
ABSTRACT 

CRUZ, ANGEL ELISA. Does Diversity Matter? Examining Agroecosystem Impacts on 
Beneficial Soil Microorganism Diversity. (Under the direction of Dr. Michelle Schroeder-
Moreno). 

 

One goal of sustainable agriculture is the sustainable management of the soil 

ecosystem. Beneficial soil microbes can improve agricultural productivity over time. Two of 

the most important soil microorganism mutualists in agricultural systems are arbuscular 

mycorrhizal fungi (AMF) and rhizobia, both which increase the availability of important 

nutrients. Mycorrhizal fungi are essential in agroecosystems for their role in enhancing plant 

nutrition and soil health. Rhizobia are also important due to their role in biological nitrogen 

fixation (BNF). Conventional agriculture practices, characterized by high levels of synthetic 

fertilizers, heavy tillage, and the use of pesticides and fungicides, may negatively impact 

AMF and rhizobia community structure and functioning. Research on organic and low input 

production methods, however, may beneficially impact these soil mutualists. It is difficult to 

connect a single practice to the positive effect of an entire system and additionally it is likely 

that multiple farming practices are interacting to impact these soil mutualistic communities. 

Research that integrates practices at the systems level rather than focuses on single practices 

is needed to further understand agriculture impacts on rhizobia and AMF communities. The 

first study of this thesis (Chapter 2) examines the farming systems level impacts on AMF and 

rhizobia species richness and community structure, in addition to soil properties, after ten 

years of implementation. Five farming systems were examined including a successional (a 

previous agricultural system that left fallow) field, crop animal pasture rotation, organic crop 

production, conventional crop production with no till and conventional crop production with 
 

 



tillage. Farming system treatments did not impact AMF or rhizobia species richness, but 

overall these systems had high AMF species richness for agricultural systems. Significant 

differences in the community structure of AMF species were found between farming 

systems. Additionally, farming system treatments altered all soil properties examined in this 

study. Despite AMF communities differing between systems, little is known about the 

importance of species richness or the role of different species in agroecosystems. 

In order to evaluate the role of different AMF species and species richness, a second 

study (Chapter 3) was conducted to examine the role of AMF species richness on crop 

response to drought stress. AMF may be especially important under stress conditions, and 

water limitation is one of the biggest challenges for global food production. Furthermore, 

AMF have often been found to increase plant resistance to drought stress. In this study, corn 

plants were inoculated with 5 single AMF cultures (Glomus intraradices, Acaulospora 

spinosa, Gigaspora rosea, G. clarum, G. etunicatum), a combination of 3 AMF species, a 

combination of all 5 AMF species, or as a control, with sterilized AMF inoculum, during an 

8 week pot experiment. After 3 weeks of well watered growth, a drought treatment was 

initiated and lasted 4 weeks. Response variables measured included corn biomass (shoot and 

roots), plant heights, shoot nutrients, gas exchange parameters, and percent AMF root 

colonization at harvest. Drought was found to decrease response variables across all AMF 

treatments. AMF treatments overall did not impact plant growth parameters (plant height and 

biomass), but they did alter photosynthesis rates, stomatal conductance, transpiration and 

water use efficiency (WUE). However, the G. etunicatum and 3 AMF did not have decreased 

photosynthesis, transpiration, and stomatal conductance rates under drought. In addition, the 

 
 



3 AMF treatments had greater WUE under drought than well watered conditions. This study 

demonstrated that AMF species may have functionally different benefits to plants and 

drought may change the outcome of these benefits. Furthermore, increased AMF species 

richness may enhance mycorrhizal benefits to plants, but species identity is key. 

  

 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

© Copyright 2013 Angel Cruz 

All Rights Reserved

 
 



Does Diversity Matter? Examining Agroecosystem Impacts on Beneficial Soil 
Microorganism Diversity  

 

 

by 
Angel Elisa Cruz 

 

 

A thesis submitted to the Graduate Faculty of 
North Carolina State University 

in partial fulfillment of the  
requirements for the degree of 

Master of Science 
 

Crop Science 

 
 
 

Raleigh, North Carolina 

2013 

 

APPROVED BY: 

 

 

_______________________________  ______________________________ 
Dr. Michelle Schroeder-Moreno   Dr. Julie Grossman 
Committee Chair 
 
 
 
________________________________   
Dr. Shuijin Hu     

 
 



DEDICATION 

This thesis is dedicated to my parents, Miguel and Lesia Cruz, who have supported me 

throughout my life, as well as my second family, the community of Los Naranjos, in El 

Salvador, who inspired me to pursue further education in the plant and soil sciences and use 

it to benefit the poor and hungry. 

ii 



BIOGRAPHY 

Growing up in rural NC, watching families transition from tobacco and then working for 

several years in community gardens and agricultural education in rural El Salvador, I became 

passionate about sustainable agriculture. On a visit to NCSU, I met Dr. Schroeder-Moreno, 

and learned about an opportunity to pursue a Masters degree where my research and work 

consist of two dynamic components – both researching soil ecology and working as part of 

the Appalachian Foodshed Project (AFP) team. I hope these two unique research and work 

experiences have prepared me to work across disciplines and at multiple scales.  

iii 



ACKNOWLEDGMENTS 

My graduate studies were funded by a USDA AFRI grant, and I am grateful for the 

opportunity it has provided to me. The growth chamber experiment would not have been 

possible without the use of the NCSU Phytotron and all the personnel that helped me 

throughout the experiment, especially Janet Shurtleff and David Dupree. There are also a 

number of other people that I would like to thank who helped make this thesis possible either 

by technical expertise and guidance, or by giving their valuable time to assist in me in this 

project. 

Dr. Michelle Schroeder-Moreno (Advisor) 

Dr. Julie Grossman (Committee Member) 

Dr. Shuijin Hu (Committee Member) 

Dr. Janet Shurtleff   

Dr. Consuelo Arrellano 

Dr. Emily Griffith 

Dolly Watson (lab technician)  

Jijy Sooksanguan     Sarah Seehaver 

Stephen Ratasky     David Dupree 

Joseph Owle      Amanda McWhirt 

Rebecca Dobosy     Sean Bloszies  

Drew Marticorena     Selena Lusk

iv 



TABLE OF CONTENTS 

LIST OF TABLES  ........................................................................................................vii  
LIST OF FIGURES  ......................................................................................................viii 
I. Introduction ..............................................................................................................1 
REFERENCES  ...............................................................................................................6 
II.  Farming System Impacts on Community Structure of Beneficial Soil  
Mutualists  ......................................................................................................................8 
Abstract   ..........................................................................................................................9 
Introduction  .....................................................................................................................10 
Materials and Methods  ....................................................................................................15      
 Field site description ...........................................................................................15 

Soil sampling  .......................................................................................................17 
Assessment of AMF diversity  ..............................................................................17 

           Rhizobia isolation with trap cultures  ...................................................................18 
           Rhizobia amplification and analysis  ....................................................................19 
           Statistical analysis of AMF and rhizobia  .............................................................20 
Results  .............................................................................................................................21 

Soil properties  .....................................................................................................21 
Farming system impact on AMF species richness and community structure  .....22 
Soil properties and AMF  .....................................................................................23  
Rhizobia diversity and crimson clover plant and nodule sampling  ....................24 

Discussion  .......................................................................................................................25 
REFERENCES  ...............................................................................................................30 
III.  Examining the Role of Arbuscular Mycorrhizal Fungi Species Identity and Species 
Richness on Crop Responses to Drought Stress  .........................................................46 
Abstract   ..........................................................................................................................47 
Introduction  .....................................................................................................................48 
Materials and Methods  ....................................................................................................51 

Experimental design ............................................................................................51 
Corn growth and nutrient responses ...................................................................54 
Gas exchange parameters  ...................................................................................55 
Statistical analysis  ..............................................................................................55 

Results  .............................................................................................................................56 
Corn height and biomass  ....................................................................................56 
Gas exchange parameters and water use efficiency  ...........................................57 
Corn shoot nutrients  ...........................................................................................58 
Mycorrhizal colonization  ....................................................................................59 
Soil nutrients  .......................................................................................................59 
 

Discussion  .......................................................................................................................59 
REFERENCES  ...............................................................................................................67 
IV.  Conclusions  ............................................................................................................84 

v 



APPENDICES  ................................................................................................................89 
Appendix A. Mean composite soil nutrient and chemical properties ..................90  
Appendix B. Mean composite corn shoot nutrient concentrations ......................91 

 

  

vi 



LIST OF TABLES 
 

Table 2.1: Overview of the five farming systems at the Farming Systems Research Unit at the 
Center for Environmental Farming Systems .................................................36 

 
Table 2.2: Summary of mean soil nutrient and chemical properties across 5 different farming 

systems at the Center for Environmental Farming Systems  .........................37 
 
Table 2.3: Summary of AMF species richness across 5 different farming systems at the 

Center for Environmental Farming Systems..................................................38 
 
Table 2.4: Distribution of AMF species found at the Center for Environmental Farming 

Systems across 5 different farming systems, with 3 replicate blocks of each 
system ............................................................................................................39 

   
Table 2.5: Principal components and eigenvalues and variable loadings for the first three 

principal components  ....................................................................................40 
 
Table 2.6: Mean crimson clover specific nodule counts, nodule weights and shoot dry 

biomass in Leonard jars  ................................................................................41 
 
Table 3.1: Mean per plant biomass (g) of corn roots, shoots, and total biomass (roots + 

shoots) per AMF treatment ............................................................................74 
 
  

vii 



LIST OF FIGURES 

Figure 2.1: Map of the Farming Systems Research Unit at the Center for Environmental 
Farming Systems  .........................................................................................42 

 
Figure 2.2: Principal component vector pattern for AMF species  ..................................43  
 
Figure 2.3: Principal components biplot of PC 1 and PC 2 with farming systems .........44 
 
Figure 2.4: Crimson clover DNA dendrogram of Box-A1R primer PCR fingerpints  ....45 
 
Figure 3.1: Mean shoot biomass of individual corn plants under different AMF and drought 

treatments  ....................................................................................................75 
 
Figure 3.2: Mean root dry biomass of individual corn plants under different AMF and 

drought treatments  .......................................................................................76 
 
Figure 3.3: Mean corn plant height at 55 DAP under different AMF and drought treatments 

 ......................................................................................................................77 
 
Figure 3.4: Mean individual corn leaf photosynthesis under different AMF and drought 

treatments .....................................................................................................78 
  
Figure 3.5: Mean stomatal conductance (gs) of individual corn plants under different AMF 

and drought treatments  ................................................................................79 
 
Figure 3.6: Mean transpiration of individual corn plants under different AMF and drought 

treatments  ....................................................................................................80 
 
Figure 3.7: Mean intercellular CO2 concentration of individual corn plants under different 

AMF and drought treatments  ......................................................................81 
 
Figure 3.8: Mean water use efficiency of individual corn plants under different AMF and 

drought treatments  .......................................................................................82 
 
Figure 3.9: Mean percent colonization of different AMF and drought treatments on corn roots  

 ......................................................................................................................83 
 
 
 

viii 



 

 

 

 

I. Introduction 
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One goal of sustainable agriculture is maintaining a healthy and functioning soil 

ecosystem. Arbuscular mycorrhizal fungi (AMF) and rhizobia are arguably the two most 

important beneficial symbiotic soil organisms in agroecosystems and are associated with 

increased uptake of essential nutrients. Rhizobia are a key component of biological nitrogen 

fixation (BNF), fixing up to 22 million tons of N each year (Herridge et al. 2008). Arbuscular 

mycorrhizal fungi hyphae increase absorptive surface area available for nutrient uptake and 

can additionally improve soil structure in agroecosystems (Gosling et al. 2006). Various 

agricultural practices, such as heavy tillage, synthetic N and P applications, and the use of 

pesticides and fungicides, have been shown to negatively impact AMF and rhizobia 

populations (Kiers et al. 2002). In contrast, certain production practices, such as those in 

organic and low-input systems, may optimize aspects of the mutualist and modify these 

beneficial communities, ranging from increased rhizobia diversity (Grossman et al. 2011) to 

improved root colonization by AMF (Oehl et al. 2009). While much research on these 

symbionts has taken place in pot studies and/or examining single practices, considerably less 

is understood how they respond to field conditions with interacting agricultural factors. It is 

likely that production practices, fertilizer applications, and pest management strategies 

interact to affect AMF and rhizobia community structure.  Therefore, there is a critical need 

to understand how the integration of practices, which represent more realistic conditions in 

agroecosystems, impact AMF as well as rhizobia diversity and abundance.  

A change in species composition of AMF has been documented as a result of 

different farming systems. For example, systems with intense tillage often select for Glomus 

species (Jansa et al. 2003). However, little is understood about how or if diversity in AMF 
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populations impacts benefits to plant hosts (Bever 2001). Schreiner and Bethlenfalvey (1997) 

found that a mixed species AMF inoculum improved growth more than a single species 

inoculum on pea plants (Pisum sativum). One explanation for the increased benefit of the 

mixed species is that AMF vary in their mutualistic effects (Bennet and Bever 2009) and 

different AMF species provide diverse benefits to the plant (Newsham 1995).  A number of 

studies have observed variation in host performance following colonization by different 

AMF species (Fester and Sawers 2011), but more work is also needed to clarify the role of 

diverse AMF species to hosts, especially in agroecosystems. 

The effect of AMF on hosts are typically beneficial, , but they may be especially 

important under stress conditions (Auge 2001). Water limitation is one of the most important 

abiotic stresses that limit the world’s food production and is only expected to increase with 

the changing climate (Dai 2012). Mycorrhizas have been shown to improve plant resistance 

to drought (Auge 2001). Zhu et al. (2011) found that AMF colonization increased water use 

efficiency, water holding capacity, and relative water content of corn roots during drought. 

Furthermore, some AMF species have been found to improve plant resistance to drought 

more than others, For example, Gholamhoseini et al. (2013) found that Glomus mossae 

produced greater sunflower seed yields than plants with G. hoi under drought stress. As of 

yet, it is unclear under what conditions AMF will improve plant resistance to drought. There 

is a critical need for more investigation on how different AMF species and community 

structure can impact plant benefits from AMF (Bever 2001). 

The goal of this thesis research was to examine farming system effects on AMF and 

rhizobia species richness and community structure. An additional goal was to examine the 
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role of AMF species richness on plant response to drought. Chapter two examines farming 

systems level impacts on AMF and rhizobia species richness and community structure ten 

years after farming system implementation. Five farming systems varying in management 

intensity were examined, including a successional field (a previous agricultural system that 

was left fallow), a crop animal pasture rotation, organic, conventional no till and 

conventional crop production. The farming systems were designed at a large scale (1-3 ha 

plots) as part of the Farming Systems Research Unit (FSRU) at the Center for Environmental 

Farming Systems (CEFS) in Goldsboro, NC. We hypothesized that the successional system 

would have the greatest species richness of all systems and that the community structure 

would differ greatly between the system with the least management and the systems with 

highest intensity of management. Additionally, we hypothesized the different soil properties 

of these farming systems would also be a factor in determining AMF and rhizobia 

community structure. 

The second chapter examines the effects of AMF species richness on crop response to 

drought. The experiment was conducted in a controlled growth chambers in the Phytotron 

facility at North Carolina State University (Raleigh, NC) between September 27, 2012 and 

November 20, 2012. The purpose of the study was to specifically examine the combined 

effects of five different AMF species, both individually and in combination, on corn 

resistance to drought stress in a pot study. Three Glomus species were chosen because they 

are most well studied in terms of drought (Auge 2001), and one Acaulospora and one 

Gigaspora species were chosen to enhance understanding of the effects of different genera. 

The response variables measured included plant biomass and height, as well as gas exchange 
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variables, including photosynthesis, stomatal conductance, intercellular CO2 and water use 

efficiency. We hypothesized that some individual AMF species would be more effective than 

others and that a higher AMF species richness would mitigate drought stress more effectively 

than single AMF species.  
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Abstract 

Understanding how agricultural management impacts soil microorganisms may 

improve the long term productivity of farm systems. The two most important soil mutualists 

in agricultural systems are arbuscular mycorrhizal fungi (AMF) and rhizobia. AMF are 

considered essential components of agroecosystems for their role in enhancing plant nutrition 

and soil health, and rhizobia for their role in biological nitrogen fixation (BNF) that makes a 

significant contribution to available nitrogen pools. Conventional agriculture practices, such 

as high levels of synthetic fertilizers, heavy tillage, and the use of pesticides and fungicides, 

may negatively impact AMF and rhizobia community structure and functioning. Although 

there may be some beneficial impacts of organic or low input systems. Research that 

integrates practices at the systems level rather than focuses on single practices is needed to 

fully understand agriculture impacts on rhizobia and AMF communities. The purpose of this 

study is to examine five farming systems, varying in management intensity, for their impacts 

on AMF and rhizobia species richness and community structure after ten years of 

implementation. An additional objective was to understand how farming systems interact 

with soil properties to impact AMF community structure.  The five farming systems 

examined included a succession (a previous agricultural system that left fallow) field, crop 

animal pasture rotation, organic, conventional crop production under no till and conventional 

crop production with tillage. In our study, farming system treatments did not impact AMF or 

rhizobia species richness, but overall these systems had relatively high AMF species richness 

for agricultural systems. Farming systems did impact the community structure of AMF 

species. The successional and organic systems differed from each other as well as all other 
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agricultural systems. Additionally, farming system treatments changed all soil properties 

examined in this study. Our study demonstrated that farming systems and soil properties may 

interact to impact AMF community structure. More work is needed to elucidate the impact of 

farming system and soil property on AMF populations. 

 

Introduction 

A deeper understanding of belowground symbiotic interactions is one goal of current 

sustainable agriculture research. Productivity in crops could be greatly improved by 

understanding soil microbial functioning in agricultural systems (Kiers et al. 2002; 

Tikhonovich and Provorov 2011). Arbuscular mycorrhizal fungi (AMF) and rhizobia are 

arguably the two most important beneficial soil symbiotic organisms in agroecosystems and 

are associated with increased uptake of essential nutrients.  AMF are recognized to be 

fundamental for improving plant nutrition and soil quality (Gosling et al. 2006). More than 

22 million tons of N per year is produced in agricultural soil systems by legume symbioses 

(Herridge et al. 2008). Management strategies to enhance the functioning of these beneficial 

microbes at the field level, however, have been met with limited success (Kiers et al. 2002). 

It is difficult to ascertain the reason for the lack of success, but most farming systems vary 

considerably in their management practices and AMF community to make generalizations. 

Moreover, various agricultural practices can negatively impact AMF and rhizobia 

community structure and abundance, which will impact their function. In addition to 

examining individual practices, there is a critical need to understand how the integration of 
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practices, that are the reality of agroecosystems, impact AMF and rhizobia diversity and 

abundance.  

AMF are considered essential components of agroecosystems for their role in 

enhancing plant nutrition and soil health (Giananazzi et al. 2010). Eighty percent of land 

plant species examined worldwide are associated with AMF (Trappe 1987), and many of 

those are agricultural plants. In exchange for carbon (C), AMF provide the crop host with 

important nutrients. They are most well known for their ability to increase plant phosphorus 

(P) uptake, but AMF have also been shown to increase N uptake and a variety of 

micronutrients, especially those with low mobility in soils, such as Zn and Cu (Hayman 

1986; Douds and Millner 1999; Gosling et al. 2006). In addition, AMF have been shown to 

provide a variety of other plant and agroecosystem benefits, including increased resistance to 

water stress (Hayman 1986; Tikhonovich and Provorov 2011), pests and diseases (Hayman 

1986; Gosling et al. 2006); and heavy metal toxicity (Cardoso 2006; Tikhonovich and 

Provorov 2011), as well as improved soil aggregation and soil structure (Gosling et al. 2006; 

Gianinazzi et al. 2010). In recent years, research has shown that conventional agriculture 

practices, characterized by high levels of synthetic fertilizers, heavy tillage, and the use of 

pesticides and fungicides, can negatively impact AMF community structure and diversity 

(West et al. 2002; Gosling et al. 2006; Kiers et al. 2002). Phosphorus fertilizer application 

rates have more than doubled in the last 50 years (FAO; http://faostat3.fao.org /). Such high 

levels of P fertilizer have been shown to decrease AMF colonization, which may diminish 

AMF benefits to plants (Gosling et al. 2006; Kiers et al. 2002; Hayman 1980). Studies on 

tillage demonstrate conflicting results. Several studies have demonstrated that tillage 

12 

http://faostat3.fao.org/faostat-gateway/


decreases AMF diversity (Kiers et al. 2002). However, others have demonstrated that tillage 

may benefit AMF communities by decreasing same-root competition between AMF species 

dispersing them to different areas within a field (West et al. 2002). The use of fungicides and 

fumigants can reduce or altogether inhibit AMF colonization (Hayman 1986).  

In contrast, some production practices may optimize AMF benefits. Because different 

plant hosts have different responses to AMF (Sanders and Fitter 1992), increasing the 

diversity of crops grown will likely increase the AMF species richness. Furthermore, farming 

systems such as no-till and organic production, may increase AMF colonization and enhance 

diversity (Gosling et al. 2006). Greater AMF root colonization and overall species richness 

has been found in organically managed soils (Oehl et al. 2009). However, researchers have 

yet to tease apart which practices within the organic farming systems are driving these 

differences (Gianninazi et al. 2010). Furthermore, it is more likely that production practices, 

fertilizer application, and pest management strategies interact to affect AMF community 

structure. This possibility suggests that experiments should be designed to compare multiple 

aspects between different agricultural systems.  

Rhizobia bacteria form the other major plant-microbial mutualist in agricultural 

systems. These prokaryotes form root nodules on leguminous plants and are vitally important 

due to their role in biological nitrogen fixation (BNF). Nitrogen is often the most limiting 

nutrient for crop growth. Rhizobia can serve as a substantial source for N, not only to 

legumes but also to subsequent crops from the remineralization of residues. In organic 

systems, where synthetic N is prohibited, BNF is especially important. It is also a critical 

source of fertility in developing countries where infrastructure and price limit access and 
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availability of synthetic N fertilizers. Similar to AMF, studies have shown that some 

agricultural practices can impact both rhizobia population structure and size. The specific 

farming practices of high synthetic fertilizer applications, especially N, intensive tillage, and 

frequent use of pesticides/fungicides, have been demonstrated to negatively impact rhizobia 

communities (Kiers et al. 2002). Increasing N fertilizer applications can lead to a decrease in 

resource allocation to the roots, which has been shown to result in the formation of fewer 

nodules and lower BNF (Vargas et al. 2000). Global application of N fertilizers has increased 

more than 20-fold in the last 50 years (FAO; http://faostat3.fao.org/), which may lead to 

increased changes in the rhizobia community. Additionally, many studies have shown that 

heavy tillage led to decreased BNF compared with conservation tillage (Rennie et al. 1988; 

Matus et al. 1997). Crop rotation can have a big impact on Rhizobium populations, especially 

when legumes have long been excluded (Triplett et al. 1993). Researchers are only beginning 

to understand which practices can truly bolster rhizobia populations and diversity. Similar to 

AMF, organically managed soils have been found to have higher rhizobia diversity than 

conventional soils (Grossman et al. 2011). However, as demonstrated with AMF research, it 

is difficult to connect a single practice to the positive effect of organic systems on rhizobia 

communities. Research that integrates practices at the systems level rather than just 

examining single practices is needed to fully understand agriculture impacts on rhizobia 

communities. 

Because AMF and rhizobia communities are dynamic and change over space and 

time, it is argued that they be examined in the context of complete, complex managed or 

unmanaged ecosystems as opposed to lab incubations or short term, small scale field 
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experiments. Gradients of pH, soil texture, etc. can also make as much of an impact on AMF 

and rhizobia communities as tillage and fertilizer applications (Gosling et al. 2006; Entry et 

al. 2002; Hayman 1986). These gradients often only manifest themselves at larger spatial 

scales than those often used in field-scale experiments because of changes in soil type, 

landscape and environmental factors. Furthermore, changes in community structure of AMF 

and rhizobia? or species richness may be so subtle that they go undetected unless monitored 

over long periods of time. Systems level research differs from simple single factor studies in 

that it captures ecosystem level features that change over longer time periods (>5 yrs) or 

become apparent over larger spatial scales (Drinkwater 2002).  Each treatment should 

represent an intact management strategy, such as organic or no-till, and the goal is to test 

wide-reaching hypotheses. If systems perspectives are not incorporated into research, the 

wrong conclusions may be reached because most field experiments are brief (<3 yrs) and 

conducted in small plots (Drinkwater 2002) leading to incorrect assumptions. 

Agroecosystems are complex and the interrelationships between environmental conditions, 

biological processes, and management decisions are vital in determining outcomes, and all 

these factors are often not captured in short term field experiments. Focusing on single 

factors or practices is insufficient to understand how farming systems in large scale field 

conditions affect soil symbioses. 

Because different single farming practices, such as tillage, fertilizer usage, and 

pesticide/fungicide use, impact AMF and rhizobia communities, it is likely that different 

farming systems will alter these soil mutualist communities. Arbuscular mycorrhizal fungi 

(Bennet and Bever 2009) and rhizobia (Grossman et al. 2011) are known to vary in their 
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mutualistic efficiency. Thus it is important to further understand how different farming 

systems change AMF and rhizobia communities, which will allow for further understanding 

about the function of AMF and rhizobia.  

The purpose of this study is to examine farming systems level impacts on AMF and 

rhizobia species richness and community structure after ten years of implementation. 

Specifically, five farming systems varying in management intensity were examined including 

a successional system (a previous agricultural system that left fallow), crop animal pasture 

rotation, organic crop production, conventional crop production with no till and conventional 

crop production with tillage. The farming systems were designed at a large scale (1-2 ha 

plots) and were sampled ten years after establishment. We hypothesized that the successional 

system would have the greatest species richness for both AMF and rhizobia compared to the 

other managed systems and that the community structure of both these mutualists would 

differ greatly between the system with the least management (successional) and the systems 

with highest intensity of management (conventional tillage). Additionally, we hypothesized 

the different soil properties of these farming systems would be a factor in determining AMF 

and rhizobia community structure. 

 

Materials and Methods  

Field site description 

 The experiment was conducted at the Farming Systems Research Unit (FSRU; 

Mueller et al. 2002) at the Center for Environmental Farming Systems (CEFS) in Goldsboro, 

North Carolina (35°23' N Lat., 78°05' W Long., elevation 35 m). Average annual 
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precipitation was 1260 mm during the study period and mean monthly temperature typically 

varies from a minimum of – 1.1 °C in January to a maximum of 30.9 °C in July. The FSRU 

was established in the fall of 1999 to assess the short and long term biological, environmental 

and economic impacts of different agricultural production systems. It totals 81 ha (200 acres) 

and was subdivided into three replicate blocks. Each of the three blocks was then subdivided 

into five different farming systems to represent various levels of management intensity, 

consisting of three agricultural production systems including a conventional (CNV) system, a 

crop animal pasture rotational (CAP) system, and an organic (ORG) system, as well as a 

successional (SUCC) ecosystem, which served as a control for the farming systems, and a 

plantation forestry system. The conventional system was further subdivided into a 

conventional tillage (CNV Till) and conventional no till (CNV No Till).  Because of the 

focus on production agriculture, the plantation forestry system was omitted from the study 

and five different systems that were examined (re: SUCC, CAP, ORG, CNV Till, and CNV 

No Till), which are further described in Table 2.1  

The FSRU was designed as a randomized complete block design with each of the 

agricultural production systems replicated three times.  Replicate blocks ranging from 1.2 to 

3.6 ha were chosen so that dominant soil types were assigned within each block of the five 

systems (Figure 2.1 demonstrates the layout of the FSRU).  The two dominant soil types 

were Tarboro loamy sand (mixed, thermic Typic Udipsamment in US soil taxonomy; block 

A) and Wickham sandy loam (fine-loamy, mixed, semi active, thermic Typic Hapludult; 

blocks B and C). The FSRU and surrounding areas have been in agriculture production since 
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the late 19th century. All systems, except for the successional, have also been fertilized with 

N and P and amended with lime to keep the pH between 6 and 6.5 annually.   

 

Soil sampling 

Soil samples were taken from five geo-referenced sub sampling locations designed 

for resampling from the same location within each plot over time. A more detailed 

description of how these five sub sample locations were established is presented in 

Raczkowski et al. 2012. Thesoil samples for AMF and rhizobia trap cultures were collected 

on April 22, 2009 from the top 15 cm of the soil profile from each sub sample point and then 

composited within replicate blocks.  The soil samples for soil nutrient and chemical 

properties were collected on October 21st of 2009. 

 

AMF trap cultures and identification 

Mycorrhizal trap cultures were established in a greenhouse at NCSU in Raleigh, NC 

by combining approximately 500 g of composited field soil with 1500 g steam-sterilized sand 

for a 1:3 (one part field soil mixed with 3 parts pasteurized sand) volume ratio in standard 

15.2 cm (6 in) clay pots. The pots were seeded with three mycorrhizal host species: Prickly 

sida (Sida spinosa), a common weed species found in North Carolina agricultural soils, 

Sorghum/Sudan grass hybrid (Sorghum bicolor) and Plantain grass (Plantago lanceolata). 

Plants were fertilized with 1 tbsp. (approximately 5 g) per pot of the slow release fertilizer 

Osmocote© 19N-6P-12K fertilizer (Scotts Company, Marysville, OH). All plants grew for 

120 days from seedling emergence, then water was withheld for the final 14 days to induce 
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fungal sporulation and plant shoots were cut after the 14 days. Sporulation in trap culture is 

not a direct measure of different AMF present in spore form at a particular time in the field 

soil, but can capture a greater diversity of AMF present in both spore and hyphal fragment 

form at a particular time. Only presence or absence of an AMF species was recorded from 

trap cultures.  

To harvest the AMF, trap cultures with roots were broken up by hand and thoroughly 

mixed. Spores were extracted from a random sample of the 200 g of the mixed pot culture 

material.  Morphologically distinct spore types were mounted on microscope slides in drops 

of Polyvinyl alcohol and PVLG plus Melzers reagent for observation and identification under 

a high powered objective microscope.  The AMF spores were identified to species from an 

expert AMF taxonomist and confirmed by published descriptions and photomicrographs 

available through the INVAM webpage (http://plantandsoil.wvu.edu/research_areas/invam). 

AMF species from the FSRU have been previously described and identified (D. Watson 

personal communication). 

 

Rhizobia isolation with trap cultures 

To isolate rhizobia from the FSRU field soil Crimson clover (Trifolium incarnatum, 

“Dixie” variety) seeds planted with a field soil dilution and grown in modified Leonard jars 

(Trinick et al. 1976) Crimson clover seeds were surface sterilized with 3% sodium 

hypochlorite, rinsed five times in sterile deionized water, placed on sterilized germination 

paper in Petri dishes and left to germinate at room temperature for six days. Two crimson 

clover seedlings were planted and later thinned to one seedling per unit. Each seedling was 
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inoculated with 500 µl of a 5-1 field soil dilution prepared by mixing 20 g field soil with 80 

ml of 0.85% (w/v) NaCl solution (Bala et al. 2001). The 75 treatment combinations (one for 

each soil sample) were evaluated in a growth chamber at NCSU using a randomized 

complete block design. The growth chamber was set at 9 hour days with 22º C day 

temperature and 18º C night temperatures. The seedlings were watered with sterile N-free 

nutrient solution. 

 Plants and roots were harvested after six weeks of growth, individual nodules 

weighed and counted per plant, and plant materials dried for 48 hours at 60º C. Three nodules 

were randomly selected from each root system, surface sterilized with 3% sodium 

hypochlorite and rinsed 5 times in sterile deionized water. The sterilized nodules were 

crushed onto yeast mannitol agar media plates (YMA; Vincent 1970) containing 0.1% Congo 

Red and incubated at 28º C for 3 days. Rhizobia cultures were repeatedly streaked on YMA 

to ensure purity and obtain single colonies. Each single colony was assumed to represent a 

single strain (Vessey and Chemining’wa 2006). A single identifiable colony was transferred 

into tryptone yeast (TY; Vincent 1970) and shaken for five days at 180 rpm. The cultures that 

resulted were centrifuged, and the supernatant discarded, and isolates placed in 300 µl of 

sterile water and stored at -20º C. Live cultures were maintained on YMA slants at 4º C.  

 

Rhizobia amplification and analyses 

Isolates underwent PCR amplification of repetitive regions of the DNA (rep-PCR) 

using BOX-AIR primer to assess genetic diversity. The PCR reaction contained 1 µl of 

template, 12.5 µl of Taq polymerase, 1 µl of BOX-A1R primer, and then 10.5 µl of water for 
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a total volume of 25 µl. The thermocycler settings were the following: initial denaturing at 

95º C for 7 min, 35 cycles of, denaturing at 94º C for 1 min, annealing at 53º C for 1 min, and 

extension at 72º C for 1 min, and a final extension at 72º C for 10 min. The reactions were 

carried out in a Mastercycler® ep (Eppendorf, Hamburg, Germany). The amplified products 

from BOX-PCR were analyzed using horizontal gel electrophoresis in a 3% agarose gel with 

a final concentration of 5 µg/ml EtBr.  To estimate the DNA fragment size, a 10,000 bp 

molecular marker (Quick Load DNA Ladder III, Apex TM Bioresearch Products; Research 

Triangle Park, NC) was loaded alongside the BOX-PCR products. The gel was run at 300V 

for five minutes and then for 18 hours at 80V, followed by visualization under UV radiation.  

The GelCompar II program version 6.1 (Applied Mathematics, Belgium) was used to 

perform cluster analyses on the BOX-PCR patterns and construct a dendrogram of similarity 

for all isolates. One analysis across all treatments was performed using the unweighted pair-

group method with arithmetic mean (UPGMA) algorithm and the Cosine coefficient. Clusters 

of isolates were grouped at the 70% similarity level (Grange and Hungria 2004).  

 

Statistical analysis of AMF and rhizobia 

Most data was analyzed using SAS software version 9.3 (Statistical Analysis Systems 

Institute, 2001; Cary, NC) with the PROC GLM (General Linear Models), Genmod, and 

LOGISTIC and procedures. Statistical significance was expressed at the P < 0.05 level based 

on Type III sums of squares. Pairwise mean comparisons were performed on all significant 

effects using Tukey’s Honest Significant Difference. In order to meet equal variance 

assumptions, log or square root transformations were applied to data, where necessary. Proc 
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GLM was used to analyze AMF species richness, soil nutrients, and crimson clover plant 

weight, as well as nodule count and weight. Proc Genmod with a binomial distribution and 

logit link was used to perform a logistic regression on farming systems, soil characteristics 

and AMF species richness. Proc LOGISTIC was used to model the presence of each species 

as a function of the soil characteristic V/W, CEC, P, and pH. A principal component analysis 

(PCA) was also performed in SAS to examine the relationship between soil characteristics 

and different AMF species. Before running the PCA, the data was centered and scaled. To 

examine the relative importance of AMF species distributions across farming systems, a non-

parametric PerMANOVA was utilized.   

 

Results 

Soil properties 

 Farming systems affected all soil nutrient and chemical properties examined (Table 

2.2). Specifically, the SUCC system soil properties differed greatly from the other farming 

systems and had lower base saturation, pH, K, Ca, and Mg, as well as greater acidity than 

other farming systems (Table 2.2). The ORG soils contained greater levels of P, Zn, and Cu 

compared to the other farming systems. The CNV NoTill had the lowest level of P of all 

farming systems.  

 

Farming system impact on AMF species richness and community structure 

Farming systems did not impact AMF species richness (Table 2.3). A total of 26 

AMF species were identified across the five different farming systems. The greatest species 
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richness found in the SUCC system, with a mean of 16 species, and the least species richness 

was 11 species, found in both the ORG and CAP systems (Table 2.3). Glomus was the most 

common genera found (Table 2.4). The most common species (>20 occurrences) found 

across all farming systems were (Table 2.4) Glomus etunicatum, G. mosseae, Acaulospora 

scrobiculata, G. clarum, in descending abundance. Several different species were only found 

in one farming system, while other species were common in all systems. The SUCC system 

had the most unique species with 5 AMF species that only appeared in that system, 

including: A. koskeii, G. fasciculatum, Paraglomus brasilianum, P. occultum, and 

Scutellospora calospora. The CNV No Till system had two unique species including A. 

rehmii and G. sp. The ORG system also had two unique species including A. colossica and 

Entrophospora infrequens. The PCA system had one unique species, G. botryoides. Some 

farming systems had species absent that were common in other systems. The SUCC system 

also had several common AMF species absent. G. etunicatum, G. intraradices, and G. 

mosseae were frequently found in all the systems except for SUCC (Table 2.4). 

Scutellaspora heterogama and G. clarum were also found in all the systems except for the 

ORG. As can be seen in Table 2.4., all systems except for SUCC are largely composed of 

around five species, including: A. scrobiculata, G. clarum, G. etunicatum, G. mosseae, and S. 

heterogama. 

The Permanova revealed that farming system altered AMF species presence and 

absence (P=0.02). The PCA of AMF community (Figure 2.2.) showed that G. intraradices 

and A. laevis, and S. heterogama and Gigaspora margarita clustered by similarity, as well as 

G. etunicatum and G. mosseae, and GW and S. pellucida. The PCA of species presence and 
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absence of AMF species with farming systems demonstrated significant clustering (Figure 

2.3). The SUCC and ORG systems clustered away from all the other systems and did not 

overlap with any other single system. When the species vectors (Figure 2.2) are compared to 

the farming system clusters (Figure 2.3), it is clear that the SH, Gi. margarita, and AM 

species cluster directionally with the SUCC system and the G. intraradices and A. laevis 

cluster directionally with the ORG system. The other farming systems (CAP, CNV No Till, 

CNV Till) cluster more and are directionally associated with multiple species, G. etunicatum 

G. mosseae, G. clarum, and A. scrobiculata among others.  

The logistical regression on the total number of AMF species present showed that the 

type of farming system does not have a significant effect on the number of AMF species 

present (P=0.0892). In addition, none of the farming system pairs were found to be different 

from one another.  

 

Soil properties and AMF  

The logistical regression modeling the presence of AMF species as a function of the 

soil properties VW, CEC, P, and pH, only showed significance for G. etunicatum and G. 

clarum. The model showed that as pH increases G. etunicatum is more likely to be present 

(P<0.0001). For each unit of increase in pH, G. etunicatum is 50.9 times more likely to be 

present than at the lower pH. The model for P and G. clarum was also significant, but 

showed that as P increases, the likelihood of G. clarum being present is less (P=0.0029). For 

each one unit of increase in P, G. clarum is 0.992 times less likely to be present. 
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 The logistical regression modeling soil characteristics and AMF species richness 

showed none of the soil characteristics affected species richness.  The PCA resulted in three 

principal components that accounted for 76% of the variance (Table 2.3) in soils data. Each 

principal component represents an independent variable that is a composite of several soil 

variables. Principal component 1 explained 36% of the variation in soils with base saturation, 

Ca, and pH having the strongest loadings, followed closely by cation exchange capacity and 

K.  P, Zn, and volume/weight ratio had the strongest loadings on PC 2, which explained 21% 

of the variance.  Soil acidity and Mg had the strongest loadings on PC 3, which explained an 

additional 13% of the variation. The PCA results indicate a strong influence of Ca, pH, K, P, 

and Zn on G. clarum, A. laevis, and A. koskeii, but did not explain a significant proportion of 

the variance in most AMF species (data not shown). 

 

Rhizobia diversity and crimson clover plant and nodule sampling  

 Farming system affected the total nodule counts (P=0.0094) on crimson clover roots 

(Table 2.6). The CAP system had the greatest number of nodules as compared to all systems 

except ORG. However, the farming system did not impact mean nodule mass (Table 2.6). 

Farming system affected Crimson clover dry biomass (P=0.0024). Similar to nodule counts, 

the CAP and Organic system had the greatest crimson clover plant dry biomass (Table 2.6). 

Results from the cluster analysis of all the rhizobia fingerprints showed no clear 

pattern around farming systems. However, a high level of overall strains that differed 

genetically was found in all farming systems. 
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DISCUSSION 
 
 Farming system treatments did not impact AMF species richness in this study, yet 

these systems had relatively high AMF species richness for agricultural systems. Overall, 26 

AMF species in 6 different genera were identified across all farming systems, which is much 

greater than the 8-20 AMF species commonly found in agricultural soils in other studies 

(Douds and Millner 1999). The mean species richness of individual farming systems ranged 

from 11 to 16 species. Our results contradict other studies that have found species richness to 

differ between organic and conventional farms (Oehl et al. 2009) and non-agricultural and 

agricultural soils (Oehl et al. 2010). Despite the lack of difference between farming systems, 

the overall AMF species richness of our study was greater than the amount of AMF species 

found in agricultural soils in other studies (Douds and Millner 1999). One plausible 

explanation for this observation may be the diverse soils at the FSRU and in this region. In a 

relatively small area, the FSRU has 2 dominant diagnostic soil types (Wickham sandy loam 

and Tarboro loamy sand). In another study, in the same region and similar soil diversity, 37 

different AMF species were found in a 1 ha old successional field (Bever et al. 2001). Bever 

et al. (2001) hypothesized that the high AMF diversity was based on functional differences 

among AMF species. Oehl et al. (2004) found 35 AMF species in a long term farming 

systems experiment and concurred with Bever’s hypothesis, adding that some species, 

specifically Acaulospora spp. may be more present in soils with low P. Results from our 

study may, in part, support Oehl’s hypothesis. Even though Acaulospora species were found 

across all farming systems, only specific Acaulospora species were found in the different 

systems. For example, A. koskeii was only found in the SUCC system and A. scrobiculata 
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only appeared once in the ORG system, which had the greatest P, but was found 12 times in 

the CNV No Till system. While we hypothesized that species richness would be different 

between the farming systems and it did not, our results demonstrate interesting differences 

between the farming systems in terms of community structure. 

Farming systems were shown to impact AMF community structure in terms of 

presence and absence of different AMF species. Multivariate analysis was used to compare 

community structure for its ability to quantify multiple interactions not revealed in univariate 

statistics (Drinkwater 2002). Not surprisingly, the AMF community structure in the 

successional system differed by being characterized by more Acaulospora species as 

compared to Glomus species similar to the other systems. The SUCC system clustered in 

different directions compared to the other farming systems. Most interestingly, the most 

common AMF species in the agricultural systems, G. mosseae, G. etunicatum, and G. 

intraradices, were absent in the SUCC system. Some Glomus species have been 

demonstrated to dominate agricultural soils (Gosling et al. 2006), and other studies have 

found non-Glomus fungi (Gigaspora and Scutellospora) to increase in presence in 

uncultivated and reduced tillage soils (Jansa et al. 2002; Blaszkowski 1993). The low or high 

sporulation rate of different AMF species may account for some of these results (Bever et al. 

1996). The AMF community structure of the ORG cropping system also differed from other 

agricultural systems. In the ORG system, G. clarum, another common species, was absent 

and A. laevis and G. intraradices were more common. Oehl et al. (2009) also found that 

organic soils tended to have more Acaulospora. It is likely that certain Acaulospora species 
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are more common in systems with less synthetic fertilizers and pesticides. Our study clearly 

demonstrates that AMF species composition differs between farming system, but more 

research is needed to understand the function and importance of this AMF diversity.  

Not surprisingly, farming systems altered soil properties and some of these soil 

properties also affected the presence of some AMF species. The only soil properties that 

were shown to affect individual AMF species were pH and P, which impacted G. etunicatum 

and G. clarum. Increases in P decrease the likelihood of G. clarum being present, but 

increases in pH, increase the likelihood of G. etunicatum being present. Phosphorus and pH 

have been previously shown to impact AMF communities (Gosling et al. 2006; Hayman et al. 

1986). The low pH in the SUCC system may explain why G. etunicatum is absent, and the 

high P in ORG soils may explain why G. clarum is absent. Previous studies have shown that 

the response of AMF to soil pH seems to be species dependent (Entry et al. 2002). Many 

AMF have the capability of tolerating low pH and some AMF species are most present inin 

higher pH soils (Entry et al. 2002). Our study may provide more detail about role of pH on 

G. etunicatum. Because farming systems can alter both soil properties and AMF 

communities, and soil properties also impact AMF communities, it is clear that farming 

systems and soil properties are interacting to affect AMF community structure. More work is 

needed to elucidate the role of farming systems and soil properties on AMF populations. 

 Farming system treatments affected crimson clover nodulation, indicated by the 

increased number of nodules on the CAP system host plants The crimson clover plants grown 

with soil from the CAP system had more nodules per plant than CNV Till, CNV No Till, and 
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SUCC. Furthermore, the plants grown with soil from the CAP and ORG system had higher 

shoot biomass than CNV Till, CNV No Till, and SUCC. Legume nodulation is an important 

indicator of BNF in legume species and greater plant biomass may indicate more efficient 

rhizobia strains (Ballard et al. 2004). One reason for the increased rhizobia efficiency could 

be the decreased usage of synthetic fertilizer and pesticides in the ORG and CAP system, 

because high amounts of synthetic fertilizers and pesticides have been shown to decrease 

rhizobia diversity and BNF (Drouin et al. 2010; Caballero-Mellado and Martinez-Romero 

1999). Another reason for the increased shoot mass could be the increased number of nodules 

on the CAP and ORG plants. An increased number of nodules may mean more rhizobia 

strains? are present in these systems and resulting in more BNF causing increased plant 

growth. More work is needed to elucidate the differences in nodulation in the CAP and ORG 

systems. 

An overall high number of rhizobia strains was found across the farming systems. 

However, farming system treatments were not found to have genetically different strains of 

rhizobia, which contradicts previous work examining rhizobia diversity between farming 

systems. Grossman et al. (2011) found increased diversity of rhizobia in soybean nodules in 

organic systems as compared to conventional systems. One explanation for the lack of 

difference among farming systems at the FSRU are infrequent but large flooding across all 

systems. The Neuse River wraps around these systems and there are infrequent floods, the 

last one being in 1999, where most fields were entirely underwater for days. It is possible the 

water spreads some of the Rhizobium and AMF propagules across the systems accounting for 
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some infrequent mixing disturbances. The frequency of this flooding along with the soil 

diversity could be an explanation for the high Rhizobium and AMF diversity.   

In conclusion, our study demonstrates the importance of whole farming system 

research over long periods of time and at larger scales. By examining multiple intact farming 

systems after ten years of management, our study demonstrated that farming systems impact 

both AMF community structure and soil properties, and these soil properties may interact 

with farming systems to alter AMF community structure. More work is needed that examines 

intact agroecosystems and their impact on AMF and rhizobia communities to further 

understand these important mutualists in agroecosystems. Furthermore, little is understood 

about how or if diversity in AMF or rhizobia populations impacts benefits to the plant (Bever 

2001). There is also a need for more research examining the role of diversity in these two soil 

mutualistts. 
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Table 2.1. Overview of the five farming systems at the Farming Systems Research Unit at the 
Center for Environmental Farming Systems (Goldsboro, NC). 
Systema Crop Rotation 

 
Fertilizers Weed 

Control 
Pest/Disease 
Control 

SUCC  Fallow with weedy 
annuals and small 
trees 
 

None None none 

CAP Corn-wheat/soybean-
grain sorghumb 
 

synthetic (200 lb/acre 
for corn) 

Synthetic 
herbicides 

Synthetic 
insecticides; 
fungicides 

ORG corn-soybean- stale 
seedbed/sudangrassc 

animal manures and 
certified organic 
fertilizers 
 

Tillage/flame Organic approved 
pesticides 

CNV 
No Till 

corn-wheat/soybean-
grain sorghum 
 

synthetic (200 lb/acre 
for corn) 

Synthetic 
herbicides 

Synthetic 
insecticides 
 
 

CNV 
Till 
 

corn-wheat/soybean-
grain sorghum 
 

synthetic (200 lb/acre 
for corn) 

Tillage; 
Synthetic 
herbicides 

Synthetic 
Insecticides 

a The farming systems include: conventional practices (CNV Till); conventional practices 
with no till (CNV No Till); Certified organic standards (ORG); Pasture Crop Animal 
Rotation (CAP), and a successional system that has been fallow (SUCC) 
b The CAP system is on a 12 year rotation, with 6 years of pasture then 6 years of crop 
production. The system was pasture from 1999-2004 and started with crops in 2005, 
following the same rotation as the CNV system. 
cIn 2008, the ORG system was fallowed and tilled to create a “stale seedbed” and then 
sudangrass was planted to control a pigweed problem. In 2007, all organic plots were planted 
with soybean from a corn/soybean rotation. 
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Table 2.2. Summary of mean soil nutrient and chemical properties across 5 different farming 
systems at the Center for Environmental Farming Systems (CEFS; Goldsboro, NC). Different 
letters in the same row are  different from one another. The farming systems include: 
Conventional with Tillage (CNV Till); Conventional with no till (CNV No Till); Certified 
organic standards (Organic); Pasture Crop Animal Rotation (PCA), and a successional 
system that has been fallow (Succ).  
Soil property Succ CAP Organic CNV 

No Till 
CNV 
Till 

V/Wa  1.11a 1.06ab 1.02b 1.05ab 1.09a 
CECb 4.64c 6.38a 6.43a 5.78ab 5.31bc 
Base Satc 59.20c 85.87ab 88.27a 85.53ab 82.67b 
Acidity 1.71a 0.79b 0.77b 0.81b 0.89b 
pH 5.03b 6.17a 6.24a 6.31a 6.07a 
P 167.13b 130.60bc 299.00a 120.07c 170.47b 
K 46.13c 103.67ab 115.00a 87.20b 116.73a 
Ca 42.67c 54.47b 60.40a 56.93ab 54.20b 
Mg 11.47c 22.87a 19.07b 21.20a 17.53b 
Mn 163.67b 350.13a 183.00b 173.60b 332.60a 
Zn 137.13b 120.20bc 275.93a 74.73c 88.80bc 
Cu 63.53b 66.20b 285.33a 44.40b 41.93b 
S 53.20a 46.47ab 46.13ab 43.87b 45.13b 

aV/W = volume to weight ratio 
bCEC = cation exchange capacity 
cBase Sat = percent base saturation  
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Table 2.3. Summary of AMF species richness across 5 different farming systems at the 
Center for Environmental Farming Systems. Different letters in columns are  different from 
one another. 
Farming Systema Mean AMF Species Richness 

SUCC 16a 

CAP 11a 

ORG 11a 

CNV No Till 13a 

CNV Till 13a 
a The farming systems include: Conventional with Tillage (CNV Till); Conventional with no 
till (CNV No Till); Certified organic standards (Organic); Pasture Crop Animal Rotation 
(PCA), and a successional system that has been fallow (Succ).  
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Table 2.4. Distribution of AMF species found at the Center for Environmental Farming 
Systems across 5 different farming systems, with 3 replicate blocks of each system.  Each 
replicate block had 5 sampling points so 1 species, could have a total of 15 appearances.   
 

   Farming System* 
Genus species name SUCC CAP ORG CNV 

No Till 
CNV 
Till 

Total 
appearances 

Acaulospora colossica 0 0 2 0 0 2 

A. koskeii 4 0 0 0 0 4 

A. laevis 1 4 8 1 2 14 

A. mellea 1 0 0 2 3 3 

A. morrowiae 5 0 0 0 1 5 

A. rehmii 0 0 0 1 0 1 

A. scrobiculata 6 8 1 12 6 27 

A. spinosa 0 0 0 1 1 1 
A. sp. (with  brown 

mantle) 
1 1 1 1 0 4 

Entrophospora 
infrequens 

0 0 3 0 0 3 

Glomus sp (small 
yellow) 

0 0 2 0 0 2 

G. botryoides 0 1 0 0 0 1 

G. clarum 5 11 0 8 11 24 

G. claroideum 1 0 1 0 0 2 

G. etunicatum 0 14 13 14 14 41 

G. fasciculatum 1 0 0 0 0 1 

G. intraradices 0 3 8 2 2 13 

G. mosseae 0 11 7 12 9 30 

G. sp. small orange 0 0 0 1 0 1 

Gigaspora margarita 4 3 2 2 4 11 

Gi. rosea 3 0 0 0 4 3 
Paraglomus 
brasilianum 

1 0 0 0 0 1 

P. occultum 2 0 0 0 0 2 
Scutellospora 

calospora 
3 0 0 0 0 3 

S. heterogama 7 2 0 3 5 12 

S. pellucida 3 7 0 0 8 10 
 48 65 48 60 70 221 

* The farming systems include: Conventional with Tillage (CNV Till); Conventional with no 
till (CNV No Till); Certified organic standards (Organic); Pasture Crop Animal Rotation 
(CAP), and a successional system that has been fallow (Succ). 
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Table 2.5. Principal components analysis eigenvalues and variable loadings for the first three 
principal components. The three components explain a total of 76% of the variance in soil 
properties. 
 
 PC 1 PC 2 PC 3 
% variation 
explained 

36% 21% 19% 

Eigenvalue 5.82 3.31 2.95 

Soil property    
VW  -0.24 -0.29 -0.15 
Cation Exchange 0.31 0.21 -0.15 
Base Sat 0.39 0.01 -0.19 
AC -0.27 0.11 0.37 
pH 0.36 0.00 -0.26 
P 0.09 -0.43 0.19 
K 0.30 0.18 0.06 
Ca 0.38 -0.06 -0.06 
Mg 0.27 0.10 -0.36 
Zn 0.22 -0.32 0.34 
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Table 2.6. Mean crimson clover nodule counts, nodule weights, and shoot dry biomass per 
plant in Leonard jars. Different letters within a column indicate significant differences  
between farming systems (Tukeys HSD P<0.05). 

a The farming systems include: conventional practices with Tillage (CNV Till); conventional 
practices with no till (CNV No Till); Certified organic standards (Organic); Pasture Crop 
Animal Rotation (PCA), and a successional system that has been fallow (Succ).  

Farming 
Systema 

Average Nodule 
Count 

Average Nodule Mass 
(g) 

Shoot Dry Mass 
(g) 

Succ 10.81b 0.04a 0.06b 
CAP 104.33a 0.14a 0.38a 

Organic 81.88ab 0.14a 0.37a 
CNV No Till 27.82b 0.07a 0.15b 

CNV Till 22.22b 0.05a 0.11b 

42 



 
Figure 2.1 Map of the Farming System Research Unit at the Center for Environmental 
Farming Systems, (Goldsboro, NC), showing five farming systems: SUCC (abandoned 
successional), CAP (crop animal pasture rotation), ORG (organic), CNV No Till 
(conventional management with no till), CNV Till (conventional management with tillage). 
Diagnostic soils are outlined in a lighter shade. 
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Figure 2.2. Principal component vector pattern for AMF species community structure. 
Demonstrates how different species are grouped together. 
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Figure 2.3. Principal components biplot of PC 1 and PC 2 with AMF community structure 
and farming systems. Farming system treatment was found to affect AMF species 
composition (P=0.02) 
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Figure 2.4. Crimson clover DNA dendrogram of BOX-A1R primer PCR fingerprints using 
Cosine coefficient with 2.5% optimization levels set by GelCompar version 6.1 by Applied 
Maths.  
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Abstract 

 Water limitation is one of the biggest challenges for global food production. 

Arbuscular mycorrhizal fungi (AMF) have often been found to increase plant resistance to 

drought stress. Since different AMF species individually and in combination can impact plant 

growth, nutrient uptake and response to stresses differently, we hypothesized that different 

individual AMF species may be more effective than others and that a higher AMF species 

richness may increase corn resistance to drought stress more effectively than single AMF 

species. In this study, we examined corn plants inoculated with either 5 single AMF cultures 

(Glomus intraradices, Acaulospora spinosa, Gigaspora rosea, Glomus clarum, Glomus 

etunicatum), a combination of 3 AMF species, a combination of all 5 AMF species, or as a 

control with sterilized AMF inoculum during an 8 week pot experiment. All AMF species 

were derived from agricultural soils and each treatment was replicated 6 times. After 3 weeks 

of well watered growth, a drought treatment was initiated and maintained for 4 weeks. 

Response variables measured included corn plant biomass (shoot and roots), plant heights, 

shoot nutrients, photosynthesis, and percent AMF root colonization at harvest. Drought was 

found to decrease response variables across all AMF treatments, except for the G. etunicatum 

and 3 AMF combination treatments. Inoculation with AMF did not impact plant growth 

parameters (plant height and biomass), but altered photosynthesis rates, stomatal 

conductance, transpiration and water use efficiency (WUE), especially under drought 

conditions. The 3 AMF treatment had greater WUE under drought than in well watered 

conditions. Our study demonstrates that AMF species may have functionally different 
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benefits to plants and drought may change the outcome of these benefits. Furthermore, 

increased species richness may enhance AMF benefits to plants, but species identity is key. 

 

Introduction 

Water limitation is one of the most important abiotic stresses restricting food 

production. With the changing climate, drought stress is likely to increase in many crop 

producing areas of the US and world (Dai 2012). Drought affects agricultural systems in 

many ways, but the most pronounced effect, especially for crop production, is decreased 

yields. Because of the massive crop losses often caused by drought, costing the US billions 

annually, it is one of the most costly natural threats in the US (FEMA: www.fema.gov). The 

drought in the corn belt in 2006-7 cost $11 billion in losses and the drought in 2012, affecting 

more than half of the 48 contiguous US states, cost more than $35 billion (NCDC; 

http://www.ncdc.noaa.gov/billions/). One reason for yield reductions is decreased 

photosynthesis and stomatal conductance efficiency in many plants under drought. With the 

foreseen increases in drought in coming years, it is imperative to manage belowground 

processes in a manner that will improve water use efficiency (WUE) of crops and mitigate 

drought stress. A variety of soil microorganisms and belowground processes have been 

demonstrated to alleviate drought stress (Auge 2001; Tikhonovich and Provorov 2011), yet 

specific crop responses and microorganism functions are not well understood.  

Due to their ability to increase plant resistance to drought, understanding the potential 

of arbuscular mycorrhizal fungi (AMF) to alleviate drought stress on plants is becoming 

increasingly important. Arbuscular mycorrhizal fungi are one of the most important 
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microorganisms and symbionts in the soil – more than half of the root system in plants can be 

colonized by AMF (Hayman 1986). These important mutualists are most well known for 

their ability to increase plant P uptake (Hayman 1986; Douds and Millner 1999; Gosling et 

al. 2006), but they are understood to have other plant benefits, including increased resistance 

to water stress (Hayman 1986; Auge 2001; Tikhonovic and Provorov 2011). AMF 

colonization has been shown to increase WUE, water holding capacity, and relative water 

content (Auge 2001; Zhu et al. 2011; Zhu et al. 2012), as well as maintain osmotic potential 

during drought stress (Auge 2001). Studies are showing that plant roots colonized with AMF 

may help protect the plant against water stress by improving photosynthesis and water status 

(Auge et al. 2001; Zhu et al. 2011).  

Compared to non-mycorrhizal plants, AMF colonized plants often have different 

transpiration, photosynthesis, and stomatal conductance rates, with AMF colonized plants 

generally having higher rates than non-AMF plants (Auge 2001). One proposed mechanism 

for this AMF mediated plant benefit is through increased nutritional status, as AMF plants 

have been shown to increase nutrient acquisition (Gosling et al. 2006), leading to more 

vigorous plants able to withstand a variety of stresses, including drought. However, in some 

situations, AMF have been shown to modify plant water relations in a way unrelated to P or 

C status (Bethlenfalvay et al. 1988). Another hypothesis is that AMF stimulate gas exchange 

through changing the stomatal threshold (Auge 2001) although the specific mechanism is 

unclear. As of yet, it is unclear how AMF modify gas exchange capacity when host is under 

drought conditions.  
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Mycorrhizal species can differ dramatically in their effects on plants and therefore 

how they mitigate host response to drought (Auge 2001). Gholamhoseini et al. (2013) found 

that Glomus mossae was more efficient than Glomus hoi in mitigating drought stress on 

sunflower plants. Under drought and well watered conditions, plants with G. mossae 

produced greater seed yields than plants with G. hoi. Additionally, simultaneous colonization 

by multiple different AMF species has been shown to provide increased plant benefits as 

compared to colonization by a single species (Schreiner and Bethlenfalvey 1997; Jansa et al. 

2008). For example, Schreiner and Bethlenfalvey (1997) found that a mixed species AMF 

inoculum performed better than a single species inoculum on pea plants (Pisum sativum). 

The diverse responses of AMF on host benefits likely is the result from different AMF 

species used in research. Individual AMF species may provide different benefits to the plant 

community, even resulting in different responses on the same host (Newsham 1995). For 

example, studies have shown that species from Gigaspora help stabilize soil aggregates more 

than Glomus species, likely because Gigaspora are known to produce a high amount of 

extraradical hyphae (Gianinazzi et al. 2010). While AMF can mitigate plant response to 

drought, the specific AMF species identity or combination of species will likely impact the 

responses. 

While AMF species richness is clearly important in agroecosystems, the impact is not 

yet clearly understood (Bever et al. 2001). As of yet, it is uncertain under what conditions 

AMF will improve gas exchange or plant growth during drought stress. Specifically corn has 

been shown to have contradicting results when colonized by AMF during drought conditions. 

Most studies have shown AMF can increase gas exchange parameters and water holding 
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capacity, and sometimes increased growth (Auge 2001), but other studies have shown no 

benefit from AMF (Hetrick et al. 1984; Simpson and Daft 1990). Others have actually shown 

negative effects from AMF colonization on corn roots during drought although it is unclear 

why (Schellenbaum et al. 1998). There is a need for more research in understanding the 

important role that AMF plays in plant resistance to drought stress. 

The purpose of our study was to examine the effects of five different AMF species, 

both individually and in combination, on corn response to drought stress and well watered 

conditions in a pot study. Three Glomus species were examined because they are most well 

studied in terms of drought (Auge 2001), one Acaulospora species and one Gigaspora 

species to enhance understanding of diverse genera responses as well. We hypothesized that 

some individual AMF species would be more effective than others and that a higher AMF 

species richness would mitigate drought stress more effectively than single AMF species. 

 
Materials and Methods  

 
Experimental design  

 Between September 27 and November 20, 2012 a full- factorial complete block 

design experiment comparing corn responses to eight AMF diversity treatments under two 

watering regimes was conducted in the Phytotron facility at North Carolina State University 

(NCSU). The eight AMF treatments consisted of: Glomus intraradices single species (GI), 

Acaulospora spinosa single species (AS), Gigaspora rosea single species (GiR), Glomus 

clarum single species (GC), Glomus etunicatum single species (GE), a combination of three 

AMF species (3 AMF; G. intraradices, Gi. rosea, A. spinosa), a combination of all five AMF 
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species (5 AMF), and a control composed of inoculum from all five AMF that had been 

steam sterilized. Well watered (WW; water container capacity) and drought (approximately 

50% of water container capacity) were the two water treatments. Each treatment combination 

was replicated six times for a total of ninety-six pots with one corn plant in each pot. All 

plants were placed in one growth chamber (2.44 m x 3.66 m x 2.13 m) set at a 12 hour 

photoperiod, and 28ᴏ C day/20o C (±1o) night conditions. Light intensity ranged between 500 

to 600 μmol/m2s using a combination of 100 watt VHO (Very High Output) fluorescent and 

incandescent bulbs. Relatively humidity ranged between 40-60%. Pots were placed in the 

chamber in a randomized complete block design, and the location of the pots in the chamber 

was randomly rotated once weekly.  The response variables measured included plant growth 

parameters (dry biomass and plant height), host gas exchange parameters important in 

photosynthesis and water use efficiency (WUE).  

 The AMF species for this study were isolated from single species greenhouse trap 

cultures that contained three mycorrhizal host species: Prickly sida (Sida spinosa), a common 

weedy species found in North Carolina agricultural soils), corn (Zea mays) and plantain grass 

(Plantago lanceolata), grown over 4 to 6 months. AMF propagules (spores and root 

fragments) were collected from soil samples originally in agricultural systems located at the 

Farming Systems Research Unit (FSRU) at the Center for Environmental Farming Systems 

(CEFS; Goldsboro, NC).  AMF species were identified from spore morphology and 

confirmed with descriptions from INVAM (International Culture Collection of (Vesicular) 

Arbuscular Mycorrhizal Fungi; http://invam.caf.wvu.edu). The AMF inoculum for the 

experiment consisted of a mixture of soil, spores and root fragments. Sixty grams of each 
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AMF inocula treatment was mixed thoroughly in a 1:1 mixture of steam sterilized of 

soil:sand, respectively, to each 8 inch standard size pot (3.8L). Each pot weighed 4000 to 

4500 g. dry at the initial planting. For the 3 AMF inoculum, 20 g of each individual species 

inoculum was combined to equal 60 g total. For the 5 AMF inocolum, 12 g of each 

individual species’ inoculum was combined to equal 60 g total. The control treatments 

received 60 g of double steam sterilized 5 AMF inoculum mixed thoroughly in the soil:sand 

mixture in the same way as the AMF treatments. Initial nutrient and chemical status of the 

soil: sand mixture included the following:  HM = 0.18 g/100 cc; CEC =2.9 meq/100; Base 

Saturation = 85%; pH = 6.3; P = 41 mg/dm3; K = 39 mg/dm3; Ca = 393 mg/dm3; Mg = 45 

mg/dm3; S = 13 mg/dm3; Mn = 3.7 mg/dm3; Zn  = 1 mg/dm3; Cu = 1 mg/dm3.  Coffee filters 

were placed at the bottom of each pot to minimize water and soil loss. A steam sterilized 

layer (275 g) was placed at the bottom and top, after they were filled, of the pots to prevent 

any potential AMF cross contamination from splash contamination. When filling each pot, 5 

g of the slow release Osmocote fertilizer (19-6-12) was also mixed in the soil:sand similar to 

the AMF inoculum. Three organic corn seeds variety 68F32 (Blue River Hybrids Organic 

Seed©) were planted per pot on September 27, 2012 and then thinned to 1 plant per pot after 

2 weeks (14 DAP). A microbial filtrate was developed from the 5 AMF inoculum and 10 ml 

added to every pot at planting.  

The implementation of the drought treatment was adapted from Ray and Sinclair 

(1997). Immediately after corn planting, each pot was weighed and this was established as 

the initial biomass. All pots were watered to soil water holding capacity (first sign of 

dripping from the bottom of the pot) every day for three weeks, with each pot receiving the 
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same amount of water. Drought (DRT) treatments were initiated after three weeks (22 DAP) 

of growth, to allow AMF to establish colonization (Asrar et al. 2012), and continued for 33 

more days. On the evening before starting the drought, all pots received 650 ml of water (the 

amount previously determined to be water container capacity) and were allowed to drain for 

24 hours and then weighed. This weight was defined as the initial well watered pot weight. 

To maintain well-watered conditions, but prevent anaerobic conditions, pot weight was kept 

at 200 g below initial well watered pot weight. Pots were weighed and watered every 

morning between the hours of 8 am and 11 am. For the drought treatments, half the water 

required for the well-watered treatments was added to maintain 50% of field capacity. For 

example, if 100 ml of water was added to the well-watered treatments, only 50 ml was added 

to the drought. Water was added to the nearest 25 ml for ease of application. 

  

Corn growth and nutrient responses  

 Plant height was measured on each plant the day the drought started (22 DAP) and on 

the day of destructive harvest (55 DAP). Three soil core samples were removed from each 

pot before harvest for analyses of soil extractable N and nutrient analysis. After harvest, 

whole root systems were washed and then plants were separated into roots and shoots, dried 

at 60o C for a minimum of 72 hours and then weighed. Total plant biomass values are from 

combined root and shoot biomass. The two youngest and fully expanded leaves of each plant 

were cut and dried separately at 60o C for a minimum of 72 hours and then sent to the North 

Carolina Department of Agriculture (NCDA) Consumer Services Division for plant tissue 

analysis (N, P, K, Ca, Mg, Cu, B). After roots were dried, they were rehydrated in water and 
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a random subsample was excised, cleared with KOH and stained with 0.05% trypan blue for 

AMF colonization assessment following procedures modified from Phillips and Hayman 

(1970). Percent mycorrhizal colonization of stained roots was calculated following the 

modified grid-line intersect method (Giovanetti and Mosse 1980). 

 

Gas exchange parameters 

Gas exchange parameters including net photosynthesis rate (Pn) and stomatal conductance 

(gs), transpiration rate (E), and intercellular CO2 concentration (Ci) were measured using a 

portable open flow gas exchange system LI-COR 6400 (LI-COR, Lincoln, USA) after 4 

weeks of drought on November 20, 2013 (55 DAP) the day of destructive harvest. The gas 

exchange measurements were taken before the plants were watered. Measurements were 

made on the youngest and first fully expanded upper leaf. Leaf orientation was not changed 

during the measurements. 

 

Statistical analysis  

 Variables were analyzed using a fully factorial complete block design with the 

treatments being arbuscular mycorrhizal fungi (AMF) and drought (DRT). Data was 

analyzed using the PROC GLIMMIX and PROC GLM (General Linear Model) procedures 

of SAS software version 9.3 (SAS Institute, Cary, NC).  The GLIMMIX procedure accounts 

for both random and fixed variables in the model. Fixed variables included AMF treatment 

and drought treatment and the interaction between the two. Statistical significance was 

expressed at the P < 0.05 level based on Type III sums of squares. Pairwise means 
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comparisons were performed using Tukeys Honest Significant Difference. When necessary 

in order to meet equal variance assumptions, log transformations were applied to data. 

Statistical analysis of AMF colonization of corn root data only took place on AMF treatments 

since the controls were found to have less than 1% AMF colonization.  

 

Results  

Corn height and biomass 

No height differences between treatments were found at 22 DAP, before the drought 

treatment was initiated (data not shown). Drought reduced mean corn height over all AMF 

treatments (P<0.0001; Figure 3.1) and AMF had no overall effect on mean corn plant height 

at time of harvest (55 DAP). Overall, the AMF neither positively nor negatively affected 

mean plant height (Figure 3.1). 

Drought reduced shoot biomass (Table 3.2) in all cases (P<0.0001). AMF were found 

to have no overall effect on corn shoot biomass at time of harvest. No difference was found 

between the non-AMF control and the AMF treatments in either WW or DRT cases. Root 

biomass (Table 3.1) had a significant interaction between drought and AMF treatment 

(P=0.036; Figure 3.3). Within the DRT treatments, GE, 3 AMF, and the 5 AMF treatments 

had lower root weights than the control. Within the WW treatments, none of the AMF 

treatments were different than the control. Drought (P<0.0001) lowered the total corn dry 

biomass (root + shoot; Table 3.1) and AMF (P<0.0004) affected it as well. Within the AMF 

treatments, GE and 3 AMF were lower than the control, but no different than other 

treatments with AMF, except for AS, which was greater than 3 AMF.  
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Gas exchange parameters and water use efficiency  

 Drought decreased mean corn leaf photosynthesis (Pn ; µmol CO2/m2/s; P<0.0001). 

AMF as a main treatment (P<0.0001) affected Pn, and interacted with drought (P<0.0001; 

Figure 3.4), such that GE, GiR, and 3 AMF were the only AMF treatments where Pn rates 

were not lowered by drought (Figure 3.4). In addition, only GE and the 3 AMF treatments 

had  greater Pn rates than the control under drought conditions. 

Drought decreased (P<0.0001) stomatal conductance (gs; mmol/H2O/m2/s; Figure 

2.5). AMF as a main treatment (P<0.0001) affected gs, and interacted with drought 

(P<0.0001; Figure 3.5), such that GC, GE, GiR, and 3 AMF treatments were not reduced by 

drought (Figure 3.5). Furthermore, only GE and 3 AMF had greater gs than the control under 

drought conditions (Figure 3.5).  

 Drought decreased (P<0.0001; Figure 3.6) leaf transpiration (E; mmol/H2O/m2/s). 

AMF as a main treatment (P<0.0001) affected E, and interacted with drought (P<0.0001; 

Figure 3.6), such that GE, and 3 AMF were the only AMF treatments where E rates were not  

lowered by drought (Figure 3.6). In addition, only GE and the 3 AMF treatments had greater 

E rates than the control under drought conditions.  

 Drought increased (P<0.0001; Figure 3.7) intercellular CO2 (Ci). AMF as a main 

treatment (P<0.0001)  affected Pn, as well as interacted with drought (P<0.0001; Figure 3.7), 

such that GE, GiR, AS, 3 AMF, and the control did not have different Ci rates between 

drought and well watered condition. However, the GI, GC, and 5 AMF treatments had 

greater Ci under drought (Figure 3.7). 

58 



Water use efficiency (WUE) was calculated by using the ratio of Pn to E rate. Both 

DRT (P<0.0001) and AMF (P<0.0001) impacted WUE, but AMF treatments responded 

differently to drought conditions, resulting in  because a significant interaction (P<0.0001; 

Figure 3.8) between treatments. In the control, WUE was not different between DRT and 

WW conditions (Figure 3.8). The GI and 5 AMF treatments had greater WUE under WW 

than under DRT (Figure 3.8). The 3 AMF treatment had greater WUE in the DRT treatment 

than WW.  

 

Corn shoot nutrients 

Corn tissue samples were composited for each treatment and thus no statistical 

analyses were performed. A trend suggests that drought treatments had a higher 

concentration of nutrients (Table 3.2), but the DRT plants were also smaller than the WW 

plants (Figure 3.2) so nutrients may have been more concentrated. A trend also suggests that 

AS and GiR had lower N and P concentrations as compared to the control and other AMF 

treatments in both the WW and DRT treatments. In addition, it appears that AS also had 

much greater Ca and Mg concentrations under DRT than other treatments.  

 

Mycorrhizal colonization  

Drought had no effect on mean percent AMF colonization (Figure 3.9), yet AMF 

treatments resulted in different amounts of colonization (P < 0.0001; Figure 3.9).No 

interaction between AMF and DRT treatments was found. The GI and 3 AMF treatments had 

greater mean colonization than GE, AS, and GiR (P<0.05; Figure 3.9). 
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Soil nutrients  

No statistical tests were performed on soil nutrients and chemical properties due to 

the samples being composited (data shown in Appendix A). Trends suggest that the soils 

where the control corn plants were grown under drought conditions had greater macro- and 

micro-nutrient levels at harvest compared to the treatments with AMF. The P, K, Mg, and S 

levels in the drought control were often at least 50% greater than closest AMF treatment also 

under drought conditions.  

 

Discussion 

Not surprisingly, drought reduced corn shoot and root biomass and height, commonly 

found in other studies (Zhu et al. 2012; Worchel et al. 2013; Gong et al. 2013). Drought was 

also found to reduce most gas exchange parameters in this study, including net 

photosynthesis (Pn), transpiration (E), stomatal conductance (gs) and water use efficiency 

(WUE), also concurring with numerous other studies (Auge 2001; Abbaspour et al. 2012; 

Zhu et al. 2012). Reduced gas exchange capacity under drought conditions is not surprising 

because a plant’s immediate response to drought is closing the stomata (Ashraf and Harris 

2013; Holzkamper et al. 2013). Most interesting and unique to this study is that corn 

inoculated with either Glomus etunicatum (GE) or the 3 AMF treatment combination (G. 

intraradices, Gi. rosea, A. spinosa) did not decrease gas exchange capacityunder drought and 

suggests that AMF treatments mitigated corn response to drought.  

Drought and AMF treatments were also shown to impact root mass in our study. 

Because of the interaction between drought and AMF treatments, different AMF species 
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responded to the drought differently, with most species having a reduced root weight. While 

some studies have shown that AMF can increase root density (Asrar et al. 2012; Gong et al. 

2012) our results show that some species of AMF decrease root weight when faced with 

drought, agreeing with Hetrick (1991). Some AMF treatments, GE, 3 AMF, and 5 AMF, had 

a decreased root weight compared to the controls under drought conditions. Yet, under WW 

conditions, the root weights of these treatments were no different than the control. Our study 

adds to the current understanding of how AMF can affect host biomass responses, especially 

roots and how AMF species identify and drought stress may modify these responses.  

The AMF treatments did not affect shoot dry biomass or plant height in WW or DRT 

conditions. Overall, many studies have demonstrated contradicting results on how AMF 

impact plant growth under drought conditions. Similar to our study, some studies have 

demonstrated that AMF did not improve plant growth parameters (Porcel and Ruiz-Lozano 

2004; Kohler et al. 2008; Zhu et al. 2011; Zhu et al. 2012). In contrast, other studies found 

AMF colonization to enhance shoot weight and leaf area (Abbaspour et al. 2012). One 

explanation for our results is the AMF did not increase plant growth because their carbon 

cost may have outweighed the potential benefits in this study. Even though the plant is more 

resilient to drought with increased Pn and WUE, the extra carbon gained goes to the AMF 

(Liu et al. 2004). Another explanation for the lack of benefits from AMF could be root 

limitation. Corn root growth and increased nutrient uptake by AMF may have been limited in 

the size of pots used in this study. Future work is needed in pots where root growth is not 

restricted to examine difference often found in plant growth from AMF colonization, 

especially under stress conditions.   
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Results from this study suggest that AMF may help mitigate impacts from drought in 

corn and that AMF differ in their plant benefits depending on the specific AMF species or 

combinations.  The greatest impact reducing drought stress on corn was from GE and 3 AMF 

by increasing Pn, E, and gs. The 3 AMF treatment also increased WUE.  Previous studies 

have looked at the role of the single species, GE, on plant resistance to drought and found 

similar results to our study. For example, GE colonization on corn roots in pot studies was 

found to increase Pn, WUE, water holding capacity, relative water content (Zhu et al. 2011; 

Zhu et al. 2012), and E (Wu et al. 2006; Zhao and He 2007).  In addition, GE has been shown 

to increase gs of host plants (Auge 2001). Our results demonstrate that AMF can play an 

important role in protecting corn plants against drought stress, but species identity and 

richness plays a critical role in the specific outcome. 

Previous studies have proposed four main mechanisms to account for the increased 

gas exchange capacity provided by AMF. First, it may be that increased nutrient uptake by 

AMF results in a more vigorous plant that is able to be more resilient to water stress. As soil 

dries, nutrients become less and less available because of the increasing tortuosity of the 

diffusion path, making it difficult for plants to obtain sufficient nutrients. Under these dry 

soil conditions, AMF hyphal contribution to nutrient uptake could be more important. In our 

study, we did not specifically look at the role of nutrient uptake in drought mitigation. All 

replicate plants within a treatment were composited for shoot nutrient analyses and thus we 

were not able to statistically analyze the effects of AMF on nutrients. Trends suggest that 

drought plants had higher nutrient concentrations, but this may also be due to the water 

stressed plants being smaller. The role of nutrient uptake in our study howeveris unclear.  
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The plants with AMF may undergo less water stress because of increased water 

uptake (Abbaspour et al. 2012; Gianinazzi et al. 2010).  AMF have been shown to increase 

direct water uptake because the AMF hyphae can act as extensions of the root system, 

reaching the small pores in soil aggregates, increasing the surface area available to absorb 

water (Ruiz-Lozano 2003 Gosling et al. 2006). Others propose that AMF are increasing 

water uptake by reducing hydraulic resistance to water uptake in the roots (Graham and 

Syvertsen 1984; Allen et al. 1981). However, research around the role of AMF in increasing 

water uptake by the roots is still controversial and more research is needed to improve 

understanding. 

Another possible explanation for AMF mitigation of drought stress is that 

colonization of roots by AMF decreases stomatal resistance (Zhu et al. 2012; Auge 2001; 

Abbaspour et al. 2012). Previous studies have shown that AMF affect stomatal behavior of 

host plants (Ruiz-Lozano 2003; Zhu et al. 2011; Zhu et al. 2012).  Allen et al. (1981) found 

no differences between AMF and non-AMF inoculated Bouteloua gracilis plants, but 

stomatal conductance was improved in AMF plants (Allen et al. 1981). The only explanation 

for the previous study appeared to be decreased stomatal resistance (Allen et al. 1981), which 

is plausible because, in addition to external environmental conditions, stomatal behavior is 

known to be regulated by internal physiological conditions, such as hormonal changes, 

possibly from AMF colonization (Allen et al. 1980). Furthermore, plants colonized with 

AMF have been shown to have different critical points of stomatal closure under water stress 

as compared to non-AMF plants (Ruiz-Lozano 2003).  
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Lastly, another possible mechanism contributing to AMF effects on drought 

mitigation are that AMF colonization may increase the rate of leaf transpiration (E), thus 

reducing leaf temperature and reducing decomposition of chlorophyll (Auge 2001). AMF 

plants can have higher E rates compared to non-AMF plants (Kothari et al 1990; Zhu et al. 

2011; Zhu et al. 2012).  As E increases, leaf water temperature usually decreases and 

chlorophyll decomposition slows. Maintaining chlorophyll concentrations is important 

because it is a key factor for evaluating environmental stress (Zhu et al. 2012). Yet relatively 

little is known about the AMF relationship to chlorophyll concentration and transpiration. It 

is likely important for future AMF drought studies to also measure chlorophyll 

concentrations and fluorescence in addition to gas exchange parameters in order to elucidate 

the mechanism of AMF in drought resistance. 

 The uniqueness of this study is that multiple AMF species together and individually 

were both examined in mitigating drought stress on corn. Similar plant benefits were found 

for the 3 AMF combo (GI + AS + GiR) as the single species GE (including increased Pn, E, 

gs and WUE). Furthermore, the 3 AMF treatment was the only treatment where WUE 

increased under drought conditions. The results of the 3 AMF may be explained if the 3 

AMF combo contained GE, which also demonstrated increased gas exchange capacity, but 

the 3 AMF did not contain GE. Because none of the individual species that make up the 3 

AMF (GI, AS, or GiR) individually demonstrated the same plant benefits as the 3 AMF 

combined, it is plausible the benefit of improved gas exchange capacity and WUE was due to 

synergistic effects from these particular AMF species interacting. Similar to our study, 

Vogelsang et al. (2006) found that plant productivity of prairie grasses increased when 
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colonized with six AMF species compared to one species. One explanation for the increased 

plant benefit under increased AMF species richness is that different AMF species provide 

different benefits to the plant community (Newsham 1995) and work in collaboration when 

colonizing a host simultaneously. Gholamhoseini et al. (2013) found that Glomus mossae 

was more efficient than Glomus hoi in mitigating drought stress on sunflower plants. Species 

specific effects of AMF have also been demonstrated on physiological responses of plants 

(Nishida et al. 2010). AMF species may be ecologically distinct and occupy different niches 

(Bever et al. 2001) and it is possible that each of the 3 AMF individual species occupy a 

different ecological role and works synergistically to improve gas exchange capacity. Our 

study demonstrates that together GI, AS, and GiR symbiosis may mitigate drought stress on 

corn plants in pot studies. While our results cannot not be extrapolated to field conditions 

studies, controlled pot studies and microcosms are important for understanding specific 

mixtures of AMF species richness that can then be field tested. 

 Interestingly, the same plant benefits demonstrated by the 3 AMF were not found for 

the 5 AMF combo (all 5 individual species together). The 5 AMF had decreased P, E, gs, and 

WUE under drought conditions as compared to the 3 AMF. One explanation for the 

significant differences found between the 5 AMF and 3 AMF treatments could be increased 

competition for root space and increased C drain from the greater number of species in the 5 

AMF. Although, in our study the 5 AMF did not have increased root colonization so this is 

an unlikely explanation. Little is known about the specific species competition between GI, 

GC, GE, AS, and GiR, but Bennet and Bever (2009) showed a high competitive ability can 

be associated with a less beneficial fungus. In their study, it appeared that S. calospora, a 
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poor growth promoter, competitively suppressed the better growth promoter, Glomus 

“white.” In fact, G. white was unlikely to co-occur in a root segment with S. calospora. They 

demonstrated that poor mutualists may put more resources into competing for root space. 

Therefore, one hypothesis is that GC (one of the two species that was added to the 3 AMF 

combo to create the 5 AMF combo) out competed one of the other more beneficial species. 

GC had a higher percent root colonization than GE, AS, or GiR, which may suggest that GC 

is a more effective competitor for root space. Furthermore, GC and GE were the only two 

new species added to the 5 AMF combo, and GE alone showed benefits that GC did not.  

Our results contradict other pot studies examining root colonization of AMF under 

drought conditions. Studies using corn (Zhu et al. 2012) and Sophora davidii (Gong et al. 

2013) found that drought greatly reduced AMF colonization on the plant roots. In our study, 

drought did not impact AMF colonization, but different AMF treatments were found to affect 

colonization. The single species GI had greater colonization rates than GE, AS, and GiR. The 

3 and 5 AMF combos also had higher colonization rates, perhaps due to the presence of GI in 

the mixture. However, percent root colonization does not correlate with plant benefits 

(Hayman 1980; Kahiluoto et al. 2012).  

In conclusion, results from this study demonstrate that AMF may have functionally 

different benefits to plants and drought conditions may alter these benefits. Moreover, AMF 

benefits are diverse and measuring biomass responses alone do not demonstrate the holistic 

effects of AMF as demonstrated by the increased gas exchange capacity of GE compared to 

other single species.  
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Table 3.1. Mean per plant biomass (g) of corn roots, shoots, and total biomass (roots + 
shoots) per AMF treatment. Values with the same letter within a column are not  different 
(P=0.05) using Tukeys HSD 
AMF 
treatmenta 

Root Biomass (g) Shoot Biomass (g) Total Biomass (g) 

 DRTb WW DRT WW DRTb WWa 
Control 11.85 ab  12.31 a 17.50 b 25.44 a 29.35     a 37.75 
GI 5.98 bcde 11.22 abc 14.94 b 24.63 a 20.92   abc 35.84 
GC 9.29 abcde 6.49 abcde 16.47 b 26.90 a 25.77   abc 33.38 
GE 4.25 e 7.12 abcde 16.07 b 27.86 a 20.32    bc 34.97 
AS 8.65 abcde 12.35 a 15.72 b 29.88 a 24.37    ab 42.23 
GiR 10.46 abcd 9.17 abcde 15.96 b 25.25 a 26.42    abc 34.41 
3 AMF 4.5 de 6.43 abcde 15.45 b 24.47 a  19.95     c 30.90 
5 AMF 5.58 cde 7.91 abcde 17.33 b 26.62 a 22.91    abc 34.52 

a = AMF treatments include:  Control = non-mycorrhizal control; GI = Glomus intraradices;  
GC = Glomus clarum; GE = Glomus etunicatum; AS = Acaulospora spinosa; GiR = 
Gigaspora rosea; 3 AMF = Combination of 3 different individual species: GI, AS, GiR;  
5 AMF = Combination of all different individual species: GI, GC  
b =  Drought treatments include: DRT = drought; WW = well watered 
  

74 



 
Figure 3.1. Mean corn plant height at 55 DAP under different AMF and drought treatments. 
Error bars represent SE and bars with the same letter are not different according to Tukeys 
HSD (P=0.05). WW = Well watered; DRT = drought. Drought treatment (P<0.0001) 
decreased corn plant height, but AMF treatment had no significant effect. 
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Figure 3.2 Mean shoot biomass of individual corn plants with different AMF and drought 
treatments. Error bars represent SE and bars with the same letter are not different according 
to Tukeys HSD (P=0.05). WW = Well watered; DRT = drought. AMF treatment was not 
significant but drought treatment was significant (P<0.0001.)  
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Figure 3.3. Mean root dry biomass of individual corn plants with different AMF and drought 
treatments. Different letters are different from one another. WW = Well watered; DRT = 
drought. AMF treatment was significant (P<0.0001) and drought treatment was also 
significant (P=0.0142.), as well as an interaction between the two (P<0.0360). 
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Figure 3.4. Mean individual corn leaf photosynthesis under different AMF and drought 
treatments. Error bars represent SE and bars with the same letter are not different according 
to Tukeys HSD (P=0.05). WW = Well watered; DRT = drought. Both AMF treatment 
(P<0.0001) and drought treatment (P<0.0001) were significant, as well as the interaction 
between the two (P<0.0001). 
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Figure 3.5: Mean stomatal conductance (gs) of individual corn plants under different AMF 
and drought treatments. Error bars represent SE and bars with the same letter are not different 
according to Tukeys HSD (P=0.05). WW = Well watered; DRT = drought. Both AMF 
treatment (P<0.0001) and drought treatment (P<0.0001) were significant, as well as the 
interaction between the two (P<0.0001). 
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Figure 3.6. Mean transpiration of individual corn plants under different AMF and drought 
treatments. Error bars represent SE and bars with the same letter are not different according 
to Tukeys HSD (P=0.05). WW = Well watered; DRT = drought. Both AMF treatment 
(P<0.0001) and drought treatment (P<0.0001) were significant, as well as the interaction 
between the two (P<0.0001).  
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Figure 3.7. Mean intercellular CO2 concentration (Ci) of individual corn plants under 
different AMF and drought treatments. Error bars represent SE and bars with the same letter 
are not different according to Tukeys HSD (P=0.05). WW = Well watered; DRT = drought. 
Both AMF treatment (P<0.0001) and drought treatment (P<0.0001) were significant, as well 
as the interaction between the two (P<0.0001).
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Figure 3.8. Mean water use efficiency (WUE) of individual corn plants under different AMF 
and drought treatments. Error bars represent SE and bars with the same letter are not different 
according to Tukeys HSD (P=0.05). WW = Well watered; DRT = drought. Both AMF 
treatment (P<0.0001) and drought treatment (P<0.0001) were significant, as well as the 
interaction between the two (P<0.0001). 
 
 

0

2

4

6

8

10

12

Control GI GC GE AS GiR 3 AMF 5 AMF

W
U

E
 (u

m
ol

 C
O

2/m
m

ol
 H

20
) 

AMF Diversity Treatment 

Mean WUE in Corn Plants 

DRT
WW

a 

b ab ab 

ab 

ab ab ab ab 
ab 

bc 
bcd 

bcd 
d 

cd bcd 

82 



 
Figure 3.9.  Mean percent colonization of different AMF treatments on corn roots. Error bars 
represent SE and bars with the same letter are not different according to Tukeys HSD 
(P=0.05). Sub plot treatments include: WW = Well watered, where pots were maintained at 
field capacity; DRT = drought; where pots were maintained at 50% field capacity. AMF 
Treatment was significant (P<.0001) and water treatment was not found to be significant. 
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IV. CONCLUSIONS 
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Results from the first chapter demonstrate that while farming systems (successional, 

crop animal pasture rotation, organic, conventional no till, and conventional tillage) did not 

change AMF species richness, AMF community structure was impacted by farming systems.  

Moreover, species richness of both AMF and rhizobia communities was particularly high 

across all the systems at the Farming Systems Research Unit at the Center for Environmental 

Farming Systems in this study. The AMF community structure within the successional 

(SUCC) system differed from all other managed systems. The most common AMF species 

across managed systems (G. etunicatum, G. mosseae, G. intraradices) were absent in the 

SUCC system, and S. heterogama and A. morrowiae were more common. The organic 

(ORG) system AMF community also differed from the other managed systems. A common 

species in all other systems, G. clarum, was absent in the ORG system and G. intraradices 

and A. laevis was associated with the ORG system than other systems. Additionally, farming 

systems were not found to impact rhizobia diversity or community structure. Farming system 

treatments did, however, affect crimson clover nodulation and plant growth. The crimson 

clover plants grown with soil from the CAP system had more nodules per plant than CNV 

Till, CNV No Till, and SUCC. The plants grown with soil from the CAP and ORG system 

had higher shoot biomass than CNV Till, CNV No Till, and SUCC. However, the rhizobia 

molecular analysis needs more work to guarantee purity of the strains before proceeding with 

data analyses. Despite the high species richness found in both AMF and rhizobia 

communities, little is understood how the diversity of these important soil mutualists impacts 

crop and agroecosystem benefits. Our study shows that different AMF species are associated 
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with different systems, which may be important because these various AMF species can 

provide different benefits to the plant (Newsham 1995). 

Farming systems also impacted all soil properties in this study and these soil property 

differences may also help explain differences in AMF community structure among farming 

systems. Phosphorous (P) and pH and P impacted the presence of G. etunicatum and G. 

clarum. The likelihood of G. clarum being present greatly decreased as levels of P in the soil 

increased. Interestingly, G. clarum was absent in the ORG system, which had the highest P . 

The likelihood of G. etunicatum being present greatly increased as pH increased.  Our study 

may provide more detail about role of how farming systems and soil properties interact to 

affect AMF community, especially for some species such as G. etunicatum and G. clarum.  

The first study (Chapter 2) demonstrates the importance of whole farming system 

research over long periods of time and at larger scales. By examining multiple intact farming 

systems after ten years of management, our study demonstrated that farming systems impact 

both AMF community structure and soil properties. More work is needed that examines 

intact agroecosystems and their impact on AMF and rhizobia communities to further 

understand these important mutualists in agroecosystems. 

The second study (Chapter 3) examined the specific role of different AMF species 

(individually and in combination) on corn resistance to drought. In our study, drought 

induced treatments reduced plant height and root and shoot dry biomass. Most interesting 

though was that results suggest that AMF species may help mitigate the effects of drought on 

corn plants. G. etunicatum and 3 AMF (G. intraradices + Acaulospora spinosa + Gigaspora 

rosea) had the greatest effect reducing drought stress on corn by increasing net 
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photosynthesis (Pn),  transpiration (E) , and stomatal conductance (gs). Furthermore, similar 

plant benefits were found for the 3 AMF combo (including increased Pn, E, gs). The 3 AMF 

treatment also increased water use efficiency (WUE). Because none of the individual species 

found in the 3 AMF demonstrated significant plant benefits, yet in combination they increase 

WUE and other gas exchange parameters, it can be assumed the benefit found in the 3 AMF 

was from the increased AMF species richness. Moreover, the same plant benefits were not 

found for the 5 AMF combination. The 5 AMF had decreased Pn, E, gs, and WUE under 

drought conditions as compared to the GE and 3 AMF.  One explanation for the significant 

differences found between the 5 AMF and 3 AMF treatments could be increased competition 

for root space or increased C drain from the greater species richness. Some trade-offs have 

been found between the AMF mutualistic benefits and a species’ competitive ability (Bennet 

and Bever 2009). Studies suggest a negative relationship between an AMF species’ 

competitive abilities and host benefits (Bennet and Bever 2009). 

Interestingly, G. etunicatum, the species found to be the most common in Chapter two 

across the agricultural systems (but absent in the successional system), was also found to be 

the single AMF species that mitigated drought on corn plants the most in Chapter three. 

Additionally, G. clarum, a species that has been speculated to be a poor mutualist but has a 

high competitive ability to colonize roots, was common in all the agricultural systems in 

Chapter two. However, G. clarum was absent in the organic system, which may be positive 

for the plant host because of this high competitive ability and low plant benefit associated 

with G. clarum in this research. Future research should further examine G. etunicatum and G. 

clarum competitive ability and plant benefits specifically. 
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 In conclusion, the results from this thesis research demonstrate that large scale and 

long term farming systems can alter AMF community structure and soil properties. 

Furthermore, it is likely that the soil properties and farming systems interact to alter AMF 

communities. More research is needed to further elucidate the interactions between farming 

systems and soil properties on AMF communities. Because AMF community structure does 

differ between these long term agroecosystems, it is especially important to understand the 

function of different individual AMF species and the interactive effects when they are 

combined. Results from the second chapter demonstrate that AMF may have functionally 

different benefits to plants and stress conditions, such as drought, may alter the benefits of 

these soil mutualists, demonstrated by the increased gas exchange capacity of G. etunicatum 

compared to other single species. In addition, increased species richness may enhance the 

AMF benefits to plants, but the species identity of the AMF is important. Our results 

demonstrate the need for more systems level research that focuses on how AMF species 

richness is increased and understanding the function of increased AMF species richness. 
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Appendix A 

Mean soil nutrient and chemical properties from samples that were taken from each pot after corn harvest and composited.  
 

aAMF treatments include:  Control = non-mycorrhizal control; GI = Glomus intraradices;  
GC = Glomus clarum; GE = Glomus etunicatum; AS = Acaulospora spinosa; GiR = Gigaspora rosea; 3 AMF = 
Combination of 3 different individual species: GI, AS, GiR;  
5 AMF = Combination of all different individual species: GI, GC  
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Appendix B 
 
Mean corn shoot nutrient concentrations composited from each treatment after eight weeks of 
growth.   
 
AMF 
Treatment a N P K Ca Mg S Fe Mn Zn Cu B 
Drought Nutrient analyses in parts per million (ppm) 

Control 30200 1800 15800 2800 
140

0 2100 59.2 81.2 29.6 7.05 8.93 

GI 26400 2000 16400 2800 
150

0 2200 64.5 69 31 11.3 8.4 

GC 25200 2000 15500 2000 
130

0 2100 55.1 52.1 25.2 9.65 7.67 

GE 29400 1800 15000 2200 
120

0 1900 61 59.2 35 11.4 17.1 

AS 22400 1200 12000 4500 
190

0 2100 69.2 104 45.5 9.23 15.2 

GiR 22300 1300 15600 2600 
140

0 2000 56.1 75.5 29.3 7.8 10.5 

3 AMF 27600 2100 19400 1900 
130

0 2000 80.4 52.6 31.3 9.41 23.5 

5 AMF 27100 2100 15600 2700 
160

0 2100 62.1 61.4 28.5 11.1 9.03 
Well Watered            

C 22200 1500 13600 2500 
130

0 1600 62.1 55.6 28.6 8.49 10.5 

GI 21200 1900 15500 2400 
140

0 2000 52.5 50.1 27 9.87 13.3 

GC 18700 1800 13500 1800 
110

0 1700 46.1 39.9 21.7 9.11 8.44 

GE 19900 1500 14400 1900 
110

0 1500 46.6 33.4 24.8 8.65 13.9 

AS 18800 1300 12700 2000 
120

0 1500 48.7 41.7 25 6.73 11.7 

GiR 18800 1400 13700 2000 
110

0 1600 52.4 40.8 27.9 7.93 10.4 

3 AMF 20800 1800 15200 2100 
120

0 1700 48.6 37.3 25.1 8.51 16.1 

5 AMF 19000 1700 14300 2400 
130

0 1800 61.4 52.5 23.6 8.65 12.3 
aAMF treatments include:  Control = non-mycorrhizal control; GI = Glomus intraradices;  
GC = Glomus clarum; GE = Glomus etunicatum; AS = Acaulospora spinosa; GiR = 
Gigaspora rosea; 3 AMF = Combination of 3 different individual species: GI, AS, GiR;  
5 AMF = Combination of all different individual species: GI, GC  
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