5 mM of each primer, and 0.5 U 

of EconoTaq® DNA Polymerase (Lucigen, Middleton, WI, USA). PCR products were 

verified by gel electrophoresis using a 1% agarose gel. Bands corresponding to 1000 bp 

were excised from the gel and amplicons were purified using the QIAquick® Gel 

Extraction Kit (Qiagen Inc., Toronto, ON, Canada).  

Amplicons were ligated into the pCR®4-TOPO® vector (Life Technologies Inc., 

Burlington, ON, Canada) and TOPO TOP10 chemically competent E. coli cells (Life 

Technologies Inc., Burlington, ON) were transfected according to the manufacturers 

protocol. Thirty µL of transfected cells were transferred onto Luria-Bertani (LB) agar 

(BD, Mississauga, ON, CA) containing ampicillin (50 µg ml-1) (Sigma-Aldrich, St. 

Louis, MO, USA). Plates were incubated at 37°C overnight. Transformants were 

randomly selected and individually grown in Lauria-Bertaini broth (BD, Mississauga, 

ON, Canada) overnight. Plasmids were extracted using the PureLink® Quick Plasmid 

Miniprep Kit (Life Technologies Inc., Burlington, ON, Canada). Plasmid DNA was 

shipped to the McGill University and Genome Quebec Innovation Centre (Montreal, PQ, 

Canada) for Sanger sequencing using the M13R primer (5’-

CAGGAAACAGCTATGAC-3’) (Sigma-Aldrich St. Louis, MO, USA). 
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3.2.8 Classification of Sanger sequences 

Fasta formatted sequences were compiled into individual files based on their respective 

environments. Sequences from each environment were uploaded to MyRDP on the 

Ribosomal Database Project website. The RDP classifier with a bootstrap value of 80% 

were used to classify sequences from the different environments up to the genus level. A 

neighbor-joining tree was created using Clustal W (Thompson et al., 1994) for sequences 

belonging to the Firmicutes and Proteobacteria that remained unclassified at the genus 

level. FigTree was then used to re-root and manipulate the tree (Rambaut, 2009). 

3.3 Results and discussion 

3.3.1 Influence of sample occasion and treatment on bacterial community structure 

As determined by PCA, cattle feces, soil and groundwater T-RFLP did not display 

clustering patterns according to slurry treatment or forage utilization. Pig slurry samples 

clustered separately by year for component 1 with 22% and 18% explained by 

components 1 and 2, respectively. In addition, there was significant variation between the 

samples within a given year for component 2. PCA of cattle feces were clustered on the 

basis of year but not by sample occasion within each year (Figure 3.2). The clustering by 

year may be attributed to differences in pig slurry bacterial composition between years. 

However, the same steers were not used in both years. Previous research has found that 

there is significant animal-to-animal variation in the fecal bacterial communities of cattle 

and the overall variation in bacterial composition between cohorts is a likely reason for 

the clustering pattern observed (Durso et al., 2010).  
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Although soil did not demonstrate any clustering with respect to sample occasion, 

groundwater samples again clustered by sample year with 2005 samples clustering 

separately from 2006 samples along components 1 and 2 (Figure 3.3). Mean monthly 

precipitation from April to October in 2005 at the site was close to double that for the 

sample period in 2006 (Tenuta et al., 2010). Saini et al. (2003) have demonstrated that the 

first rainfall following manure application has the greatest impact on the translocation of 

Escherichia coli RS2G through the soil column, with a 16- to 50-fold decrease for the 

following rainfalls events which occurred at eight and 16 days. Further, these researchers 

demonstrated that translocation of E. coli RS2G through the soil column was decreased 

by 10- to 316-fold if the time of the rainfall event was increased from four to eight days 

following application (Saini et al., 2003). In the current study, the difference in bacterial 

community composition between years could therefore be due to increased translocation 

of slurry bacteria through the soil column in 2005 versus 2006. Further, differences in 

year may be attributed to groundwater collection at a later date in 2005 (September and 

November) compared to 2006 (May, July, September). Lauber et al. (2013) reported soil 

bacterial communities varied with time of year. Differences in bacterial communities as a 

consequence of difference in sample collection time may also occur in other 

environments, including groundwater.  

3.3.2 Influence of time, treatment, and forage utilization on individual bacterial phyla 

As indicated in Table 3.1, bacterial composition of pig slurry was comprised of six phyla, 

three of which were considered abundant (> 1% relative abundance). The community was 

dominated by Firmicutes (91%), followed by Proteobacteria (6%) and Bacteroidetes 

(2%). No significant difference was observed between years for any of the phyla.  
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Table 3.1. Mean bacterial composition presented as relative abundance 
at the phylum level of pig slurry applied during the 2005 and 2006 
growing seasons to agricultural soil. 

Phyla 2005  2006  P-value 
------------------------------------Abundant phyla1----------------------------- 
Bacteroidetes 1.5 2.4  0.426 
Firmicutes 93.6 90.1  0.689 
Proteobacteria 4.7 6.3  0.206 
---------------------------------Low-abundance phyla2------------------------ 
Actinobacteria 0 0.30  0.391 
Lentisphaerae 0.25 0.76  0.400 
Spirochaetes 0 0.15  0.391 
A,B Different letters signify significant differences between year means 
(P < 0.05). 
1 Relative abundance of individual phyla greater than 1%. 
2 Relative abundance of individual phyla less than 1% and larger than 
0.1% 

 

 

 63 



The prominence of Firmicutes within this environment has been previously 

determined with sequencing and fingerprinting techniques (Peu et al., 2006; Snell-Castro 

et al., 2005; Whitehead and Cotta, 2001). Due to the anaerobic nature of pig slurry, 

anaerobic bacteria such as Firmicutes and Bacteroidetes are found to dominate the pig 

slurry environment over facultatively anaerobic organisms. Proteobacteria are typically 

found to be less abundant in the pig slurry environment than Bacteroidetes, especially 

when sequencing methods are used (Peu et al., 2006; Snell-Castro et al., 2005; Whitehead 

and Cotta, 2001).  

T-RFLP analysis of cattle feces revealed the presence of six phyla, four of which 

were abundant (Table 3.2). Similar to the pig slurry, this community was dominated by 

Firmicutes (83%) and Proteobacteria (11%) regardless of treatment or sample occasion. 

Bacteroidetes (2%) and Actinobacteria (2%) were also abundant. These results agree with 

that of Romero-Perez et al. (2011), who demonstrated that the bacterial community of 

cattle feces when characterized by T-RFLP was dominated by Firmicutes (92%), 

followed by Proteobacteria (4%). This being said, the hindgut of cattle are primarily 

composed of strict anaerobes with numbers outweighing facultative anaerobes by 

approximately 100-fold (Drasar and Barrow, 1985). 

Sample occasion had a significant impact on several phyla present in cattle feces 

as Proteobacteria were significantly more abundant in May of 2006 (T4) compared to all 

the other sample occasions; Firmicutes were significantly less abundant in May, 2006 

(T4) compared to the rest of the sample occasions. The effect of slurry treatment was not 

significant for any of the phyla, however there was a significant interaction of sample 

occasion and slurry treatment for both Proteobacteria and Lentisphaerae. Additionally, 
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Table 3.2. Mean bacterial composition of cattle feces presented as relative abundance at the phylum level and collected 
during the 2005 and 2006 growing season from cattle grazing on experimental plots amended with three different rates of 
pig slurry. 

Phyla 
Sample Occasion   Slurry Treatment   P-values* 

1 2 3 4 5  Control Single Split  Sample 
Occasion 

Slurry SO*S 

-----------------------------------------------------------------Abundant phyla1------------------------------------------------------------ 
Actinobacteria 0.3 0.4 0.1 6.2 1.5   4.2 0.8 0.3  0.481 0.502 0.672 
Bacteroidetes 4.1 2.4 2.5 1.9 0.4   3.4 2.0 1.8  0.194 0.395 0.078 
Firmicutes 81.9 88.2 89.4 67.7 92.8   81.0 83.2 85.6  0.005 0.802 0.535 
Proteobacteria 11.9 8.0 7.1 21.0 5.1   8.6 12.6 11.8  <0.001 0.348 0.004 
--------------------------------------------------------------Low-abundance phyla2-------------------------------------------------------- 
Lentisphaerae 1.89 1.09 0.90 0.00 0.00  0.98 1.13 0.43  <0.001 0.091 0.002 
Spirochaetes 0.00 0.00 0.00 3.12 0.20  1.85 0.23 0.08  0.409 0.555 0.627 
*Differences in least square means could not be generated for the above data set due to missing data. 
1 Relative abundance of individual phyla greater than 1%. 
2 Relative abundance of individual phyla smaller than 1% and greater than 0.1%. 
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Lentisphaerae were significantly less abundant in 2006. Although the reason behind this 

difference in community composition is unknown it could be due to certain stresses such 

as ambient temperature or transport of animals to the site. A difference in forage species 

and transfer of soil or slurry bacteria to the animal may also be a potential cause of 

variation. However, a study performed at the same site did not find cultured E. coli in 

cattle to be the same as those identified in soil or slurry suggesting minimal bacterial 

transfer (Holley et al., 2008; Romero-Perez et al., 2011). 

The bacterial communities in soil were characterized by 15 phyla, six of which 

were considered abundant (Table 3.3). Again this environment was dominated by 

Proteobacteria (41%) and Firmicutes (34%), however Actinobacteria (8%), Bacteroidetes 

(6%), Acidobacteria (3%) and Cyanobacteria (1%) were also abundant. Proteobacteria, 

Firmicutes, and Deinococcus-Thermus all displayed significant sample occasion effects, 

with Proteobacteria showing a higher relative abundance in July (TE) and August of 2006 

(TF) compared to the 2005 soil (TA, TB, and TC); the May 2006 (TD) soil was 

intermediate to the two. The opposite trend was observed for the Firmicutes with July and 

August 2006 both displaying a lower relative abundance compared to other sample 

occasions. With regards to Deinococcus-Thermus, May 2006 displayed a higher relative 

abundance compared to the August 2006 soil.  

Spring soil, including all samples collected in 2005, and the May 2006 are similar 

in terms of relative abundance of bacterial phyla. The increased presence of Firmicutes 

may be explained by a seasonally high water table, which generally occurs in the spring 

(Tenuta et al., 2010), creating a more anaerobic environment suitable for the survival of 

these bacteria (Griffin, 1981; Mawdsley et al., 1995). The difference in relative 
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Table 3.3. Mean bacterial composition of soil presented as relative abundance at the phylum level and collected during the 2005 and 2006 growing seasons from experimental 
plots amended with three different rates of pig slurry and managed using two forage utilization practices. 

Phyla 
Sample Occasion   Slurry Treatment   Forage Utilization  

 
P-values* 

A B C D E F  Control Single Split  Hayed Grazed Sample 
Occasion 

Slurry Forage 

   ------------------------------------------------------------------------------------------Abundant phyla1-------------------------------------------------------------------------- 
Acidobacteria 3.2 3.0 3.1 2.8 4.9 2.6  2.3 3.5 3.3  3.3 2.9  0.598 0.419 0.726 
Actinobacteria 7.6 8.3 9.3 8.4 7.0 8.8  8.4 7.9 8.4  7.9 9.0  0.908 0.903 0.471 
Bacteroidetes 5.1 5.3 6.0 5.1 10.1 5.5  4.7 6.4 6.0  6.3 5.1  0.129 0.455 0.481 
Cyanobacteria/ 
Chloroplast 1.4 1.1 1.7 1.7 1.2 1.3  1.2 1.4 1.5  1.4 1.4  0.906 0.908 0.976 

Firmicutes 36.4 36.6 35.3 35.7 22.6 27.4  33.9 31.9 34.7  32.3 36.0  <0.001 0.300 0.920 
Proteobacteria 39.4 39.0 37.8 40.3 47.3 47.1  42.3 41.9 39.7  42.0 39.0  0.002 0.338 0.769 

   --------------------------------------------------------------------------------------Low-abundance phyla2---------------------------------------------------------------------- 
Chlorobi 0.62 0.59 0.69 0.37 0.94 0.68  0.59 0.65 0.64  0.65 0.62  0.922 0.912 0.912 
Chloroflexi 0.70 0.70 0.72 0.63 0.79 0.69  0.69 0.73 0.69  0.71 0.69  1.000 0.994 0.908 
Deinococcus-
Thermus 0.14 0.15 0.15 0.17 0.11 0.11  0.12 0.15 0.14  0.14 0.14  0.042 0.458 0.823 

Fusobacteria 0.41 0.42 0.46 0.22 0.22 0.65  0.51 0.39 0.38  0.38 0.47  0.068 0.392 0.591 
Gemmatimonadetes 0.34 0.29 0.26 0.25 0.14 0.28  0.37 0.25 0.25  0.28 0.27  0.171 0.303 0.336 
Nitrospira 0.31 0.28 0.31 0.36 0.34 0.52  0.47 0.31 0.31  0.36 0.30  0.996 0.896 0.870 
Synergistetes 0.88 0.84 0.95 0.56 0.64 1.29  1.03 0.89 0.77  0.85 0.91  0.849 0.879 0.943 
Tenericutes 0.22 0.19 0.18 0.17 0.09 0.11  0.20 0.16 0.16  0.16 0.19  0.990 0.913 0.903 
Verrucomicrobia 0.89 0.93 0.94 0.95 1.06 0.66  0.76 0.98 0.90  0.92 0.87  0.996 0.943 0.840 
*Differences in least square means could not be generated for the above dataset due to missing data. P-values of interaction effects generated but not significant.  
1 Relative abundance of individual phyla greater than 1%. 
2 Relative abundance of individual phyla less than 1% and greater than 0.1% 
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abundance of these phyla could therefore be a result of a natural variation that occurs 

throughout the growing season. Lauber et al. (2013) reported that Julian date is a good 

predictor of soil bacterial community composition. Additionally, studies have found that 

changes in bacterial community composition are correlated with changes in soil moisture 

and temperature conditions, leading to sample time effects which are of greater 

significance than treatment effects (Cruz-Martinez et al., 2009; Lauber et al., 2013). 

Within the current study there was so significant response of soil bacteria to slurry 

treatments or forage utilization practices across all phyla.   

The bacterial composition of groundwater was characterized by 16 phyla, five of 

which were considered abundant (Table 3.4). Again, Proteobacteria (40%) and 

Firmicutes (38%) were the two most abundant phyla, with Bacteroidetes (6%), 

Actinobacteria (6%), and Acidobacteria (3%) also abundant.  

The groundwater bacterial community was not affected by slurry treatment or 

forage utilization practice (Table 3.4). Sample occasion was however significant for 

Proteobacteria, Firmicutes, Bacteroidetes, and Actinobacteria within the abundant phyla, 

and Chloroflexi, Fusobacteria, and Synergistetes for the low-abundance phyla. Firmicutes 

were again higher in the first two sample occasions (Ta and Tb) in the 2005 growing 

season, where as Proteobacteria and Actinobacteria were less abundant at these times. 

Bacteroidetes increased in spring of 2006 (Tc) followed by a decrease by the end of the 

2006 growing season (Te). Additionally, Actinobacteria displayed a significant 

interaction effect of sample occasion and forage utilization. Similar to that observed for 

soil bacterial communities, pig slurry combined with increased precipitation in 2005 may 

have resulted in an increased translocation of Firmicutes from the slurry to groundwater.  
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Table 3.4. Mean bacterial composition of groundwater presented as relative abundance at the phylum level and collected during the 2005 and 2006 growing seasons from wells 
located on experimental plots amended with three different rates of pig slurry and managed using two forage utilization practices. 

Phyla 
Sample Occasion   Slurry Treatment   Forage Utilization  Back-

ground 

 P-values* 
a b c d e  Control Single Split  Hayed Grazed Sample 

Occasion 
Slurry Forage SO*F 

                                  --------------------------------------------------------------------------------------------------Abundant phyla1------------------------------------------------------------------------------------------- 
Acidobacteria 2.7 2.7 3.4 2.7 2.0  2.6 2.6 3.0  2.7 2.8 2.6  0.321 0.478 0.808 0.739 
Actinobacteria 2.4 2.5 7.1 7.2 12.0  5.4 6.0 6.0  6.4 5.2 7.7  <0.001 0.261 0.051 0.020 
Bacteroidetes 5.7 5.1 8.6 6.1 3.2  5.8 5.9 6.3  6.0 6.0 5.0  <0.001 0.232 0.392 0.702 
Firmicutes 48.7 47.9 31.4 34.9 29.1  40.2 39.8 37.9  38.5 40.1 35.2  <0.001 0.772 0.561 0.577 
Proteobacteria 34.0 35.8 42.1 41.5 45.7  39.1 38.9 39.7  39.6 38.9 41.8  <0.001 0.917 0.769 0.898 
                                      ------------------------------------------------------------------------------------------------Low-abundance phyla2--------------------------------------------------------------------------------------- 

Chlorobi 0.50 0.28 0.83 0.59 0.35  0.60 0.51 0.41  0.39 0.63 0.50  0.380 0.895 0.605 0.591 
Chloroflexi 0.64 0.57 0.80 0.80 0.83  0.67 0.71 0.79  0.74 0.70 0.75  0.004 0.329 0.524 0.522 
Cyanobacteria/ 
Chloroplast 0.62 0.34 0.94 0.52 0.85  0.69 0.70 0.59  0.72 0.61 0.64  0.640 0.935 0.820 0.183 

Deinococcus-
Thermus 0.16 0.15 0.24 0.12 0.08  0.16 0.15 0.18  0.17 0.15 0.12  0.875 0.945 0.834 0.996 

Fibrobacteres 0.13 0.13 0.12 0.13 0.06  0.08 0.13 0.16  0.11 0.13 0.09  0.994 0.859 0.858 0.981 
Fusobacteria 0.20 0.23 0.39 0.71 0.80  0.43 0.34 0.43  0.45 0.36 0.68  <0.001 0.700 0.539 0.284 
Gemmatimonadetes 0.27 0.18 0.22 0.32 0.34  0.22 0.29 0.25  0.29 0.23 0.29  0.892 0.898 0.513 0.878 
Nitrospira 0.16 0.24 0.09 0.25 0.22  0.21 0.11 0.20  0.17 0.17 0.27  0.551 0.540 0.894 0.384 
Synergistetes 0.49 0.54 0.55 1.31 1.39  0.78 0.76 0.85  0.79 0.80 1.02  0.026 0.951 0.871 0.679 
Tenericutes 0.20 0.21 0.05 0.08 0.04  0.10 0.15 0.12  0.13 0.12 0.11  0.696 0.989 0.907 0.946 
Verrucomicrobia 0.79 0.78 1.10 0.76 0.81  0.88 0.81 0.87  0.77 0.93 0.85  0.464 0.894 0.344 0.973 
*Differences in least square means could not be generated for the above dataset due to missing data. Interaction effects are shown only for those that displayed significant effects. 
1 Relative abundance of individual phyla greater than 1%. 
2 Relative abundance of individual phyla less than 1% and greater than 0.1%. 
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Absence of treatment effects may be due to the constant flow of groundwater though the 

site.  

3.3.3 Comparisons between T-RFLP and Sanger sequencing 

The relative abundance of phyla detected via Sanger sequencing versus T-RFLP in the 

current study are not comparable. Sanger sequencing characterized the pig slurry 

community as being dominated by Firmicutes (92%; T-RFLP = 91%), followed by 

Bacteroidetes (5%; T-RFLP = 2%) and Proteobacteria (1%; T-RFLP = 6%). This 

difference in relative abundance between the Sanger sequencing and T-RFLP is likely a 

result of the reference database. The level of characterization of Proteobacteria sequences 

within the H.Q database compared to other phyla may have led to an increase in the 

abundance of Proteobacteria detected. The more concise the database to a particular 

environment, the more accurately T-RFs are assigned to particular phyla. Sepehri et al. 

(2007) found that when a reference database was created to only contain sequences 

detected in a particular environment, T-RFLP analysis was on average 89% accurate at 

the order level with even greater accuracy at the phylum level. Additionally, by using 

more than one restriction enzyme, taxonomic resolution can be improved (Dunbar et al., 

2001; Kent et al., 2003). 

Unlike pig slurry, the bacterial community of the cattle hindgut characterized 

through T-RFLP and through Sanger sequencing were similar. When characterized using 

Sanger sequencing, the bacterial community in cattle feces was dominated by Firmicutes 

(84%; T-RFLP = 83%), followed by Proteobacteria (10%; T-RFLP = 11%), 

Bacteroidetes (4%; T-RFLP = 2%), and Actinobacteria (3%; T-RFLP = 2%). Although 
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T-RFLP and Sanger sequencing results are comparable in the current study, they do not 

agree with prior Sanger or pyrosequencing studies that demonstrate greater relative 

abundance of Bacteroidetes than Proteobacteria in cattle feces (Dowd et al., 2008; Durso 

et al., 2010; Durso et al., 2011; Romero-Perez et al., 2011; Shanks et al., 2011). The 

reason for the high level of Proteobacteria in the current study is unknown, however, full-

length sequencing can potentially introduce a PCR bias that can affect the relative 

abundance of bacterial phyla reported (Durso et al., 2010). Additionally, increased 

sequence coverage of the cattle feces could provide a more accurate report of the relative 

abundance of the bacterial phyla simply through the identification of more sequences in 

the cattle feces. 

Differences between T-RFLP and Sanger sequencing were more apparent for soil 

than those observed for pig slurry.  As characterized by Sanger sequencing, the soil 

bacterial community was dominated by Proteobacteria (48%; T-RFLP = 41%) followed 

by Actinobacteria (22%; T-RFLP = 8%), Firmicutes (11%; T-RFLP = 34%), 

Bacteroidetes (10%; T-RFLP = 6%), and Acidobacteria (6%; T-RFLP = 3%). 

Proteobacteria are known to make up a significant portion of soil bacteria, however 

Firmicutes are typically considered to be minor phyla, often making up less than 4% of 

the bacterial community (Chaudhry et al., 2012; Li et al., 2012; Nacke et al., 2011; 

Shange et al., 2012). The observed increased relative abundance of Firmicutes produced 

from the T-RFLP analysis could again be due to the reference database used to 

characterize the soil. A large number of gut bacterial sequences were added to the 

database in an effort to determine if bacteria from pig slurry or cattle feces were 

transferred to soil. As many gut bacterial sequences are known to belong to the 
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Firmicutes, it is possible that T-RFs belonging to native soil bacteria possessed the same 

length T-RF as some Firmicutes sequences thereby exaggerating their presence.  

When Sanger sequencing was used to characterize the groundwater bacterial 

community, two phyla were observed; a much lower diversity than what was obtained 

through T-RFLP analysis. Firmicutes (69%; T-RFLP = 38%) dominated the groundwater 

bacterial community as described by Sanger sequencing, followed by Proteobacteria 

(31%; T-RFLP = 40%). Research regarding the bacterial community composition of 

groundwater is very limited and that which exists has focused primarily on contaminated 

sites (Brielmann et al., 2009; Hong et al., 2013; Liao et al., 2011; Navarro-Noya et al., 

2013; Yagi and Madsen, 2009). A single study which examined the bacterial composition 

of drinking water wells found that 90% of sequences belonged to the Proteobacteria 

phylum, with 69% of these belonging to the Gammaproteobacteria (Navarro-Noya et al., 

2013). Within the current study, the Gammaproteobacteria made up a large portion (83%) 

of the total Proteobacteria detected.  

Comparisons of lake water to groundwater, and filtered drinking water, have 

demonstrated that Proteobacteria was dominant in both the lake water and filtered 

drinking water, but only comprised 27% of the groundwater community; Actinobacteria, 

however, was found to be much more abundant at 30% (Aizenberg-Gershtein et al., 

2012). Both of the above mentioned studies found that Firmicutes comprised a maximum 

of 1% of groundwater bacterial communities (Aizenberg-Gershtein et al., 2012; Navarro-

Noya et al., 2013). The reason for the high relative abundance of Firmicutes in the current 

study is unknown, however use of Sanger sequencing is advantageous in that bacteria can 
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be classified and compared at a higher taxonomic resolution and thus provides a better 

means to identify potential bacterial transfer between environments. 

3.3.4 Firmicutes and Proteobacteria sequences in pig slurry, cattle feces, soil and 

groundwater 

Firmicutes and Proteobacteria were examined at the genus level in order to detect slurry-

associated bacteria that transferred to soil and groundwater environments. These phyla 

were chosen as they were the most abundant within the pig slurry and cattle feces, and 

Proteobacteria are known to contain many of the common zoonotic pathogens. The most 

prominent genera within the pig slurry was Clostridium sensu stricto spp., making up 

40% of the sequences analyzed within this environment (Table 3.5). Clostridium XI spp., 

Streptococcus spp., Tissierella spp., Turicibacter spp., Anaerobacter spp., Butyricicoccus 

spp., Oscillibacter spp., and Alkalibaculum spp. were also detected but in much lower 

abundance. Only one sequences belonging to the Proteobacteria was detected in the pig 

slurry and was classified as Psychrobacter spp. Of the classified genera in pig slurry very 

little overlap was observed with the other three environments, however, soil did contain 

nine Clostridium sensu stricto spp., which were similarly detected in pig slurry. This 

represents the largest overlap in common genera between the four environments. 

Clostridium is a natural component of the soil bacterial community and it is difficult to 

say whether these bacteria originated in the pig slurry, or how long they survived in the 

soil (Janssen, 2006; Li et al., 2012; Shange et al., 2012).  

Groundwater was dominated by Bacillus spp. and Lysinibacillus spp., which are 

known components of the groundwater community (Aizenberg-Gershtein et al., 2012). 
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Table 3.5. Abundance of Sanger sequences isolated from composited pig slurry, cattle 
fecal, soil and groundwater samples collected during the 2005 and 2006 growing season 
and classified to the Firmicutes or Proteobacteria phyla at the genus level. 

Genera Pig 
(n=122) 

Cattle 
(n=146) 

Soil 
(n=152) 

Groundwater 
(n=160) 

-------------------------------------------------Firmicutes---------------------------------------------- 
Anaerobacter spp. 3 0 1 0 
Clostridium sensu stricto spp. 49 0 9 0 
Sarcina spp. 0 1 0 0 
Tissierella spp. 2 1 0 0 
Sedimentibacter spp. 0 1 0 0 
Butyricicoccus spp. 1 0 0 0 
Oscillibacter spp. 2 0 0 0 
Alkalibaculum spp. 1 0 0 0 
Sporacetigenium spp. 0 1 0 0 
Clostridium XI spp. 8 44 0 0 
Streptococcus spp. 3 0 0 0 
Isobaculum spp. 1 0 0 0 
Lactobacillus spp. 4 0 0 0 
Bacillus spp. 2 0 2 51 
Lysinibacillus spp. 0 0 0 36 
Phascolarctobacterium spp. 0 1 0 0 
Turicibacter spp. 2 2 0 0 
Coprobacillus spp. 0 1 0 0 
Unclassified Firmicutes* 31 66 4 19 
------------------------------------------------Proteobacteria------------------------------------------- 
Corallococcus spp. 0 0 1 0 
Cupriavidus spp. 0 0 0 1 
Wautersia spp. 0 0 0 1 
Pigmentiphaga spp. 0 0 1 0 
Hydrogenophaga spp. 0 0 1 0 
Variovorax spp. 0 0 3 0 
Vogesella spp. 0 0 0 3 
Geminicoccus spp. 0 0 2 0 
Bradyrhizobium spp. 0 0 2 0 
Devosia spp. 0 0 4 0 
Caulobacter spp. 0 0 2 0 
Brevundimonas spp. 0 0 2 0 
Phenylobacterium spp. 0 0 1 0 
Sphingomonas spp. 0 1 1 0 
Sphingopyxis spp. 0 0 1 0 
Dongia spp. 0 0 1 0 
Ketogulonicigenium spp. 0 1 0 0 
Amaricoccus spp. 0 0 1 0 
Acinetobacter spp. 0 3 2 0 
Psychrobacter spp. 1 0 0 0 
Escherichia/Shigella spp. 0 1 0 0 
Enterobacter spp. 0 0 0 9 
Yokenella spp. 0 0 0 1 
Klebsiella spp. 0 0 0 2 
Citrobacter spp. 0 0 0 1 
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Leclercia spp. 0 0 0 4 
Steroidobacter spp. 0 0 1 0 
Lysobacter spp. 0 0 1 0 
Pseudoxanthomonas spp. 0 0 1 0 
Arenimonas spp. 0 0 1 0 
Aeromonas spp. 0 0 0 3 
Unclassified Proteobacteria* 0 8 40 23 
-----------------------------------------------------Other Phyla----------------------------------------- 
Sequences classified to other 
phyla** 8 9 58 0 

*Number of Sanger sequences within the Firmicutes and Proteobacteria where 
classification was not achieved up to the genus level 
**Number of Sanger sequences classified to phyla other than the Firmicutes and 
Proteobacteria. These include (Actinobacteria, Acidobacteria, Bacteroidetes, Chloroflexi, 
Gemmatimonadetes, and Spirochaetes)  
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These genera made up 32% and 23% of the groundwater sequences, respectively (Table 

3.5). Although Bacillus spp. were also detected in pig slurry and soil, their presence in 

groundwater was far greater. Thirty percent of sequences isolated from groundwater 

belonged to the Proteobacteria, half of which were classified at the genus level. 

Enterobacter spp., Klebsiella spp., and Citrobacter spp., were detected in groundwater; 

all of which are coliform bacteria and some of which are known to cause illness in 

humans (Fei and Zhao, 2013; Podschun and Ullmann, 1998). Interestingly, these bacteria 

were not detected in either the pig slurry or the cattle fecal samples.  

A single Escherichia/Shigella spp., also a fecal coliform, was detected in cattle 

feces but was not present in groundwater or soil (Table 3.5). This is not surprising as 

these bacteria typically constitute less than 1% of gut bacterial communities (Drasar and 

Barrow, 1985). Escherichia coli is easy to culture and because it is of fecal origin it is the 

most common indicator for fecal contamination in water. However, because they are 

present in such low numbers, they can go undetected when molecular techniques are 

used, as the more abundant bacteria are more easily detected (Dowd et al., 2008).  

 A number of sequences within the Firmicutes and Proteobacteria remained 

unclassified at the genus level within all four environments. Within the Firmicutes, 28% 

of pig slurry, 56% of cattle fecal, and 18% groundwater sequences were unclassified. 

Within the Proteobacteria 57% of cattle fecal, 58% of soil, and 48% of groundwater 

sequences were unclassified. Due to the high proportion that remained unclassified, 

neighbor joining trees were used to cluster similar sequences, and to identify sequences 

that were redundant (≥ 98% sequence similarity). The majority of unclassified Firmicutes 

sequences in pig slurry belonged to the order Clostridiales, with four sequences 
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belonging to Lactobacillales and one to Eryspelotrichales (Figure 3.4). Among the cattle 

fecal sequences the majority also belonged to the Clostridiales, however one sequence 

belonged to the Erysipelotrichales and nine sequences clustered with groundwater 

sequences belonging to the Bacillales.  

With the exception of two groundwater sequences that clustered with the 

Clostridiales, the remainder belonged to Bacillales. Although, several pig slurry, and 

cattle fecal sequences clustered closely within the Clostridiales, there were no redundant 

sequences between environments. This also holds true for those fecal sequences that 

clustered closely with groundwater. With this in mind, it can be concluded that when 

analyzed by Sanger sequencing, it does not appear that bacterial transfer between pig 

slurry, grazing cattle, or groundwater occurred. Although a significant increase in 

Firmicutes in the groundwater was detected when T-RFLP was used to describe the 

bacterial community, it is clear from the Sanger sequencing it is clear that this increase 

was not a result of bacterial translocation to groundwater. The majority of groundwater 

sequences belonged to the Bacillales, as opposed to the prominent Clostridiales of the pig 

slurry.  

Sanger sequencing studies, including the current study often characterize bacterial 

communities based on a few hundred sequences (Jesus et al., 2009; Peu et al., 2006; 

Snell-Castro et al., 2005). Although we did not identify transfer between pig slurry and 

groundwater, increased sequence coverage of the slurry, soil, and groundwater would 

improve capacity to detect bacteria present in very low abundance. It is possible that 

abundant native soil and groundwater bacteria are masking slurry bacteria that have been 

transferred in minimal numbers. High-throughput sequence methods such as 
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pyrosequencing provide greater coverage of bacterial communities than Sanger 

sequencing and should be investigated in the future. 

 Within the unclassified Proteobacteria, sequences isolated from soil were 

primarily Alpha- and Betaproteobacteria, however one Delta- and two 

Gammaproteobacteria were also detected (Figure 3.5). Cattle fecal sequences were 

scattered among the Beta-, Gamma-, Alpha- and Zetaproteobacteria. Groundwater was 

primarily Gammaproteobacteria, with 16 sequences specifically classified to the 

Enterobacteriaceae; the family known to contain many zoonotic pathogens, and fecal 

coliform bacteria. As mentioned earlier, the prominence of Gammaproteobacteria in 

groundwater had been previously noted (Navarro-Noya et al., 2013). In the current study, 

two sequences (W258 and W208) were classified as Salmonella, however, they only 

generated a bootstrap value of 33% and 68%, respectively, and were, therefore, only 

classified confidently at the family level. It is interesting that although pathogen-

associated genera within the Proteobacteria were not detected in the pig slurry and only 

one sequence was identified in the cattle feces, there were still a number of sequences in 

the groundwater that classified as pathogen-associated genera within the Proteobacteria. 

As there were no redundant sequences between environments among the Proteobacteria it 

is unlikely that bacterial transfer and the presence of these pathogen-associated genera 

occurred as a result of the pig slurry or grazing cattle. Holley et al. (2008) examined the 

translocation of Salmonella and Escherichia coli from pig slurry to soil at the same 

experimental site as the current study and detected Salmonella derby and S. krefeld in 

slurry as well as E. coli. E. coli was also detected in soil, however, numbers declined 

rapidly following the spring application and genomic analysis of isolates within the pig  
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slurry and soil did not show statistically similar genetic profiles which could indicate that 

E. coli in soil did not originate from the slurry (Holley et al., 2008).   

The results from the current study agree with a previous study that monitored 

microbial communities of soil and groundwater following pig slurry application. 

Researchers found no difference in bacterial communities in soil at the phylum level 

before and after slurry application, however several genera associated with opportunistic 

pathogens were identified in the soil and groundwater that were also identified in the pig 

slurry (Hong et al., 2013). Overall, there is a lack of studies that focus of bacterial 

communities to monitor the persistence and transfer of manure-bacteria. Instead the 

majority of studies to date have examined the fate of E. coli or other bacteria that have 

been inoculated into manure prior to application and often these studies are performed in 

a laboratory setting with a general lack of studies to demonstrate bacterial transport or 

persistence in a field setting (Amin et al., 2013; Avery et al., 2004; Boes et al., 2005; 

Forslund et al., 2011; Gagliardi and Karns, 2000; Looper et al., 2009; Semenov et al., 

2009; Samarajeewa et al., 2012).  

3.4 Conclusions 

Individual phyla within cattle feces, soil and groundwater, primarily Proteobacteria and 

Firmicutes, were significantly affected by time of sampling throughout the growing 

seasons. Additionally, bacterial community structure in cattle feces and groundwater 

displayed yearly temporal effects. Bacterial communities and relative abundance of 

individual phyla did not change with respect to slurry treatments or forage utilization.   
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The T-RFLP method provides a means of generating reproducible T-RF patterns 

in a short period of time, enabling changes in bacterial communities to be detected with 

some certainty. Because multiple species can be assigned to a single T-RF, taxonomic 

classification is only confident at higher hierarchical levels. A concise reference database 

and the use of more than one enzyme digest can improve this resolution, however Sanger 

sequencing should be used to validate T-RF identities.  

Sanger sequencing provided a much clearer description of the bacteria present in 

each of the environments allowing slurry-associated and pathogen-associated genera to 

be detected. Very few classified bacteria were common between the four environments, 

and there were no redundant sequences between the four environments within the 

unclassified sequences. Taxonomic resolution at the genus level is the minimum 

resolution necessary to draw conclusions regarding the transfer of manure-associated 

bacteria to soil and groundwater environments. Future research should focus on the 

application of high-throughput sequencing techniques such as pyrosequencing to monitor 

persistence of manure bacteria, to obtain deeper coverage of these environments, and to 

more clearly identify the risks associated application of pig slurry in integrated livestock 

production systems.  
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Abstract. The use of pig slurry as a fertilizer has received much attention regarding 

possible nutrient contamination of surface and groundwater. Microbial contamination, 

however, can also occur given that some slurry bacteria are capable of surviving in soil. 

With pyrosequencing it is now possible to achieve in-depth analysis of slurry and soil 

bacteria and identify the impact of slurry on these bacterial communities, including the 

response of the soil community to slurry amendments and the transfer of slurry-

associated bacteria. A field study in southeastern Manitoba was conducted to compare 

soil bacterial communities of pig slurry amended grass pasture with that of unamended 

soil. Soil bacterial communities immediately following (S1-S2) slurry application and 

four months after slurry application (S3-S5) were further compared. Groundwater was 

examined in the spring (Early), summer (Mid-Season) and fall (Late) following a single 

spring slurry application. The bacterial community of pig slurry was also characterized to 

identify bacteria that may have transferred to soil or groundwater. The bacterial 

community of pig slurry was comprised of six phyla and was dominated by Firmicutes 

(91%). The genera Clostridium made up 55% of the bacteria classified to this phylum. 

Twelve phyla comprised soil communities and were dominated by Proteobacteria (48%) 

and Actinobacteria (19%). Slurry-Amended soil had a greater relative abundance of 

Firmicutes than Control soil. At a 0.03 sequence distance, several bacteria in slurry were 

detected in soil, with a larger variety and greater abundance present in the amended soil 

versus the unamended soil. This suggests that although slurry-bacteria may be transferred 

from pig slurry directly to soil and survive for at least a four-month period there is a 

significant decline in abundance during this time. These results agree with Sanger 

sequencing findings that detected a small amount of slurry-associated bacteria in the soil.
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4.1 Introduction 

 The expansion of pig (Sus scrofa domesticus) production in Canada has lead to an 

increase in the quantity of manure produced. The manure as slurry is most commonly 

stored in anaerobic lagoons to be spread onto cropped soil and tame pasture for disposal 

but also as an alternative to commercial fertilizers (Cote and Quessy, 2005; Holley et al., 

2008; Whitehead and Cotta, 2001). Slurry has the potential to introduce new bacteria to 

the soil and water (Semenov et al., 2009). However, knowledge regarding the identity of 

these bacterial populations in pig slurry and their survival in the environment is lacking.  

Bacteria present in stored slurry tend to be concentrated to only a few taxonomic 

groupings resulting in much lower diversity than the originating pig feces (Cotta et al., 

2003). Additionally, culture-based techniques indicate anaerobic bacteria are 

approximately 106 orders of magnitude higher than aerobically cultured bacteria within 

stored manure (Cotta et al., 2003). Due to the tedious and extremely bias nature of 

applying culture techniques for analysis of bacterial communities, in particular anaerobic 

bacteria, researchers have begun applying molecular methods to obtain a more complete 

inventory of the bacterial populations present (Leung and Topp, 2001; Peu et al., 2006; 

Snell-Castro et al., 2005; Whitehead and Cotta, 2001).  

As of 2006, molecular techniques, primarily Sanger sequencing, confirm that the 

major bacterial groups in pig slurry are anaerobes, and more specifically Eubacterium-

Clostridium, Bacillus-Lactobacillus-Streptococcus, and Bacteroides (Hamm et al., 

2014b; Leung and Topp, 2001; Peu et al., 2006; Snell-Castro et al., 2005). Bacterial 

communities characterized by Sanger sequencing are often based on minimal sequence 

sampling (~100-150 sequences), resulting in identification of only the most prominent 
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bacterial taxa (Peu et al., 2006; Snell-Castro et al., 2005). With the advent of 

pyrosequencing technology, rare taxa can now be detected due to increased sequence 

sampling capacity (McLellan et al., 2010).  

Studies of the fate of manure microorganisms once applied to land have focused 

primarily on the survivability of select zoonotic pathogens; Salmonella spp., Yersinia 

enterocolitica, and pathogenic Escherichia coli (Holley et al., 2008; Holley et al., 2006). 

Although these bacteria are undoubtedly a major concern, they may represent only a few 

of several pathogens present in slurry. Recently, a study done by Hong et al. (2013) 

examined soil and groundwater microbial communities in close proximity to pig 

production facilities using pyrosequencing technology. The study identified several 

genera associated with human and animal pathogens, however this was the first study of 

its kind and previous research that employed this technique examined solely the change 

in the bacterial community of soil, without prior knowledge of the manure community 

(Hong et al., 2013). Significant increases in Proteobacteria populations were identified, 

however whether these are a result of direct inoculation from manure or due to nutrient 

enrichment was not known (Chaudhry et al., 2012). 

Previous studies conducted in southern Manitoba at the La Broquerie Pasture and 

Swine Manure Management Site on course texture soil detected E. coli in pig slurry and 

slurry treated soil, however 25 days later, E. coli was only detected in low numbers from 

two of the eight slurry treated plots. Additionally, the isolates identified in soil could not 

be traced back to the slurry (Holley et al., 2008). T-RFLP and Sanger sequencing were 

also used in combination to characterize the bacterial communities in slurry, soil, and 

groundwater at the same site. The application of pig slurry did not display a significant 
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change the relative abundance of individual taxa in the soil or groundwater and only nine 

sequences of a total 152 in soil were found to be similar to pig slurry. Additionally, pig 

slurry bacteria did not appear to transfer to groundwater, as there were no sequences in 

pig slurry that were common to groundwater (Hamm et al., 2014b).  

The aim of this study was to employ pyrosequencing of the 16S rRNA gene to 

determine whether addition of pig slurry leads to changes in the bacterial taxonomic 

composition of soil or groundwater at the La Broquerie Pasture and Swine Manure 

Management Site. The bacterial community of the pig slurry was examined to determine 

whether bacterial community changes observed in soil or groundwater were a direct 

cause of introduction from the slurry or resulted indirectly from nutrient enrichment. 

Transfer of pathogen-associated and slurry-associated genera to soil and groundwater 

communities was also examined. 

4.2 Materials and Methods 

4.2.1 Experimental site 

This study examined pig slurry, soil and groundwater collected from the La Broquerie 

Pasture and Swine Manure Management Site located on a 100 acre cattle pasture 13 km 

south of La Broquerie, Manitoba, Canada. Seventy percent of soil at the site was mapped 

as Berlo series, a lacustrine loamy fine sand (FAO Gleyed Luvisol, Canadian system 

Gleyed Dark Gray Luvisol) and the remaining 30% was mapped as the Kergwenan series, 

an outwash loamy sand to gravel (FAO Greyzem, Canadian system Gleyed Dark Gray 

Chernozem). Soil characteristics were gravelly loamy sand texture, pH of 7.9, cation 

exchange capacity of 15.1 molc kg-1, and bulk density of 1.68 Mg m-3.  
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The experimental site was divided into 12 plots and consisted of three slurry 

application treatments: control (no amendment), split-rate application in spring and fall, 

and single-rate application in spring. Pig slurry was taken from the first cell of a three-

stage earthen manure lagoon storage system, 300 m from the experimental site. The 

slurry was agitated and surface applied according to the recommended rate of 123 kg 

available-N ha-1 for single-rate spring application and for split-rate application 62 kg 

available-N ha-1 was applied in the spring prior to sampling and again in the fall 

following sampling (Prairie Provinces’ Committee on Livestock Development and 

Manure Management, 2006). Further details regarding slurry applications are given in 

(Tenuta et al., 2010).  

The fifteen groundwater wells were placed based on the flow of groundwater as 

determined by Manitoba Conservation and Water Stewardship. Three wells were located 

on the southwest corner of the site to monitor contamination from outside the 

experimental site and another 12 wells were situated in each plot. Groundwater flowed 

southwest to northeast so each well was placed on the north end of each plot down 

gradient to the flow of water (Walkty, 2006).  

4.2.2 Sampling and processing 

Following agitation for three hours using a slurry pump agitator (GEA Houle Inc. 

Drummondville, QC, Canada), pig slurry was loaded into a spreader tank and samples 

were collected in early spring of each year from 2005 through 2009 into sterile plastic 

containers. Slurry samples were composited by mixing 5 g of slurry from each year to 

produce one representative manure sample for the 5-year period. Chemical (Norwest Lab, 
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Winnipeg, MB or Bodycote, Winnipeg, MB, Canada) and bacterial analysis was 

subsequently performed.  

 Fifteen surface soil samples (0-5 cm) were collected using a 5.1 cm hand auger 

(Clements Associates Inc., Newtort, IA, USA) from each individual plot at each sample 

time from 2005 to 2009. In 2005 and 2006, samples were collected from treatments of 

Control (samples designated C1 in 2005 and C2 in 2006) and Slurry-Amended (S1 in 

2005 and S2 in 2006) soil in May, June and July following spring slurry application. 

From 2007 to 2009, soil samples were collected from treatments of Control (designated 

C3 in 2007, C4 in 2008 and C5 in 2009) and Slurry-Amended (S3 in 2007, S4 in 2008 

and S5 in 2009) soil in September just prior to fall slurry application. In each year, all 

fifteen samples from each individual plots were composited by soil treatment (Control vs. 

Slurry-Amended). Because the yearly rate of slurry application was equal among split- 

and single-rate treatments, for the purpose of this study, we chose not to distinguish 

between the field treatments, therefore samples from amended plots were composited and 

samples from unamended plots were composited. Slurry-Amended soil was further 

examined for more immediate effect of slurry application (S1-S2 being post spring slurry 

application) and more lasting effect of slurry application (S3-S5 being the fall after the 

spring slurry application).  

Groundwater samples were collected in May, July and September of 2006, 2007 

and 2008 from the 15 water-monitoring wells. Sterilized Teflon® tubing was fixed to each 

individual well (Johnson Industrial Plastics, Winnipeg, MB, CAN) along with #24 

Tygon® tubing (Cole-Parmer Canada Inc., Anjou, PQ, CAN) to prevent cross-

contamination between individual wells. Two litres of groundwater were collected in 
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sterile plastic containers from each well using a peristaltic pump (Geotech Environmental 

equipment Inc., Denver, CO, USA). Prior to collection approximately 100 mL of 

groundwater was flushed through the tubing. Within 24 hours of sampling groundwater 

samples were filtered using 0.2 µm pore size Thermo ScientificTM NalgeneTM sterile 

analytical filter units (Thermo Fisher Scientific Inc., Waltham, MA, USA). Filtration of a 

single plot was equally split between two filtration systems and a quarter of the filter (125 

mL of groundwater) was used for each subsequent DNA extraction.  

4.2.3 Targeted-amplicon pyrosequencing 

Total microbial genomic DNA was extracted in duplicate from pig slurry samples 

using the ZR Fecal DNA MiniPrep KitTM (Zymo Research Corporation, Irvine, CA, 

USA), from soil samples using the ZR Soil Microbe DNA MiniPrep KitTM (Zymo 

Research Corporation, Irvine, CA, USA), and from groundwater samples using the 

PowerSoil® DNA Isolation Kit (MoBio Laboratories Inc., Carlsbad, CA, USA), 

according to the manufacturer’s protocol. The two extracts were pooled and the 

concentration of DNA was determined by spectrophotometry at 260 nm (Du 800 

Spectrophotometer, Beckman Coulter Inc., Brea, CA, USA). DNA extracts from 

groundwater were composited by sample date as it was difficult to separate original field 

treatments due to constant groundwater flow. Pig slurry and soil DNA were then diluted 

to achieve a DNA concentration of 20 ng µL-1 and groundwater DNA ranged from 3 to 8 

ng µL-1. The quality of the DNA was further verified by conventional PCR amplification 

of the V1-V2 region of the 16S rRNA gene using 27F (5’-

AGAGTTTGATCMTGGCTCAG-3’) and 342R (5’-CTGCTGCSYCCCGTAG-3’) 

primers (Khafipour et al., 2009). PCR products were verified by gel electrophoresis. 
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 DNA was shipped to the Research and Testing Laboratory, Lubbock, Texas 

where targeted amplicon 454-pyrosequencing was performed using the GS FLX-

Titanium system according to Dowd et al. (2008). The V1-V3 region of the 16S rRNA 

gene was targeted using the 28F (5’-GAGTTTGATCNTGGCTCAG-3’) and 519R (5’-

GTNTTACNGCGGCKGCTG-3’) bacterial specific primers (Tkachuk et al., 2014).  

 Sequence reads obtained from the run were sorted based on sequence tag 

designation into individual Fasta files. Sequences with tags that were not 100% 

homologous to sequence descriptor tags were removed. Sequence tags were removed and 

sequence reads were sorted and quality trimmed to remove the ends of the reads that fell 

below a quality score threshold of 20 (Research and Testing Laboratory, 2012). Further 

sequence processing was performed in MOTHUR version 1.29.2 to remove low-quality 

sequences including those containing homopolymers > 8 bp, ambiguous bases and 

sequences shorter than 200 bp (Schloss et al., 2009). Following removal of low quality 

sequences a total of 47,539 unique sequences remained and were aligned to version 111 

of the 16S rRNA SILVA bacterial database (Quast et al., 2013). A pre-cluster step was 

used to further reduce sequence error by merging sequence counts that differed by only 2 

bp. A total of 612 chimeric sequences were identified and removed using the UCHIME 

(Edgar et al., 2011) package implemented by MOTHUR. A total of 22,355 unique 

sequences were used to generate a distance matrix at a threshold of 0.15. 

 An operational taxonomic unit (OTU) based analysis was used where sequences 

were grouped to the approximate genus level using a 0.05 sequence distance. Richness 

and diversity indices were calculated in MOTHUR using a randomly subsampled 

sequence dataset from soil, groundwater and pig slurry of 922 sequences. This was done 
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in order to minimize the impact of differential sequence counts between samples on 

diversity calculations. Good’s coverage estimate was also calculated in MOTHUR using 

both the total and subsampled dataset to determine the percent of total OTUs represented 

by a sample. This estimate provides a sense of how well the community has been 

sampled and is calculated as follows: 𝐶𝑜𝑣𝑒𝑟𝑎𝑔𝑒 = 1 − (#𝑂𝑇𝑈𝑠 𝑠𝑎𝑚𝑝𝑙𝑒𝑑 𝑜𝑛𝑐𝑒)/

(𝑇𝑜𝑡𝑎𝑙 # 𝑂𝑇𝑈𝑠). The theory behind Good’s coverage is that a community should have 

very few singleton OTUs and identification of very few singleton OTUs within a sample 

should therefore indicate adequate community sampling. OTUs were taxonomically 

classified according to the Ribosomal Database Project taxonomy using the Bayesian 

method and a bootstrap value of 60% (Cole et al., 2009; Wang et al., 2007a). Sequences 

were classified to the genus level where the confidence threshold was achieved, however 

when assignments were below the 60% cutoff, the next highest level of classification to 

meet the threshold was used. Where sequences were not classified at the genus level the 

level at which they were classified was stated as follows: Family (F), Order (O), Class 

(C), Phylum (P). 

4.2.4 Statistical analysis 

4.2.4.1 Beta diversity 

Beta diversity is the comparison of bacterial community structure between two 

communities (Highlander, 2012). It can be examined using ordination plots and analyzed 

for significant differences using a variety of molecular-based similarity indices. Principal 

component analysis (PCA) was preformed with CANOCO (Plant Research International 

BV, Wageningen, Netherlands) on pig slurry, Control soil at C1-C5 sample occasions 
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and Slurry-Amended soil at S1-S5 sample occasions using classified genus data to 

identify similarity in bacterial community structure as well as sample groupings.  

4.2.4.2 Univariate analysis 

Alpha diversity is a measure of both richness and evenness, which describe the number of 

different OTUs in each community and their relative abundance, respectively (Begon et 

al., 1990; Highlander, 2012). Richness (ACE and Chao) and diversity indices (Shannon 

diversity, Simpson diversity, and inverse Simpson) were calculated in MOTHUR. 

Additionally, effective Shannon was calculated as the exponent of Shannon diversity to 

provide a better representation of the true diversity of OTUs in the samples. Where 

effective Shannon provides equal weighting to rare and abundant species, inverse 

Simpson provides more weighting to the abundant species (Jost, 2006). Rare species was 

therefore calculated as effective Shannon minus inverse Simpson.  

Taxonomic abundance data was converted to relative abundance as a percentage 

of community occurrences prior to statistical analysis. Abundant taxa were identified as 

those that made up > 1% relative abundance of the bacterial community and low-

abundance > 0.1% relative abundance (Tkachuk et al., 2014). Data were assessed for 

normality of residuals at the phylum and genus level in SigmaPlotTM. Non-normally 

distributed data were transformed using the ArcSin transformation according to the 

model: (𝑦) = (𝑎𝑟𝑐𝑠𝑖𝑛�𝑦). A general linear model was used for the statistical analysis of 

data in SigmaPlot (SigmaPlot, 2008). Fisher’s least significant difference test was used 

along with a P-value of 0.05 to indicate significant differences of phyla and genera 

between soil treatments.  
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4.2.5 Analysis of community overlap 

A Venn diagram was created in MOTHUR using a subsampled dataset of 1744 sequences 

from each of the pig slurry, Control soil and Slurry-Amended soil at S1-S2 and S3-S5 

sample occasions. A 0.03 sequence distance was chosen for the following analysis to 

more accurately identify bacteria common to both environments and common among the 

three soil treatments. The sharedobs command in MOTHUR was used to calculate the 

observed richness in each section of the Venn diagram. 

 OTUs originating in pig slurry were classified based on a 0.03 sequence distance, 

which is considered an approximate species level of differentiation (Schloss and 

Handelsman, 2005). This allowed several species to be identified, however, they were 

only named to the genus level. OTUs in pig slurry with an absolute abundance greater 

than four were identified as well as the number of OTUs that were also common to soil 

and groundwater and the total number of OTUs present in each community was also 

determined.  

4.3 Results  

4.3.1 Sequences and summary statistics 

This study generated a total of 29,780 sequences with an average of 1,489 sequences per 

sample. Three samples had sequence counts below 1,000 (981 and 922) but were still 

retained as part of the analysis. Total sequence coverage of the pig slurry was 89%. 

Coverage of soil samples ranged from 59 to 79% with an average coverage of 66% and 

coverage of groundwater ranged from 65 to 91% with an average of 76%.  
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4.3.2 Beta diversity 

PCA was performed to analyze the beta diversity between bacterial communities in soil 

and pig slurry (Figure 4.1). The PCA displayed 82% of the variation in component 1 (x-

axis) and 8% of the variation in component 2 (y-axis). Variation in bacterial community 

structure between soil treatments and pig slurry occurred along component 1 where 

Slurry-Amended soil was intermediate to Control soil and pig slurry. Variation between 

bacterial communities in the Control soil was present mainly along component 2 as was 

the variation in the bacterial communities in Slurry-Amended soil from S3-S5 sample 

occasions. Slurry-Amended soil at S1-S2 sample occasions clustered separately from 

Slurry-Amended soil at S3-S5 sample occasions, displaying with the former being more 

similar in bacterial community structure to pig slurry along component 1. Taxa identified 

as having increased sample loadings for component 1 in the positive direction were: 

Clostridium, Prevotella, Peptostreptococcaceae (F), Turicibacter, Sporacetigenium, 

Lachnospiraceae (F), and Streptococcus. Due to the clustering pattern observed with the 

PCA, Slurry-Amended soil was further divided into S1-S2 and S3-S5 treatment groups to 

represent the more immediate and more lasting effect of slurry application on the 

bacterial communities in soil, respectively. 

4.3.3 Alpha diversity 

Richness and diversity estimates were not significantly different in soil between the 

Control, and Slurry-Amended soil or between Control, S1-S2 and S3-S5 soil. 

Additionally, significant differences were not identified between Early, Mid-Season, and 

Late groundwater samples (Table 4.1). Significant differences between Chao richness 
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estimate and coverage were apparent in the groundwater samples with 2006 having 

higher coverage but a lower richness than both 2007 and 2008. The soil was much more 

diverse than the pig slurry and groundwater was intermediate to the two environments as 

displayed by all the measured diversity indices (Table 4.1). 

4.3.4 Relative abundance of bacterial taxa in pig slurry 

A total of six phyla were present in the pig slurry community in relative abundance > 

0.1% (Table 4.2). The pig slurry was largely dominated by Firmicutes (91%) and to a 

much lesser extent the Bacteroidetes (4%). A genus level analysis of the pig slurry 

revealed that 55% of the Firmicutes were classified to the genus Clostridium. 

4.3.5 Relative abundance of bacterial taxa in soil 

Twelve phyla were identified in the soil communities in greater than 0.1% relative 

abundance (Table 4.2). The soil communities were dominated by Proteobacteria (48%) 

and by Actinobacteria (19%), regardless of treatment. Several genera displayed 

significant treatment effects within the Proteobacteria. Genera classified to the 

Betaproteobacteria (Acidovorax and Nitrosospira) and to the Gammaproteobacteria 

(Pseudomonas, Rhodanobacter and Stenotrophomonas) displayed a significant increase 

in the Slurry-Amended soil compared to Control soil. However, genera classified to the 

Deltaproteobacteria (Cystobacter and Nannocystineae (F)) showed a significant decrease 

in relative abundance in the Slurry-Amended soil. Within the Alphaproteobacteria, 

Phyllobacteriaceae (F) and Roseomonas displayed a significant increase in the Slurry-

Amended soil compared to the Control soil, where as Rhodoplanes, Microvirga and 

Rhodospirillales (O) displayed a significant decrease in Slurry-Amended soil.
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Table 4.1 Summary statistics and alpha diversity estimates of pig slurry, Control soil at C1-C5 and Slurry-Amended soil at S1-S2 and S3-S5 sample occasions, and groundwater 
at Early, Mid-Season and Late sample occasions. 

Means Number of 
Sequences 

Total 
Coverage 

Subsampled 
Coverage 

 Richness  Diversity 
 Chao ACE  Shannon Simpson Effective 

Shannon 
Inverse 

Simpson 
Rare 

Species 
Pig Slurry 1744 89 87  610 850   3.4 0.1554 31 6 25 
             
Soil Treatment              
Control 1471 63 60  1487 2510  6.3 0.0071 564 210 355 
Slurry-Amended 1439 69 62  1371 2471  6.2 0.0092 490 148 342 
     S1-S2 1484 71 64  1276 2200  6.0 0.0127 390 91 300 
     S3-S5 1409 68 60  1434 2651  6.3 0.0068 557 187 370 
             
Groundwater              
Sample Occasion             
Early 2285 90 86  507 1009  3.7 0.1952 63 20 44 
Mid-season 1117 73 71  1216 2367  5.4 0.0336 238 72 166 
Late 1124 73 72  1045 1878  5.5 0.0188 260 77 183 
Year              
2006 1668A 76B 73B  994A 1984  5.0 0.0877 247 90 157 
2007 1465B 81A 76A  958B 1919  5.1 0.0233 169 49 120 
2008 1393B 79A 79A  817B 1351  4.4 0.1366 147 31 116 
             
P-values             
Soil             
Slurry Treatment* 0.373 0.188 0.476  0.415 0.991  0.433 0.573 0.433 0.433 0.752 
Control/S1-S2/S3-S5* 0.994 0.378 0.568  0.542 0.679  0.387 0.442 0.474 0.518 0.461 
             
Groundwater             
Sample Occasion 0.581 0.499 0.540  0.583 0.336  0.607 0.396 0.534 0.384 0.088 
Year 0.016 0.024 0.048   0.029 0.069   0.104 0.133 0.152 0.350 0.683 
A,B Different letters signify significantly different groundwater year means (P < 0.05). 
* Slurry Treatment is a comparison (Fisher’s Least Significant Difference test) of Control and Slurry-Amended soil across five sample occasions. 
* Control/S1-S2/S3-S5 is a comparison (Fisher’s Least Significant Difference test) of Control soil (C1-C5) across five sample occasions to Slurry-Amended soil at S1-S2 and S3-
S5 sample occasions. 
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Table 4.2 Distribution of bacterial phyla and significantly different genera sampled from 
pig slurry, Control soil at C1-C5 and Slurry-Amended soil at S1-S5. 

Bacterial Taxa Pig 
Slurry 

 Soil Treatments  
P-value 

 

 Control Slurry-
Amended 

 

Acidobacteria 0.00  8.26 6.84  0.464 
Actinobacteria 0.75  21.15 16.56  0.098 
     Microbacteriaceae (F) 0.00  0.23B 0.91A  0.036 
     Nakamurellaceae (F) 0.00  0.01B 0.27A  0.043 
     Propionibacteriaceae (F) 0.00  0.97A 0.47B  0.032 
Bacteroidetes 3.67  5.12 10.12  0.127 
     Flavobacterium 0.00  0.51B 4.34A  0.043 
     Pedobacter 0.00  0.03B 0.71A  0.004 
Chloroflexi 0.00  2.79 1.75  0.073 
     Caldilinea 0.00  0.06B 0.20A  0.011 
Cyanobacteria 0.00  0.44 0.09  0.060 
Firmicutes 90.65  4.25B 10.42A  0.030 
     Clostridium 50.17  0.39B 5.97A  0.006 
     Sporacetigenium 3.15  0.21B 0.56A  0.021 
     Peptrostreptococcaceae (F) 3.61  0.08B 0.56A  0.003 
     Turicibacter 3.27  0.19B 0.56A  0.021 
Gemmatimonadetes 0.00  0.60 0.45  0.331 
Nitrospira 0.00  0.48 0.42  0.767 
Planctomycetes 0.00  1.57 1.20  0.060 
     Planctomycetaceae (F) 0.00  1.06A 0.70B  0.025 
Proteobacteria 0.75  49.99 46.92  0.393 
     Rhodoplanes 0.00  1.74A 0.92B  0.049 
     Microvirga 0.00  2.45A 1.18B  0.039 
     Phyllobacteriaceae (F) 0.00  0.07B 0.37A  <0.001 
     Roseomonas 0.00  0.05B 0.20A  0.040 
     Rhodospirillales (O) 0.00  0.23A 0.07B  0.002 
     Acidovorax 0.00  0.02B 0.19A  0.005 
     Nitrosospira 0.00  0.06B 0.31A  0.046 
     Cystobacter 0.00  0.19A 0.01B  0.016 
     Nannocystineae (F) 0.00  0.54A 0.25B  0.048 
     Pseudomonas 0.00  0.74B 1.46A  0.014 
     Rhodanobacter 0.00  0.01B 0.38A  0.032 
     Stenotrophomonas 0.00  0.09B 1.29A  0.014 
Spirochaetes 1.78  0.00 0.00  N/A 
Tenericutes 1.15  0.00 0.00  N/A 
Verrucomicrobia 0.00  1.20 1.41  0.554 
WS3 0.00  0.28A 0.06B  0.009 
     WS3; incertae sedis 0.00  0.28A 0.06B  0.009 
A,B Signifies significant differences between treatment means (P < 0.05). 
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Additionally, two genera belonging to the Bacteroidetes (Pedobacter and 

Flavobacterium), two genera belonging to the Actinobacteria (Microbacteriaceae (F) and 

Nakamurellaceae (F)) and a genus belonging to Chloroflexi (Caldilinea) displayed a 

significant increase in Slurry-Amended soil compared to Control soil. Acidobacteria were 

present in greater relative abundance than Firmicutes in the Control soil, however, were 

less abundant relative to Firmicutes in the Slurry-Amended soil. Firmicutes and WS3 

were the only two phyla to display significant treatment effects. Firmicutes were more 

abundant in the Slurry-Amended soil (10.4%) compared to the Control (4%) and WS3 

were more abundant in the Control soil (0.3%) compared to the Slurry-Amended soil 

(0.1%).  

When Slurry-Amended soil was further divided into S1-S2 and S3-S5 sample 

occasions and compared to Control soil, similar results were obtained as were discussed 

above (Table 4.3). Additionally, Firmicutes were found to be significantly more abundant 

in the S1-S2 sample occasion (14%) compared to the S3-S5 sample occasion (8%) and 

the Control (4%). Clostridium specifically, displayed a significantly lower relative 

abundance in the S3-S5 sample occasion and the Control compared to the S1-S2 sample 

occasion (Table 4.3).  

4.3.6 Relative abundance of bacterial taxa in groundwater 

Twelve phyla were identified in the groundwater communities in greater than 0.1% 

relative abundance (Table 4.4). The groundwater communities were dominated by 

Proteobacteria (78%) regardless of sample occasion or year. The Bacteroidetes was the 

only phylum to show significant differences between years, with a peak in relative  
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Table 4.3 Distribution of bacterial phyla and significantly different genera sampled 
from Control soil at C1-C5 and Slurry-Amended soil at S1-S2 and S3-S5 sample 
occasions. 

Bacterial Taxa  Soil Treatments  SEM P-value   Control S1-S2 S3-S5   
Acidobacteria   8.26 3.86 8.82   0.91 0.109 
Actinobacteria  21.15 15.26 17.43  1.38 0.236 
     Microbacterium  0.17B 0.59A 0.14B  0.07 0.018 
     Salinibacterium  0.12B 0.62A 0.27AB  0.08 0.039 
     Microbacteriaceae (F)  0.23B 1.25A 0.68AB  0.17 0.044 
     Rhodococcus  0.04B 0.94A 0.15B  0.14 0.021 
Bacteroidetes  5.12 9.07 10.83  1.73 0.371 
     Pedobacter  0.03B 0.90A 0.59AB  0.16 0.044 
Chloroflexi  2.79 1.66 1.80  0.29 0.222 
     Caldilinea  0.06B 0.21A 0.19A  0.03 0.048 
Cyanobacteria  0.44 0.04 0.12  0.10 0.184 
Firmicutes  4.25B 14.33A 7.81B  1.51 0.013 
     Clostridium  0.39B 10.45A 2.99B  1.39 0.002 
     Peptrostreptococcaceae (F)  0.08B 0.74A 0.45A  0.10 0.003 
     Turicibacter  0.19B 0.74A 0.45AB  0.09 0.024 
Gemmatimonadetes  0.60 0.22 0.61  0.07 0.077 
Nitrospira  0.48 0.44 0.40  0.09 0.951 
Planctomycetes  1.57 1.15 1.23  0.09 0.182 
Proteobacteria  49.99 50.40 44.59  1.69 0.365 
     Brevundimonas  0.24B 1.40A 0.13B  0.19 0.011 
     Phyllobacteriaceae (F)  0.07B 0.41A 0.34A  0.05 0.001 
     Rhodospirillales (O)  0.23A 0.07B 0.07B  0.03 0.012 
     Acidovorax  0.02B 0.17A 0.20A  0.04 0.021 
     Janthinobacterium  0.04B 0.35A 0.12AB  0.05 0.049 
     Cystobacter  0.19A 0.03AB 0.00B  0.04 0.040 
     Nannocystineae (F)  0.54A 0.07B 0.36AB  0.08 0.037 
     Acinetobacter  0.00B 1.01A 0.30A  0.18 0.017 
     Psychrobacter  0.00B 0.97A 0.00B  0.14 0.001 
     Pseudomonas  0.74B 1.60A 1.36AB  0.16 0.047 
     Rhodanobacter  0.01B 0.11AB 0.56A  0.11 0.024 
     Stenotrophomonas  0.09C 2.13A 0.74B  0.27 <0.001 
Verrucomicrobia  1.2 1.17 1.57  0.16 0.631 
WS3  0.28A 0.07AB 0.05B  0.05 0.040 
     WS3; insertae sedis   0.28A 0.07AB 0.05B   0.05 0.040 
A,B Signifies significant differences between treatment means (P < 0.05). 
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Table 4.4 Distribution of bacterial phyla and significantly different genera sampled from groundwater at Early, Mid-Season, and Late sample 
occasions. 

Bacterial Taxa 
Sample Occasion  Year  

SEM 
P-value 

Early Mid-
Season Late  2006 2007 2008  Sample 

Occasion 
Year 

Acidobacteria 2.21 1.27 0.84   0.77 1.55 1.99   0.39 0.446 0.521 
Actinobacteria 5.94 4.02 2.49  2.75 6.00 3.70  0.85 0.240 0.256 
Bacteroidetes 5.75 2.72 4.78  1.96B 7.53A 3.75B  1.01 0.187 0.034 
     Sphingobacteriales (O) 0.53a 0.18b 0.21b  0.01B 0.48A 0.43A  0.10 0.039 0.003 
Chloroflexi 0.67 0.58 0.67  0.42 0.42 1.07  0.14 0.949 0.195 
     Chloroflexi (C) 0.12 0.07 0.11  0.03B 0.06B 0.21A  0.03 0.484 0.025 
Firmicutes 20.49 2.41 1.48  22.19 1.33 0.85  6.55 0.472 0.396 
     Clostridiales (O) 0.09 0.16 0.25  0.00B 0.44A 0.06B  0.08 0.283 0.014 
Gemmatimonadetes 0.25 0.23 0.06  0.04 0.24 0.26  0.05 0.097 0.058 
Nitrospira 1.16 0.94 0.69  0.53 1.16 1.10  0.16 0.445 0.235 
Planctomycetes 1.41 0.90 0.64  0.54 1.49 0.93  0.21 0.256 0.167 
Proteobacteria 53.63 82.35 82.18  68.06 70.51 79.58  6.50 0.176 0.710 
     Sphingopyxis 0.04b 0.10b 0.34a  0.21 0.15 0.13  0.05 0.026 0.533 
     Sterolibacterium 0.60 1.23 0.70  0.11B 1.35A 1.08A  0.23 0.192 0.029 
     Rhodocyclaceae (F) 3.24 3.27 4.23  1.07B 5.05A 4.62A  0.71 0.584 0.031 
     Geobacter 1.58b 10.52a 1.65b  4.42 5.01 4.33  1.55 0.005 0.888 
     Desulfuromonadales (O) 0.96b 2.88a 0.62b  1.17 1.31 1.98  0.38 0.002 0.066 
     Cystobacteraceae (F) 0.29 0.19 0.18  0.05B 0.21AB 0.41A  0.06 0.363 0.021 
     Myxococcales (O) 0.16a 0.06b 0.09ab  0.07 0.12 0.12  0.02 0.038 0.151 
     Stenotrophomonas 0.14 0.11 0.11  0.03B 0.06B 0.27A  0.04 0.753 0.005 
Spirochaetes 0 0 0  0 0 0  0 - - 
Tenericutes 0 0 0  0 0 0  0 - - 
TM7 0.17 0.07 0.10  0.01 0.12 0.19  0.04 0.639 0.317 
Verrucomicrobia 3.73 0.77 1.51  0.48 3.47 2.06  0.73 0.175 0.187 
WS3 0.12 0.10 0.16   0.06 0.20 0.12   0.03 0.672 0.200 
A,B Signifies significant differences between year means (P < 0.05). 
a,b Signifies significant differences between sample occasion means (P < 0.05). 
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abundance occurring in 2007. Several genera displayed significant effects. 

Sphingobacteriales (O), and Myxococcales (O) were more abundant in the spring (Early) 

compared to later months (Mid-Season and Late) where as Sphingopyxis was more 

abundant in the fall (Late), and Geobacter and Desulfuromonadales (O) peaked in the 

summer (Mid-Season). Year effects were observed by the Spingobacteriales (O), 

Sterolibacterium, Rhodocyclaceae (F), with increased relative abundance in 2007 and 

2008. Chloroflexi (C), Cystobacteraceae (F) and Stenotrophomonas, also showed a year 

effect with an increased relative abundance in the 2008 and Clostridiales (O) showed an 

increased relative abundance in 2007.  

A comparison of the pig slurry soil and groundwater communities revealed that 

Spirochaetes and Tenericutes were unique to the pig slurry, whereas the Acidobacteria, 

Chloroflexi, Gemmatimonadetes, Nitrospira, Planctomycetes, Verrucomicrobia, and WS3 

were unique to the soil and groundwater communities. Cyanobacteria was detected only 

in the soil communities in a relative abundance > 0.1% and TM7 was detected only in the 

groundwater communities in a relative abundance > 0.1%.  

4.3.7 Bacterial overlap of soil, groundwater and pig slurry 

The number of OTUs unique to each of the pig slurry, Control, S1-S2 and S3-S5 

treatments far outweighed the number of overlapping OTUs (Figure 4.2). S1-S2 soil 

shared 23 OTUs with the pig slurry; S3-S5 soil shared 17 OTUs and Control soil shared 

five OTUs. Although there were common OTUs between the Control soil and the pig 

slurry, none of the OTUs were exclusive to the Control and pig slurry communities that 
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were not also identified in the Slurry-Amended soil. S1-S2 and S3-S5 soil each 

exclusively shared eleven and six OTUs with the pig slurry, respectively. A total of 18 

OTUs detected in pig slurry at a 0.03 sequence distance were also detected in the soil, 

however, they were generally present in lower abundances despite an increased number 

of sequences sampled in the soil communities (Table 4.5). A total of seven different 

OTUs belonging to the genus Clostridium were detected in the pig slurry, two of which 

were identified as the most abundant OTUs within the pig slurry bacterial community. 

These OTUs were also present in all three soil communities but at a lower abundance in 

the Control soil compared to Slurry-Amended soil regardless of sample occasion (S1-S2 

and S3-S5). Psychrobacter, a genus belonging to the Proteobacteria phylum, was the only 

OTU that was proportionately higher in the soil compared to the pig slurry and was only 

identified in the S1-S2 Slurry-Amended soil. In general, the OTUs detected in pig slurry 

were either absent in soil or displayed a general decline in numbers through treatments as 

follows: S1-S2 > S3-S5 > Control.  Of the 13,578 sequences recovered from groundwater 

only one sequence was common to groundwater and pig slurry. This sequence was 

identified as the most abundant OTU present in the slurry and was classified to the genus 

Clostridium. 

4.3.8 Chemical analysis of pig slurry 

Mean chemical properties of pig slurry applied to the site were as follows: 9% dry matter, 

electrical conductivity of 22.1 ds m-1, pH of 7.0, 2.1 mg L-1 NO3
-
 -N, 3.7 NH4

+-N, 1.9 

Organic-N, 5.7 Total-N, 1.6 Total-P, 3.5 Total-N:Total-P, 1.8 g L-1 Chloride (Coppi, 

2013). 
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Table 4.5 Distribution of OTUs unique to pig slurry and common to pig slurry, Control soil (C1-C5), Slurry-Amended soil at S1-S2 
and S3-S5 sample occasions and groundwater identified at a 0.03 sequence distance and classified at the phylum and genus level. 

Operational 
Taxonomic 

Unit1 
Classification (Phylum::Genus) Pig Slurry 

(n=1,744) 2 

 Control 
Soil 

(n=7,357) 

Slurry-Amended Soil  Groundwater 
(n=13,578) S1-S2 

(n=2,968) 
S3-S5 

(n=4,228) 
Otu0001 Firmicutes::Clostridium 623  7 224 77  1 
Otu0003 Firmicutes::Clostridium 136  3 29 11  0 
Otu0005 Firmicutes::Streptococcus 128  0 3 0  0 
Otu0010 Firmicutes::Lactobacillus 83  0 0 0  0 
Otu0023 Firmicutes::Lachnospiraceae (F) 59  0 0 0  0 
Otu0006 Firmicutes::Turicibacter 57  14 22 18  0 
Otu0011 Firmicutes::Sporacetigenium 47  7 15 12  0 
Otu0021 Firmicutes::Clostridium 38  1 16 5  0 
Otu0073 Tenericutes::Mollicutes (C)  24  0 0 0  0 
Otu0067 Firmicutes::Peptostreptococcaceae (F) 19  0 5 2  0 
Otu0077 Firmicutes::Peptostreptococcaceae (F) 18  1 2 2  0 
Otu0038 Firmicutes::Peptostreptococcaceae (F) 14  5 9 10  0 
Otu0047 Firmicutes::Clostridium 14  0 18 0  0 
Otu0058 Firmicutes::Clostridium 13  4 8 4  0 
Otu0162 Firmicutes::Lactobacillus 12  0 0 0  0 
Otu0166 Firmicutes::Tissierella 12  0 0 0  0 
Otu0206 Firmicutes::Sporacetigenium 7  0 1 2  0 
Otu0304 Bacteria::Bacteria (D) 7  0 0 0  0 
Otu0179 Firmicutes::Clostridium 6  0 3 2  0 
Otu0320 Firmicutes::Clostridiaceae (F) 6  0 0 1  0 
Otu0340 Firmicutes::Firmicutes (P) 6  0 0 0  0 
Otu0350 Bacteroidetes::Dysgonomonas 6  0 0 0  0 
Otu0394 Bacteroidetes::Bacteroidales (O) 6  0 0 0  0 
Otu0404 Bacteroidetes::Dysgonomonas 6  0 0 0  0 
Otu0126 Firmicutes::Peptostreptococcaceae (F) 5  0 6 4  0 
Otu0409 Firmicutes::Clostridiaceae (F) 5  0 0 1  0 
Otu0461 Bacteroidetes::Dysgonomonas 5  0 0 0  0 
Otu0499 Firmicutes::Mogibacterium 5  0 0 0  0 
Otu0517 Firmicutes::Incertae_Sedis_XI (F) 5  0 0 0  0 
Otu0532 Spirochaetes::Spirochaeta 5  0 0 0  0 
Otu0048 Proteobacteria::Psychrobacter 4  0 27 0  0 
Otu0279 Firmicutes::Clostridium 4  0 4 0  0 
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Otu0560 Firmicutes::Peptostreptococcaceae (F) 4  0 0 0  0 
Otu0605 Firmicutes ::Firmicutes (P) 4  0 0 0  0 
Otu0618 Firmicutes::Soehngenia 4  0 0 0  0 
Otu0662 Bacteroidetes::Dysgonomonas 4  0 0 0  0 
Otu0672 Proteobacteria::Ignatzschineria 4  0 0 0  0 
Otu0691 Firmicutes::Catenibacterium 4  0 0 0  0 
Otu0702 Spirochaetes::Treponema 4  0 0 0  0 

1Only OTUs present with an abundance of corresponding sequences ≥ 4 in pig slurry are included in this table 
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4.4 Discussion 

The use of anaerobic lagoons for storage of pig slurry is common practice (Whitehead, 

2001), however, characterization of the bacterial communities has been limited primarily 

to culture and Sanger sequencing techniques. This being said, results from previous 

studies are comparable with the results of the current study despite a difference in 

analytical techniques. Using both culture and Sanger sequencing techniques, low mol% G 

+ C Gram-positive bacteria (Firmicutes) have consistently been identified as the 

dominant population in pig slurry communities, followed by Bacteroidetes, which are 

typically present in much lower relative abundance (Peu et al., 2006; Snell-Castro et al., 

2005; Whitehead and Cotta, 2001).  

As expected, examination of slurry at a 0.03 sequence distance revealed that the 

bacterial community was primarily comprised of anaerobic organisms. A single 

Clostridium species was the most abundant phylotype in the slurry, comprising 36% of 

the bacterial community. Clostridium has previously been identified as one of the 

primary phylotypes present in pig slurry and is known to be represented by several 

species (Collins et al., 1994; Cotta et al., 2003; Peu et al., 2006; Snell-Castro et al., 2005; 

Whitehead and Cotta, 2001). A previous study at the same experimental site found that 

47% of bacteria in pig slurry were classified to Clostridium spp. by way of Sanger 

sequencing (Hamm et al., 2014b) 

Unlike slurry, which is typically dominated by very few phylotypes, soil bacteria 

have been associated with approximately 32 phylum-level groups (Janssen, 2006; Leung 

and Topp, 2001). The immense diversity found in soil has been suggested to provide 
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increased resilience of the soil to perturbations and invasion of pathogens. It is therefore, 

not surprising that previous studies have found no difference in the soil bacterial 

communities following manure spreading (Hong et al., 2013; Peu et al., 2006; van Elsas 

et al., 2012; van Overbeek et al., 2010). However, a unique observation in the current 

study was the marked increase in the number of Firmicutes in soil samples following 

slurry application and specifically in those samples taken in the months immediately 

following slurry application. A more in depth examination of this phyla revealed that the 

prominent genera within the Slurry-Amended soil were Clostridium, however, within the 

Firmicutes, the aerobic Bacillus dominated in the Control soil. Although Firmicutes and 

more specifically Clostridium are known components of the soil bacterial community, 

they are typically present in much lower abundance than that observed in this study 

(Janssen, 2006; Li et al., 2012; Shange et al., 2012).  

The increased presence of Firmicutes observed in the groundwater in the Early 

sample occasion of 2006 is not due to an increase in the number of Clostridum, which 

would indicate translocation of slurry bacteria, but to an increase in the number of 

Bacillus and Lysinibacillus. A previous study conducted on the same site, which 

employed T-RFLP and Sanger sequencing, also revealed that Firmicutes were abundant 

in the 2005 and 2006 growing seasons in groundwater and similar to this study Bacillus 

and Lysinibacillus were the dominant genera identified within the Firmicutes phyla 

(Hamm et al., 2014b).  

The bacterial overlap observed between the slurry and soil communities in this 

study illustrates the potential for survival of slurry-borne bacteria for at least a four-

month period once applied to soil. The larger overlap between the pig slurry and the S1-
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S2 sample occasion soil compared to that identified with the S3-S5 sample occasion 

suggests the hypothesis that certain OTUs die off as the growing season progresses.  

Surface application of pig slurry in the current study could have impacted the 

survival of slurry bacteria in the soil. Bacteria capable of infiltrating the soil can benefit 

from stabilization on organic matter, water availability (Santamaria and Toranzos, 2003), 

readily available energy from plant roots (Grayston et al., 2001), depressed oxygen 

concentrations (Semenov et al., 2011) and protection from UV light (Nicholson et al., 

2005). Forslund et al. (2011) reported a higher recovery rate of Cryptosporidium parvum 

in soil where slurry was injected versus surface applied. The lower abundance of slurry-

borne bacteria present in S3-S5 Slurry-Amended soil could be a result of prolonged 

oxygen and UV exposure throughout the growing season, or a result of the competitive 

advantage of native soil bacteria to obtain soil nutrients (Hong et al., 2013; Leung and 

Topp, 2001). However, because only the top 5 cm of the soil was examined throughout 

this study, there is the possibility that the OTUs that were identified in S1-S2 Slurry-

Amended soil but not in S3-S5 Slurry-Amended soil have simply translocated through 

the soil column. This being said, examination of the groundwater did not reveal 

significant translocation of slurry bacteria as only a single sequence was detected in 

groundwater that was also found in soil. 

Although genera associated with common zoonotic pathogens Escherichia, 

Yersinia, Salmonella, Campylobacter and Listeria were not identified in the slurry, soil, 

or groundwater sampled in this study, other genera associated with less common 

pathogens were identified (Ziemer et al., 2010). Clostridium the most abundant slurry 

bacterium found in this study, is typically characterized as commensal, but is also found 
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in feces and used as an indicator for fecal contamination (Conboy and Goss, 1999). C. 

difficile and C. perfringens are two well known human and animal pathogens and have 

been found to occur in pig feces and stored slurry (Blanco et al., 2013; Pell, 1997; 

Samarajeewa et al., 2012). The increase of the Clostridium genera in the soil following 

slurry application is therefore concerning. Their ability to produce spores permits survival 

in extreme conditions increasing the possibility of groundwater contamination. This 

being said, these pathogens were not specifically identified in this study and the majority 

of Clostridium species previously identified in pig slurry have been commensals.  

Pig slurry was positive for Enterococcus and Treponema, two genera associated 

with opportunistic human pathogens, which are capable of causing infection in a host 

with a compromised immune system, however these bacteria remained undetected in the 

soil (Kinyon and Harris, 1979; Murray, 1990). Acinetobacter is generally characterized as 

a commensal or relatively low-grade human pathogen, however it has been implicated in 

community-acquired infections and interest in this genus has increased due to the 

presence of multi- and pan-resistant strains (Joly-Guillou, 2005). This genus was 

identified in very low relative abundance < 0.1% in pig slurry samples and in slightly 

higher levels at 0.6% in Slurry-Amended soil. 

Similarly to the findings reported by Hong et al. (2013), we identified Legionella 

in soil and groundwater samples and further identified Mycobacterium and Bacillus, all 

of which have been associated with known human pathogens (Costa et al., 2005; Hong et 

al., 2013; Pell, 1997; Ziemer et al., 2010). However, it is important to note that although 

Mycobacterium and Bacillus have previously been associated with pig slurry (Ziemer et 

al., 2010) they were not detected in the pig slurry from this study, and therefore, pig 
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slurry was not likely the source of these bacteria in soil or groundwater. Our inability to 

detect the more serious pathogens: Yersinia and Coxiella, which were identified by Hong 

et al. (2013) may be due to the lower sequence sampling depth in the current study (1,481 

sequences vs. 5,990 sequences).  

It is important to note that soil and groundwater samples were composited in this 

study by treatment (Control vs. Slurry-Amended) and by year. Additionally, S1-S2 soil 

samples were collected solely in the spring of 2005 and 2006, where as S3-S5 soil 

samples were collected solely in the fall of 2007, 2008, and 2009. An inability to clearly 

determine the reason for the difference in bacterial communities between Control, S1-S2 

and S3-S5 occurred, as samples were not consistently collected in the spring and again in 

the fall of each study year. It could be argued that the observed difference between 

treatments (Control, S1-S2, S3-S5) is more an effect of sample year and the number of 

slurry applications that had taken place over the years rather than time of sample 

collection during the growing season. That being said, the PCA displays a clustering 

pattern based on time of sample collection during the growing season and not based on 

sample year. It is likely that the time since the last slurry application is the more 

important factor affecting the change in bacterial communities than the number of years 

that slurry was applied.  

Groundwater did not have this same bias as Early, Mid-Season, and Late samples 

were collected for all three sample years. The effect of sample year on the relative 

abundance of bacterial taxa in groundwater was also determined statically. Groundwater 

was, however, composited across field treatments combining groundwater from wells 

situated on Control plots and wells situated on Slurry-Amended plots. Because 

 112 



groundwater was not sampled following significant events (ex. rainfall), which would 

promote translocation of slurry bacteria, original field treatments were not distinguishable 

due to the constant flow of groundwater.  

The bacterial community composition of slurry, soil and groundwater as 

described by pyrosequencing in the current study and described by T-RFLP and Sanger 

sequencing in a previous study on the same site show some discrepancies (Hamm et al., 

2014b). T-RFLP displayed greater diversity at the phylum level compared to what was 

observed through pyrosequencing for both soil and groundwater; even lower diversity 

was detected with Sanger sequencing. Although the bacterial communities in pig slurry 

determined by the three methods were similar, T-RFLP identified a higher number of 

Proteobacteria than what was detected through Sanger and pyrosequencing. With regards 

to soil, Actinobacteria displayed a higher relative abundance and Firmicutes displayed a 

much lower relative abundance in Sanger and pyrosequencing as compared to T-RFLP 

analysis. With regards to groundwater, Firmicutes again showed a much higher relative 

abundance though T-RFLP analysis, however Sanger sequencing similarly displayed a 

high relative abundance (69%) compared to pyrosequencing (8%). The discrepancy 

between Sanger sequencing and pyrosequencing in this case was largely due to the 

increased relative abundance of Bacillus and Lysinibacillus present in groundwater 

samples in 2005 and the spring of 2006. The relative abundance of these bacteria 

declined in subsequent years leading to the much lower relative abundance detected 

through pyrosequencing in the 2006, 2007 and 2008 years. In general, the difference 

between the two sequencing methods and T-RFLP can be attributed to the reference 

databases that were used during the T-RFLP analysis (Hamm et al., 2014b).   
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Although slurry-associated bacteria appeared to transfer directly to the soil, 

comparison of Control and Slurry-Amended soils suggests that other bacteria, 

specifically at the genus level, appeared to be indirectly affected by slurry, which likely 

resulted from increase nutrients present in the amended soils (Koopmans et al., 2007; 

Tenuta et al., 2010). A previous, study that examined the impact of manure amendments 

on soil bacterial communities identified a significant increase in Proteobacteria 

populations in manure-treated soils (Chaudhry et al., 2012). Although we did not see a 

significant increase at the phylum level, several genera did exhibit an increase in relative 

abundance over the unamended soil. Proteobacteria and specifically the 

Betaproteobacteria and Gammaproteobacteria, are known r-strategists, that is, they 

reproduce more quickly when nutrients, are abundant (Andrade, 2004; Fierer et al., 2007; 

Lebaron et al., 2001). Conversely, Actinobacteria and Acidobacteria have previously 

been shown to be less abundant in manure-amended soils and unlike the Proteobacteria, 

behave as k-strategists, thriving in nutrient limited environments (Andrade, 2004; Fierer 

et al., 2007; Janssen, 2006; Lebaron et al., 2001). The current study did not find 

significant differences in these groups at the phylum level and genus level results are 

contradictory to findings of previous studies. Additionally, the individual genera within 

these groups that increased in slurry-amended soil were not identified in the pig slurry, 

which illustrates that they likely play a more significant role in organic matter 

degradation and nutrient cycling in the soil. 

4.5 Conclusions 

This study provided an examination of the impact of pig slurry on bacterial communities 

of tame grass soil using high-throughput pyrosequencing. Dominant slurry-bacteria were 
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transferred to soil and survived the growing season, however declined from 8% relative 

abundance in samples taken in the months immediately following slurry application to 

2% relative abundance in samples taken at the end of the growing season. This suggests 

the hypothesis that slurry-bacteria transferred to soil, die off as the growing season 

progresses. This observed decline in slurry-bacteria could be attributed to the 

environmental stress endured by these bacteria that results from surface application. The 

majority of research employing pyrosequencing to examine bacterial changes in soil 

following manure additions did not characterize the bacterial communities of the manure. 

Although pyrosequencing does not provide sufficient resolution to identify plant, animal 

or human pathogens, the profile obtained from this process can serve to pinpoint specific 

bacterial groups that should be targeted through more specific techniques such as culture 

or real-time PCR. Results from this study indicate that Firmicutes in pig slurry, and more 

specifically the Clostridium should be targeted to identify specific species that survive 

following slurry application. Additionally, due to the possible contamination of 

waterways, common zoonotic pathogens found in pig slurry, should also be the focus of 

more specific culture-based techniques.  
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Abstract. Management practices impact the bacterial diversity of soil; however, very few 

studies have effectively characterized how bacterial communities respond to different 

nutrient sources. The objective of this study was to examine the impacts of manure and 

synthetic N additions on the diversity and composition of soil bacterial communities. 

Bacterial communities associated with an annual cropping system were examined in the 

short-term (within season) and medium-term (after three successive annual additions) 

following manure and synthetic N applications. Soil samples were collected from a long-

term experimental field site in fall 2007 prior to imposition of treatments, and post-

planting, mid-season, and post-harvest in 2010 following three successive annual 

applications. Treatments for this study included: solid pig manure, solid dairy manure, 

synthetic N-fertilizer, and unamended control. Pyrosequencing was used to characterize 

bacterial communities in soil. Bacterial communities did not vary by treatment 

assignment prior to the start of the field study. Solid pig manure treatments revealed 

greater diversity compared to synthetic and control treatments and diversity was also 

higher at post-harvest than post-planting. A total of thirteen phyla were identified and 

dominated by the Actinobacteria (43%) and Proteobacteria (25%). In 2010, the relative 

abundance of bacterial taxa were significant for treatment and sample occasion but not 

for their interaction. Where Actinobacteria, Firmicutes, Gemmatimonadetes and 

Bacteroidetes were significantly different for synthetic and manure treatments, 

Proteobacteria displayed a consistent decline in relative abundance over the growing 

season. Partial least squares discriminant analysis identified some short- and medium-

term effects of treatments, where the univariate analysis failed to do so. Redundancy 

analysis showed SO4
-2, NO3

- and NH4
+ concentrations were significant, explaining 44% 
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of the variation observed in bacterial communities across treatments and sample 

occasions.   
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5.1 Introduction 

Within a single gram of soil, the bacterial community is immensely diverse containing 

roughly 10,000 different species (Curtis et al., 2002). These bacteria support biochemical 

cycling, improve plant productivity, degrade pollutants, and contribute to climate 

regulation (Griffiths and Phillipot, 2012; Zhang et al., 2006). It is now clear that species 

loss can reduce the efficiency of ecosystem functions among all trophic levels, including 

bacteria (Balvanera et al., 2006; Cardinale et al., 2012; Cardinale et al., 2006). 

Additionally, research suggests that biodiversity can improve the stability of ecosystem 

function over time, leading to greater resistance and/or resilience to environmental 

perturbations (Campbell et al., 2011; Jiang and Pu, 2009; Konopka, 2009). 

Until recently, characterization of bacterial communities in soil has relied on 

molecular fingerprinting methods such as terminal restriction fragment length 

polymorphism and denaturing gradient gel electrophoresis (Naether et al., 2012; Sun et 

al., 2004). Although these methods are fairly high-throughput, bacterial diversity is often 

underestimated due to identical banding patterns/terminal fragment lengths displayed by 

closely related bacteria. Additionally, bacterial community composition is often not 

examined, and requires considerable efforts with downstream Sanger sequencing to 

identify dominant members of communities with a high degree of taxonomic resolution 

(Griffiths et al., 2011; Sun et al., 2004). The recent transition to high-throughput 

sequencing has allowed soil bacterial communities between land-use types and along 

ecological gradients to be examined in detail. These studies have provided enhanced 

descriptions of bacterial diversity and bacterial community composition (Acosta-
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Martinez et al., 2008, Acosta-Martinez et al., 2010; Lauber et al., 2009; Lauber et al., 

2013; Li et al., 2012; Nacke et al., 2011; Poisot et al., 2013).  

Bacterial biogeography studies the variation in bacterial diversity and 

composition across space and time and environmental gradients (Green et al., 2008). 

Bacterial communities respond to changes in soil conditions such as: water, temperature, 

pH, soil type, and nutrient availability (Chaudhry et al., 2012; Girvan et al., 2003; Lauber 

et al., 2009; Nautiyal et al., 2010). The most influential factor affecting bacterial 

communities if often pH, however the response of bacterial phyla to changes in pH have 

not been consistent (Dimitriu and Grayston, 2010; Griffiths et al., 2011; Lauber et al., 

2008; Lauber et al., 2009; Li et al., 2012). Given that > 99% of bacteria remain 

‘unculturable’, the availability of robust metadata provides the opportunity to further 

identify the response of individual bacterial taxa and bacterial communities to specific 

changes in environmental factors. The observed response can provide additional insight 

into the physiological capabilities and ecological roles of particular bacteria (Lauber et 

al., 2009; Malik et al., 2008). 

Nitrogen fertilization is a common agricultural management practice in many 

areas of the world and is responsible for boosting world food production by 40% 

(Canfield et al., 2010; Fixen and West, 2002). In a recent study, bacterial communities in 

soil were examined for their response to different levels of nitrogen. Although bacterial 

diversity was unchanged, the bacterial community structure of soil receiving high levels 

of NH4NO3 differed from those receiving no N fertilizer inputs. These differences were 

attributed to an increase in the relative abundance of Proteobacteria and a decrease in 

relative abundance of Acidobacteria with higher N inputs (Fierer et al., 2012).  
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Animal manures are a significant source of valuable crop nutrients (N, P, and K) 

and can decrease the need for commercial fertilizers. When applied to agricultural land, 

manure nutrients are recycled into new plant biomass thereby minimizing contamination 

of waterways (Newton et al., 2003). The benefit of fertilization for crop production is 

extraordinary however; the short- (within season) and medium- (several years) and long-

term (many years) impact of different nutrient sources on soil bacterial communities has 

not been fully explored. Previous research has demonstrated that manure treated soils 

were more diverse than untreated controls and that synthetically fertilized soils were even 

less diverse (Chaudhry et al., 2012; Sun et al., 2004). These studies were based on a 

single sample occasion, which did not allow for within season or medium- to long-term 

differences in bacterial communities to be assessed. Additionally, the majority of studies 

that examined the impact of manure on bacterial communities in soil are focused on cattle 

or poultry manure additions (Chaudhry et al., 2012; Parham et al., 2003; Sun et al., 2004). 

The impact of pig slurry additions on the bacterial communities in soil has recently been 

examined using terminal restriction fragment length polymorphism, Sanger sequencing 

and pyrosequencing. These studies found that slurry treated soil displayed a significant 

increase in Firmicutes and specifically Clostridium spp. compared to control soil, 

however, by the end of the growing season the relative abundance of these bacteria had 

returned to the level of the control (Hamm et al., 2014a; Hamm et al., 2014b).   

The purpose of this study was to compare the bacterial diversity and composition 

of soil following additions of solid pig manure, solid dairy manure or synthetic N. An 

annual cropping system was examined to identify the effect of the N sources in the short-

term, within a growing season, and medium-term, after three successive annual treatment 
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applications. To gain insight into the response of bacterial communities to the N 

treatment, the relationship of taxa to soil nutrient concentrations and pH were examined.  

5.2 Materials and methods 

5.2.1 Experimental site and treatments 

This study examined soil collected from the Long-term Manure and Crop Management 

Field Laboratory experiment established by the National Centre for Livestock and the 

Environment, at the University of Manitoba’s Glenelea Research Station, 18 km south of 

Winnipeg, Manitoba (49°38’15’’N, 97°9’25’’W). The soil at the site is mapped as the 

Red River association that is imperfectly drained Typic Humicryert soils in the USDA 

classification system. Soil characteristics (0-15 cm) were clay texture (70% clay, 26% 

silt, 4% sand), pH 7.0, electrical conductivity 0.32 ds m-1, organic C 21.0 g kg-1, and bulk 

density 1.0 Mg m-3. 

The field experimental was initiated in 2007 and was seeded to Legacy six-row 

malting barley (Hordeum vulgare L.) in 2007 and 2008, to Red River 1826 Roundup 

Ready high-erucic-acid rapeseed (Brassica napus) in 2009, and Glenn spring feed wheat 

(Triticum aestivum) in 2010. The experimental design was a complete randomized block, 

which included four replicate plots (20 m x 20 m) per treatment. Buffers separated plots 

and blocks. Soil from four manure/fertilization treatments were examined in the current 

study: control (no addition), synthetic N fertilizer, solid pig manure (SPM), and solid 

dairy manure (SDM). Manures were obtained from the Glenlea Research Station and 

applied in the fall prior to the 2008, 2009 and 2010 growing seasons. Manure was applied 

to the surface and worked into soil to 15 cm using a heavy cultivator implement. The 
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synthetic N fertilizer source was urea (46-0-0) and was surface broadcast in the spring of 

each treatment year and incorporated by seeding disturbance. Plant available nitrogen 

applied as manure was calculated with the assumption that 25% of organic N is available 

within one year of application and 85% of NH4
+-N available after volatilization loss 

(Prairie Provinces’ Committee on Livestock Development and Manure Management, 

2006). Manure and synthetic fertilizer were applied to provide 140 kg available-N ha-1 

including fall residual NO3
- to 60 cm. 

5.2.2 Sampling 

Soil samples were collected from 0-15 cm depths during the four sample occasions: fall 

2007 (baseline, prior to initiation of treatments), spring 2010 (post-planting), summer 

2010 (mid-season) and fall 2010 (post-harvest). These were chosen to identify short-term 

(within year) and medium-term (after three years of nutrient addition) changes in 

bacterial communities. During each sample occasion, three soil samples were randomly 

collected from each plot using a spade and were composited. A 100 g subsample of each 

composite was then transported to the laboratory at 4°C and stored at -80 °C prior to 

DNA extraction and nutrient analysis.  

5.2.3 Pyrosequencing® 

Total microbial genomic DNA was extracted in duplicate from the soil samples using the 

ZR Soil Microbe DNA MiniPrep KitTM (Zymo Research Corporation, Irvine, CA, USA) 

according to the manufacturer’s protocol. The two extracts were pooled and the 

concentration of DNA was determined by spectrophotometry at 260 nm (Du 800 

Spectrophotometer, Beckman Coulter, Brea, CA, USA). Samples were then diluted to 
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achieve a DNA concentration of 20 ng µL-1. The quality of the DNA was further verified 

by conventional PCR amplification of the V1-V2 region of the 16S rRNA gene using 27F 

(5’-AGAGTTTGATCMTGGCTCAG-3’) and 342R (5’-CTGCTGCSYCCCGTAG-3’) 

primers (Khafipour et al., 2009). PCR products were verified by gel electrophoresis  

Pyrosequencing was carried out at the Research and Testing Laboratory, 

Lubbock, Texas. Bacterial tag-encoded targeted amplicon sequencing was performed 

using the GS FLX-Titanium system (454 Life Sciences, Branford, CT, USA) as described 

by Dowd et al. (2008). The V1-V3 region of the 16S rRNA gene was targeted using the 

28F (5’-GAGTTTGATCNTGGCTCAG-3’) and 519R (5’-

GTNTTACNGCGGCKGCTG-3’) bacterial specific primers (Tkachuk et al., 2014). 

Sequence tags were removed and a total of 344,528 raw sequences were obtained prior to 

sequence processing.  

5.2.4 Sequence processing 

Initial sequence processing was completed using MOTHUR version 1.29.2 (Schloss et 

al., 2009) to remove chimeras and low quality sequences from the dataset, which 

included sequences containing homopolymers, ambiguous bases, and sequences shorter 

than 300 bp. A total of 223,485 remaining sequences were then aligned to version 111 of 

the 16S rRNA SILVA bacterial database (Quast et al., 2013). A total of 117,099 unique 

sequences were identified and used to generate a distance matrix based on a threshold of 

0.15.  

Sequences were grouped into operational taxonomic units (OTUs) using the 

average neighbor algorithm with a cutoff of 0.05, which allowed for diversity indices and 
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classification of sequences to be generated at the approximate genus level (Schloss and 

Handelsman, 2005). Richness (ACE, Chao) and diversity (Shannon diversity, Simpson 

diversity, and inverse Simpson) indices were calculated for individual samples using 

MOTHUR. Diversity measures are highly influenced by the number of sequences 

collected, therefore, indices were calculated using a randomly sampled subset of 1,290 

sequences to compare bacterial communities between samples (Lemos et al., 2011). 

Good’s coverage estimate was also calculated in MOTHUR using both the total and 

subsampled datasets to determine the percent of total OTUs represented by a sample. 

This estimate provides a sense of how well the community has been sampled. OTUs were 

taxonomically classified according to the RDP database using the Bayesian method and a 

bootstrap cutoff value of 60% (Cole et al., 2009; Wang et al., 2007a). The term genera is 

used here to describe bacterial taxa classified to genus and where this was not possible, 

the next highest level of classification achieved was used. When not classified at the 

genus level, sequences were classified as follows: Family (F), Order (O), Class (C), 

Phylum (P). 

5.2.5 Univariate statistical analysis 

5.2.5.1 Richness and diversity analysis 

Various diversity measures were generated in MOTHUR (Shannon diversity, Simpson, 

and inverse Simpson). Additionally, Shannon diversity was transformed to effective 

Shannon using the exponent of Shannon diversity. Similar to the inverse Simpson 

generated in MOTHUR, this value provides a better representation of the true diversity of 

OTUs in the environment. Where effective Shannon provides equal weighting to 
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abundant and rare species, inverse Simpson provides greater weight to abundant species 

(Jost, 2006). Rare species is therefore calculated as effective Shannon, minus inverse 

Simpson. Alpha diversity indices provide an estimate of the number of different bacteria 

in the sample (richness) along with their relative abundance (diversity) (Begon et al., 

1990; Highlander, 2012). Beta-diversity compares the membership and structure between 

bacterial communities (Schloss, 2008). Diversity in this study solely refers to alpha 

diversity based on estimates obtained from the various measured diversity indices; and 

beta-diversity is discussed in terms of bacterial community structure.  

Normality of the residuals of diversity indices was tested using the PROC 

UNIVARIATE in SAS (SAS, 2008). Data not normally distributed were transformed 

using various simple transformation procedures. Data were statistically analyzed using a 

PROC MIXED in SAS with block as the random effect. A two-way analysis of variance 

with treatment and sample occasion as the main effects was constructed and a P-value of 

0.05 was used to denote statistical significance. 

5.2.5.2 Bacterial composition analysis 

Abundances of bacterial taxa were converted to relative abundances as percentage 

occurrence prior to statistical analysis. Normality of residuals for phylum-level data was 

determined using the PROC UNIVARIATE in SAS and non-normally distributed data 

were ArcSin transformed according to the model: (𝑦) = (𝑎𝑟𝑐𝑠𝑖𝑛�𝑦). Following 

normalization, data were analyzed using PROC MIXED in SAS with block as a random 

effect. For data that did not fit a normal distribution following the ArcSin transformation, 

PROC GLIMMIX in SAS was applied and data was fit to a Poisson distribution with a 
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log link function. Benchmark (2007) data was analyzed separately to identify whether 

significant pre-treatment variation existed between treatment plots. The 2010 relative 

abundance data was analyzed at the phylum and genus level to determine whether soil 

bacterial taxa varied significantly between treatments, or sample occasion. Abundant taxa 

were identified as those that made up > 1% relative abundance of the bacterial 

community and low-abundance > 0.1% relative abundance (Tkachuk et al., 2014). A 

heatmap of the abundant genera was created using the ‘gplots’ package and the 

heatmap.2 function in R (R Development Core Team, 2010; Warnes et al., 2010).  

5.2.6 Multivariate partial least squares discriminant analysis 

The relative abundance of genera at post-planting and post-harvest were analyzed using 

partial least squares discriminant analysis (PLS-DA) using SIMCA-P+ (12.0.1, Umetrics, 

Sweden). PLS-DA is a form of supervised multivariate regression where treatment 

categories are pre-defined (Perez-Enciso and Tenenhaus, 2003). Between treatment 

variation is maximized, therefore, bacterial taxa that associate with a particular treatment 

are more easily identified compared to other multivariate approaches, such as PCoA 

(Baty et al., 2008). Default settings in SIMCA® were maintained which included log 

transformation of data and scaling to unit variance. Variable importance of 0.6 was the 

cutoff for the inclusion of genera that contributed to the model (Bruinsma et al., 2010; 

Verhulst et al., 2011). Taxa that fell below the variable of importance cutoff were 

removed from the final model to avoid over-parameterization. For each treatment, a 

regression model of X-variables was developed (Perez-Enciso and Tenenhaus, 2003). A 

regression coefficient plot was used to identify genera significantly associated with each 

treatment. Coefficients had a positive correlation to treatment groups when confidence 
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error bars did not cross the coordinate x-axis (Asikainen et al., 2010). R2 and Q2 values 

were generated to identify the proportion of variation explained by the model and the 

predictive ability of the model, respectively.  

5.2.7 Bacterial community structure analysis 

Principal component analysis was carried out in CANOCO (Plant Research International 

BV, Wageningen, Netherlands) using classified genus data. Mean replicate sample scores 

were generated from original scores provided by the solution file. Mean scores were 

plotted according to component 1 and 2.  

Venn diagrams were created in MOTHUR for post-planting and post-harvest 

sample occasions to compare community membership between treatments at a 0.05 

sequence distance. A random subsample consisting of 6319 sequences for each of the 

synthetic, SPM, and SDM treatments were used in this analysis. Observed richness for 

each section of the Venn diagram was calculated using the sharedsobs option in 

MOTHUR and the ten most relative abundant OTUs in each section were identified. 

Homogeneity of molecular variance (HOMOVA) was used to determine whether 

the difference in genetic diversity observed between communities was statistically 

significant. HOMOVA is capable of identifying differences in bacterial community 

structure of samples when bacterial membership is the same, which is typical of an 

environment before and after a perturbation (Schloss, 2008). The Yue and Clayton 

distance metric was calculated in MOTHUR to provide a measure of dissimilarity 

between two communities based on the relative abundance of OTUs grouped at a 0.05 

distance. These values were then used in HOMOVA calculations (Schloss et al., 2011).  
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5.2.8 Metadata analysis 

Soil samples collected in 2010 were characterized for pH in water, organic matter by loss 

on ignition, electrical conductivity (EC), 2 M KCl extractable NO3
- and NH4

+, 

bicarbonate extractable PO4
-3, 0.5 M NaHCO3 pH 8.5 reactive P, water extractable SO4

-2, 

1 M NH4OAc pH 7 extractable K+, Mg+2, and Ca+2, and 0.005 M DTPA extractable Mn, 

Fe, Zn, and Cu (Farmers Edge Laboratories, Winnipeg, MB, Canada).  

Spearman’s rank correlation analysis was done to identify whether abundant 

phyla or bacterial diversity were correlated to soil properties. Additionally, redundancy 

analysis, a canonical (direct) ordination method was performed using CANOCO, to 

identify associations between bacterial community composition at the phylum level and 

soil conditions. Automatic selection was performed in order to include only the 

environmental variables that significantly contributed to the variation between bacterial 

communities and significance of correlation coefficients was determined by Monte Carlo 

permutation (Ramette, 2007).  

5.3 Results 

5.3.1 Sequences 

A total of 218,796 sequences were obtained in this study with an average of 3,473 

sequences per sample. With the exception of one sample, sequences per sample were 

greater than 1000. A sample for 2010 mid-season control was excluded from downstream 

analysis due to low sequence count (99 sequences). Prior to downstream sequence 

subsampling, Good’s coverage estimate was calculated and ranged from 77 to 82% at a 

0.05 distance. 
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5.3.2. Benchmark sampling 

The 2007 samples did not display pre-treatment effects with regards to diversity, and 

bacterial community structure (Appendix I and II). Relative abundance of phyla did 

display pre-treatment effects for both Actinobacteria and Cyanobacteria (Appendix III). 

This effect however, was due to a single sample within the solid pig treatment that was 

composed of 81% Cyanobacteria, where as the mean of all other samples was 0.98%. The 

elevated amount of Cyanobacteria in this sample resulted in a subsequent decrease in the 

relative abundance of Actinobacteria leading to a significant difference between 

treatments. When this single sample was removed, pre-treatment effects between 

treatments were not observed. As a result of the lack of pre-treatment effects, subsequent 

analyses to determine medium-term impacts of treatments were done relative to the 2010 

control samples.  

5.3.3 Richness and diversity 

Addition of SPM resulted in increased diversity (Shannon diversity, effective Shannon, 

rare species) compared to control and synthetic, while SDM was intermediate to these 

treatments (Table 5.1). Richness and diversity were generally higher post-harvest 

compared to the post-planting, where as mid-season was intermediate (diversity) or the 

same as post-harvest (richness). The presence of rare species also increased significantly 

mid-season and post-harvest. Although Simpson and inverse Simpson were not 

significantly different between treatments or sample occasion they did exhibit the same 

trend as the other calculated diversity measures.  
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Table 5.1 Summary statistics and alpha diversity estimates of 16S rRNA gene sequences from agricultural soil impacted by different nitrogen-based fertilization treatments 
and sampled post-planting, mid-season and post-harvest during the 2010 growing season. 

Sample Occasion Treatment Number of 
sequences* 

Total 
coverage* 

(%) 

Subsampled 
coverage 

(%) 

Richness  Diversity 

Chao ACE  Shannon Simpson Effective 
Shannon 

Inverse 
Simpson 

Rare 
species 

Post-planting Control 3,851 79 70 1432 2465  6.2 0.0053 495 202 293 
Solid Dairy 2,524 80 71 1287 2002  6.3 0.0041 524 253 272 

Solid Pig  1,631 74 71 1358 2042  6.3 0.0039 539 256 283 

Synthetic 1,580 77 74 1202 1813  6.1 0.0053 430 191 239 

             
Mid-season Control 3,947 80 69 1501 2604  6.2 0.0052 486 195 290 

Solid Dairy 4,978 82 67 1657 2927  6.3 0.0045 568 226 342 

Solid Pig 5,066 79 63 1946 3680  6.4 0.0044 629 230 399 

Synthetic 4,266 81 70 1519 2737  6.2 0.0055 473 188 285 

             
Post-harvest Control 4,880 81 65 1794 3394  6.3 0.0045 550 224 326 

Solid Dairy 3,806 77 66 1698 3097  6.3 0.0059 556 195 361 

Solid Pig 4,642 79 65 1770 3206  6.4 0.0043 599 240 359 

Synthetic 5,694 79 64 1795 3162  6.4 0.0043 600 236 364 

             
 SEM 355.7 0.62 0.63 42.9 107.0  0.02 0.0002 11.9 6.2 8.5 
             
Treatment Means            
 Control 4226 80 68AB 1576 2821  6.2B 0.0050 510B 207 303B 
 Solid Dairy 3769 80 68AB 1547 2675  6.3AB 0.0048 549AB 224 325AB 
 Solid Pig 3779 77 66B 1691 2976  6.4A 0.0042 589A 242 347A 
 Synthetic 3847 79 69A 1506 2571  6.2B 0.0050 501B 205 296B 
Sample Occasion Means            
 Post-planting 2396b 77 72a 1320b 2080b  6.2b 0.0047 497b 225 272b 
 Mid-season 4564a 81 67b 1656a 2987a  6.3ab 0.0049 539ab 210 329a 
 Post-harvest 4755a 79 65b 1764a 3215a  6.3a 0.0048 576a 224 352a 
P-value             
 Treatment 0.963 0.486 0.025 0.108 0.182  0.002 0.097 0.003 0.095 0.005 
 Sample Occasion 0.013 0.114 <0.001 <0.001 <0.001  0.001 0.485 0.002 0.502 <0.001 
 T*SO 0.680 0.636 0.043 0.115 0.106  0.059 0.237 0.078 0.235 0.011 
a, b Different letters signify significant differences between sample occasion means (P < 0.05). 
A,B Different letters signify significant differences between treatment means (P < 0.05). 
*Not subsampled 
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5.3.4 Relative abundance of taxa 

A total of 13 phyla were identified in the 2010 soil (Table 5.2). Ninety percent of 

sequences were classified to abundant phyla, which included: Acidobacteria, 

Actinobacteria, Chloroflexi, Cyanobacteria, Firmicutes, Gemmatimonadetes, 

Planctomycetes, and Proteobacteria. The dominant phyla were Actinobacteria (43%) and 

Proteobacteria (25%).  

Treatment effects were observed within the Actinobacteria, Firmicutes, 

Gemmatimonadetes and Bacteroidetes. Actinobacteria showed increased relative 

abundance in the control and synthetic treatments. Bacteroidetes and Gemmatimonadetes 

displayed increased relative abundance in SDM while the Firmicutes showed increased 

relative abundance in the SPM compared to synthetic and control.  

Far more phyla exhibited a sample occasion than a treatment effect. Acidobacteria 

and Proteobacteria were more abundant post-planting than post-harvest, whereas 

Actinobacteria, Chloroflexi, Cyanobacteria, Gemmatimonadetes, Planctomycetes and 

Bacteroidetes were more abundant post-harvest. None of the identified phyla exhibited 

interaction effects of treatment and sample occasion. 

The two most abundant genera were Conexibacter and Solirubrobacter, members 

of the Actinobacteria, and the third was Gp6, a member of the Acidobacteria (Figure 5.1). 

All genera considered abundant belonged to the Actinobacteria, Acidobacteria, 

Proteobacteria, Chloroflexi, and Planctomycetes. Several treatment and sample occasion 

effects were observed, and similar to the phylum level, very few genera displayed an 

interaction of treatment and sample occasion (Appendix IV, V, and VI). 
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Table 5.2 Treatment and sample occasion means for bacterial phyla identified in agricultural soil impacted by nitrogen-based 
fertilizer treatments and sampled post-planting, mid-season and post-harvest during the 2010 growing season.  

Phylum 
Treatment Means  Sample Occasion Means  P-value 

Control Solid 
Dairy 

Solid 
Pig Synthetic  Post-

planting 
Mid-

season 
Post-

harvest  Treatment Sample 
Occasion T*SO 

 -----------------------------------------------------Abundant phyla1--------------------------------------------------- 
Acidobacteria 4.9 6.5 7.3 6.0  9.8a 5.1b 3.6b  0.402 <0.001 0.662 
Actinobacteria 47.5A 39.2B 39.1B 45.9A  38.6b 45.1a 45.1a  0.002 0.004 0.303 
Chloroflexi 7.8 8.2 8.5 7.9  7.3b 8.1ab 8.9a  0.623 0.005 0.380 
Cyanobacteria 0.6 2.0 0.8 0.7  0.6b 0.3b 2.2a  0.339 0.002 0.380 
Firmicutes 0.8B 1.8AB 2.7A 1.0AB  1.7 1.9 1.1  0.027 0.603 0.532 
Gemmatimonadetes 2.6B 3.8A 3.2AB 2.7B  2.2c 3.0b 3.9a  0.010 <0.001 0.786 
Planctomycetes 2.5 2.5 2.5 2.0  1.5b 2.1ab 3.5a  0.774 <0.001 0.984 
Proteobacteria 23.8 25.9 24.7 24.8  29.9a 23.9b 20.6b  0.720 <0.001 0.454 
 ---------------------------------------------------Low-abundance phyla2--------------------------------------------- 
Bacteroidetes 0.7B 1.1A 0.9AB 0.6B  0.5b 0.9a 1.1a  0.005 <0.001 0.845 
Nitrospira 0.1 0.1 0.3 0.2  0.2 0.1 0.2  0.051 0.172 0.636 
OP10 0.2 0.2 0.2 0.1  0.1 0.1 0.2  0.638 0.126 0.831 
Verrucomicrobia 0.3 0.4 0.6 0.2  0.6 0.3 0.2  0.790 0.470 0.982 
WS3 0.2 0.2 0.2 0.1   0.2 0.2 0.1  0.988 0.785 1.000 
1 Relative abundance of sequence means are larger than 1%.  

2 Relative abundance of sequence means are smaller than 1% and larger than 0.1%.  

a,b,c Different letters signify significant differences between sample occasion means (P < 0.05).  

A,B,C Different letters signify significant differences between treatment means (P < 0.05).  
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Similar to the trends observed with richness and diversity estimates, the relative 

abundance of taxa mid-season were either the same as at post-harvest or intermediate to 

the two times. For this reason PLS-DA and Venn diagrams focused on comparisons 

between treatments post-planting and post-harvest. 

5.3.5 Multivariate analysis of classified sequence data  

PLS-DA was performed post-planting and post-harvest as these two occasions were 

significantly different for many of the parameters measured, as described above. This 

analysis was performed in order to identify groups of genera that distinguish treatments. 

Variation in bacterial communities between treatments post-planting were significant for 

two components explaining 54% of the total variation (R2Y(1)=0.27, R2Y(2)=0.27) and a 

cumulative Q2 equal to 0.287.  

Genera significantly and positively associated with each treatment are highlighted 

by loading scatter plots for post-planting and post-harvest sample occasions (Figure 5.2a, 

b). Post-planting had numerous significant associations between treatments and genera. 

In general, genera associated primarily with synthetic and control treatments belonged to 

the Actinobacteria with the exception of Chloroflexi, and Proteobacteria members 

Nirtrosospira and Skermanella, which were significantly associated to the control. SDM 

and SPM were associated with members of the Proteobacteria. Additionally, 

Singulisphaera (Planctomycetes) was associated with SDM, and Sporacetigenium 

(Firmicutes) with both SDM and SPM. Acidobacteria members Gp5, and Gp6, Opitutus 

(Verrucomicrobia), and Planctomycetaceae (Planctomycetes) were associated with the 

SPM treatment. 
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Far fewer significant associations were identified between treatments and genera 

post-harvest than post-planting. Only 46% of the variation was explained by two 

components (R2Y(1)=0.24, R2Y(2)=0.22) however, only component 2 was significant. 

Additionally the Q2, was substantially lower (Q2(1)= 0.0182, Q2(2)= 0.0174) post-harvest 

indicating poor predictive ability of the model and that differences in bacterial 

community structure between treatments could not be extracted.  

 Compared to post-planting, very few bacterial taxa were significantly associated 

with any of the four treatments. Conexibacter, Defluviicoccus, Catelliglobosispora, 

Sporacetigenium, and Gp11 were significantly associated with the control. 

Rhodospirillaceae and Intrasporangiaceae were significantly correlated with the synthetic 

treatment. There were however no significant correlations between individual taxa and 

the SPM or SDM treatments.  

5.3.7 Bacterial community structure analysis 

Principal component analysis explained 57% of the variation on two components. The 

post-planting sample occasion showed very different bacterial community structures 

between treatments, however the post-harvest sample occasion displayed much tighter 

clustering between samples (Figure 5.3).  

Results of HOMOVA indicate bacterial communities were not statistically 

different between treatments on any of the four sample occasions (Appendix II). 

Additionally, 66% of OTUs at a 0.05 distance were ubiquitous across treatments post-

planting, and 71% post-harvest. OTUs unique to each treatment made up less than 8% of 

the bacterial community post-planting, and less than 6% post-harvest (Figure 5.4a, b). 
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OTUs unique to control made up 5.4% post-planting and 4.7% post-harvest. 

5.3.8 Soil conditions and taxa 

Spearman’s rank resulted in several significant associations between individual bacterial 

taxa and soil properties (Table 5.3). Actinobacteria showed a significant positive 

correlation to increased concentrations of NH4
+, and significant negative correlations to 

increased concentrations of SO4
-2. Proteobacteria and Acidobacteria were negatively 

correlated with NH4
+ and positively correlated with NO3

-. Shannon diversity showed 

weak positive correlations with increased concentrations of Mg+, Cu, and pH, and a weak 

negative correlation with NO3
-. 

Redundancy analysis, which identified variation between samples and phyla was 

explained by component 1 (46%) and component 2 (2%). Electrical conductivity, Mn, Fe, 

Ca+2, and K+ were not significant indicating that their presence did not account for the 

variation between bacterial communities. They were therefore removed from the model 

in redundancy analysis (Figure 5.5). Among soil properties included in the model, SO4
-2, 

NH4
+, NO3

- and pH explained the majority of the variation, accounting for 25%, 14%, 

5%, and 5%, respectively. Post-planting samples largely were differentiated from mid-

season and post-harvest by component 1, which was characterized by an increased 

concentration of NO3
- and SO4

-2, and a decreased concentration of NH4
+.  

5.4 Discussion 

In the current study, high-throughput 454-pyrosequencing was applied to 

determine the response of soil bacterial communities to amendment with different 

nitrogen sources and the impact of sample occasion during the growing season. Results of   
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Table 5.3 Spearman’s rank correlation comparing abundant phyla and alpha diversity indices to soil properties. 
Abundant Phyla pH EC  OM  NO3

-  NH4
+  PO4

-3  SO4
-2  K+  Ca+2  Mg+2  Cu  Fe  Mn  Zn  

  mS cm-1 % --------------------------------------------------------------mg L-1--------------------------------------------------------------- 
Acidobacteria 0.124 0.105 -0.003 0.488 -0.600 0.110 0.456 0.100 0.114 -0.105 0.000 -0.229 -0.349 0.135 
Actinobacteria -0.039 -0.050 -0.075 -0.088 0.466 -0.314 -0.536 -0.160 0.016 -0.084 -0.315 0.042 0.156 -0.344 
Bacteroidetes 0.104 -0.026 -0.140 -0.445 0.351 0.197 -0.012 0.073 -0.014 0.277 0.219 0.033 0.043 0.194 
Chloroflexi 0.112 0.139 -0.122 -0.256 0.098 0.212 0.047 -0.070 -0.010 0.369 0.397 0.023 0.089 0.163 
Cyanobacteria -0.161 0.040 0.051 -0.290 -0.148 0.070 0.165 0.045 -0.013 -0.131 0.193 0.213 0.283 0.049 
Firmicutes 0.196 0.104 0.055 -0.111 0.095 0.374 0.355 0.191 0.095 0.140 0.317 -0.085 -0.127 0.520 
Gemmatimonadetes -0.274 -0.144 0.217 -0.406 0.311 0.271 -0.030 0.241 -0.325 0.272 0.361 0.360 0.394 0.251 
Nitrospira 0.206 0.248 -0.207 0.098 -0.007 0.142 0.042 -0.056 0.108 0.186 0.081 -0.240 -0.267 -0.001 
OP10 -0.385 -0.403 0.159 -0.231 0.200 0.061 -0.160 0.192 -0.499 0.226 0.280 0.415 0.364 0.114 
Planctomycetes 0.208 0.164 -0.163 -0.467 0.411 0.068 -0.160 -0.015 0.158 0.218 0.128 -0.100 0.073 -0.016 
Proteobacteria -0.109 -0.154 0.146 0.430 -0.555 -0.035 0.263 0.009 -0.050 -0.238 -0.185 -0.017 -0.156 -0.008 
Alphaproteobacteria  -0.137 -0.169 0.228 0.378 -0.371 -0.143 0.005 -0.029 -0.116 -0.345 -0.399 -0.039 -0.042 -0.103 
Betaproteobacteria  -0.202 -0.171 0.091 0.325 -0.574 0.013 0.311 0.021 -0.114 -0.151 -0.018 0.203 -0.092 0.039 
Deltaproteobacteria  0.014 -0.025 -0.006 0.476 -0.602 -0.017 0.264 -0.032 0.116 -0.068 -0.034 -0.113 -0.338 -0.019 
Gammaproteobacteria  0.063 -0.056 0.112 0.353 -0.524 0.086 0.395 0.066 0.112 -0.173 -0.052 -0.181 -0.256 0.170 
Verrucomicrobia 0.084 -0.097 -0.059 0.269 -0.247 0.137 0.179 0.138 0.046 0.148 0.267 -0.140 -0.259 0.290 
WS3 -0.027 -0.191 -0.068 -0.102 -0.202 0.100 0.111 -0.072 -0.178 0.409 0.117 0.112 -0.304 -0.047 
Shannon Diversity 0.376 0.202 -0.261 -0.325 0.199 0.249 0.078 0.003 0.267 0.323 0.348 -0.231 -0.222 0.170 
Chao Richness 0.424 0.272 -0.255 -0.364 0.474 0.179 -0.124 -0.046 0.292 0.254 0.160 -0.298 -0.172 0.096 
Significant correlations (P < 0.05) between phyla and soil properties are indicated in bold. 
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studies by others suggest that sample occasion has a greater influence on diversity than 

management practices. For this reason, they have cautioned against relying on diversity 

comparisons for only a single sample occasion (Lauber et al., 2013). Our results 

demonstrate significant differences in diversity between treatments and sample occasion 

during the growing season, however the lack of an interaction between treatment and 

sample occasion indicates that these parameters are independent of one another.  

Studies that have examined the impact of manure on soil diversity have primarily 

focused on additions of cattle manure. Chaudry et al. (2012) reported manure-amended 

soil to be more diverse than those amended with synthetic fertilizers. Sun et al. (2004) 

reported bacterial communities of cattle manure-amended soil were more diverse than 

unamended soil (Chaudhry et al., 2012; Sun et al., 2004). Our results agree with both 

studies as we found both pig manure-amended soil displayed elevated diversity compared 

to synthetic and control soil, and although cattle manure-amended soil was not 

significantly more diverse, the diversity observed was still elevated in comparison to 

synthetic and control soil.  

The impact of chemical fertilization on the bacterial diversity of soil has been 

examined extensively in past research (Campbell et al., 2010; Fierer et al., 2012; 

Nemergut et al., 2008; Ramirez et al., 2010). Our study fails to supports previous findings 

in which chemical nitrogen decreased the diversity compared to control soils (Chaudhry 

et al., 2012; Ramirez et al., 2010). These observations are promising as they indicate that 

the soil bacterial community may in some cases be able to resist changes in diversity 

despite repeated nitrogen amendments, however the composition of these bacterial 

communities may still differ (Griffiths et al., 2004; Konopka, 2009). 
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Available nutrients were generally greater in manure-treated soils and specifically 

the SPM treatment. Copper, Mg+2 and Ca+2 levels displayed a slight positive correlation 

with diversity, as did pH. Manure is known to introduce Mg+2 and Ca+2 to soil, resulting 

in an increase in pH (Jenkins et al., 2009; Walker et al., 2004). Additionally, untreated 

pig manure has been shown to contain more Cu binding sites compared to untreated cattle 

manure, promoting increased concentrations of Cu in pig manure (Zhang et al., 2012). 

Although we identified slightly higher Cu content in the SPM soil compared to the SDM 

soil they were not significantly different. Phosphorus content was however much higher 

in SMP treated soils (Appendix VII). Previous studies have reported that the variety of 

nutrients and organic carbon fractions provided by manure is the main cause of enhanced 

diversity in soil (Albiach et al., 2000; Saison et al., 2006; Stokstad, 2002) and this 

diversity is linked to functional diversity of bacterial communities providing increased 

capacity to metabolize carbon substrates (Gomez et al., 2006). 

There is some concern that manure acts as a bacterial inoculum, introducing new 

bacteria into the soil environment that may be pathogenic to plants, animals, and humans 

(Semenov et al., 2009). Taxonomic classification obtained from the analysis of 454-

pyrosequencing of the 16S rRNA gene does not provide sufficient resolution to identify 

pathogenic bacteria, nor was this an objective of the study. This being said, our study 

found that OTUs identified as unique to each manure treatment were found to be present 

in only slightly higher relative abundance than those unique to the control. Although it is 

likely that increased diversity in manure-treated soil is in part due to stimulation of native 

soil bacteria, the bacterial community composition of SDM and SPM requires further 

characterization before we can conclude that bacterial inoculation from manure is not 
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occurring (Saison et al., 2006). Hamm et al., (2014a, 2014b) found that soil amended 

with pig slurry displayed a significant increase in the number of Firmicutes compared to 

control soil. These Firmicutes were classified more specifically as Clostridium spp., and 

displayed 97% sequence similarity to Clostridium spp. also identified in the pig slurry. 

The presence of these species in soil was, however, found to decrease considerably four 

months following slurry application (Hamm et al., 2014a, 2014b). 

Changes in bacterial community composition can result in a loss of function; 

therefore identifying differences in membership between treatments can provide some 

insight regarding the impact of management practices on ecosystem function (Griffiths et 

al., 2004). The soil examined in this study was dominated mainly by Actinobacteria and 

Proteobacteria regardless of treatment or sample occasion. Actinobacteria are known to 

be functionally diverse and contribute to the decomposition of organic matter (Acosta-

Martinez et al., 2008; Goodfellow and Williams, 1983). Additionally, they have been 

found to be more abundant in undisturbed land (Acosta-Martinez et al., 2008). This being 

said, they have not typically been found to dominate over Proteobacteria or Acidobacteria 

(Acosta-Martinez et al., 2008; Chaudhry et al., 2012; Fierer et al., 2012; Hamm et al., 

2014a; Li et al., 2012; Nemergut et al., 2008).  

The importance of Actinobacteria in this study is reflective in the richness as well 

as the dominance of a few genera. Conexibacter and Solirubrobacter were the first and 

second most predominant genera, respectively regardless of treatment or sample 

occasion. Characterizations of these genera are each based on single type strains; 

Conexibacteri woseii, and Solirubrobacter pauli (Monciardini et al., 2003; Singleton et 

al., 2003). C. woseii was previously isolated from forest soil and characterization of its 
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physiological properties indicate that it is capable of reducing nitrate to nitrite 

(Monciardini et al., 2003). The fact that members of these genera have been found to 

display relatively low sequence similarity (92-82%) is indicative of the metabolic 

diversity, and ultimately the functional diversity of these “species” in the environment 

(Stackebrandt, 2004). In this study, we identified four distinct OTUs within the top ten 

most abundant OTUs (95% sequence similarity) that belonged to the Conexibacter. 

Solirubrobacter was not identified as one of the top most abundant OTUs (95% sequence 

similarity) but we did find great diversity within this genus at a 95% sequence similarity. 

More precise assignment of the functional roles of these two organisms is dependent on 

future research that aims to isolate and genomically/phenotypically characterize 

additional members. 

Previous studies have not only found Actinobacteria to be greater in relative 

abundance in chemically-treated soils versus untreated and manure-treated soils, but to 

increase in relative abundance with higher N additions (Chaudhry et al., 2012; Fierer et 

al., 2012; Li et al., 2012). Our findings support these results in that synthetic treatments 

resulted in an increase in relative abundance over manure-treated soil. We also found that 

the relative abundance of Actinobacteria was correlated with ammonium concentrations.  

Although similar in diversity and in bacterial composition at the phylum level, 

control and synthetic treatments were differentiated based upon their association with 

Actinobacteria subgroups in the post-planting period. The genera Streptosporangium and 

Streptomyces were significantly associated with the synthetic N treatments where as 

Micromonospira was associated with the control. These bacteria have been classified as 

Actinomycetes and have previously been reported to form endophytic associations with 
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wheat roots (Coombs and Franco, 2003). In addition to their likely role in the formation 

of soil structure through production of hyphal threads they are characterized as k-

strategists (Acosta-Martinez et al., 2008; Andrade, 2004; Benson and Silvester, 1993; 

Coombs and Franco, 2003; Kiers et al., 2011; Lin et al., 2012; Lynch and Bragg, 1985). 

Their slow growth rate coupled with their ability to degrade complex substrates while 

simultaneously producing antibiotics as a byproduct provides them with a competitive 

advantage over other bacteria (Acosta-Martinez et al., 2008; Andrade, 2004; Berdy, 

2005; Coombs and Franco, 2003). Our results demonstrate decreased relative abundance 

of Actinobacteria following addition of SPM and SDM. K-strategists, are generally not 

responsive to immediate changes in environmental conditions, highlighting their 

importance in maintaining ecosystems (Andrade, 2004; Lebaron et al., 2001). 

Alternatively, Beta- and Gamma-proteobacteria, are characteristic r-strategists and as 

such, reproduce quickly (especially in highly fertile soils), and are more responsive to 

environmental conditions (Andrade, 2004; Fierer et al., 2007; Lebaron et al., 2001). It is 

important to note that because relative abundance was examined rather than absolute 

abundance a decreased relative abundance of Actinobacteria in the SDM and SPM 

treatments may actually be due to the increase in absolute abundance of the 

Proteobacteria and other more responsive phyla.  

Acidobacteria, was found to be less abundant in this current study compared to 

other studies (Chaudhry et al., 2012; Fierer et al., 2012; Li et al., 2012; Nemergut et al., 

2008), which is likely due to the fact that they are generally considered to be oligotrophic 

whereby they favor environments which are resource limited (Fierer et al., 2007; Janssen, 

2006). Genomic characterizations have revealed their potential to use complex 
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carbohydrates and polymeric carbon forms as energy, which imparts a competitive 

advantage over other bacterial species (Davis et al., 2005; Joseph et al., 2003; Sait et al., 

2002; Schoenborn et al., 2004). Gp6, a subgroup of the Acidobacteria has however been 

found to be a dominant genus in grassland soils comprising 59-62% of the Acidobacteria 

community, where as in forest soils it only comprised 1-40% (Naether et al., 2012). 

Additionally, Gp6 has been found to display a higher relative abundance in soil with 

increased nutrient availability, indicating that this particular group may be more 

copiotrophic than others (Fierer et al., 2007). Our results agree with these findings in that 

Gp6 was the only Acidobacteria subgroup found to be abundant (> 1%), with even higher 

relative abundance in the post-planting sample occasion and a demonstrated association 

to SPM-treated soil.  

Proteobacteria were significantly affected by sample occasion, which was evident 

as their relative abundance decreased throughout the growing season. Additionally, the 

genera that were significantly associated with the SPM and SDM treatments generally 

belonged to the Proteobacteria. Betaproteobacteria have been characterized as 

copiotrophic bacteria meaning they have increased growth rates when nutrients and 

available energy substrate are abundant. They have also been identified as more abundant 

in soils high in labile C (Fierer et al., 2007). Therefore, the increased diversity observed 

in SPM and SDM treatments may be attributed in part to an increase in certain 

Proteobacteria populations in response to animal manures high in available C. 

Bacterial utilization of organic carbon depends not only on substrate complexity 

but also on availability of other nutrients (Koranda et al., 2014). Nitrogen additions are 

known to alter the C:N ratio of soil causing temporary increased microbial activity and 
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leading to increased mineralization of N (Ma et al., 2011). Proteobacteria, and 

specifically the Betaproteobacteria are of interest in this study due to their involvement in 

the nitrogen cycle. Following mineralization of N, nitrification can occur where by 

ammonia-oxidizing bacteria (Betaproteobacteria; Nitrosomonas, and Nitrosospira) and 

nitrite-oxidizing bacteria (Nitrobacter, Nitrospina, Nitrospira) convert ammonia to nitrate 

in a two-step process (Placella and Firestone, 2013).  

In this study Nitrosospira, a well-known ammonia-oxidizing bacteria was 

associated with the control treatment (Kowalchuk and Stephen, 2001) and other 

unclassified Betaproteobacteria were associated with the SPM treatment. Activity of 

ammonia-oxidizers increases very quickly following soil wetting, and the time between 

application sampling likely accounted for our inability to observe an association between 

nitrifying populations and the synthetic treatment as nitrate levels were already high 

during the post-planting sample occasion (Placella and Firestone, 2013). The much 

slower release of nitrogen through decomposition of organic matter in control and SPM 

soil may account for the observed association to possible ammonia-oxidizing bacteria in 

these treatments.  

Bacterial community structure in this study as measured by HOMOVA was not 

statistically different between all four treatments in any of the sample occasions, 

demonstrating that nutrient amendments of this sort do not impact the bacterial 

community sufficiently to change its core bacterial structure. Our results agree with 

previous studies that found conventionally treated soil possessed similar bacterial 

community structure to reduced-input soil (Lauber et al., 2013), however, Parham et al. 

(2003) reported that bacterial community structure differed between control, fertilizer, 
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and manure treatments (Parham et al., 2003). The difference in findings may be attributed 

to the use of high-throughput sequencing in the more recent studies as well as a 

difference in algorithms used to measure whether bacterial community structures differ 

(Schloss, 2008). Schloss (2008) reported that HOMOVA was more likely to identifying 

differences in bacterial community structure over other measures when community 

membership was the same. 

Although several genera exhibited significant associations with treatments in the 

post-planting sample occasion, there were minimal associations distinguishing the control 

from the synthetic and manure treatments in the post-harvest sample occasion. 

Additionally, bacterial community structure between treatments was much more similar 

post-harvest compared to post-planting. These results are interesting as they indicate that 

supervised multivariate analysis is more sensitive to differences in bacterial community 

composition compared to univariate analysis, which demonstrated consistent treatment 

effects regardless of sample occasion. Additionally, this highlights that deviations from 

the original bacterial community structure may only be present in the short-term and 

dissipate during the growing season. 

5.5 Conclusions 

Manure amendments promote greater bacterial diversity over synthetically treated 

soil. The significant effect of treatment along with the lack of interaction effect between 

sample occasion and treatment indicates that these changes in bacterial diversity are not 

short-term, but lasts throughout a growing season, and potentially longer-term. Bacterial 

diversity was, however, found to increase throughout the growing season, and although 
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this indicates a change due to seasonal progression, it is important to note that the effect 

may be due to environmental conditions or to conditions imposed by treatments.  

Supervised multivariate analysis provided greater insight into the lasting effects of 

the manure and synthetic treatments on the bacterial genera compared to univariate 

analysis. Significant associations of bacterial genera to treatments were only observed in 

the post-planting sample occasion and did not occur by the end of the growing season. 

The Actinobacteria, Proteobacteria, and Acidobacteria were found to display the greatest 

association with individual treatments and this association can be attributed to their 

individual responses to soil properties. Increased concentrations of SO4
-2 and NO3

- in the 

post-planting sample occasion were accompanied by an increase in Acidobacteria and 

Proteobacteria. Conversely, Actinobacteria were found to respond negatively to increased 

concentrations of NO3
- and were therefore more abundant at lower concentrations in the 

post-harvest sample occasion.  

 In this study, we examined taxonomic diversity exclusively, however 

characterization of functional diversity of the soil ecosystem in response to these 

treatments would provide an even greater understanding of how soil amendments may 

stabilize or destabilize ecosystem processes. Further research directed at the isolation and 

characterization of the phenotypic and genotypic properties of bacteria will further the 

understanding of individual taxa and their contribution to ecosystem function.  
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6.0 GENERAL DISCUSSION 

The application of animal manures to crop and pasture land is common practice, however 

minimal research has been done to characterize their impact on the bacterial ecological 

structure of affected environments and to a lesser extent to explore the role of manures as 

bacterial inoculums (Chaudhry et al., 2012; Hong et al., 2013; Saison et al., 2006). 

Additional research in these areas is therefore warranted. Previous research that relied on 

classical culture techniques was only capable of identifying a small number of the 

bacteria within the environment. Further, studies that utilized these methods to obtain 

diversity estimates are biased as they overestimate those bacteria that are easy to culture 

(Dowd et al., 2008; Smit et al., 2001; Stelma and Wymer, 2012).  

Molecular methods such as denaturing gradient gel electrophoresis, and terminal 

restriction fragment length polymorphism (T-RFLP) have helped to somewhat 

circumvent the “unculturability” problem, however these studies largely focus on 

diversity comparisons between communities rather than the identity of individual 

bacterial populations (Meier et al., 2008; Pereira e Silva et al., 2012). Taxonomic 

assignment can be achieved by sequencing bands of denaturing gradient gel 

electrophoresis, or in the case of T-RFLP using web-based applications such as MiCA, 

PAT, and RDP to assign terminal fragments to a subsampled reference database of virtual 

digests (Cole et al., 2007; Kent et al., 2003; Shyu et al., 2007). Our study (Manuscript I 

and II) examined T-RFLP concurrently with Sanger sequencing, and high-throughput 

pyrosequencing to characterize the bacterial communities of pig slurry, cattle feces, soil, 

and groundwater. Regardless of environment, Firmicutes and Proteobacteria displayed 

the highest relative abundance when T-RFLP was used (Manuscript I). Although 
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Firmicutes is commonly identified as a major bacterial group in pig slurry and cattle 

feces, Proteobacteria are typically identified as less abundant in comparison to 

Bacteroidetes, especially when sequencing methods are used (Peu et al., 2006; Snell-

Castro et al., 2005; Whitehead and Cotta, 2001). Similarly, a previous characterization of 

cattle feces with T-RFLP found that Firmicutes and Proteobacteria displayed the highest 

relative abundance among phyla (Romero-Perez et al., 2011). The tendency of T-RFLP to 

detect more Proteobacteria relative to Bacteroidetes could be due to the increased 

occurrence of Proteobacteria sequences in the reference database, as a consequence of the 

number of studies directed at this phylum. Additionally, Proteobacteria are often easier to 

culture compared to some Bacteroidetes species (Dowd et al., 2008).  

In theory, each T-RF length should be representative of a single species, however 

due to the conserved nature of the 16S rRNA gene, assignment of terminal fragments 

have been described as only 89% accurate at the order level (Sepehri et al., 2007). This 

accuracy will vary depending on the environment being studied, the reference database, 

and the number and type of restriction enzymes (Schutte et al., 2008). In the current 

study, T-RFLP displayed a greater diversity of taxonomic groups at the phylum level 

compared to Sanger sequencing. The two methods were more comparable for the analysis 

of pig slurry and cattle feces than the analysis of soil and groundwater not only with 

regards to number of different phyla but also with regards to the relative abundance of 

each phylum. This again is likely due to the concise nature of the database used to 

characterize the pig slurry and cattle feces.  

Although pyrosequencing was used to compare multiple years of soil and 

groundwater data, a comparison with T-RFLP results from a single year revealed a 
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similar relative abundance of bacterial taxa in pig slurry between the two methods. That 

being said, there was a greater diversity of taxonomic groups detected with T-RFLP over 

pyrosequencing for both soil and groundwater. Additionally, discrepancies were detected 

between the two methods with regards to the relative abundance of Firmicutes and 

Proteobacteria in these two environments. This is likely due, in part, to the reference 

database used for the T-RFLP analysis as Sanger sequencing more closely mimics 

pyrosequencing results. Discrepancies of certain phyla could also be due to the fact that 

different years were examined for Sanger sequencing and T-RFLP versus 

pyrosequencing. A greater relative abundance of Firmicutes was detected in the 

groundwater in 2005 and the spring of 2006 with a sharp decline observed in 2007, 2008 

and 2009. Because T-RFLP and Sanger sequencing were only performed on 2005 and 

2006 data it is logical that both T-RFLP and Sanger sequencing identified a greater 

relative abundance of Firmicutes compared to pyrosequencing as analysis was only 

performed for 2006 to 2008 years. It is unknown what led to an increase in Firmicutes in 

2005 and 2006. 

Sanger sequencing does not have the capacity to produce high-throughput 

analysis of bacterial communities, however the relative abundance of taxonomic groups 

that were reported in the current study by this method are very similar to those reported 

by pyrosequencing. Because both methods rely on sequence data analysis they are 

considered more powerful than fingerprinting techniques, and provide increased 

taxonomic resolution (Dowd et al., 2008). When pig slurry was examined at the genus 

level using Sanger sequencing 47% of classified sequences were Clostridium spp., where 

as pyrosequencing identified 50% of classified sequences as Clostridium spp. Not only 
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do these results agree with previous studies that characterized pig slurry, but they 

demonstrate the similarity in results between Sanger sequencing and pyrosequencing 

despite the difference in sequence length (Collins et al., 1994; Cotta et al., 2003; Peu et 

al., 2006; Snell-Castro et al., 2005; Whitehead and Cotta, 2001).  

Classification at the species level using these techniques is typically not 

performed as the16S rRNA gene is often too conserved to distinguish between closely 

related bacteria, and in most cases sequences contained in databases are classified, at best 

up to the genus level (Janda and Abbott, 2007). Classification at the species level would 

therefore return numerous unclassified sequences. In the current study, sequences were 

classified up to the genus level, where possible, and then further split based on a 

sequence distance of 3% (Manuscript II); the approximate distance at which species 

differ (Schloss and Handelsman, 2005). In doing this, we were able to utilize 

pyrosequencing to determine that slurry-associated bacteria identified in soil were more 

abundant in samples taken immediately following slurry application, and less abundant in 

samples taken at the end of the growing season (Manuscript II). Additionally, at a 2% 

sequences distance, redundant Sanger sequences between pig slurry, cattle feces, soil and 

groundwater were not identified (Manuscript I).  

Due to their high-throughput nature, pyrosequencing and other next-generation 

sequencing techniques are becoming the methods of choice when examining bacterial 

communities. Although relatively low-cost in terms of the quantity of data generated, 

many studies to date have focused on the analysis of very few samples. In these cases, 

instead of generating statistical results to indicate treatment differences, they have simply 

presented bar graphs to show general differences in taxonomic groups (Chaudhry et al., 
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2012; Acosta-Martinez et al., 2008). Statistical analysis was performed in Manuscript II 

to differentiate between soil treatment groups, however due to the cost at the time of 

sequencing, samples were composited by treatment and by sample year. Additionally, S1-

S2 soil samples which were collected solely in 2005 and 2006 were considered to display 

the more immediate effect of slurry amendment as they were taken shortly after slurry 

application; and S3-S5 soil samples which were collected solely in 2007, 2008, 2009 

were considered to display the more lasting effect of slurry amendment as samples were 

taken at the end of the growing season several months after slurry application. Although 

several taxa displayed significant differences between Control, S1-S2, and S3-S5 

treatments, it could be argued that this was an effect of sample year and the number of 

slurry amendments over the years rather than immediate versus lasting effects of slurry 

application. This being said, in Manuscript III, soil bacterial communities were found to 

return to their original structure by the end of the growing season indicating that time 

since the last manure application is more influential than the number of years of manure 

application. By maintaining original field treatments from the La Broquerie project along 

with replicates, the uncertainty regarding a year effect versus a treatment effect would 

have been avoided. Additionally, more rigorous sampling of groundwater especially in 

the weeks immediately following slurry application and following rainfall events, could 

have led to the detection of slurry bacteria. A reduction in the cost of sample analysis will 

eliminate the need to composite samples resulting in a more robust analysis of bacterial 

community sequence data.  

Although very little transfer was observed between pig slurry, soil and 

groundwater, pathogen-associated genera were identified in each of the three 
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environments, the majority of which are not commonly examined by classical culture 

methods. This illustrates the need to examine manures as bacterial inoculums using more 

high-throughput molecular methods. It is however important to note that some of the 

major zoonotic pathogens, as well as generic E. coli are often present at very low levels, 

and may go undetected by pyrosequencing techniques, as major bacterial groups are more 

readily identified (Dowd et al., 2008; Drasar and Barrow, 1985). Throughout this thesis 

reference to pathogen-associated and slurry-associated genera has been made. The 

conserved nature of the 16S gene does not permit bacteria to be differentiated at the 

species or strain level, which is a requirement for confident identification of zoonotic 

pathogens. Currently, detection of zoonotic pathogens in the environment most often 

employs traditional culture techniques followed by standard biochemical test, however 

these have been criticized as viable but non-culturable bacteria may go undetected 

(Girones et al., 2010; Savichtcheva and Okabe, 2006). PCR-based methods such as RT-

PCR have also been used to quantify specific pathogens by targeting specific pathogenic 

genes and are additionally capable of detecting those organisms that are ‘uncluturable’ 

(Ahmed et al., 2009). Multiplex-PCR has the added benefit of detecting several 

pathogens in a single tube (Franck et al., 1998; Fukushima et al., 2002).  

The purpose of this study was not to source track bacteria, however, the inventory 

of 16S sequences from pig slurry, cattle feces and soil indicated that bacteria that 

appeared to transfer to soil originated from pig slurry and not from cattle feces. A 

standard method of bacterial source tracking has not been developed, however several 

methods have been examined (Meays et al., 2004). Ribotyping has been used previously 

and examines restriction digest patterns from 16S rRNA genes of individual isolates. 
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Average rate of correct classification to a given host ranged from 74 to 90% dependent 

on the number of different hosts considered (Carson et al., 2001). Similar to ribotyping, 

rep-PCR is a genotypic fingerprinting method that provides strain differentiation based 

on repetitive sequences in the E. coli genome (Mohapatra and Mazumder, 2008). 

Average rate of correct classification to a given host with BOX-PCR, a form of rep-PCR, 

was 93% (Dombek et al., 2000). This method was previously used at La Broquerie 

Pasture and Swine Management Site to identify E. coli in soil that originated in pig 

slurry. No positive identifications were made (Holley et al., 2008), however, methods 

such as these provide more precise means of source tracking.   

The bacterial composition of both pig slurry and the hindgut of cattle are 

dominated by obligate anaerobes. In the hindgut of cattle dominant species include: 

Bacteroides spp., Clostridium spp., and Bifidobacteria spp.; and in pig slurry, 

Bacteroides spp., Clostridium spp., Bacillus spp., Lactobacillus spp., and Streptococcus 

spp. are more common. Anaerobes are present in the range of 100-fold over facultative 

anaerobes such as Escherichia coli (Drasar and Barrow, 1985; Leung and Topp, 2001; 

Peu et al., 2006; Snell-Castro et al., 2005). Our studies concur with these findings as 

approximately 60% of the isolated sequences in pig slurry were Clostridium spp., 

Bacillus spp., Lactobacillus spp., and Streptococcus spp. In the hindgut of cattle, 

Clostridium spp. was also the most prominent genera, however Bifidobacteria spp. and 

Bacteroides spp. were not specifically identified in either environment. Pyrosequencing 

detected numerous OTUs at a 0.03 sequence distance common to both pig slurry and soil, 

with fewer commonalities between slurry and S3-S5 soil compared to S1-S2 soil.  
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The bacterial community characterization of pig slurry and soil in Manuscript I 

and II allowed common bacteria between the two environments to be identified. The 

bacterial communities of the stockpiled solid pig manure (SPM) and solid dairy manure 

(SDM) in the study presented in Manuscript III were not characterized via 

pyrosequencing or any other method. Bacterial characterization of stockpiled manure is 

important, as stockpiling is common practice in many regions (Meyer et al., 2011). 

However to the author’s knowledge, the characterization of bacterial communities in 

stockpiled manure does not exist in the published literature.  

Although Manuscript III did not characterize the bacterial communities of 

stockpiled solid pig or dairy manure, an analysis at a 0.05 sequence distance indicated 

OTUs identified as unique to each manure treatment were found to be present in only 

slightly higher relative abundance than those unique to the control. It is likely that 

increased diversity in manure-treated soil is in part due to stimulation of native soil 

bacteria, however the bacterial community composition of SDM and SPM would require 

characterization before saying that manure did not serve as a bacterial inoculum (Saison 

et al., 2006). 

The bacterial community structure of the two soils examined in this thesis 

differed. Both soils were dominated by Proteobacteria and Actinobacteria, however the 

loamy sand soil (Manuscript II) contained approximately two times the relative 

abundance of Proteobacteria as the clay soil (Manuscript III) and approximately half the 

Actinobacteria. Firmicutes and Bacteroidetes were also more abundant in the loamy sand 

soil compared to the clay soil. The difference observed could be a result of soil type. 

Soils that are higher in clay and organic matter typically provide bacteria with greater 
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protection from enzyme degradation compared to sandy soils and this may cause certain 

bacterial groups to be favoured (Acosta-Martinez et al., 2008). Additionally, previous 

research has found that soil type has a significant effect on the composition of total and 

active bacterial communities (Girvan et al., 2003).  

Bacterial communities in soil were altered with manure amendments as control 

and synthetic N treated soils were characterized by increased relative abundance of 

Actinobacteria, while manure-treated soils were characterized by increased relative 

abundance of Firmicutes, Gemmatimonadetes and Bacteroidetes. Although, 

Proteobacteria did not exhibit a treatment effect, numerous taxa belonging to the 

Proteobacteria were significantly associated with both the SPM and SDM treatments in 

the post-planting sample occasion (Manuscript III). Firmicutes was the only phylum to 

display a significant treatment effect in Manuscript II, however, similar trends with 

regards to other phyla were observed. Our results agree with other studies that have 

demonstrated an increase in Proteobacteria following manure amendments (Chaudhry et 

al., 2012). Proteobacteria species, specifically those classified as Beta- or Gamma-

proteobacteria typically flourish when soils are high in labile C (Fierer et al., 2007). 

Actinobacteria on the other hand, are considered k-strategists and do not respond 

immediately to changes in environmental conditions (Andrade, 2004; Lebaron et al., 

2001). The decreased relative abundance of Actinobacteria could simply be a result of 

increased relative abundance of other phyla in response to the addition of SPM and SDM. 

Finally, although specific bacterial populations were affected by additions of animal 

manures (Manuscript III), assessment of overall change in bacterial community structure 

by way of HOMOVA identified no significant differences between the four treatments.   
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7.0 GENERAL CONCLUSIONS AND FUTURE DIRECTIONS 

The current study has demonstrated that application of manure, whether it be as a slurry 

or solid manure, leads to changes in the bacterial composition of soil. Although the 

changes appear to be in part a result of an enrichment of native soil bacteria, certain 

slurry-associated bacteria were transferred to the soil. This being said, a substantial 

reduction in the numbers of slurry-associated bacteria was observed in samples taken at 

the end of the growing season, and only a single sequence common to pig slurry was 

identified in groundwater. Sample occasion had a significant affect on bacterial 

community composition, and treatment effects present at the beginning of the growing 

season were less apparent by the end of the growing season indicating that bacterial 

communities in soil are resilient to manure amendments.  

Pyrosequencing and Sanger sequencing are relatively comparable regarding the 

accuracy of taxonomic classification, however Sanger sequencing and fingerprinting 

methods are quickly being replaced by pyrosequencing due to its combined accuracy and 

high-throughput capabilities. Pyrosequencing does not provide the resolution needed to 

identify plant, animal or human pathogens, however the profile obtained from this 

process can serve to pinpoint specific bacterial groups that should be targeted through 

more specific techniques such as culture or real-time PCR. 

Future research examining the impact of manure amendments on soil and 

groundwater bacterial communities must characterize the bacterial community of the 

manure applied in order to assess bacterial transfer between environments. A 

combination of bacterial shotgun sequencing and 16S rRNA sequencing would allow the 

fluctuation in functional genes to be examined concurrently with changes in bacterial 
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taxa. This could improve our understanding of the roles of individual bacterial within the 

soil. Although pyrosequencing is considered a more powerful method of characterizing 

bacterial communities, downfalls to this method include: general PCR biases, differences 

in 16S rRNA copy number between bacteria, and the common use of relative abundance 

for comparing taxonomic groups. Each of these shortcomings must be addressed to 

provide a more robust analysis of bacterial communities.  

Specific suggestions for future studies: 

1. Study monitoring the bacterial communities in soil using pyrosequencing to 

determine the long-term impact of pig slurry additions. This will address whether 

bacteria that originate in pig slurry accumulate in soil after each yearly addition, 

and following withdrawal of slurry amendments how long these slurry-bacteria 

persist. Additionally, a comparison of synthetic nutrient additions to manure 

additions will help separate the nutrient effect on soil bacterial communities. The 

relationship between the relative abundance of bacterial taxa in soil and various 

soil properties, including soil moisture and temperature, should further be 

examined to attempt to explain the consistently significant effect of sample time.   

2. Study to characterize the bacterial communities in various manures, including the 

solid pig and diary manure from Manuscript III. Comparisons between fresh 

feces, stockpiled manure, composted manure and slurry from cattle and pigs 

should be examined using pyrosequencing to determine how they differ in terms 

of microbial community membership. Special attention should be paid to 

microorganisms such as Actinomycetes and fungi as they are involved in key soil 

processes such as nutrient uptake and degradation (de Boer et al., 2005). 
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Additionally, bacterial species such as Bacillus spp., Enterobacter spp., 

Flavobacterium spp., Pseudomonas spp., Streptomyces spp. and Penicillium spp., 

as well as several fungal species should be monitored as they have been found to 

be effective at suppressing plant pathogens and disease (Hoitink et al., 1997). The 

prevalence of common zoonotic pathogens (Escherichia coli, Salmonella, 

Yersinia, Listeria, and Campylobacter) in each of these manures should also be 

determined using traditional culture techniques or real-time PCR. 

3. The functional metagenome, meaning a profile of functional genes within the 

bacterial community of the soil and manure can be obtained through shot-gun 

sequencing using pyrosequencing or illumina technology to determine the overall 

metabolic processes performed by the communities. A variety of functionally 

important subsystems, can be examined, including: nitrogen metabolism, 

phosphorus metabolism, carbohydrate metabolism, protein metabolism, cell 

division, stress response and virulence (Dinsdale et al., 2008). These would 

provide an indication on how the bacterial communities react following 

amendments regarding nutrient degradation, bacterial reproduction, as well as the 

overall change in pathogenicity within the soil. Finally, the overall functional 

changes in soil between control and manure-amended soil can be compared with 

overall changes in the relative abundance of taxonomic groups as a method of 

linking function to phylogeny.  
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9.0 APPENDICES 

APPENDIX I – MANUSCRIPT III 

Table S5.1 Bacterial composition of agricultural soil sampled in 2007 prior to application of 
nitrogen based fertilizer treatments and analyzed based on treatments at the phylum level 

Summary Statistic 
Treatment 

SEM P-value Control Solid 
Dairy Solid Pig Synthetic 

Number of Sequences 1889 2028 2736 2169 375.6 0.670 
Total Coverage (%) 76 78 81 79 2.8 0.673 
Coverage 71 73 76 73 2.9 0.683 
Chao 1366 1266 1126 1273 132.6 0.783 
ACE 2077 1981 1846 1996 237.8 0.919 
Shannon 6.2 6.1 5.1 6.1 0.51 0.415 
Simpson 0.0050 0.0057 0.1699 0.0064 0.0800 0.581 
Effective Shannon 491 474 352 431 73.4 0.570 
Inverse Simpson 204 210 136 170 39.1 0.542 
Rare Species 287 264 217 261 41.2 0.686 
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APPENDIX II – MANUSCRIPT III 

Table S5.2 Homogeneity of molecular variance statistics 
displaying significant differences in bacterial community structure 
of soil between treatments at benchmark, post-planting, mid-
season and post-harvest sample occasions. 

Group comparison Test statistic P-value* 
Benchmark: C-S-SD-SP 1.48004 0.136 
Post-planting: C-S-SD-SP 0.24255 0.146 
Mid-season: C-S-SD-SP 1.07282 0.683 
Post-harvest: C-S-SD-SP 1.04582 0.800 
*Statistical significance (P < 0.05). 
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APPENDIX III – MANUSCRIPT III 

Table S5.3 Bacterial composition of agricultural soil sampled in 2007 prior to application of 
nitrogen based fertilizer treatments and analyzed based on treatments at the phylum level. 

Phylum 
Treatments 

SEM P-value Control Solid 
Dairy 

Solid Pig Synthetic 

 --------------------------------Abundant phyla1----------------------------- 
Acidobacteria 8.5 6.5 8.4 10.0 1.13 0.255 
Actinobacteria 43.1AB 40.7AB 30.0B 44.7A 4.88 0.036 
Chloroflexi 6.8 5.0 4.6 6.6 0.88 0.485 
Firmicutes 0.8 2.2 1.5 0.9 0.67 0.415 
Gemmatimonadetes 1.5 1.3 0.9 1.7 0.33 0.341 
Planctomycetes 1.5 1.2 2.1 1.1 0.41 0.291 
Proteobacteria 29.6 34.7 26.0 25.7 5.76 0.588 
 --------------------------Low-abundance phyla2--------------------------- 
Bacteroidetes 0.5 1.2 0.4 0.4 0.30 0.493 
Cyanobacteria 0.7B 0.6B 20.8A 1.8B 10.12 <0.001 
Nitrospira 0.2 0.1 0.2 0.1 0.07 0.778 
Verrucomicrobia 0.5 0.6 0.9 0.5 0.20 0.513 
WS3 0.1 0.3 0.0 0.2 0.07 0.309 
1 Relative abundance of sequence means are larger than 1%. 
2 Relative abundance of sequence means are smaller than 1% and larger than 0.1%. 
A,B Different letters signify significant differences between treatment means (P < 0.05). 
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APPENDIX IV – MANUSCRIPT III 

 

Table S5.4 Treatment and sample occasion mean relative abundance for genera within the phylum Actinobacteria isolated from agricultural soil impacted by 
nitrogen-based fertilizer treatments and sampled post-planting, mid-season and post-harvest during the 2010 growing season. 

 

Genera 
Treatment Means  Sample Occasion Means  P-value 

Control Solid 
Dairy Solid Pig Synthetic  Post-

planting 
Mid-

season 
Post-

harvest  Treatment Sample 
Occasion T*SO 

 ----------------------------------------------------------------------------Actinobacteria----------------------------------------------------------------------------------- 
Acidimicrobiaceae (F) 0.2 0.2 0.2 0.2  0.2 0.3 0.2  0.993 0.897 0.999 
Iamia  0.4 0.4 0.3 0.4  0.3b 0.4ab 0.5a  0.645 0.002 0.464 
Acidimicrobineae (SO) 0.2 0.2 0.2 0.2  0.1 0.2 0.3  0.999 0.678 1.000 
Acidimicrobiales (O) 0.1 0.1 0.1 0.1  0.1 0.1 0.1  0.988 0.805 0.999 
Mycobacterium  0.2 0.2 0.2 0.3  0.4 0.2 0.2  0.948 0.626 0.998 
Acidothermus  0.9 0.4 0.7 0.8  0.5 0.8 0.7  0.468 0.644 0.985 
Blastococcus  0.9A 0.9A 0.6B 0.9A  0.8 0.9 0.9  0.039 0.649 0.157 
Frankineae (SO) 1.3 1.0 1.1 1.2  0.8b 1.3a 1.3a  0.132 <0.001 0.319 
Kineosporia  0.3 0.3 0.1 0.3  0.3 0.3 0.2  0.890 0.981 0.944 
Tetrasphaera  0.5 0.4 0.3 0.5  0.4 0.5 0.4  0.285 0.454 0.937 
Intrasporangiaceae (F) 0.2 0.3 0.2 0.2  0.2 0.2 0.2  0.724 0.604 0.320 
Agromyces  0.2 0.1 0.2 0.1  0.1 0.1 0.2  0.635 0.639 0.532 
Frigoribacterium  0.1 0.1 0.1 0.1  0.1 0.1 0.1  0.982 0.843 1.000 
Arthrobacter  1.0 0.9 0.9 0.9  0.6c 0.9b 1.3a  0.894 <0.001 0.318 
Actinoplanes  0.8 0.9 1.1 0.7  0.9 0.9 0.9  0.246 0.932 0.209 
Asanoa  0.1 0.1 0.1 0.2  0.1 0.1 0.2  0.888 0.925 1.000 
Catelliglobosispora  0.3 0.1 0.3 0.3  0.2 0.3 0.2  0.353 0.862 0.705 
Dactylosporangium  0.6 0.3 0.5 0.5  0.4 0.5 0.4  0.103 0.935 0.384 
Hamadaea  0.1 0.1 0.1 0.1  0.1 0.1 0.1  0.965 0.938 0.999 
Micromonospora  0.4 0.2 0.2 0.3  0.2 0.3 0.4  0.958 0.583 0.998 
Virgisporangium  0.3 0.4 0.4 0.3  0.3 0.4 0.3  0.399 0.398 0.298 
Micromonosporaceae (F) 3.2 2.4 2.6 3.0  2.7 3.0 2.6  0.085 0.384 0.991 
Aeromicrobium  0.1 0.2 0.1 0.2  0.1 0.2 0.2  0.315 0.084 0.898 
Kribbella  0.6 0.6 0.5 0.6  0.5 0.6 0.6  0.931 0.863 0.966 
Marmoricola  0.6 0.6 0.4 0.6  0.5 0.5 0.6  0.712 0.481 0.931 
Nocardioides  0.3 0.3 0.5 0.3  0.2b 0.4ab 0.5a  0.309 0.031 0.778 
Nocardioidaceae (F) 0.6 0.5 0.5 0.5  0.4 0.6 0.6  0.474 0.154 0.207 
Friedmanniella  1.6A 1.2AB 1.1B 1.4AB  0.9b 1.5a 1.5a  0.020 <0.001 0.016 
Microlunatus  1.7 1.8 1.4 1.5  1.2b 1.7a 2.0a  0.366 0.002 0.855 
Propionibacteriaceae (F) 0.4 0.5 0.4 0.5  0.5 0.5 0.5  0.486 0.332 0.924 
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Lentzea  0.2 0.1 0.1 0.2  0.2 0.2 0.2  0.264 0.850 0.194 
Pseudonocardia  3.1 2.9 2.3 3.0  2.2b 3.0ab 3.2a  0.149 0.013 0.939 
Pseudonocardiaceae (F) 0.2 0.1 0.1 0.2  0.1b 0.2a 0.2a  0.131 0.004 0.533 
Streptomyces  0.6 0.5 0.6 0.6  0.4 0.6 0.6  0.889 0.062 0.240 
Streptosporangium  3.3 1.9 2.3 2.7  2.5 2.7 2.5  0.218 0.905 0.971 
Streptosporangiaceae (F) 0.9 0.7 0.8 0.7  0.7 0.9 0.6  0.556 0.245 0.555 
Streptosporangineae (SO) 0.4 0.3 0.4 0.4  0.4 0.4 0.4  0.190 0.925 0.979 
Actinomycetales (O) 2.2 2.2 2.0 2.3  1.9 2.3 2.3  0.469 0.056 0.045 
Rubrobacter  0.2 0.2 0.1 0.3  0.4a 0.1b 0.0b  0.281 <0.001 0.910 
Conexibacter  10.1AB 7.9B 8.1B 10.8A  9.0 9.4 9.2  0.039 0.925 0.211 
Solirubrobacter  5.6 4.7 4.5 5.5  4.5b 5.2ab 5.5a  0.078 0.044 0.248 
Solirubrobacterales (O) 0.3 0.2 0.2 0.3  0.3 0.3 0.2  0.059 0.439 0.203 
Actinobacteria (P) 0.4 0.4 0.5 0.5  0.4 0.4 0.5  0.760 0.347 0.809 
a,b Different letters signify significant differences between sample occasion means (P < 0.05).  

A,B Different letters signify significant differences between treatment means (P < 0.05).  
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APPENDIX V – MANUSCRIPT III 

 

Table S5.5 Treatment and sample occasion mean relative abundance for genera within the phylum Proteobacteria isolated from agricultural soil impacted by nitrogen-based 
fertilizer treatments and sampled post-planting, mid-season and post-harvest during the 2010 growing season. 

Genera 
Treatment Means  Sample Occasion Means  P-value 

Control Solid 
Dairy Solid Pig Synthetic  Post-

planting 
Mid-

season 
Post-

harvest  Treatment Sample 
Occasion T*SO 

 --------------------------------------------------------------------------Alphaproteobacteria----------------------------------------------------------------------- 
Geminicoccus  0.5 0.4 0.4 0.5  0.5 0.4 0.4  0.969 0.929 0.996 
Bradyrhizobiaceae (F) 1.6 1.8 1.5 1.8  2.0 1.6 1.4  0.890 0.464 0.984 
Pedomicrobium  0.1 0.1 0.2 0.2  0.1 0.2 0.1  0.972 0.939 1.000 
Rhodoplanes  0.7 0.7 0.8 0.6  0.9 0.6 0.6  0.980 0.758 0.998 
Hyphomicrobiaceae (F) 0.2 0.2 0.3 0.3  0.2 0.3 0.3  0.084 0.870 0.133 
Microvirga  1.0 0.8 0.8 0.9  0.8 0.9 1.0  0.849 0.266 0.789 
Rhizobium  0.1 0.1 0.1 0.2  0.1 0.1 0.1  0.986 0.899 0.993 
Rhodobiaceae (F) 0.1 0.1 0.2 0.1  0.2 0.1 0.1  0.897 0.679 0.999 
Pseudolabrys  0.5 0.4 0.4 0.3  0.5a 0.4ab 0.3b  0.405 0.032 0.569 
Rhizobiales (F) 2.9 2.8 3.6 3.2  3.7a 3.0b 2.7b  0.067 0.002 0.103 
Rhodobacteraceae (F) 0.1 0.1 0.2 0.2  0.2 0.1 0.2  0.892 0.966 0.997 
Paracraurococcus  0.4 0.5 0.3 0.4  0.4 0.5 0.3  0.865 0.961 0.969 
Roseomonas  0.2 0.2 0.2 0.2  0.2 0.2 0.2  0.986 0.921 0.999 
Acetobacteraceae (F) 0.5 0.5 0.3 0.5  0.4 0.5 0.4  0.437 0.471 0.843 
Defluviicoccus  0.5 0.4 0.4 0.4  0.4 0.5 0.4  0.712 0.221 0.549 
Skermanella  3.0 2.8 2.3 3.1  2.5 3.1 2.8  0.130 0.199 0.069 
Rhodospirillaceae (F) 0.2 0.3 0.3 0.2  0.3 0.3 0.1  0.957 0.537 0.995 
Rhodospirillales (O) 1.2 1.2 1.0 1.2  1.4 1.1 0.9  0.614 0.055 0.939 
Alphaproteobacteria (C) 1.2 1.1 1.3 1.3  1.3ab 1.4a 1.0b  0.641 0.025 0.903 

 --------------------------------------------------------------------------Betaproteobacteria----------------------------------------------------------------------- 
Methylibium  0.2B 0.3A 0.1B 0.2B  0.2 0.2 0.2  0.003 0.195 0.041 
Burkholderiales; incertae sedis (F) 0.3 0.4 0.4 0.3  0.4a 0.3b 0.3b  0.879 0.702 0.995 
Comamonadaceae (F) 0.2 0.2 0.2 0.2  0.2 0.1 0.2  0.965 0.119 0.400 
Oxalobacteraceae (F) 0.1 0.2 0.1 0.2  0.2 0.2 0.1  0.098 0.475 0.372 
Burkholderiales (O) 0.1 0.2 0.1 0.2  0.3a 0.1b 0.1b  0.486 0.002 0.761 
Nitrosospira  0.4AB 0.4AB 0.2B 0.6A  0.5a 0.3b 0.4ab  0.003 0.027 0.222 
Betaproteobacteria (C) 0.6 0.7 0.9 0.7  1.0 0.6 0.5  0.947 0.229 0.995 
 --------------------------------------------------------------------------Deltaproteobacteria----------------------------------------------------------------------- 
Cystobacter  0.2 0.2 0.2 0.2  0.2 0.1 0.2  0.899 0.198 0.057 
Nannocystineae (SO) 0.6 0.6 0.7 0.7  0.9 0.6 0.4  0.985 0.174 1.000 
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Byssovorax  0.3 0.5 0.4 0.3  0.6 0.3 0.2  0.988 0.244 0.966 
Sorangium  0.2 0.2 0.2 0.1  0.2a 0.1ab 0.1b  0.897 0.012 0.123 
Polyangiaceae (F) 0.8 0.9 0.7 0.7  1.2 0.6 0.5  0.986 0.052 0.992 
Sorangiineae (SO) 0.2 0.4 0.4 0.3  0.5 0.3 0.2  0.891 0.639 0.987 
Myxococcales (O) 0.1 0.2 0.2 0.1  0.2 0.1 0.1  0.975 0.591 0.998 
Deltaproteobacteria (C) 0.7 0.5 0.7 0.5  0.6 0.6 0.5  0.145 0.418 0.744 
 --------------------------------------------------------------------------Gammaproteobacteria--------------------------------------------------------------------- 
Steroidobacter  0.9 1.5 1.1 0.9  1.6 1.1 0.7  0.697 0.122 0.960 
Xanthomonadaceae (F) 0.1 0.2 0.3 0.2  0.3 0.1 0.1  0.831 0.644 0.993 
Gammaproteobacteria (C) 0.2 0.3 0.6 0.3  0.6 0.2 0.2  0.719 0.251 0.991 
Proteobacteria (P) 0.6 0.8 0.7 0.6  0.8 0.6 0.6  0.943 0.735 0.996 
a,b Different letters signify significant differences between sample occasion means (P < 0.05).  

A,B Different letters signify significant differences between treatment means (P < 0.05).  
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APPENDIX VI – MANUSCRIPT III 

 

Table S5.6 Treatment and sample occasion mean relative abundance of genera belonging to the phyla Acidobacteria, Bacteroidetes, Chloroflexi, Cyanobacteria, 
Firmicutes, Gemmatimonadetes, Nitrospira, OP10, Planctomycetes, Verrucomicrobia, and WS3 isolated from agricultural soil impacted by nitrogen-based fertilizer 
treatments and sampled post-planting, mid-season and post-harvest during the 2010 growing season. 

Genera 
Treatment Means  Sample Occasion Means  P-value 

Control Solid 
Dairy 

Solid 
Pig Synthetic  Post-

planting 
Mid-

season 
Post-

harvest  Treatment Sample 
Occasion T*SO 

 --------------------------------------------------------------------------Acidobacteria----------------------------------------------------------------- 
Gp1  0.1 0.2 0.2 0.3  0.3 0.2 0.1  0.809 0.526 0.898 
Gp11  0.1 0.1 0.1 0.1  0.1 0.1 0.1  1.000 0.919 0.987 
Gp3  0.1 0.2 0.2 0.2  0.5a 0.1b 0.0b  0.744 <0.001 0.598 
Gp4  0.7 1.1 0.9 1.0  1.3 0.8 0.7  0.817 0.181 0.997 
Gp5  0.2B 0.3A 0.3A 0.2B  0.3a 0.2ab 0.2b  0.001 0.010 0.087 
Gp6  3.0 4.2 4.7 3.4  6.2a 3.1b 2.1b  0.389 <0.001 0.837 
Gp7  0.2 0.2 0.3 0.3  0.4 0.2 0.2  0.632 0.036 0.861 
Acidobacteria (P) 0.4 0.2 0.6 0.4  0.7a 0.4ab 0.2b  0.101 0.003 0.464 
 --------------------------------------------------------------------------Bacteroidetes----------------------------------------------------------------- 
Flavisolibacter  0.1 0.1 0.1 0.1  0.1 0.1 0.2  0.977 0.550 0.999 
Chitinophagaceae (F) 0.2 0.3 0.2 0.1  0.1 0.2 0.3  0.785 0.470 0.998 
Cytophagaceae (F) 0.1 0.1 0.1 0.1  0.0 0.1 0.2  0.952 0.665 1.000 
 ----------------------------------------------------------------------------Chloroflexi------------------------------------------------------------------- 
Anaerolineaceae (F) 1.7 2.0 2.5 1.7  1.4b 2.4a 2.1a  0.055 0.001 0.944 
Caldilinea  0.3 0.3 0.3 0.3  0.4 0.3 0.2  0.996 0.646 0.998 
Chloroflexi (C) 3.8 3.7 3.3 3.6  3.3 3.4 4.1  0.685 0.110 0.634 
Sphaerobacterineae  0.1 0.2 0.2 0.1  0.1b 0.2ab 0.2a  0.479 0.019 0.978 
Thermomicrobia (C) 0.4 0.4 0.5 0.5  0.5ab 0.4b 0.6a  0.393 0.026 0.736 
Chloroflexi (P) 1.5 1.5 1.6 1.6  1.6 1.4 1.6  0.594 0.159 0.153 
 --------------------------------------------------------------------------Cyanobacteria----------------------------------------------------------------- 
Bacillariophyta  0.1 0.2 0.1 0.2  0.1b 0.1b 0.3a  0.469 0.001 0.428 
Streptophyta  0.1 0.9 0.3 0.1  0.2 0.0 0.8  0.735 0.626 0.701 
GpI  0.1 0.4 0.1 0.1  0.1 0.0 0.4  0.975 0.189 0.993 
GpXIII  0.2 0.2 0.1 0.1  0.0 0.0 0.2  0.902 0.439 0.992 
Cyanobacteria (P) 0.1 0.2 0.1 0.1  0.1 0.0 0.2  0.874 0.495 0.978 
 -----------------------------------------------------------------------------Firmicutes-------------------------------------------------------------------- 
Bacillus  0.3 0.4 0.4 0.3  0.1c 0.4b 0.5a  0.168 <0.001 0.234 
Clostridium  0.0 0.1 0.2 0.0  0.0 0.2 0.1  0.068 0.077 0.036 
Lachnospiraceae (F) 0.1 0.1 0.2 0.3  0.5a 0.0b 0.0b  0.723 0.010 0.798 
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Sporacetigenium  0.0 0.2 0.2 0.0  0.2 0.2 0.0  0.884 0.810 0.999 
 ----------------------------------------------------------------------Gemmatimonadetes------------------------------------------------------------- 
Gemmatimonas  2.6B 3.8A 3.2AB 2.7B  2.2c 3.0b 3.9a  0.010 <0.001 0.786 
 -----------------------------------------------------------------------------Nitrospira-------------------------------------------------------------------- 
Nitrospira  0.1 0.1 0.3 0.2  0.2 0.1 0.2  0.051 0.204 0.865 
 ---------------------------------------------------------------------------------OP10------------------------------------------------------------------------ 
OP10; incertae sedis  0.2 0.2 0.2 0.1  0.1 0.1 0.2  0.705 0.142 0.834 
 --------------------------------------------------------------------------Planctomycetes----------------------------------------------------------------- 
Pirellula  0.2 0.1 0.1 0.1  0.0 0.1 0.2  0.994 0.524 0.995 
Planctomyces  0.1 0.1 0.1 0.1  0.1 0.1 0.2  0.998 0.498 0.998 
Singulisphaera  0.6 0.7 0.4 0.4  0.4b 0.5b 0.8a  0.110 0.002 0.935 
Planctomycetaceae (F) 1.5 1.6 1.8 1.3  1.0b 1.4ab 2.2a  0.777 0.030 0.997 
 ------------------------------------------------------------------------Verrucomicrobia--------------------------------------------------------------- 
Opitutus  0.2B 0.3AB 0.4A 0.2B  0.4a 0.3ab 0.2b  0.003 0.007 0.035 
 ---------------------------------------------------------------------------------WS3------------------------------------------------------------------------ 
WS3; incertae sedis  0.2 0.2 0.2 0.1  0.2 0.2 0.1  0.988 0.785 1.000 
a,b,c Different letters signify significant differences between sample occasion means (P < 0.05). 
A,B,C Different letters signify significant differences between treatment means (P < 0.05). 
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APPENDIX VII – MANUSCRIPT III 

 

Table S5.7 Summary of agricultural soil properties impacted by different nitrogen-based fertilization treatments and collected post-planting, mid-season and post-harvest during 
the 2010 growing season.  
Sample 

Occasion Treatment 
Means 

pH EC OM NO3
- NH4

+ PO4
-3 SO4

-2 K+ Ca+2 Mg+2 Cu Fe Mn Zn 
   mS cm-1 % ---------------------------------------------------------------mg L-1------------------------------------------------------------------ 
Post-
planting 

Control 6.76 0.52 7.8 14.7 10.2 59.7 19.8 871.5 5007.5 1470.0 2.0 60.1 6.4 1.8 
Solid Dairy 6.69 0.52 6.7 18.7 10.2 86.3 28.2 998.8 4910.0 1455.0 2.2 68.1 6.7 3.3 
Solid Pig 7.23 0.51 6.9 13.6 11.5 131.3 25.1 1142.8 5250.0 1422.5 2.6 43.7 6.7 5.7 
Synthetic 6.68 0.72 6.5 107.9 11.9 42.1 15.7 802.0 4955.0 1392.5 1.9 56.9 7.5 1.5 

                
Mid-
season 

Control 6.89 0.47 6.4 9.8 13.8 48.8 14.8 870.3 4793.3 1510.0 2.0 62.9 7.4 1.6 
Solid Dairy 6.93 0.54 6.9 9.1 15.2 95.2 21.6 990.3 4877.5 1495.0 2.1 63.9 7.7 3.2 
Solid Pig 7.21 0.64 5.8 14.1 20.7 137.8 17.1 1066.0 5272.5 1477.5 2.1 32.5 5.0 6.0 
Synthetic 7.00 0.49 6.4 19.3 16.6 45.4 12.5 790.8 4927.5 1427.5 1.7 53.2 9.4 1.6 

                
Post-
harvest 

Control 6.77 0.54 6.3 7.4 21.5 46.9 13.9 843.3 4990.0 1497.5 2.2 64.8 12.7 1.7 
Solid Dairy 6.75 0.58 7.1 9.1 18.4 92.0 22.3 997.5 4877.5 1452.5 2.3 71.1 9.1 3.5 
Solid Pig 7.12 0.72 6.8 11.8 22.6 136.3 20.2 1123.5 5502.5 1407.5 2.3 48.9 8.2 7.2 
Synthetic 6.91 0.56 6.4 10.4 14.2 44.2 11.8 813.0 5000.0 1397.5 1.9 58.4 9.2 1.6 

                
 SEM 0.05 0.02 0.18 4.3 0.85 6.4 1.0 27.9 79.7 16.0 0.04 3.2 0.48 0.31 
                
Treatment Means               
 Control 6.81B 0.51 6.8 10.6B 15.2 51.8C 16.2B 861.7BC 4930.3 1492.5 2.0BC 62.6 8.8 1.7 
 Solid Dairy 6.79B 0.55 6.9 12.3B 14.6 91.1B 24.0A 995.5AB 4888.3 1467.5 2.2AB 67.7 7.8 3.3 
 Solid Pig 7.18A 0.63 6.5 13.2B 18.2 135.1A 20.8A 1110.8A 5341.7 1435.8 2.3A 41.7 6.7 6.3 
 Synthetic 6.86B 0.59 6.4 45.8A 14.2 43.9C 13.4B 801.9C 4960.8 1405.8 1.8C 56.2 8.7 1.6 
Sample Occasion Means               
 Post-planting 6.84 0.57 7.0 38.7a 10.9b 79.8 22.2a 953.8 5030.6 1435.0 2.2 57.2 6.8b 3.1 
 Mid-season 7.01 0.54 6.3 13.1b 16.6a 81.8 16.5b 929.3 4967.7 1477.5 2.0 53.1 7.4b 3.1 
 Post-harvest 6.89 0.60 6.6 9.6c 19.2a 79.8 17.0b 944.3 5092.5 1438.8 2.2 60.8 9.8a 3.5 
P-values               
 Treatment 0.022 0.391 0.898 <0.001 0.280 <0.001 <0.001 <0.001 0.223 0.334 <0.001 0.052 0.535 0.742 
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 Sample 
Occasion 0.361 0.580 <0.001 <0.001 <0.001 0.973 0.007 0.921 0.840 0.553 0.063 0.603 0.035 0.410 

 T*SO 0.951 0.374 0.294 <0.001 0.223 0.990 0.985 0.999 0.998 1.000 0.749 0.993 0.910 0.735 
A,B,C Different letters signify significant differences between treatment means (P < 0.05). 
a,b,c Different letters signify significant differences between sample occasion means (P < 0.05). 
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