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 Management of community diversity of plant-associated arbuscular mycorrhizal fungi (AMF) 

may be key to the improvement and sustainability of low-input agricultural systems. This research 

examined the diversity of the indigenous AMF community following an application of turkey litter 

compost (TLC) and broiler poultry manure (BPM) to a field soil cropped to winter wheat using PCR-

denaturing gradient gel electrophoresis (DGGE). By the first fall, 6 months after application of TLC at a 

rate of 19 T/ha, indigenous soil AMF community diversity was significantly increased compared to the 

control (no amendment).  Additionally, increasing TLC application from 9.5 T/ha to 19 T/ha showed a 

trend to increase the indigenous AMF community diversity.  There were no significant differences in 

AMF community diversity a year after application of TLC and BPM. This research provides insight into 

organic amendment effects on soil AMF community diversity which will assist in developing sustainable 

agricultural practices.   
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Chapter 1. Introduction and Literature Review 

 

1.1 Introduction 

 The use of synthetic fertilizers in agricultural ecosystems can have a negative effect on 

soil microbial diversity (Koide and Mosse 2004; Bradley et al. 2006; Beauregard et al. 2010; 

Vestberg et al. 2011), whereas amendments of manures and composts enhance soil chemical, 

physical and biological properties (Miller et al. 1990; Arshad et al. 2002; Oehl et al. 2004).  

Low-input agricultural systems are gaining significance as an alternative production method on 

an international scale (Mäder et al. 2002).  These systems commonly use organic amendments, 

such as composts and manures, both to address fertility needs and to benefit the soil quality.    

From 2005 to 2010, this agricultural sector grew by approximately 25% in Canada (Macey 

2010).   

 In the improvement of soil biological properties, an increase in the microbial population, 

activity and diversity are key (Tilman et al. 2002; van der Heijden et al. 2008).   An important  

group of soil organisms within this population is the arbuscular mycorrhizal fungi (AMF), which 

grow in symbiosis with most terrestrial plants (Smith and Read 2008).  

 AMF are a functionally and phenotypically diverse group of microorganisms; some 

species transfer nutrients and water from the soil to the host plant, acting as extensions of the 

plant’s rooting system, while others are involved in promoting disease protection (Francis and 

Read 1995; Jaizme-Vega et al.1997; Hamel 2004; Leigh et al. 2009; Sikes et al. 2009). Much 

knowledge on AMF ecology and function has been gained through recent research (Koide and 

Mosse 2004). Encouraging diversity within this group of soil-borne organisms may be critical for 

the sustainability of low-input agricultural systems  (Oehl et al. 2004; Lekberg and Koide 2005; 

Powell et al. 2009; Verbruggen et al. 2012), and fundamental to improving soil conditions for 

crop production (Read 1991; Oliveira et al. 2009; Sikes et al. 2009; Vestberg et al. 2011).   

 The use of composts as soil amendments has been suggested as an approach to 

supporting the management of indigenous AMF populations (Hamel et al. 1994; Miller et al. 

1994).  Studies have shown that applications of compost can increase the diversity of indigenous 

AMF  (Oehl et al. 2004; Verbruggen et al. 2010).  The objective of this research was to study the 

effects of type of organic amendment and application rate on AMF community diversity using 

DNA-based methods.    
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 This research compared the effects of broiler poultry manure (BPM) with turkey litter 

compost (TLC) on diversity of AMF using PCR-DGGE methods. It was hypothesized that: a) 

type, and b) application rate, of organic amendment would impact the indigenous AMF 

community ecology.   

 

1.2 Literature Review 

1.2.1 Organic Amendments 

Low-input agricultural systems show varying degrees of benefit from different organic 

amendments.  These benefits include direct nutrient supply to crops, and improved physical and 

biological properties of soil (Bulluck et al. 2002; Mäder et al. 2002; Hepperly et al. 2009; 

Vestberg et al. 2011).   Uncomposted and composted manures are commonly applied organic 

amendments in agriculture (OMAFRA 2011).   

Animal manures have been applied to gardens and farmland for many years because of 

their observed benefits to crop production (Barker 2010).  Ease of access makes animal manures 

the most widely used organic amendment in agricultural systems.  However, due to their high 

moisture and low nutrient contents, it is not economically feasible to transport manures great 

distances so that they are typically applied near where they are generated.  Nevertheless, even 

with the above concerns, manures are a common organic amendment.  

Manure has a relatively highly leachable nutrient pool, similar to that of synthetic 

fertilizers (Hepperly et al. 2009). Poultry manures are particularly high in nitrogen, with more 

than 70% of the total nitrogen (N) present as potentially crop-available inorganic N, mainly as 

ammonium (NH4
+) (Ma et al. 1999).  To absorb liquid and reduce losses of N, poultry manure is 

often mixed with bedding rich in decomposable organic carbon (Mahimairaja et al. 1994). Once 

this poultry manure is applied to the soil however, besides crop uptake, N can be lost from the 

soil by volatilization as ammonia (NH3), or leached from the surface soil. It can also be 

immobilized by soil microbes during the degradation of the C-rich bedding. It is estimated that 

up to 60% of the N in poultry manure is mineralized and available to the crop in the first year of 

application (OMAFRA 2005).   However, high concentrations of NH4
+   may be toxic to soil 

organisms and slow the rates of N mineralization and nitrification (Mäder et al. 2006).  



3 
 

As with N, crop-available phosphorus (P) content is high in poultry manure (Nahm, 

2003) and is susceptible to leaching or erosion losses. In the first season that manure is land-

applied, it is estimated that 40% of the manure P is crop-available, with at least 80% of the 

remainder becoming crop-available in following years (OMAFRA, 2005; OMAFRA 2008).  

Preparation of composts from manures results in the degradation of the labile organic 

matter leaving a more biologically stable nutrient pool that is slowly available for plant growth 

(Mondini et al. 1996). Benefits of composted manure over uncomposted manure are that it has 

lower water content, higher stabilized organic matter, and is lower in potential pathogens and  

viable weed seeds. The composting process generates  heat  (Stevenson, 1994), which is key to 

drying,  and destruction of plant pathogens and weed seeds.  However, a significant portion of 

the nutrients contained in manures can  be lost during composting due to volatilization and/or 

leaching (Mondini et al. 1996; Mahimairaja 1995), thus reducing its value as a potential 

fertilizer.   

 

1.2.2 Arbuscular Mycorrhizal Fungi 

Arbuscular mycorrhizal fungi (AMF) form symbiotic relationships with at least 80% of 

terrestrial plants (Smith and Read 2008).  Fungal hyphae of AMF develop within the soil 

rhizosphere, penetrating into the plant’s cortical root tissues where they develop a network of 

hyphae, arbuscules, and occasionally vesicles (Read 1991).  Extending out from the roots of 

these plants, AMF hyphae are able to grow into soil pores smaller than can roots, and in this way 

are able to provide the plant greater access to soil nutrients and water (George et al. 1992).  

Transported along the hyphae and through arbuscules within the root, AMF provide nutrients 

from the soil to the plant in exchange for organic carbon substrates.  This exchange improves the 

growth and nutritional status of both the plant and fungus, contributing to their overall health 

(Goicochea et al. 1997; Jaizme-Vega et al. 1997).  AMF have been observed to improve soil 

structure, thereby reducing erosion and improving water-holding capacity (Rillig and Mummey 

2006). 
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1.2.2.1 Diversity and AMF Functional Specificity 

Currently, at least 150 species of AMF are known to exist (Smith and Read 2008). It has 

been suggested that their diversity may be as high as that of the plants they are known to infect 

(Dalpé 2003). This concept coincides with work done by Koch et al. (2012) who observed that 

plant and AMF diversity are positively correlated in natural grasslands.  They also observed that 

an increase in diversity of AMF morphotypes and plants increased AMF biomass and plant 

productivity.  Studies observing the effect of conventional versus organically-managed 

agricultural systems on AMF populations have also been reported (Oehl et al. 2004; Verbruggen 

et al. 2012).  Both of these studies observed greater diversity of AMF taxa in organic systems 

which received no additions of synthetic fertilizers and were managed with limited tillage  and  

more complex crop rotations.  

The effects of inoculating soil with specific species of AMF are commonly studied using 

root colonization and/or spore collection as the primary methods of analysis.  Species-specific 

functions have been observed in these studies.  Different AMF species have demonstrated 

propensities to certain functional characteristics such as production of spores, pathogen 

protection, and efficiency of nutrient acquisition and exchange (van der Heijden et al. 1998; 

Toussaint et al. 2004; Sikes et al. 2009).  The plant-AMF functional relationship has been 

explored (Jansa et al. 2005; Maherali and Klironomos 2007) and it has been suggested that while 

one AMF species may favour nutrient exchange, another may provide greater disease resistance 

to the host plant.  Benefits to host plant can depend on which species of AMF are present, and 

how diverse this population is in the soil (Hart and Forsythe 2012).  Leigh et al. (2009) observed 

differences in N uptake from organic N sources between species of AMF, leading to the 

suggestion that certain species have a greater capacity for enhancing plant nutrient uptake than 

others.  Hart and Forsythe (2012) reported similar observations with a greater range of nutrients.  

Hart and Forsythe also increased AMF diversity in potted soil via inoculation, noting in this case 

that an increase in AMF diversity did not necessarily improve nutrient uptake.  Benefits to the 

host plant can depend on which species of AMF are present (Maherali and Klironomos 2007), 

and on the diversity of the population.   
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The advent of DNA-based methods allow in-depth study of soil-borne AMF community 

diversity (Green et al. 2009).  Yet, relatively few studies observing the phenotypic variance of 

mycorrhizal communities have been carried out using denaturing gradient gel electrophoresis 

(DGGE) (de Souza et al. 2004; Ma et al. 2005; Liang et al. 2008; Yang et al. 2010). 

  

1.2.2.2 Temporal effects on AMF community diversity 

Much research has been done on temporal effects on soil microbial biomass and activity, 

however there is limited understanding of the temporal effects on AMF community diversity.  

The effects of seasonal fluctuation in total soil microbial communities have been documented 

(Smit et al. 2001; Smith et al. 2010). Smith (2010) observed a shift in soil bacterial community 

diversity from spring to summer, specifically observing a reduction in diversity as the summer 

season progressed.  Other microbial communities, such as AMF, would be expected to be 

similarly affected (Yang et al. 2010).  Yang et al. (2010) have made parallel observations on 

natural grasslands and observed a temporal shift in phylogenetic assembly of the AMF 

community.  However, research on the temporal effects on AMF community using DNA-based 

methods is limited.  

 

Chapter 2. Methods  

2.1 Site Preparation and Experimental Design 

The field experiment was conducted over a two-year period (2011-2012) on an 

organically-managed farm located near Dashwood (43˚22N 81˚38W), Ontario, and was 

associated with a study which evaluated soil nitrogen fertility (Woodley, 2014, unpublished PhD 

thesis, University of Guelph).  The dominant soil type of the area is an imperfectly drained 

Berrien sandy loam (Grey-Brown Luvisol) with a small north-south swath of well-drained 

Burford loam (Grey-Brown Luvisol) at the east end of the field.  Refer to Table 2.1 for soil 

chemical properties. 

Prior to this study, in October 2010, the field was flagged for soil amendment application 

in a randomized complete block design (RCBD).  Each treatment plot unit measured 9m x 10m 

and was separated east to west by a control (no treatment) row 9m wide. This project consisted 
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of twenty experimental units: two rates each of raw broiler litter and turkey litter compost (herein 

referred to as manure and compost, respectively) plus a control, replicated four times. The field 

was seeded with soft white winter wheat (Triticum aestivum sp.) in autumn of 2010.  In spring 

2011, the amendments were applied using a conventional farm manure spreader at rates based on 

manure total N content and on the recommended N application for T. aestivum as follows:  

compost at 9.5 T/ha (CL) and 18.53 T/ha (CH), manure at 4.6 T/ha (RL) and 9.7 T/ha (RH) and 

control (no application) (Table 2.2). The amendments were incorporated by chisel cultivation 

within 1 d of application. Red clover (Trifolium pratense L.), was broadcast underseeded 

following the amendment applications.  Corn (Zea mays) was planted in spring, 2012.  

Soil samples were collected in autumn 2011 after wheat harvest, in the spring (2012) 

before clover plow-in, and in summer 2012. The summer date was selected as AMF root 

colonization has been previously observed to be highest (McGonigle and Miller 1993). These 

sampling dates are referred to herein as Autumn, Spring and Summer. Ten 15 cm-depth soil 

cores were obtained from each treatment plot, composited, and transported to the laboratory on 

ice.  

Within 24 h roots were separated from the soil by sieving, and prepared for AMF 

colonization analysis (see below). The field-moist soil was passed through a 2 mm sieve, 

sampled for moisture content determination, and the remainder separated into two sterile bags for 

storage at -20˚C until processed for chemical analysis and DNA analysis.    
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Table 2.1. Chemical properties of field soil prior to amendment application. 

      

Properties Soil     

pH 6.1     

Organic matter (%) 3.8     

P* (ppm) 46.3     

K (ppm) 61.5     

Mg (ppm) 311     

        

 
     

*Sodium Bicarbonate-extracted P    

     
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



8 
 

 

Table 2.2 Rates of BPM (RL, RH) and TLC (CL, CH) application (T/ha) to a sandy 
loam field soil in spring, 2010.   
 

Amendment Type   
Application Rate 

(T/ha) Rate of N (kg/ha) Rate of P (kg/ha) 

Manure (BPM)        RL 4.5 22 29 

 RH 9.5 44 59 

Compost (TLC)  CL 9.5 22 81 

 CH 19 44 162 
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2.2 Bicarbonate extractable soil phosphorus (P) using the Olsen-P Method 

Sieved, frozen soils were thawed and air dried for 24 h. Phosphorus was extracted from 

2.5 g of soil with 50 mL 0.5 M sodium bicarbonate (pH 8.5) according to the procedure 

described in Schoenau and O’Halloran (2008).  Ortho- P in the extract was analyzed by flow 

injection using the QuikChem Method 12-115-01-1-B (Lachat Instruments, Loveland, CO, 

USA). 

 

2.3 Root AMF Colonization 

Roots were washed with distilled water and cut into 1 cm sections. These sections were 

preserved in 50% ethanol until prepared for staining.  The roots were cleared in 10% KOH, then  

stained in a 5% acetic acid -black ink mixture, following the method of Vierheilig et al. (1998).  

Extent of root colonized by AMF hyphae, arbuscules and vesicles was performed using the 

magnified intersections method as described by McGonigle et al. (1990), with ~150 root 

intersects recorded per sample. 

 

2.4 Soil DNA Extraction 

Total DNA was extracted from 0.5 g of soil using the PowerSoil DNA Isolation Kit 

(MoBio Laboratories).  Successful DNA extraction was confirmed by running 5 µL of the extract 

on a 1% agarose gel stained with ethidium bromide and visualized under UV light. Images were 

captured using GeneSnap (Syngene, Cambridge, UK). The DNA was subsequently divided into 

20 µL working samples and stored at -20˚C until subsequent analyses were performed.   

 

2.5 Polymerase Chain Reaction (PCR) Amplification 

A nested polymerase chain reaction (PCR) was performed to amplify AMF sequences in 

the large sub-unit (LSU) of the ribosomal DNA.   Selected primers were FLR1, LR2, FLR3, and 

FLR4 as these have been shown to give satisfactory measures of diversity (van Tuinen et al. 
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1998; Gollotte et al. 2004; Miras-Avalos et al. 2011). The PCR was completed in a thermal 

cycler (Eppendorf, Hamburg, Germany).   

For each sampling unit, 1 µL of total DNA was amplified in 19 µL of MasterMix (2 µL 

of 10x PCR buffer, 500 nM FLR1 primer, 500 nM LR2 primer, 1.2 µL of 25 nM MgCl2, 0.4 µL 

of 10 nM dNTPs, and 0.25 µL of 1.25 U GoTaq DNA Polymerase (Promega)).  The 5’ end of 

LSU rDNA was amplified under the following conditions:  an initial denaturation at 95˚C for 3 

min, 35 cycles of denaturation at 93˚C for 1 min, annealing at 58˚C for 1 min, and extension at 

72˚C for 1 min. The cycle was completed with a final extension at 72˚C for 5 min.   

The PCR products were diluted 1:100 with sterile, distilled water and used as the nested 

PCR template to amplify the LSU rDNA of sequences of AMF using primers FLR3 and FLR4 

(Gollotte et al. 2004).  Primer FLR3 was lengthened at the 3’ end with a 32 base pair GC clamp 

to prevent total denaturation during denaturing gradient gel electrophoresis (DGGE) (Green et al. 

2009). Amplification via PCR was run as outlined, using a MasterMix volume adjusted to 38 µL 

with 2 µL of template added. Final PCR products were run alongside a 100bp ladder (Invitrogen) 

on 1% agarose gel at 70V for 25 min and viewed under UV trans-illumination to confirm the 

presence of the expected 380bp fragment size (Figure 2.1).   
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Figure 2.1. Nested PCR products obtained using DNA extracted from soil samples with primer pairs 

FLR1-LR2 and FLR3(GC)-FLR4.  Lanes 1-4: compost amendment, Lanes 5-8: manure amendment, 

Lanes 10-12: control (no amendment), Lanes 9 and 15: 100 base pair (bp) ladder, Lane 13: -ve control (no 

DNA), and Lane 14: +ve control.  Arrows indicate base pair fragment sizes. 
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2.6 Denaturing Gradient Gel Electrophoresis (DGGE) 

DGGE was performed on all nested PCR products using the D-Code system (Bio-Rad, 

Hercules, CA, USA).   For each PCR product, 20 µL was mixed with prepared loading dye and 

loaded into the wells of an 8% acrylamide gel with a 30% to 60% denaturant solution gradient.  

Protocol defines a solution of 100% denaturant as consisting of 7 M urea and 40% deionized 

formamide.   Gels were run in 0.5X TAE buffer at an initial 20V without circulation until the 

temperature reached 60˚C, then at 50V with circulation at 60˚C for a total of 18 h.  Gels were 

then stained with 0.02X SYBRGreen for 15 min, destained with 0.5X TAE buffer for 10 min, 

UV illuminated, and digitally photographed using Gene Snap software (Syngene, Cambridge, 

UK).  Images were imported into GeneTools (Syngene, Cambridge, UK) for statistical analysis.   

Selected DGGE bands were excised for sequencing and stored in 100 µL of sterile, 

distilled water for 24 h.  Eluted DNA was amplified via PCR as described above using FLR3 and 

FLR4 primers.  Final PCR products were purified using the UltraClean PCR Clean-Up DNA 

Purification Kit (MoBio, Carlsbad, CA, USA), prior to sequencing submission to the AAC 

Genomics Facility, University of Guelph, ON, Canada.  

 

2.7 Statistical Analysis 

AMF community structure was measured via DGGE image analysis in GeneTools 

software (Syngene, Cambridge, UK), where true band peaks were identified and corrected.  

Three ecological indices were calculated from peak band values: Shannon’s diversity index      

[H’= -∑(ni/N)log(ni/N)], Margalef’s richness index [d = (S-1)/log(N)], and Pielou’s evenness 

index [J = H’/log(S)], where ni represents the peak height of each individual band, N represents 

the total peak height of all bands in a track and S represents the total number of bands (Smith et 

al. 2010).   

The corrected DGGE images were imported into GeneDirectory (Syngene, Cambridge, 

UK) where lane comparison was performed and a similarity matrix was constructed for each gel.  

Lanes were compared through cluster analysis by the unweighted pair group mathematical 

averages (UPGMA: Dice coefficient of similarity) under 0.7% tolerance. AMF community 

structure was analyzed with multi-dimensional scaling (MDS) and one-way analyses of 
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similarity (ANOSIM), after normalizing values by log+1 transformation in PRIMER v.6 

(PRIMER-E, Ltd., Plymouth, U.K).  In the MDS plots, the distance between data points is 

proportional to the degree of similarity between samples. An R value is given as a measure of 

differences between the groups in ANOSIM. R can range from -1 to +1, where R= 0 indicates 

completely random grouping and R= 1 indicates all similar samples are within the same groups. 

Calculated AMF community indices, colonization values, and chemistry data among 

treatments and sampling dates were subjected to analysis of variance (ANOVA) performed using 

PROC MIXED in SAS 9.3 (SAS Institute, Cary, NC). Residuals were studied for normality, and 

then analyzed using PROC GLM.  Block effects were included in the analysis. Least squares 

means and their standard errors were generated, with multiple means comparisons done using 

Tukey’s adjustment. The significance of results was determined using a Type 1 error rate of 

p<0.05.  

 

Chapter 3. Results 

3.1 AMF Root Colonization  

All root samples surveyed in this study were well colonized (Table 3.1 and Figure 3.1).  

Hyphae, vesicles, and arbuscules were identified under 400x magnification (Figure 3.2).  The 

mean percent colonization rates (includes arbuscules and hyphae) ranged from 25 to 54%.  

Percent colonization rates were lowest in the treatment receiving manure and highest in the 

control. Statistical analyses of these parameters revealed the difference in colonization to be 

significant (p= 0.0367). 
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Table 3.1 AMF colonization (arbuscular (AC), vesicular (VC), and hyphal (HC)) of red 
clover (Trifolium pretense) roots collected in spring, 2012.  

  

Treatment* AC** VC HC 

Control 0.541 0.035 0.206 

CH 0.409 0.025 0.156 

RH 0.252 0.028 0.092 
 

*Treatments are defined as: Control= no amendment,  

CH= compost (TLC) applied at 19 T/ha, and RH=  
manure (BPM) applied at 9.5 T/ha. **Values for  

each growth structure (arbuscules, vesicles,hyphae)  

represent proportion of its colonization relative to the  
total number of observed intersections (~150).  
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Figure 3.1. LS Means of percent root colonization of AMF in red clover (Trifolium pratense L.) roots 

measured in spring, 2012. Soil was amended with BPM,TLC, or no amendment (control) in spring, 2011. 

Bars indicate the standard error (8.7), a-b Means for each treatment followed by the same letter are not 

significantly different according to Tukey's test (p<0.05).  
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a)  

b)  

Figure 3.2. AMF colonization (blue) of red clover (Trifolium pretense) roots  collected in spring, 
2012. AMF growth structures (hyphae, vesicle, arbuscule) are identified. 400x magnification. 
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3.2 Soil AMF Community Structure  

3.2.1 AMF Species Identification 

 In total, 29 bands were extracted from five DGGE gels for species identification (Figures 

3.3 to 3.6).  Results of extracted band identification are given in Table 3.3. Identification of 

bands to a particular species isolate had a 41% success rate.  Nine of the twenty-nine bands 

submitted for identification were unable to be identified in GenBank.   All identified bands were 

from the Glomus family, as expected due to the target DNA of the primers used. According to 

sampling date, AMF species isolates identified in a) autumn, 2011 included Septoglomus 

viscosum, Glomus etunicatum, and G. claroideum; b) spring, 2012 included G. etunicatum and 

G. constrictum and c) summer, 2012 included S. viscosum, G. aggregatum, Rhizophagus 

intraradices, G. etunicatum and G. trimurales. However, as not all bands were excised for 

identification, species identification at certain sampling dates and not others does not indicate 

absence.   
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Figure 3.3 DGGE of the amplified AMF LSU rDNA region in autumn, 2011. Treatments, as        

described in text, are TLC (CL, CH), BPM (RL, RH), and control (CON).  Arrows represent             

bands extracted for species identification (1-4), see Table 3.1 for band identification.   
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Figure 3.4 DGGE of the amplified AMF LSU rDNA region in spring, 2012. Treatments, as described in 

text, are TLC (CH), BPM (RH), and control (CON).  Arrows represent bands extracted for species 

identification (5-9), see Table 3.1 for band identification.   
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a)  

 

b)  

Figure 3.5 DGGE of the amplified AMF LSU rDNA region in summer, 2012. Two separate gels (a and b) 

are represented. Treatments, as described in text, are TLC (CL, CH), BPM (RL, RH), and control (CON).  

Arrows represent bands extracted for species identification (10-21), see Table 3.1 for band identification.   
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Figure 3.6 DGGE of the amplified AMF LSU rDNA region comparing autumn, 2011, spring, 2012 and 

summer, 2012. Treatments, as described in text, are TLC (CL, CH), and BPM (RL, RH).  Arrows 

represent bands extracted for species identification (22-29), see Table 3.1 for band identification.   
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Table 3.2 Identities of selected DGGE bands from nested PCR product (primers FLR1-LR2 and FLR3-

FLR4).  

IDa Closest match from GenBank (% sequence similarity by BLAST) GenBank accession no. 

1 Septoglomus viscosum isolate Att179-15 (93%) HF548860.1 

2 ?  

3 ?  

4 Glomus claroideum isolate (95%) AF396801.1 

5 ?  

6 Glomus sp. 9 SUN-2011 isolate 08_48_1 (98%) JF439161.1 

7 Uncultured Glomeromycota clone (98%) JN252249.1 

8 Uncultured Glomerales clone (93%) KC411439.1 

9 Glomus etunicatum, isolate UFPE06 (100%) AJ852006.1 

10 Septoglomus viscosum, isolate Att179-15 (86%) HF548860.1 

11 Glomus aggregatum isolate Ga-1 (98%) JF439131.1 

12 ?  

13 Rhizophagus intraradices (89%) HE817875.1 

14 ?  

15 ?  

16 Rhizophagus intraradices (89%) HE817875.1 

17 ?  

18 Uncultured Glomus, clone WW5-15 (86%) HE858381.1 

19 Glomus sp. lpp39 (91%) AJ459374.1 

20 Glomus etunicatum isolate NB119-18 (98%) HM485750.1 

21 Glomus etunicatum isolate NB119-18 (99%) HM485750.1 

22 Glomus constrictum isolate NE202 (82%) FJ461827.1 

23 Uncultured Glomeromycota clone (98%) JN252204.1 

24 Glomus trimurales isolate WA105 (92%) FJ461859.1 

25 ?  

26 Uncultured Glomerales clone B18_44 (97%) KC411460.1 

27 ?  

28 Glomus etunicatum isolate KE118-13 (98%) HM485734.1 

29 Uncultured Claroideoglomus (96%) HE775300.1 

a sequences were defined in Figure (DGGE). 
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3.2.2 AMF structure via ANOSIM 

Analysis of similarity (ANOSIM) of the spring and summer sampling dates revealed no 

significant differences between AMF community structure and the amendment treatments (data 

not shown).  In autumn, significant differences between treatments and the control were 

observed (R= 0.218; p= 0.04).  When compared against that of the control, the AMF community 

structure in soil of the manure treatments were not significantly different (R= 0.01; p= 0.40).  

The most significant difference in AMF community structure was observed between the compost 

treatments and the control (R= 0.327; p= 0.04), and the manure (R= 0.242; p= 0.03).   

No significant trends in similarities between treatments were observed via cluster 

analysis at each of the three sampling dates (Figure 3.7: autumn; spring and summer data not 

shown).  Multi-dimensional scaling (MDS) of autumn reveals few repeated measures (replicates) 

of treatments clustered together, however all were with a low percentage of similarity (<75%).  

Compost applied at 9.5 T/ha (CL) showed the least similar AMF community structure (< 40% 

similarity) to the other treatments (Figure 3.8).  Visual observation of the DGGE image revealed 

fewest number of bands in all replicates of the CL treatment compared to the other treatments. 

 

3.2.3 AMF structure via ANOVA 

Statistical analysis of variance did not show any significant difference between 

treatments in AMF diversity, richness and evenness (H’, d, and J) in spring and summer (Table 

3.3, b and c).  Block effects were not significantly different (p>0.05) for each treatment at each 

sampling date (data not shown).  A trend was observed in spring which demonstrated lower 

diversity in the high application rate of manure treatment compared with the control, though it 

was not significant (p=0.627, not shown).  In summer, no trends in diversity were observed 

between treatments, with a range of p calculated between 0.56 and1.00.   

The most significant differences in AMF community structure between treatments were 

observed in autumn, which was 5 months after application of the organic amendment. 

Comparison of means of each treatment effect on AMF diversity showed a significant difference 

in diversity between the high application rate of compost and the control (p=0.021)(Table 3.3a).  
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 Interestingly, when sampling dates were compared for each treatment, diversity and 

richness (but not evenness) of AMF were significantly different (Table 3.4).  The resulting trend 

follows a reduction in AMF diversity and richness from autumn to spring to summer.  

In autumn, the 9.5T/ha rate of compost (CL) was similar in AMF community diversity 

and richness to the manure treatment applied at the same rate (RH), however this was not 

considered statistically significant.  From autumn to summer, diversity and richness of AMF 

community under the CL treatment had not decreased as much as the other treatments (Table 

3.4). 
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Table 3.3 Comparison of means of indices for Shannon's diversity (H'), Margalef's richness (d) 
and Pielou's evenness (J) of the AMF community between organic amendment treatments from 
a) Autumn 2011, b) Spring 2012, and c) Summer 2012 sampling dates. 

a) Autumn 

Treatment* H'   d   J   

BPM-L 2.89 ab 3.51 a 0.94 a 

BPM-H 2.59 ab 3.07 a 0.91 a 

TLC-L 2.55 ab 2.87 a 0.92 a 

TLC-H 2.97 a 3.80 a 0.95 a 

Control 2.46 b 3.12 a 0.90 a 

se 0.099   0.215   0.012   

 
b) Spring** 

Treatment H'   d   J   

BPM-H 2.19 a 2.32 a 0.860 a 

TLC-H 2.34 a 2.45 a 0.908 a 

Control 2.54 a 2.66 a 0.933 a 

se 0.156   0.221   0.0309   

 
c) Summer 

Treatment H'   d   J   

RL 1.96 a 1.92 a 0.846 a 

RH 1.88 a 1.85 a 0.847 a 

CL 2.31 a 2.42 a 0.896 a 

CH 1.87 a 1.84 a 0.808 a 

Control*** 2.08 a 2.03 a 0.867 a 

se 0.237   0.232   0.0601   

       

*Treatments are labeled following actual application rates in T/ha: RL = 4.5, RH = 9.5, CL = 9.5, CH = 
18.5, **RL and CL not sampled in Spring, *** S.E. for means of Control in Summer are: 0.268 (H'), 

0.267 (d), and 0.678(J), a-b Means followed by the same letter within each column are not significantly 

different according to Tukey's test (P=0.05). N=4. 
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Table 3.4 Means of Shannon's diversity (H'), and Margalef's richness (d) indices as measured 
using PCR-DGGE method to compare treatment effect on the AMF soil community between 
three sampling dates. 

Treatment* Date**   H'   d   

RL Autumn   2.89 a 3.51 a 

 Summer   1.96 b 1.92 b 

RH Autumn   2.59 a 3.07 a 

 Spring   2.19 a 2.32 ab 

 Summer   1.88 a 1.85 b 

CL Autumn   2.55 a 2.87 a 

 Summer   2.31 a 2.42 a 

CH Autumn   2.97 a 3.80 a 

 Spring   2.34 ab 2.45 b 

 Summer   1.87 b 1.84 b 

Control Autumn   2.46 a 3.11 a 

 Spring   2.54 a 2.66 a 

 Summer  *** 2.07 a 2.02 a 

se   0.174  0.233  

       

*Treatments are labeled following actual application rates in T/ha: RL = 4.5, RH = 9.5, CL = 
9.5, CH = 18.5  **RL and CL not sampled in Spring, ***se of means of Control treatment in 

Summer is 0.204 (H') and 0.262 (d), a-b Means within each treatment followed by the same letter 
in a column are not significantly different according to Tukey's test (p<0.05).  
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Figure 3.7 Sample dendrogram of DGGE gel from autumn sampling date comparing similarities 

in AMF community structure between treatments across four replicates (1-4). Scale at top of 

figure represents percent similarity. Treatments are defined as: manure (BPM) applied at 4.5 

T/ha (RL) and 9.5 T/ha (RH), compost (TLC) applied at 9.5 T/ha (CL) and 19 T/ha (CH), and 

control (no amendment). 
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                                          a)      

                                          b)  

                                          c)                                                                      

                                           

 

 

 

 

 

 

 

Figure 3.8 Sample of a 2D multi-dimensional scaling (MDS) plot comparing treatment (RL, RH, CL, 

CH, Control) effects on AMF community diversity measured from a DGGE gel image from autumn 

sampling date. Plots are as follows: a) all treatments (CL, CH, RL, RH, Control), b) RH, RL, Control 

and c) CL, CH, Control. Distance between points represents similarity in AMF banding patterns.  

Treatments are defined as: manure (BPM) applied at 4.5 T/ha (RL) and 9.5 T/ha (RH), compost 

(TLC) applied at 9.5 T/ha (CL) and 19 T/ha (CH), and control (no amendment). 

Legend: 

        RL 

        RH 

        CL 

       CH 

      Control 
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Chapter 4. Discussion  

4.1 Organic Amendment 

In this study, rate and type of organic amendment had a short-term effect on the 

community of indigenous soil AMF.  Most notably, five months after application of compost at a 

rate of 19 T/ha, indigenous soil AMF community diversity was increased.  Our results also 

suggest that an increase in the rate of compost application from 9.5 T/ha to 19 T/ha may increase 

the indigenous AMF community diversity. These findings are in agreement with previous reports 

of AMF community diversity in field experiments (Mäder et al. 2000; Oehl et al. 2004).  In this 

study, no significant effects on AMF community structure were observed with uncomposted 

manure application. Further, the effects of the compost application were not observed the 

following spring and summer for all treatments.   

 

4.2 Soil P and AMF Colonization 

Within each treatment, bicarbonate extractable soil phosphorus (inorganic P) 

demonstrated a temporal trend, decreasing from autumn to spring (Figure A.1).  The organic 

amendments were applied once at the beginning of two growing seasons, therefore a reduction in 

inorganic P level (via plant uptake, P transformations, leaching, and erosion) is expected.  As 

root colonization by AMF was only observed at the spring sampling date, no statements 

regarding temporal shifts can be made. However, when comparing treatments at this single date, 

the manure amendment resulted in a lower percent AMF colonization when compared to the 

compost.  This is contrary to what would be expected, as the total phosphorus measured in the 

compost was higher than that of the manure. Previous research (Covacevich et al. 2007; Smith 

and Read 2008; Cozzolino et al. 2013) reported lower root colonization by AMF in soil amended 

with inorganic phosphorus. A study of the different forms of phosphorus present in each organic 

amendment may aid in the understanding of the AMF colonization rate response to these 

particular amendments. 
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4.3 AMF Community Structure 

Significant decreases in diversity and richness of AMF were observed in the 19 T/ha 

compost (CH) and 4.5 T/ha manure (RL) treatments from autumn to summer, suggesting that the 

initial effect of these treatments on the AMF community was not sustained. In autumn, the 9.5 

T/ha rate of compost (CL) was similar in AMF community diversity and richness to the manure 

applied at the same rate (RH), however this was not considered statistically significant.  The 

observation that the AMF community diversity diminished the least from autumn to summer 

under a low rate of compost application (9.5 T/ha) suggests that the lower application rate of 

compost may demonstrate an initially weak impact upon the AMF community yet it may be a 

more community sustainable organic amendment. This suggests that the compost applied at a 

rate of 9.5 T/ha may have a more long-term effect on the AMF community than the other 

treatments.     

One of the first to study temporal shifts in soil microbiology reported was by Granatstein 

et al. (1987), who noted an increase in soil microbial biomass from summer to autumn of the 

same year.  Since then, temporal shifts in soil AMF community structure have been observed 

(Smit et al. 2001; Hijiri et al. 2006; Bainard et al. 2012).  Bainard et al. (2012) examined 

temporal shifts in AMF community composition from spring to summer using DNA-based 

methods. They observed a reduction in the occurrence of a certain species of indigenous soil 

AMF from spring to summer. 

In our study, no significant differences were observed in AMF community structure from 

spring to summer between treatments.  This observation could be attributed to the timing of 

sampling compared to length of time since amendment application (Alguacil et al. 2009).  

 

Chapter 5. Conclusions 

Overall, application of an organic amendment to a field soil had an effect on AMF 

community diversity less than one year later.   However, this study indicates that application of 

raw manure may cause a decrease in indigenous AMF diversity. Conversely, applications of 

compost may enhance AMF diversity.  This study suggests that it may be crucial to apply raw 

manure at a lower rate than composted manure to support AMF community diversity.  Our 
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findings suggest that, compared to raw manure, higher applications of composted manure have 

the potential to be less damaging to the diversity of indigenous AMF.  This may suggest that 

high application rates of composted manure may be more beneficial to soil microbial diversity 

than high rate of raw manure application.  

This study was limited to a single field site, over one year and with more than one crop.  

A greater variety of organic soil amendments applied at various rates and compared against 

synthetic P fertilizer could be researched, with a portion dedicated to analysis of the components 

of each organic amendment (i.e. nutrient content, organic matter, pH).  Functionality of 

particular indigenous AMF based on phenotypic observations should be observed as well, in 

particular how community diversity may affect plant nutrient uptake. 
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Appendices 

 

 

 

Figure 1. Soil inorganic (ortho-) P values for each treatment (control, BPM (manure 
applied at 9.5 T/ha), and TLC (compost applied at 19 T/ha) applied in spring 2011. 
Measurements were performed on autumn, 2011 and spring, 2012 soil samples.   

 

 

 

 

 

 

 

 

 

 

 


