
ABSTRACT 

TANG, CLARA VICTORIA. Soil Microbial Community Responses to Applications of Vermicompost, 

Arbuscular Mycorrhizal Fungi, and Grafting under Tomatoes. (Under the direction of Dr. Michelle 

Schroeder-Moreno and Dr. Terrence Gardner). 

 

Sustainable agriculture focuses on increasing productivity while ensuring the preservation of 

natural resources.  Soil conservation is key to managing agriculture sustainably. The application of 

vermicompost (VC), arbuscular mycorrhizal fungi (AMF), and grafting have great potential to increase 

productivity while increasing chemical input efficiency. Understanding how management practices 

impact soil physical, chemical, and biological properties is needed to determine which practices are most 

effective for sustainability. The biological component of soils, while of great importance since it drives 

nutrient cycling. However, this component is most poorly understood given the complex interactions that 

occur within the microbial communities and their environment. The objective of this thesis research was 

to determine the effects of VC, AMF, and grafting on the soil microbial community structure and 

function. 

An experiment to examine the effects of two types of vermicompost (manure (MVC) and food 

waste vermicompost (FVC)) and AMF, individually and in combination, on tomato transplant growth and 

microbial community structure and function was conducted in a greenhouse setting. The following 

treatments were assigned in a complete random design: live MVC, live FVC, sterilized MVC, sterilized 

FVC, live AMF, live MVC with live AMF, live FVC with AMF, and a control with no amendment. Fatty 

acid methyl ester (FAME) profiles were used to determine changes in the community structure. The 

community function was assessed using soil respiration (Cmin), soil microbial biomass C (SMBC), C, N, 

and P cycling enzymes, and community level physiological profiles (CLPP) from Biolog EcoPlateTM, as 

the selected indicators of functionality. Results from this experiment indicate that VC was the major 

driver for plant and soil microbial responses through the addition of readily available nutrients and 

organic matter (OM). However, plant responses were not consistent with the nutrient concentration of the 

different types of VC suggesting a biological process impacted plant growth. Differences in soil microbial 



community structure and function between the different types of VC were drawn out by the analysis of 

the resulting FAME and Biolog profiles, which could potentially explain the confounding effects.  

A second experiment was conducted to evaluate the effects of grafting and vermicompost on 

heirloom tomato yields and soil microbial community structure in the field. A factorial complete random 

block experiment with the following factors: three rootstock treatments [Beaufort (B), Shield (S), non-

grafted Cherokee Purple (CP)] and four soil amendments [no fertilizer (Control), live vermicompost 

(VC+), steam sterilized vermicompost (VC-), and fertilizer equivalent to nutrients added through 

vermicompost (NPK)] was evaluated. FAME profiles, Cmin, SMBC, and C, N, and P enzyme activities 

were used to ascertain shifts in soil microbial community structure and activity at 53 and 84 days after 

transplanting (DAT). The effects of type of rootstock and soil amendment in this study were largely 

overshadowed by a severe case of Gray Leaf spot caused by Stemphylium botryosum, which caused the 

abrupt termination of the experiment. 

Finally, through the assessments of microbial community structure using FAME and Biolog 

methods, changes in the soil microbial structure and function in response to management practices were 

revealed. The use of FAME and Biolog in addition to assessments of assessment of SMBC, Cmin, and 

enzyme activities this study contributes to the overall existing knowledge of soil microbial dynamics that 

occur in the treated soils. This additional information can shed insight on the complex biological 

processes and interactions occurring in soils that potentially impact plant growth. However, future 

research needs to be geared towards developing relationships between FAME and Biolog analysis before 

this information can be more useful in an agricultural setting.   
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I. INTRODUCTION 

The human population is projected to reach 9 billion by the year 2050; global food production 

will need to double to accommodate this increase (Ray et al., 2013). This reality, coupled with growing 

concerns to reduce environmental impacts of agriculture are the biggest challenges for food production. 

While substantial increases in food production were achieved during the Green Revolution, one in seven 

people remain malnourished (Foley et al., 2011). Additionally, heavy reliance on fertilizer and pesticide 

inputs have led to the widespread depletion of clean water resources due to eutrophication, soils erosion 

and salinization, loss of biodiversity, increased greenhouse gas emissions, and increased pest pressure, 

and salinization of soils (Lal 2009; Martin and Sauerborn, 2013).  Our challenge is to ensure that we meet 

the current human nutrition needs while ensuring continuous productivity for generations to come 

(Cardoso et al., 2013). To ensure continuous productivity of our arable land, we need to better understand 

how sustainable agricultural practices are impacting our greatest resource, the soil.  

Sustainable management practices can increase agricultural productivity while also ensuring the 

conservation of natural resources and environmental integrity. In the last three decades, soil has risen as 

an important agricultural resource where complex processes occur that enhance environmental quality and 

promote life. This increased interest in soils led to developing the concept of soil health. Soil health is 

defined as “the capacity of a living soil to function, within natural or managed ecosystem boundaries, to 

sustain plant and animal productivity, maintain or enhance water and air quality, and promote plant and 

animal health” (Doran, 2002). All the while emphasizing soils as living and dynamic ecosystems whose 

functions are mediated by living organisms (Doran and Zeiss, 2000). The complexity of soil ecosystems 

hinders the direct measuring of soil health. Indicators of soil health that can quantify relevant soil 

processes are necessary to successfully monitor the impacts of agriculture on soil (Cardoso et al., 2013).  

Soil health indicators should include physical, chemical, and biological soil properties. Indicators 

must be sensitive to changes in management and climate, easy to measure, inexpensive, and be well 

correlated to beneficial functions (Doran and Zeiss, 2000). While various physical and chemical 

indicators are extensively used to measure physicochemical properties of soils relevant to water and 
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nutrient availability, biological indicators, on the other hand, have been largely understudied. Although 

Biological soil health indicators are considered very important, there is lack of consensus among the 

scientific community as to what they should be because of the difficulty to interpret. Soil respiration, 

microbial biomass carbon, and enzyme activities are commonly used biological indicators: all are easy to 

measure and correlate well to organic matter decomposition and nutrient availability. However, these 

indicators can overlook complex interactions within soil microbial communities, interactions that may 

impact soil processes and plant health (Bünneman et al., 2018). Soil microbes drive major 

biogeochemical processes involved in nutrient cycling and land productivity through the decomposition 

of organic matter, plant-microbe interactions, and microbe-microbe interactions. Understanding how soil 

microbial communities change in response to sustainable management is paramount to better managing 

the biological component of soils to meet food production goals.  

Agricultural practices such as crop rotations, cover crops, reduced tillage, and integrated pest 

management strategies are commonly described as sustainable because they generally have lower 

negative impacts on physical and chemical properties of soil and can reduce the need for chemical inputs 

(Lal, 2009). One common characteristic of these practices is the enhancement of soil organic matter and 

fertilizer use efficiency. Soil organic matter plays a key role in maintaining soil physical structure, 

improving water and nutrient holding capacity, serving as a reservoir of nutrients and as an energy source 

for microbes, and in the retention of pollutants in soils (Carter, 2001). For this reason, management 

practices known to increase organic matter such as compost additions are increasingly used in production 

systems. 

Vermicompost is a type of compost produced from the mesophilic decomposition of organic 

matter by earthworms and microbes that can increase organic matter and soil nutrients availability. 

Vermicompost has been shown to improve crop yields (Arancon et al., 2003, 2004; Gutierrez-Miceli et 

al., 2007; Yang et al., 2015), enhance disease and pest resistance (Cardoza, 2011; Edwards et al., 2010), 

and improve plant-pollinator interactions (Cardoza et al., 2012). Vermicompost can directly increase 

productivity by providing nutrients for crops and improving soil conditions through organic matter 



   

3 

 

additions. However, the benefit of vermicompost has been largely attributed to indirect mechanisms of 

action facilitated by the biological activity present in vermicompost (Lim et al., 2014). The impacts of 

vermicompost on the biological component of soils are seldom examined in depth, thus leading to poor 

understanding of potential biological mechanisms. Other biologically active amendments such as 

arbuscular mycorrhizal fungi have great potential to increase the sustainability of agricultural systems. 

Crop association with arbuscular mycorrhizal fungi may reduce the need for excessive fertilizer 

inputs by enhancing nutrient and water uptake and providing other benefits such as resistance against 

fungal root pathogens and other stresses. Arbuscular mycorrhizal fungi are plant symbionts that form 

extensive extraradical hyphal networks that increase the soil volume explored by roots. This hyphal 

network increases water and nutrient uptake of plants in exchange for photosynthetic C. Increased P and 

N uptake (Bhandari and Garg, 2017), drought resistance (Wu and Zou, 2017), resistance to heavy metals 

(Miransari, 2017), and improved disease resistance (Singh and Giri, 2017) have been previously reported 

in mycorrhizal plants. Additionally, mycorrhizal fungi improve soil structure by promoting soil aggregate 

formation (Lehman et al., 2017). Moreover, arbuscular mycorrhizal fungi have the potential to influence 

other soil microorganisms through the transfer of C from plants to fungi to soils (Gryndler, 2000; Jeffries 

et al., 2003). However, the impact of mycorrhiza on soil microbial communities is not well understood. In 

such cases, microbial culture has been used (Andrade et al., 2013), only reflecting a small percentage of 

the actual community.     

Similar to arbuscular mycorrhiza fungi, grafting can also reduce needs for chemical inputs in 

agriculture. In grafting, shoots (scion) and roots (rootstock) of different plants are combined into a single 

plant, which bears the desired characteristics of both plants. Grafting has been primarily used for 

resistance to soil borne-pathogens. However, rootstocks also can enhance plant nutrient and water uptake 

as well as resistance to abiotic stressors (Schwarz et al., 2010). Increased N (Djidonou et al., 2013; Colla 

et al., 2011) and P (Zhang et al., 2012) uptake, and improved water use efficiency (Suchoff et al., 2018) 

have been observed in grafted plants. These benefits are achieved directly through genotypic resistance 

within rootstocks and indirectly through different root system morphology of rootstocks (Louws et al., 
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2010; Schwarz et al., 2010). Moreover, the types of compounds exuded to the soils by grafted plants can 

be different from non-grafted plants (Ling et al. 2013), which have the potential to change soil microbial 

communities (Doornbos et al., 2012), and thus evoking microbe-microbe interactions that can further 

enhance plant health. Vermicompost, arbuscular mycorrhizal fungi, and grafting fit our definition of 

sustainable management practices, since they have the potential to improve plant growth and yields while 

decreasing the need for chemical inputs.  

While the impacts of vermicompost, arbuscular mycorrhizal fungi, and grafting on plant yields 

and soil physical and chemical properties have been widely reported, reports of their impacts on the 

biological component of soil have only been limited. Moreover, little is known on their impacts on soil 

microbial community structure and function. Understanding how microbial communities change in 

response to these different management practices individually and in combination may lead to further 

improvements in management practices and allow us to better utilize available agricultural tools to meet 

the challenges of increasing food production and environmental sustainability.  

Tomatoes were chosen as the model crop for this study due to the high value and importance of 

this crop worldwide, as well as its pest and root pathogen challenges. Production of tomatoes can be 

difficult because this vegetable requires high amounts of nutrients and is highly susceptible to many pest 

and diseases. Tomato production has relied heavily on fertilizer and pesticides inputs making it difficult to 

sustainably manage this crop. Furthermore, the high value of tomatoes on the fresh market makes this 

crop appealing to producers for economic reasons. The objective of this thesis research was to determine 

how vermicompost, arbuscular mycorrhizal fungi, and grafting impact soil microbial community structure 

and function.  

The effect of vermicompost, arbuscular mycorrhizal fungi, and grafting impact soil microbial 

community structure and function was evaluated in two separate experiments.  The main objective of the 

first study was to assess, under greenhouse conditions, how two types of vermicompost and arbuscular 

mycorrhizal fungi impact tomato early growth and the soil microbial community structure and function. 

We hypothesized that both types of vermicompost will enhance plant growth and nutrient uptake, soil 
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nutrient availability, and soil microbial function. The addition of vermicompost and arbuscular 

mycorrhizal fungi together may additionally have synergistic effects and further enhance beneficial plant 

responses. Additionally, the nutrient concentration of different types of VC will drive different plant 

responses. We predicted that vermicompost and arbuscular mycorrhizal fungi will change the soil 

microbial community structure, which, in turn, will diversify the functioning of the community. The 

microbial communities of different types of vermicompost will be different from one another. Finally, the 

combination of vermicompost and arbuscular mycorrhizal fungi will lead to interactions between the 

microbial communities of these amendments giving rise to microbial communities that are different in 

structure and function than microbial communities of these amendments alone. 

The objective of the second experiment was to determine the effects of vermicompost additions, 

grafting, and their interactions on heirloom tomato harvest and soil microbial community structure and 

activity. Due to potential differential root exudation grafted and non-grafted plants we hypothesized that 

the microbial communities of the different rootstocks would differ from one another and from non-grafted 

tomato. Improved nutrient and water uptake in grafted plants will enhance plant growth and yield 

compared to non-grafted plants. Additionally, microbes introduced with VC additions can interact with 

the soil microbial communities under different rootstocks leading to different community structure in 

comparison to rootstocks without VC.  
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II. Soil Microbial Community Structure and Functional Shifts in Response to 

Vermicompost and Arbuscular Mycorrhizal Fungi for Early Growth of Greenhouse 

Tomatoes  

Abstract 

Biologically active amendments such as vermicompost (VC) and arbuscular mycorrhizal fungi 

(AMF) are increasingly used in agriculture for their potential ability to enhance soil health and increase 

plant nutrient uptake and resilience against stresses, leading to improved yields. The mechanisms by 

which VC and AMF impact plant growth, especially when added in combination are not well understood. 

Moreover, how VC and AMF amendments may impact soil microbial community and function are not 

well documented. This study characterized the effects of two types of vermicompost - manure (MVC) and 

food waste vermicompost (FVC) individually and in combination with AMF on tomato early growth and 

microbial community structure and function grown in pots in greenhouse conditions. Tomato variety 

Mountain Fresh Plus were grown from seed for 49 days in potting mixes that contained a total of eight 

treatments. The treatments consisted of live or steam sterilized VC alone (live MVC, live FVC, sterilized 

MVC, sterilized FVC), live AMF alone, both live VC treatments in combination with AMF together (live 

MVC with live AMF and live FVC with AMF), and a control with no amendment. All treatments were 

replicated seven times. The microbial community structure was determined using fatty acid methyl ester 

(FAME) profiles. The microbial community function was assayed via soil respiration (Cmin), soil 

microbial biomass C (SMBC), total C and N, and P enzyme activities, and community level physiological 

profiles from Biolog EcoPlateTM.  

After 49 days, both VC types increased tomato shoot and root dry biomass and N, P, K uptake. 

While additions of AMF alone did not impact tomato growth or nutrient uptake, addition of AMF and 

FVC together decreased tomato shoot dry biomass and K uptake relative to FVC alone. Soil total N (TN) 

and total C (TC), P, K, and particulate organic matter (POM) increased in the presence of both types of 

VC. AMF together with both types of VC led to greater Cmin, SMBC, and alkaline phosphatase and 
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glucosidase activity than VC alone. Principal component analysis (PCA) from FAME and Biolog profiles 

differentiated microbial community structure and functioning of treatments containing VC from those 

without VC (Control and live AMF). FAME profiles also suggest that the structure of microbial 

communities from MVC and FVC were different. Both communities were rich in bacterial FAME 

indicators; however FVC contained greater total fungal FAME indicator concentration than MVC. Gram-

negative (Gram-) indicator 18:1w5c was only present in FVC and AMF containing treatments. In contrast 

to FAME profiles, Biolog profiles demonstrated no major differences among VC types, but did 

differentiate well between sterilized VC and non-sterilized VC treatments. Sterilized VC treatments had 

greater potential oxidation of amino acids than non-sterilized VC treatments.  

Overall, VC was the main driver of plant responses observed in this study, likely due to the 

increase in soil nutrients. However, the expected plant response to different types of VC was not 

consistent with nutrient concentration found in them, which could suggest a biological component 

impacting plant growth. Assessment of microbial activity (SMBC, Cmin, and enzyme activities) was 

greater on VC than non-VC treatments. The added C and organic matter through VC additions possibly 

increased the microbial activity. Differences on SMBC and Cmin between MVC and FVC were not 

sufficient to explain contradicting plant responses. FAME and Biolog profiles, however, enabled us to 

demonstrate changes in soil microbial community structure and function that could explain such 

contradicting responses. Even though our understanding of complex interactions between soil microbes 

and their surroundings is emerging, these results highlight the importance of assessing soil microbial 

community structure and function to draw out more specific mechanisms of action that impact plant 

health.   

Introduction 

One of the greatest challenges faced by our generation is to increase the rate of food production 

for a growing population in a manner that minimizes the conversion of natural land to agriculture, 

increases the efficacy of inputs, and has the least negative impacts on the environment (Robertson and 
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Swinton, 2005). Earlier strategies to increase food production have led to challenges of eutrophication, 

water scarcity, erosion, salinization, and desertification of soils (Martin and Sauerborn, 2013). Since the 

industrialization of agriculture, the perception of soils has changed from an inanimate growth medium to 

a live and dynamic ecosystem characterized by complex interactions between its physical, chemical, and 

biological components, which support diverse ecosystem services that sustain life on Earth.  The change 

in perception is also reflected in the evolution of soil assessment concepts from soil fertility that focuses 

on the soil’s potential to provide nutrients and water for agricultural production, to soil quality, which 

includes human interaction with soil and ecosystem sustainability as the basis to maintaining continuous 

productivity (Bünemann et al., 2018). More recently the concept of soil health has gained popularity, 

progressing beyond soil quality by emphasizing the biological component of soil, which is key to 

mediating biogeochemical processes linked to plant productivity (Bünemann et al., 2018; Doran and 

Zeiss, 2000; Franzluebbers, 2016). This has resulted in an increased focus on characterizing the impacts 

of agricultural management on soil health as well as crop productivity by assessing soil health indicators 

that reflect the soil physical, chemical, and biological properties (Chaparro et al., 2012).  

The primary challenge to assessing soil health has been finding appropriate indicators that are 

sensitive to short term changes in management, relate to beneficial soil functions, and that are agreed 

upon by the scientific community (Doran and Zeiss, 2000). Chemical and physical soil health indicators 

have been more broadly used, since they provide information on the potential nutrient availability and 

hydrological processes directly affecting plant growth and are comprehensible and most useful to land 

managers (Cardoso et al., 2013; Doran, 2002). However, they fail to provide insight into critical 

biological processes central to plant productivity and environmental quality (Franzluebbers, 2016). 

Biological indicators have been mainly underrepresented due to the oversimplification of complex 

biogeochemical processes occurring in soils (Bünneman et al., 2018). Nevertheless, soil respiration 

(Cmin), soil microbial biomass C (SMBC), and soil enzyme activity have been the most frequently used 

biological indicators in soil health studies. 
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Cmin and SMBC function as suitable indicators of overall microbial activity and community size 

and are directly related to the organic matter (OM) decomposition process. Microbial decomposition of 

OM not only releases nutrients, but also allows for the immobilization of such in microbial biomass, 

which in turn serves as a nutrient reservoir (Cardoso et al., 2013). Moreover, Cmin has been linked to N 

mineralization across different soil types (Franzluebbers et al., 2018), P mineralization (Haney et al., 

2008), and particulate organic C (POC) (Franzluebbers et al., 2000), which are important indicators of 

potential nutrient availability in soils. Enzymes are the primary catalysts of OM decomposition and their 

activities in provide useful information regarding the soil’s capacity to supply nutrients (Shi, 2010). β-

glucosaminidase, phosphatase, and β-glucosidase activities are commonly used as soil health indicators, 

because they directly relate to N mineralization (Nmin) potential (Ekenler and Tabatabai, 2004), P 

cycling, and OM decomposition (Das and Varma, 2010) respectively. Cmin, SMBC, and enzyme 

activities are also easy to measure and straightforward to interpret. However, these approaches tend to 

oversimplify complex interactions between the microbial communities and their environment that might 

be important for biological processes related to agriculture (Schloter et al., 2018). Consequently, scientific 

efforts have been geared towards determining the structure and functioning of soil microbial community. 

Fatty acid methyl ester (FAME) profiles and community level physiological profiles (CLPP) from 

Biolog methods are used for rapid and affordable assessments of soil microbial community structure and 

functional diversity of the community, respectively. Soil microbes are sensitive to environmental changes, 

hence changes in the microbial community in response to management changes could be reflected on 

FAME and CLPP profiles. FAMEs have successfully characterized microbial communities under 

different management systems and soil types (Börjesson et al., 2012; Bowles et al., 2014; Gardner et al., 

2011; Schutter and Dick, 2000; Sullivan et al., 2006). Biolog provides a quick way to determine CLPP by 

producing patterns of potential use of 31 sources of C, by microbes, using a single microplate. This 

method shown enough sensitivity to define differences between soil samples (Cardoso et al., 2013; 

Collins and Cavegelli, 2003; Gomez et al., 2005; Nannipieri et al., 2002). Greater diversity in microbial 

structure and function promotes resilience that enables healthy soils to provide ecosystem services in the 
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face of environmental stresses. Understanding how soil management practices impact structure and 

functioning of the microbial community is of critical importance. 

Sustainable soil management practices, such as the use of compost, cover crops, and reduced 

tillage, known to increase nutrients and organic matter (OM) have been increasingly adopted due to their 

ability to improve crop yields and soil health (Roper et al., 2017). Strategies combining these practices 

may enhance various properties of soil health and also have the potential to amplify benefits to crop 

growth. Vermicompost (VC) is an organic amendment produced during the mesophilic decomposition of 

organic waste by earthworms and microorganisms. It is biologically active and serves as a good source of 

OM and macro and micronutrients (Lazcano and Dominguez, 2011). Nutrient concentrations and 

chemical properties of VC are dependent upon specific raw material and composting process, thus 

responses to different types of VC can be inconsistent (Atiyeh et al., 2002).   Notwithstanding numerous 

studies have demonstrated the benefits of VC. The studies indicate that the use of VC is known for 

increasing crop growth and yields (Arancon et al., 2003, 2004, 2008; Zaller, 2007), improving fruit 

quality (Gutierrez-Miceli et al., 2007; Yang et al., 2015), conferring disease and pest resistance (Arancon 

et al., 2005b; Cardoza, 2011; Edwards et al., 2010), and enhancing plant-pollinator interactions (Cardoza 

et al., 2012). Since these experiments controlled for macronutrient quantities added through VC, VC 

enhancement of nutrient availability alone could not directly explain the increased plant benefits. Lim et 

al. (2014) suggested the possibility of the biologically mediated processes being responsible for the 

benefits. Consequently, in the last two decades increasing reports indicate beneficial impacts of VC on 

various plants and the effects on some biological responses (Arancon et al., 2003; 2005; 2006; 2008; 

Atiyeh et al., 2000; Tejada et al., 2010). However, only a few studies control for the native microbial 

community of VC with sterilization and focus on soil biological properties (Cavender et al., 2003; Chauoi 

et al., 2002), thus it is difficult to discern between biologically driven and nutritionally driven responses 

from VC additions. 

When assessing VC impacts on the soil community, various studies have demonstrated VC 

toincrease Cmin and Nmin (Chaoui et al., 2003), SMBC (Tejada et al., 2010), microbial biomass N 
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(Arancon et al., 2008), and enhance enzyme activities (Arancon et al., 2006; Lazcano et al., 2013). Few 

reports exist demonstrating changes in the soil microbial community structure using FAME profiles in 

response to VC applications (Lazcano et al., 2013). The same is true for CLPP using Biolog (Gomez et 

al., 2005). Moreover, there are fewer studies that have examined combined effects of VC together with 

other biologically active amendments such as arbuscular mycorrhizal fungi (AMF), root fungal symbionts 

known to enhance plant nutrient uptake and water and pathogen stress resistance through their hyphal 

network (Gryndler, 2000). The impact of VC and AMF together on plant growth, mycorrhizal 

colonization (Cavander et al., 2003; Hameeda et al., 2007), and plant metabolite and chlorophyll 

concentration (Oliveira et al., 2015) have been the focus of the aforementioned studies. The impacts of 

these two amendments together on the microbial community structure and functional diversity has been 

overlooked. 

Microbes are drivers of biogeochemical processes occurring in soils that determine the 

productivity of all our agricultural and natural lands.  Therefore, by assessing the impact of soil 

management practices on the microbial community structure and functional diversity, better 

understanding of the linkages between microbial assemblages and agroecosystem services related to soil 

health and crop yield responses to future stresses and climate change may be achieved. Elucidation of the 

processes and microbial groups involved could contribute to improved design of sustainable management 

practices and more resilient agroecosystems.  The main objective of this study was to determine how two 

types of VC and AMF impact tomato growth and soil microbial community structure and function. To 

accomplish this, a greenhouse experiment was established to evaluate the effects of manure vermicompost 

(MVC) and food waste vermicompost (FVC) alone and in combination with AMF on tomato early growth 

and soil microbial community structure and functional diversity. The sterilization of VC would allow us 

to differentiate between biologically and nutritionally driven responses. We hypothesized that both VC 

types will enhance tomato growth and nutrient uptake, soil nutrient availability, and soil microbial 

functioning. The addition of VC and AMF together will have synergistic effects and further enhance these 

responses. Plant responses to different types of VC will be consistent with the highest nutrient containing 
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VC and the microbial communities of  MVC and FVC will differ from one another. We predict that VC 

and AMF will change the soil microbial community structure, which in turn will diversify the functioning 

of the community. Finally, the combination of VC and AMF will lead to interactions between the 

microbial communities of these amendments giving rise to microbial communities that are different in 

structure and function than those of these amendments alone. 

Materials and Methods 

Experimental Design 

Individual and interactive effects of VC and AMF on soil health indicators and tomato transplant 

growth were evaluated under greenhouse conditions at NC State University in a completely randomized 

design with the following eight soil treatments: (Control) no mycorrhiza without vermicompost, (AMF+) 

mycorrhiza without vermicompost, (MVC+) live manure vermicompost without mycorrhiza, (MVC-) 

sterilized manure vermicompost without mycorrhiza, (MAMF+) live manure vermicompost with 

mycorrhiza, (FVC+) live food vermicompost without mycorrhiza, (FVC-) sterilized food vermicompost 

mycorrhiza without  mycorrhiza, and (FAMF+) live food vermicompost with mycorrhiza. Each treatment 

was replicated seven times and used as an amendment to potting mix for tomato (Solanum lycospersicum 

L., var. Mountain Fresh Plus; Johnny’s Selected Seeds, Albion, Maine) transplants. Transplants were 

grown in pots from October 24th, 2016 to December 12th, 2016 (49 days). Greenhouse temperatures 

averaged 28 °C and 13 °C during day and night, respectively. Artificial lights supplemented a photoperiod 

of 12 h per day. 

Each 15.24 cm pot contained 1.5 L of steam sterilized (165 °C for 3 h) sand, mineral soil, and 

vermiculite (1:1:1 v/v) mixed thoroughly with each soil amendment treatment. AMF inoculum was added 

at 10%  v/v (0.150 L, approx. 200 g) to treatments AMF+, MAMF+, and FAMF+, while non sterilized or 

sterilized VC was added at a rate of 15% v/v (0.225 L, approx. 150 g) to treatments MVC+, MVC-, 

MAMF+, FVC+, FVC-, and FAMF+. Soil mixes were prepared individually for each pot. Drainage holes 

were covered with a pipe wrap insulation square and 100 g of steam sterilized sand was added to the top 
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and bottom of each pot to prevent potential inoculum loss and splash contamination. FVC and MVC were 

obtained from Vermicycle® (Durham, NC) and The Worm Farm® (Durham, CA), respectively. The two 

VCs were steam sterilized as previously described, cooled overnight, and re-sterilized the following day. 

The AMF inoculum was comprised of spores and root fragments of a mixture of four AMF species 

derived from trap cultures in corn following the method outlined in Garland et al. (2011) and originally 

collected from the Center for Environmental Farming Systems (CEFS) in Goldsboro, North Carolina. 

AMF treatments at 10% v/v contained approx. 50 g of inoculum of each fungal species species 

(Rhizophagus intraradices, Giaspora margarita, Rhizophagus clarus, and Acaulospora spinosa). Initial 

soil nutrients were low at planting (Table 2.1). Nutrients added to soil through VC at 15% v/v (approx. 

150 g) were 1.59 g N, 0.24 g P, and 0.94 g K from FVC and 2.31 g N, 0.87 g P, and 1.61 g K from MVC.  

Three tomato seeds were sown per pot on October 24th 2016, thinned to one plant 7 days after 

planting (DAP), and grown for 7 weeks until December 12th, 2016. Treatments were randomly assigned to 

two benches and rotated randomly every 3 days. Irrigation took place every other day; with the initial 

irrigation volume being 200 ml per pot for the first three weeks and increased to 300 ml per pot after 28 

DAP. Initial fertilization took placed 15 DAP using 200 ml of 300 ppm of 3-1-2 Vegetable and Tomato 

Water Soluble Plant Food (Jobe’s, Waco, TX) which occurred every three days. After the first 

fertilization, the fertilizer was replaced with 5-1-1 Alaska® Fish Fertilizer (Peddington Inc, Madision, 

GA) at the same rate.  

Tomato biomass, plant nutrient uptake, and AMF root colonization 

Tomato height was recorded once a week during the whole duration of the experiment (Appendix 

B). Plants were destructively sampled for whole plant biomass. At 48 DAP, shoots were cut 1 cm above 

surface soil and oven dried at 55 °C for 48 h, then weighed and sent to North Carolina Department of 

Agriculture and Consumer Service (NCDA & CS) Division for plant tissue analysis. Due to small size of 

plants in the Control and AMF+ treatment, NCDA & CS composited plant material from seven samples 

to three. Plant nutrient uptake was calculated by multiplying nutrient concentration by plant dry biomass. 
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Roots were harvested 49 DAP, washed free of soil particles, and oven dried similarly as outlined for 

shoots biomass. After drying, roots were cut into 1-2 cm length, rehydrated in water, and sampled 

randomly (approx. 1g) for AMF colonization assessment. Root samples were cleared with 10% KOH, 

acidified in 1% HCl and then stained with 0.05% trypan blue following procedures modified from 

Phillips and Hyman (1970). Percent AMF colonization of roots was determined using the modified grid-

line intersect method (Kormanikk and McGraw, 1982).  

Soil sampling and chemical properties 

Soils were collected during the middle and end of the experiment (30 and 49 DAP, respectively) 

using 2 cm diameter metal cores per pot. After taking samples at 30 DAP holes were filled with 100 g of 

steam sterilized sand. Bulk density, water content, and porosity were quantified for each pot (Appendix A 

and C; United States Department of Agriculture, 2001). After roots were harvested at 49 DAP, 750 ml of 

moist soil was taken, 500 ml were oven-dried at 55 ⁰C for 72 h. The oven dried-soil was equally divided 

into two subsamples (250 ml). One subsample was sent to the NCDA & CS for analysis of nutrients and 

chemical properties (Mehlich-3 extraction, Mehlich, 1984). The remaining subsample was sieved through 

a 4.75 mm screen and used for further chemical and biological analysis (Franzluebbers, 2016). The 

remaining 250 ml of moist soil was stored at -20 °C in a plastic bag and later thawed and removed for soil 

microbial analyses.  

Day 0 incubation soils (from soil respiration analysis) were used to determine total C (TC) and 

total N (TN) concentrations via dry combustion using a LECO TruMac CN analyzer (Nelson and 

Sommers, 1996). Approximately 25 g of soil were ball milled, and 1.000±0.0002 g weighed and placed in 

a ceramic cuvette for TC and TN analyses. Remaining ball milled day 0 soil was used to determine 

inorganic N concentrations through colorimetry following United States Environmental Protection 

Agency Method 350.1 and 353.1 after extraction with 2 M KCl (Hart et al., 1994). Particulate organic 

matter (POM) was isolated from fumigated soils after SMBC determination following the methodology 
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described by Franzluebbers and Stuedemann (2008) and further analyzed by dry combustion to determine 

particulate organic N (PON) and C (POC). 

 

Soil microbial biomass carbon, respiration, and enzyme activities 

Oven dried sieved soil samples (n=56, one replicate from dropped) were assigned random 

identification for analysis. Soil microbial biomass carbon (SMBC) was determined using the chloroform 

fumigation incubation method (Franzluebbers et al., 1999) and soil respiration (Cmin) was determined via 

cumulative CO2 development after 24 days of dark incubation at 25 ⁰C with 50% water filled pore space 

(Franzluebbers et al,1999). Nitrogen mineralization values were measured by calculating the difference in 

inorganic N concentration (sum of NH4
+ and NO3

- concentrations) taken at day 0 and day 24 of dark 

incubation at 25 °C (Hart et al., 1994).  

Soil enzyme activities of alkaline phosphatase (Tabatabai and Bremner, 1969), β-glucosidase 

(Parham and Deng, 2000), and β-glucosaminidase (Eivazi and Tabatabai, 1988) were determined via the 

release of p-nitrophenol after incubation with the enzyme substrate for one hour at 37⁰ C. Five grams of 

frozen soil were thawed and air dried for two days at room temperature and sieved through a 2 mm screen 

prior to analysis. Enzyme activities were assayed using a modified protocol by Gardner et al. (2011) using 

0.5 g of soil and half the volume of reagents in method described by Tabatabai (1994). Filtrate absorbance 

was determined using a spectrophotometer (Thermo ScientificTM Genesys 10S UV-Vis) at 400 nm. P-

nitrophenol concentrations were determined using linear equations derived from calibration curves 

prepared by diluting a 1 g L-1 p-nitrophenol solution from 0 to 45 µg mL-1. The amount of p-nitrophenol 

released in an hour was determined following the calculations for phosphomonoesterase activity 

described by Alef and Nannipieri (1995).  

Soil microbial community structure 

Soil microbial community structure was determined via fatty acid methyl ester (FAME) profiling. 

FAMEs were extracted via an Ester-Linked (EL) extraction method (Schutter and Dick, 2000). Soils were 
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thawed overnight at 4° C and moist sieved through a 2 mm screen prior to FAME extraction. FAMEs 

were obtained from 3 g of soil with 15 ml of 0.2 M KOH incubated at 37° C for an hour. Next, 3 ml of 

1M acetic acid were added followed by extraction with 10 ml of hexanes (Fisher Scientific, HPLC Grade 

CAS 110-54-3). Samples were then centrifuged for 20 min and the whole hexane layer was transferred to 

a clean tube. Finally, FAMEs dissolved in hexane were evaporated under a steady stream of N2. 

Following evaporation, FAME samples were stored at -20⁰ C until further analysis. Samples were re-

dissolved with 250 µL of 1:1 hexanes: Methyl tert-butyl-ester (Fisher Scientific, HPLC Grade CAS 1634-

04-4) following the addition of 100 µL of internal standard (IS) 0.64 mM C:19. FAMEs were analyzed 

using an Agilent 7890B GC (Agilent, Santa Clara, CA) gas chromatograph. Peaks were identified using 

the phospholipid fatty acid (PLFA) method provided in SherlockTM Microbial ID System (MIDI, Newark, 

DE). The concentration of FAME indicators for Gram-positive (Gram+) i15:0, a15:0, i16:0, i17:0, a17:0, 

16:0 10 methyl, 17:0 10 methyl 18:0 10 methyl(Actinomycetes) and Gram-negative (Gram-)17:0 cyclo, 

16:1 w7c, 18:1 w7c, 18:1 w5c, 18:1 w9c; Fungal 18:2 w6c, 18:3 w6c; 16:1 w5c (AMF)) in each sample 

was calculated as follows: 

FAME (nmol g-1) =  
𝐴𝐹𝑀∗𝐶𝐼𝑆∗1000

𝑆𝑊∗𝑑𝑤𝑡∗𝐴𝐼𝑆∗𝑀𝑊𝐹𝑀
 

where AFM = peak area of FAME, CIS = amount of IS added (µg), SW = soil weight used (g), dwt = 

percent dry weight of soil (fraction), AIS= peak area of IS, and MWFM = molecular weight of FAME (µg 

µmol-1) (Marschner, 2007).  

Soil microbial community functional diversity 

Community-level physiological profiles (CLPP) developed using Biolog’s  EcoplateTM (Biolog 

Inc, Hayward, CA) were used to determine soil microbial community functional diversity for each 

treatment pot. Twenty grams of frozen soil were thawed at 4 °C prior to analysis following the Shutter 

and Dick (2001) procedure. Absorbance of each well was obtained using a BioteK® ELx808 Microplate 

reader at 630 nm after seven days of incubation at 25 °C. The color development of each well was 

corrected by subtracting the absorbance of the control well from the absorbance of response. The average 
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well color development (AWCD), richness (R) represented the number of carbon sources oxidized in each 

sample (threshold absorbance on the well for richness was 0.23), and Shannon-Weaver index (H’) were 

determined as described by Garland (1997) and Gomez et al. (2005) with the following equations 

AWCD = 
∑ 𝐴−𝐶

31
 

where C= control well absorbance, A= absorbance response from carbon source.  

H’= − ∑ 𝑝𝑖 (𝑙𝑛𝑝𝑖) 

where pi= ratio of absorbance of each substrate to the sum of absorbance on all substrates. 

Statistical analyses 

Since our main objective was to identify impacts of treatments on plant biomass and soil 

microbial communities, statistical analysis was only performed on plant and soil chemical and biological 

data at 49 DAP. Contrasts were estimated for all plant and soil responses using PROC GLIMMIX (SAS 

v. 9.4; SAS Institute, Cary, NC) to determine the effects of VC, differences between type of VC, effects 

of AMF, synergism between VC and AMF, interactive effects of VC and AMF for live treatments, and 

VC and sterilization interaction for non-AMF treatments. Normality of residuals and homogeneity of 

variance were visually checked via diagnostic plots.  Statistical significance was expressed at P ≤ 0.05. 

Multiple comparisons were performed using least squares means. Soil microbial community structural 

and functional diversity were illustrated using principal component analysis (PCA). The PCA function in 

FactoMineR package (Comprehensive R Archive Network) in R (GNU, Free Software Foundation) was 

used. PCA function automatically standardizes the data by subtracting the mean from each variable and 

divides it by the standard deviation. The correlation matrix was used to determine principal components. 

Biolog EcoplateTM CLPP PCA was performed on the corrected absorbance of all carbon sources by 

normalizing the data as described by Garland et al. (1991) along with soil properties (pH, P and K, TC, 

TN, NO3
-, POC, PON, Cmin, Nmin, SMBC, and all enzyme activities).  FAME profile PCA was 

performed on individual FAME concentrations, along with soil pH, TC, TN, POC, PON, NH4-N, NO3-N, 

P, K, Cmin, Nmin, SMBC, and enzyme activities. Correlations among FAME indicators, Biolog carbon 
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source potential oxidation, and soil chemical and biological properties (pH, P, K, TC, TN, NO3-N, POC, 

PON, Cmin, Nmin, SMBC, and all enzyme activities) were performed using PROC CORR (SAS v. 9.4; 

SAS Institute, Cary, NC). Due to lack of plant germination, one replicate in AMF+ was eliminated from 

all statistical analysis. Percent AMF colonization was not possible due to damage to roots during staining 

in two samples of AMF+ and one in MAMF+. FAME profile data for one replicate in FVC+ were lost 

during extraction. 

Results 

Tomato biomass, plant nutrient uptake, and AMF root colonization 

Both types of VC increased all plant responses, except for AMF percent colonization (data not 

shown). Root and shoot dry weights were on average 381% higher in the presence of VC than in absence 

of it (Figure 2.1). Plant uptake of N, P, K was also on average 417% greater in treatments containing VC 

(MVC+, MVC-, MAMF+, FVC+, FVC-, FAMF+) than non-VC treatments (Control, AMF+) (Figure 

2.2). MVC treatments (MVC+, MVC-, MAMF+) had 23% lower K uptake and 84% higher P uptake than 

FVC treatments (FVC+, FVC-, FAMF+). Nonetheless, a significant interaction between VC and 

sterilization occurred for shoot biomass (P = 0.03) and P and K uptake (P= 0.001 and P = 0.04, 

respectively). Sterilization of MVC resulted in greater shoot dry weights and P and K uptake by 43%, 

11%, and 54% respectively than live MVC. In contrast, sterilization of FVC resulted on an average 2% 

higher shoot dry weights and K uptake and 5% lower P uptake than live FVC. Mycorrhizal root percent 

colonization occurred only in AMF+, MAMF+, and FAMF+ at rate of 32% on average. VC and AMF had 

no significant interactions, however the presence of AMF and FVC together lead to significantly lower 

shoot dry weights and K uptake. 

Soil chemical properties 

At 49 DAP, all soil chemical properties and nutrients were enhanced by the application of VC 

(Table 2.2). Cation exchange capacity (CEC) and pH were 128% and 17% higher respectively in 
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treatments containing VC (MVC+, MVC-, MAMF+, FVC+, FVC-, FAMF+) compared to those without 

(Control, AMF+). Soil NO3-N and extractable P and K were 190%, 430%, and 173% greater in VC 

treatments than non-VC treatments, whereas NH4-N was 12% lower in VC treatments. Furthermore, TC, 

TN, POC, and PON concentrations were on average 211% greater in VC treatments than non-VC 

treatments. Overall, MVC treatments contained higher CEC, NH4
+, P, K, TN, POC, and PON than FVC 

treatments. Sterilization of VC resulted in 35% lower NO3
- compared to live VC. A significant interaction 

between VC and AMF was found for TN (P = 0.02). AMF resulted in 12% higher TN than the Control. 

Combination of FVC and AMF resulted in 11% higher TN than FVC alone, whereas AMF combined with 

MVC resulted in 1% lower TN than MVC alone (not significant). 

Soil microbial biomass carbon, respiration, and enzyme activities 

VC significantly increased soil microbial activity (Table 2.3). VC treatments (MVC+, MVC-, 

MAMF+, FVC+, FVC-, FAMF+) had greater SMBC (167%), Cmin (237%), and Nmin (390%) than non-

VC treatments (Control, AMF+). Alkaline phosphatase and β-glucosidase activities were 153% and 344% 

greater respectively in VC treatments than non-VC treatments. Nmin was 35% greater in MVC treatments 

(MVC+, MVC-, MAMF+) than FVC (FVC+, FVC-, FAMF+). Sterilization of VC resulted in lower 

SMBC, Cmin, Nmin, and enzyme activity than live VC treatments. However, significant interactions 

between VC and sterilization were found for Cmin (p = 0.006). Sterilized MVC had 13% greater Cmin 

than live MVC, whereas sterilized FVC had 29% lower Cmin than live FVC. AMF also had an impact on 

SMBC, Cmin, Nmin, and β-glucosidase activity resulting in values 16%, 13%, 17%, and 34% higher 

respectively than non-AMF treatments. VC and AMF had significant interactions for Cmin and β-

glucosaminidase activity. AMF alone had higher Cmin (38%) and β-glucosaminidase activity (102%) 

than the Control. The combination of MVC and FVC with AMF (MAMF+ and FAMF+) led to 4% and 

16% greater Cmin respectively than MVC and FVC alone. MVC and AMF together led to 50% lower β-

glucosaminidase activity than MVC alone, whereas combined FVC and AMF resulted in 150% greater 

activity than FVC alone. Finally, soil chemical properties and nutrients (CEC, pH, soil NO3-N, P, K, TC, 
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TN, POC, and PON) were highly correlated (r > 0.50) with SMBC, Cmin, Nmin, and β-glucosidase, but 

only weakly correlated (r < 0.50) with alkaline phosphatase and β-glucosaminidase activities (Appendix 

H). 

Soil microbial community structure 

Total amount of FAMEs in treatments with either type of VC were over 200% higher than 

without VC. The Fungi: Bacteria ratio (F:B ratio) was 30% lower with the addition of VC; the lowest F:B 

occurred with MVC, which was 24% lower than that of FVC treatments (Appendix E). Analysis of 

FAME profiles via a PCA biplot used both points and vectors to represent structure. The points represent 

the scores of the observations on the principal components, and the vectors represent the coefficients of 

the variables on the principal components that influence the structural make-up in the treatments. Vectors 

serve as a reference to draw out the major differences between treatments. Whenever a treatment plots in 

the direction of the vector we can expect that variable to be high and low when the treatment plots 

opposite to the direction of the vector. The results show a clear separation of the soil microbial 

community in response to the VC treatments (Figure 2.3). The variation between VC treatments (MVC+, 

MVC-, MAMF+, FVC+, FVC-, FAMF+) and non-VC treatments (Control, AMF+) was illustrated by the 

clear separation along PC 1, which explained 63.7% of the variability (Appendix D). VC treatments 

clustered positively along PC1, whereas non-VC treatments clustered negatively along this component. 

This was associated with higher concentrations of Gram- indicators 16:1 w7c, 17:0 cyclo, and 18:1 w7c 

and Gram + indicators i15:0 and 10 me 16:0 (actinomycete) in soil for VC treatments than non-VC 

treatments. Within VC treatments, a noticeable separation occurred between types of VC along PC 2 

(11.4% of variability explained).  MVC treatments (MVC+, MVC-, AMF+) clustered towards positive 

values of PC 2 while FVC treatments (FVC+, FVC-, MAMF+) mostly clustered negatively. MVC 

treatments associated with higher values of P and K as well as lower concentrations of actinomycete 10 

me 17:0, fungi indicators 18:2 w6c, Gram- indicators 18:1w5c, and AMF indicator 16:1w5c (Appendix 

E). Sterilized VC treatments (MVC-, FVC-) shifted towards more negative PC 1 values when compared 



   

25 

 

to live VC treatments (MVC+, MAMF+, FVC+, FAMF+) indicating lower concentrations of all FAME 

indicators in sterilized VC treatments. Gram- bioindicator 18:1w5c was only detected in AMF and FVC 

containing treatments (AMF+, MAMF+, FVC+, FVC-, FAMF+), which is supported by the shift of 

treatments with these factors towards lower values of PC 2. FAME indicators i15:0, a15:0, i17:0, 

16:1w7c, 10me 16:0, 18:1w7c, 17:0 cyclo, 10me 18:0, and 20:4 w6c presented strong correlations (r 

>0.50) to soil chemical properties and nutrients and SMBC, Cmin, Nmin, and β-glucosidase activity. 

Contrarily, indicators 10me 17:0, 18:3w6c, and 18:2w6c showed weak correlations (r < 0.50) to the 

previously mentioned soil variables (Appendix G). 

Soil microbial community functional diversity 

Sterilization of VC (MVC-, FVC-) resulted in 42% higher AWCD than live VC treatments 

(MVC+, MAMF+, FVC+, FAMF+) (Table 2.3). PCA of Biolog EcoplateTM CLPP exhibited a shift of 

community functional diversity in response to VC application along PC 1 and in response to sterilization 

along PC 2 (Figure 2.4). VC treatments clustered (MVC+, MVC-, MAMF+, FVC+, FVC-, FAMF+) 

towards positive values of PC 1(23.5%) contrary to the clustering of non-VC treatments (Control, AMF+) 

which plotted towards negative values of PC 1. This was associated to higher TN, TC, Cmin, Nmin, and 

pH in VC treatments than non-VC treatments, as well as lower oxidation potential of d-l-α-glycerol 

phosphate, d-galacturonic acid, d-glucosaminic acid, n-acetyl-d-glucosamine, and α-ketobutyric acid in 

VC treatments (Appendix F, G). Even though the two types of VC clustered close together along PC 1,  

FVC presented lower PC 1values than MVC. This was associated with greater oxidation potential of d-

glucosaminic acid, n-acetyl-d-glucosamine, and d,l-a-glycerol phosphate than in FVC than MVC. 

Separation between sterilized and live VC treatments occurred along PC 2 (19%). Sterilized VC 

treatments clustered along higher values of PC 2 which indicates higher oxidation potential of N 

containing carbon sources (l-serine, l-asparagine, and phenyl-ethyl amine) and polymer Tween 80 than 

live VC.  Finally, a separation between AMF+ and Control also occurred on PC 2. AMF+ showed higher 

PC 2 values than the Control suggesting higher oxidation potential of l-serine, l-asparagine, phenyl-ethyl 
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amine, and Tween 80. Biolog carbon source potential use only showed weak (r<0.50) correlations to soil 

chemical properties, nutrients and FAME indicators (Appendix H, I).  

Discussion 

Tomato biomass, plant nutrient uptake, and AMF root colonization 

Results of this study show that both types of VC enhanced tomato transplant growth, which could 

potentially translate into better yields, although further field research is needed for confirmation. 

Vermicompost increased root and shoot dry biomass, as well as nutrient uptake which may be due to 

increased soil nutrients with VC applications. At 49 DAP, NO3
-, TN, P, K, and TC were still found at 

higher concentrations in soil mixes containing VC than the non VC treatments. This supports claims of 

VC ability to provide nutrients in forms that are ready to use by plants as well as increasing OM, which 

serves as a nutrient reserve that is slowly released throughout the season (Lazcano and Dominguez, 

2011). The increase in soil nutrients in response to VC was accompanied by increased tomato plant 

nutrient uptake and biomass accumulation. Increases in plant biomass in response to increased nutrient 

availability due  to applications of differently sourced VC have been previously demonstrated in tomatoes 

(Atiyeh et al., 2000, 2001; Paul and Metzger, 2005; Tringovska and Dintcheva, 2012; Yang et al., 2015; 

Zaller, 2007), peppers (Arancon et al., 2005; Paul and Metzger, 2005;), eggplants (Paul and Metzger, 

2005;), strawberries (Arancon et al., 2004), petunias (Arancon et al., 2008), maize (Gutierrez-Miceli et 

al., 2008), and sorghum (Cavender et al., 2003; Hameeda et al., 2007) studies. Soil nutrient increases from 

the addition of both types of VC are consistent with the initial nutrient concentration found in the VC 

source in this study.  Initial assessment of VC revealed that MVC contained higher nutrient concentration 

than FVC, however, no difference in tomato biomass between MVC and FVC applications were found. 

Tringovska and Dintcheva (2012) also found that the highest tomato transplant growth in response to 

different sources of VC did not correspond to highest levels of nutrients in VC and in soils suggesting that 

nutrients alone were not responsible for plant growth responses and that biologically mediated processes 
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might indirectly be impacted. Somewhat surprising was the shoot biomass response to sterilization of 

different types of VC. 

Sterilization of MVC led to greater shoot biomass than live MVC treatments. However, 

sterilization of FVC had no impact on shoot biomass. This sterilization effect suggests a biological factors 

in MVC that might be interfering with plant growth. Sterilization of soils and other amendments can 

impact their physical, chemical, and biological properties leading to increases or decreases in nutrient 

availability (Aerts and Chapin, 1999; Chamber and Attiwill, 1994; Jenkinson, 1966; Wolf et al., 1989; 

Marumoto et al., 1982). In this experiment, however, no data were collected on chemical properties of VC 

after sterilization, thus it is impossible to draw any conclusions on the impact of sterilization on soil 

properties. Interestingly, P and K uptake also followed the same trend as biomass with sterilization of 

MVC. Sterilization may have led to increases in P and K availability, which led to the increases in 

biomass. However, it is important to note that MVC had higher P and K initial concentration than FVC, 

and it was only after sterilization that an equivalent biomass response occurred which could indicate that 

this effect might not be solely nutritional.  

Cavender et al. (2003) observed similar results and reported that sterilization of VC led to 

increases in biomass in sorghum and suggested that microbes present in VC might be interfering with 

plant growth. Microbial interference with plant growth could occur through competition between 

microbes and plants for resources or microbial production of secondary metabolites which inhibit plant 

growth (Alström, et al., 1987; Kaye and Hart, 1997; Suslow and Schroth, 1982). FAME and Biolog 

profiles showed that the microbial community structure and function of MVC and FVC treated pots were 

different, which suggest some microorganisms present in MVC (and absent in FVC) that might have 

impacted plant growth.  

Although AMF alone had no effect on tomato growth and nutrient uptake, when AMF was 

combined with FVC there was a decrease in biomass compared to FVC alone. Transient to permanent 

biomass decreases from AMF can occur with some plant when carbon costs outweigh AMF benefits 

(Cavender et al., 2003; Hameeda et al., 2007; Johnson et al, 1997; Kodie, 1995; Li et al, 2008). Decreased 
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plant responses from AMF can occur under high soil nutrient concentrations for some facultatively 

mycotrophic hosts, like tomato, which may have been the case for VC treatments in this study. In addition 

to impacting plant growth, increased soil nutrient availability has been shown to decrease AMF 

colonization of plant roots (Jeffries et al., 2003). In this study VC did not impact the rate of AMF 

colonization contrary to what was found for maize (Gutierrez-Miceli et al., 2008) and sorghum (Cavender 

et al., 2003; Hameeda et al., 2007), for those studies AMF colonization increased with the application of 

VC potentially due to beneficial interactions between rhizosphere microbes and AMF. Although AMF in 

this pot study seemed to have no benefit on plant growth and nutrient uptake, other AMF benefits might 

be evident in other soil and plant parameters not evaluated here, such as drought resistance and biological 

control of plant pathogen (Jeffries et al., 2003). Additionally, AMF benefits may be evident in field 

conditions when soil volume is not limited like the conditions of a pot study. 

Soil chemical properties 

In addition to increasing soil nutrients, both VC types also increased soil pH, CEC, POC, and 

PON in this study. Other studies have found pH responses to VC are not consistent; in some instances, no 

impact on pH occurred (Gutierrez et al. 2007), others have found decreases (Atiyeh et al., 2001) in pH 

while others found increases (Lazcano and Dominguez, 2010). These differences in response seem to be 

related to the sources of VC used (Lim et al., 2014). MVC and FVC used in this study had similar near-

neutral pH values and raised soil pH to 7.5, a value at which many essential nutrients are available in 

soils.  Yagi et al. (2003) also observed increases in pH from VC applications and suggested that organic 

acids and OM in VC are capable of neutralizing H+ and complexing Al+3 as well as buffering pH changes. 

In addition to pH buffering capacity, OM found in VC has many binding sites that can increase the CEC 

of soil, thus increasing its nutrient retention capacity. Yagi et al. (2003) also reported a positive 

relationship between CEC and TC with the humin fractions and a negative relationship between CEC and 

humic acids extracted from soils amended with VC. The increase in CEC was highest with MVC, 

suggesting that the composition of OM in this VC provides more binding sites than FVC. These results 
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illustrate the importance of the quality of the OM affecting soil physical and chemical properties. More 

in-depth characterization of OM found in different types of VC and how it relates to soil properties is 

critical to fully understand the benefits of this amendment in agriculture.  

Soil microbial biomass carbon, respiration, and enzyme activities 

Both types of VC increased TC, which was then used as a source of energy for microbes leading 

to increases in Cmin and SMBC. Carbon is the major component of OM as well as the main limiting 

factor for microbial growth in agricultural land (Chauoi et al., 2003; Lazcano et al., 2013). Tejada et al. 

(2010) and Chaoui et al. (2003) also observed increased Cmin and SMBC following additions of VC. 

Even though FAME profiles revealed higher fungal biomarker concentration in FVC than MVC, there 

was major significant difference in SMBC and Cmin between FVC and MVC. Since fungi have more 

efficient C usage than bacteria, we would expect higher SMBC and lower Cmin:SMBC ratio (Sakamoto 

and Oba, 1994) with FVC than MVC, but this was not the case in this experiment.  The increase in soil C 

in VC treatments was accompanied with an increase in TN and decrease of C:N which remained below 20 

leading to higher Nmin. Sterilization resulted in decreased Nmin as well as NO3
- concentrations in soils, 

thus highlighting the importance of microbes in biogeochemical processes releasing nutrients into soils. 

Chaoui et al. (2003) found that inorganic N was released slower in incubations of soils treated with VC 

than with inorganic fertilizers and peaked mid growing season for winter wheat. This demonstrates the 

benefit of complementing inorganic fertilizers with VC, which provides a slow continuous supply of 

nutrients throughout the season. Although AMF alone had no impact on Nmin, we found a significant 

interaction between VC and AMF for potential glucosaminidase activity, an enzyme that has been 

correlated to Nmin potential (Ekenler and Tabatabai, 2004). AMF increased glucosaminidase activity 

when found alone or with FVC but decreased when combined with MVC. AMF has been linked to 

increases in Nmin indirectly by enhancing OM decomposition through production of enzymes and by 

modifying the surrounding microbial community structure (Atul-Nayyar et al., 2009). It is possible that 
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the differences in OM and microbial community structure between MVC and FVC were responsible for 

such distinctive effects, however these questions fell outside of the scope of our experimental design.  

Bowles et al. (2014) observed positive correlations between enzyme potential activity and TC and 

SMBC. Enzymes are the main drivers of nutrient cycling in soils, and therefore provide important 

information regarding the soil’s capacity to supply nutrients (Saha et al., 2008; Shi, 2010). In this study, 

both types of VC increased alkaline phosphatase and β-glucosidase potential activity. Alkaline 

phosphatase and β-glucosidase catalyze the release of phosphates and glucose from OM and serve as 

good indicators of OM decomposition and nutrient mineralization potential (Shi, 2010). Similar to our 

findings, Lazcano et al. (2013) and Yang et al. (2015) also reported increases in β-glucosidase, protease, 

phosphatase, urease, and catalase activities in response to VC. Even though microbial enzyme production 

occurs in a cost efficient manner (Shi, 2010), Allison and Vitousek (2005) found that enzyme activities 

increased when nutrients were present in complex compounds and sufficient C and N for microbial 

growth were present, which was the case with VC additions. The decomposition of OM is a complex 

process affected by the interaction of OM with soil minerals leading to its fractionation into labile and 

non-labile pools of OM (Six et al., 2002). POC and PON, which represent an intermediately active 

fraction of OM, increased with VC indicating more readily available substrate for microbes to use as 

energy sources and potential to mineralize nutrients. Romaniuk et al. (2011) also found increases in POC 

in response to VC, suggesting that POM is a sensitive indicator to changes in OM fractions in response to 

VC. Particulate organic matter fractions have also exhibited sensitivity to short-term changes in 

management such as tillage, integrated crop-livestock, cover crop, and crop rotation management 

(Franzluebbers and Stuedemann, 2008; Sequeira and Alley, 2011). Further determination of the impacts 

of VC in the more labile pools of soil organic matter and their spatial distribution will be valuable to 

further our understanding of the impacts of VC in soil chemical properties and their relationship to 

improved plant growth. 
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Soil microbial community structure 

VC changed soil chemical and biochemical conditions, and therefore, has the potential to change 

the microbial community structure based on the type of VC applied. Lazcano et al. (2013) found that with 

field applications of VC the microbial structure only changed when VC was applied at high rates. The 

differences in the microbial structure were attributed to microbial metabolism which increased in 

response to increases in C substrates. Additionally, bacteria was reported to be best adapted to changing 

conditions in soils due to their fast growth rate and metabolic diversity. We found high correlations 

between FAME indicators and soil chemical properties (CEC, pH, P, K, TC, TN, POC, and PON), which 

imply that the main driver of changes in the microbial structure was the changing chemical properties of 

soils in response to VC. Microbial communities of MVC and FVC treatments were both dominated by 

bacteria.  However, FVC contained higher total fungi indicators than MVC. Lores et al. (2006) found that 

FAME profile analysis of different composted materials resulted in distinct microbial communities based 

on raw material composted, thus indicating that the raw material heavily influences the microbial 

community structure which could explain differences between the MVC and FVC communities. Evidence 

of this microbial selection effect of VC can be seen in the similarity between microbial communities of 

sterilized and non-sterilized VC treatments, since the microbial communities of sterilized VC treatments 

were similar to those of live VC. Saison et al. (2006) reported short and long-term effects in soil microbial 

structure in response to compost applications and suggested that changes in microbial community 

structure were driven by the rich organic C input and not by inoculation of soils with amendment-borne 

communities. We see evidence of this effect in the microbial communities of sterilized treatments. 

Sterilized treatments were plotted close to the non-sterilized treatments, which indicates communities that 

are similar in structure.  Even though limited reports exist on the effect of VC on soil microbial 

community structure, changes in microbial community structure have been previously reported in 

response to other management practices such as tillage and cover crops (Mbuthia et al., 2015), simple and 

complex carbon sources (Schutter and Dick, 2001), biosolid application (Sullivan et al., 2006), and 
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inorganic and organic amendments (Börjesson et al., 2012). The effect of these management practices has 

been due to the quantity and quality of C sources in soils in response to management. 

AMF had no significant impact on the microbial structure other than increasing the levels of 

fungal indicator 18:3w6c and AMF indicator 16:1w5c. The use of fungal FAME 16:1 w5c as an AMF 

indicator has been criticized since it can also be found in specific bacterial groups (Frostegård et al., 

2011). Indicator 16:1 w5c was observed in all our samples, even those without AMF inoculation nor any 

AMF colonization, which reinforces the of prevalence of this indicator across bacterial groups or suggest 

contamination of all samples with AMF. The lack of AMF root colonization in non-AMF treatments 

(Control, MVC+, MVC-, FVC+, FVC-) suggests no contamination of samples with AMF. Additionally, 

the increase of 16:1 w5c in AMF treatments (AMF+, MAMF+, FAMF+) in comparison to non-AMF 

treatments accompanied with AMF root colonization, could indicate that this difference in 16:1w5c 

concentration is due to the presence of AMF. These results highlight the importance of confirming AMF 

presence through other methods such as AMF root colonization if 16:1w5c is to be used as an AMF 

indicator. The use of 16:1 w5c as an AMF indicator alone can lead to overestimation of these 

microorganisms in soils. One limitation of FAME profiles is that they only supply information on 

changes of major groups of organisms in soil and that more powerful molecular techniques would be 

needed to determine unique species that have the potential to hinder plant growth (Zelles, 1999). In 

addition to differences in microbial community structure through FAME analysis, Biolog profiles also 

revealed that differences in functionality occurred with VC additions.  PCA from Biolog CLPP data 

showed differences in C substrate utilization potential between non-VC and VC treatments as well as  

differences in the carbon utilization potential were illustrated within VC treatments in response to 

sterilization.  

Soil microbial community functional diversity 

Overall, the addition of VC decreased the potential to utilize different types of carbon sources 

whereas sterilization increased their potential utilization. One possible explanation for this effect is that 
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the introduced microbial community from VC is already well established and is dominated by slow 

growing microorganisms, which are better adapted to decompose complex substrates present in OM. In 

this case Biolog assay would not be adequate to show functional diversity since it favors fast growing 

microorganisms (Preston-Mafham et al., 2002). Sterilization of VC would have given fast growing 

microorganisms an advantage over slow growing ones regarding the colonization of soils and utilization 

of simple C sources found in the Biolog assay. Sterilization of VC also decreased FAME concentration of 

slower growing microorganisms (fungal, actinomycete (Gram+), and protozoa), whereas faster growing 

microorganisms (Gram-) were not significantly impacted. CLPP PCA showed that VC decreased the 

potential use of d-galacturonic acid, n-acetyl-g-glucosamine, glucosaminic acid, and glycerol-phosphate, 

which have shown significant negative and weak correlations with FAME Gram- l6:1 w7c, 18:1w7c, 17:0 

cyclo and Gram+ i15:0, 10me 16:0, and i17:0 indicators.  These indicators were responsible for major 

differences in microbial structure between VC and non-VC treatments.  

The marked differences in CLPP in response to sterilization of both types of VC indicate an 

increase in use of l-serine, l-asparagine, tween 80, and phenylethyl amine. However, no correlation 

between these carbon sources was found with FAME indicators that were particularly susceptible to 

sterilization. Schutter and Dick (2001) also reported a positive correlation between diversity in substrate 

utilization potentials and the richness of the microbial community structure from FAME profiles, thus 

illustrating how amendments with diverse chemical structures select for more diverse microbial 

communities with the potential to use a wide variety of C sources. As interesting as these correlations are, 

caution should be taken when using individual FAME indicators for analysis since they are not equivalent 

to single species and many indicators are redundant for some groups and not for others (Frostegård et al., 

2011) therefore, interpretations can lead to oversimplification of complex ecosystems. It is important to 

note that soil samples were collected at 49 DAP and any short-term effects of sterilization in community 

functionality might have been lost due the lack of sampling promptly after transplanting. Future studies 

should include samplings at different temporal interval to assess soil microbial community successions in 

structure and function. 
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In a field study, Gomez et al. (2006) also reported shifts in functional diversity in response to two 

types of VC, however they reported increases in the AWCD, R, and H’ in response to VC, we found no 

impact of VC on these measurements. Furthermore, observed increases in the utilization of all carbon 

sources while we found no specific pattern of increased or decreased utilization of carbon sources in 

response to VC. These differences can arise from the difference in scale and system between our two 

experiments (i.e. pot vs field study) as well as difference in the VC type.  To our knowledge no other 

research evaluating the impacts of VC on the CLPP using Biolog EcoPlateTM exists, so further evaluation 

of these responses at different temporal samplings as well as production systems would be advantageous 

to determine shifts in potential soil microbial functioning throughout the season and relevance to soil 

fertility. In addition to changes in microbial community structure affecting the functional diversity, 

changes in soil chemical properties and nutrient availability in response to VC can also impact the use of 

certain C substrates.  

To this date there is no consensus on how CLPP from Biolog relates to soil fertility. Therefore, 

CLPP assessments using Biolog methods may be used as a descriptive tool of the microbial community 

structure, but not microbial functionality (Garland, 1997). The most criticized limitation of Biolog is its 

reliance on microbial culture, which selects for fast growing microbes, therefore only giving a limited 

representation of the true microbial community functional capacity of a sample (Chapman et al., 2007; 

Garland et al., 2007). Nevertheless, Biolog allowed us to demonstrate that changes in the soil chemical 

environment have the potential to change soil microbial community structure which is  likely 

accompanied by changes in community function.  This further reiterates the importance of understanding 

how microbial community structure and function change in response to management in order to better 

manage this component to our advantage. FAME and Biolog profiles provided with additional 

information about the microbial community structure and function in response to different types of VC 

that could explain the unexpected plant responses seen in this experiment. Additionally, it highlights the 

importance of assessing microbial community structural and functional changes to management because 

changes in these properties might lead to beneficial or detrimental effects in plants.  
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Conclusion 

From our study, the application of VC, no matter the type led to increased tomato transplant 

growth and nutrient uptake. These benefits may carry through field conditions, but this would require 

further study. The addition of VC changed chemical and biological properties of soils, which led to 

improved nutrient availability and uptake for tomato transplants and increase biomass production. The 

microbial activity and biomass were greatly increased due to the C present in VC, which also led to the 

increase in OM decomposition and therefore nutrient mineralization. Even though MVC contained higher 

nutrient concentrations than FVC, the highest plant biomass occurred with FVC. Only when MVC was 

sterilized, was plant biomass equivalent.  This confounding response implies that other biological 

processes might be influencing plant growth. Differences in microbial community structure and function 

between types of VC could be responsible for this distinctive plant response. Through the characterization 

of the microbial community structure and function with FAME and Biolog we were able to observe 

evidence of possible biological processes impacting plant growth. This would have not been evident by 

only assessing SMBC, Cmin, and enzyme activity. In addition to the individual limitations of FAME and 

Biolog, we are limited by the lack of knowledge of the relationships between these assays and important 

soil functions. In order to make these two assays valuable to scientists and producers, future research 

should be geared towards making connections between FAME, Biolog, and other relevant soil functions. 

Ultimately, we could use this information to make predictions of how microbial communities  respond to 

soil management and other disturbances.   
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Table 2.1. Initial chemical properties of potting mix and vermicompost (composited from five subsamples prior to planting.) 

  CEC pH TN NH4
+ NO3

-1 PON P K TC POC Ca Mg S C:N 

          meq 100cc-1 ---------------------------------------------------- mg kg-1---------------------------------------------------  
Potting 

mix 6.4 6.6 187.2 3.45 4.3 0.02 62 106 3076 1.13 530 330 44 16.4 

MVC NM 7.08 15400 NM NM NM 5780 10700 140000 n/a 19000 12000 3140 9.1 

FVC NM 7.21 10600 NM NM NM 1590 6240 137000 n/a 23400 2826 1220 13 
Manure vermicompost (MVC) and food vermicompost (FVC). Cation exchange capacity (CEC), total nitrogen (TN) and carbon (TC), particulate organic 

nitrogen (PON) and carbon (POC). 

NM= not measured 
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Table 2.2. Average soil chemical properties and nutrients at 49 DAP for each treatment (N=7). Same letter(s) are not different at the P= 0.05 

significance level.  
CEC pH NH4

+ NO3
-1 P K TN TC PON POC  

meq 100cc-1 
 

------------------ mg kg-1 OD soil -----------------              -- g kg-1 OD soil --         - mg kg-1 OD 

soil - 

Control 3.8c 6.4b 1.7a 0.5d 30c 67c 0.17d 3.28d 0.03d 1.5c 

AMF+ 3.4c 6.4b 1.8a 0.7cd 32c 58c 0.19d 3.31d 0.09d 1.6c 

MVC+ 9.5a 7.5a 1.9a 2.1a 261a 226a 0.87a 11.17bc 0.29a 5.0a 

MVC- 9.2a 7.5a 1.9a 1.2bc 253a 219a 0.89a 12.02a 0.28ab 4.7ab 

MAMF+ 9.0a 7.5a 1.8a 2.3a 280a 218a 0.86a 11.13bc 0.29ab 4.3ab 

FVC+ 7.2b 7.5a 1.1b 1.8a 60b 117b 0.65c 10.752c 0.21bc 4.0b 

FVC- 7.0b 7.5a 1.2b 1.3b 60b 116b 0.62c 10.55c 0.19c 4.1b 

FAMF+ 7.5b 7.5a 1.4b 1.8a 73b 126b 0.72b 11.77ab 0.19c 4.3ab 

Control: no AMF with no VC, AMF+: AMF with no VC, MVC+: non sterilized MVC with no AMF, MVC-: sterilized MVC with no AMF, MAMF+: 

Non sterilized MVC with AMF, FVC+: non sterilized FVC with no AMF, FVC-: sterilized FVC with no AMF,  FAMF+: non sterilized FVC with AMF. 

OD= oven dried soil 
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Table 2.3. Average soil microbial activity responses at 49 DAP for each treatment (N=7). Same letter(s) are not different at the P= 0.05 

significance level. 
 SMBC Cmin Nmin Alk P β-Gluc Glucam AWCD R H' 

 mg C kg-1 

OD soil 

mg CO2-C 

kg-1 OD soil 

mg N kg-1 OD 

soil 
 µg p-nitrophenol h-1 g-1 AD soil     

Control 122d 63f 1.8e 55b 2e 3c 0.2b 11b 2.9a 

AMF+ 183d 87e 4.9e 62b 6de 6abc 0.3ab 15ab 2.9a 

MVC+ 380bc 259b 20.4a 164a 24bc 10a 0.3ab 13ab 2.9a 

MVC- 353c 225c 16.0bc 70b 11d 9ab 0.4a 17a 3.0a 

MAMF+ 408bc 268b 20.1a 219a 29a 5abc 0.3ab 15ab 3.0a 

FVC+ 442ab 265b 13.5cd 211a 20c 4abc 0.3b 12ab 3.0a 

FVC- 351c 189d 11.5d 58b 8d 3bc 0.4a 15ab 3.0a 

FAMF+ 503a 306a 16.8b 169a 26ab 10ab 0.3ab 14ab 3.0a 

Control: no AMF with no VC, AMF+: AMF with no VC, MVC+: live MVC with no AMF, MVC-: sterilized MVC with no AMF, MAMF+: 

live MVC with AMF, FVC+: live  FVC with no AMF, FVC-: sterilized FVC with no AMF,  FAMF+: live  FVC with AMF. Soil respiration (Cmin),  

nitrogen mineralization (Nmin), soil microbial biomass carbon (SMBC), alkaline phosphatase activity (AlkP), β-glucosidase activity (β-gluc),  

glucosaminidase activity (Glucam), average well color development (AWCD), richness (R), Shannon-Weaver diversity index (H’). 

OD= oven dried. 

AD= air dried 
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Figure 2.1. Average (+SE) tomato dry biomass at 48 DAP . (A) Shoot dry biomass and (B) Root dry 

biomass for each treatment. Control: no AMF with no VC, AMF+: AMF with no VC, MVC+: live MVC 

with no AMF, MVC-: sterilized MVC with no AMF, MAMF+:live MVC with AMF, FVC+: live  FVC 

with no AMF, FVC-: sterilized FVC with no AMF,  FAMF+: live  FVC with AMF.  Same letter(s) are 

not different at the p= 0.05 significance level.  
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Figure 2.2. Average (+SE) tomato shoot nutrient uptake at 48 DAP. (A) N uptake, (B) P uptake, and (C) 

K uptake. Control: no AMF with no VC, AMF+: AMF with no VC, MVC+: live MVC with no AMF, 

MVC-: sterilized MVC with no AMF, MAMF+:live MVC with AMF, FVC+: live  FVC with no AMF, 

FVC-: sterilized FVC with no AMF,  FAMF+: live  FVC with AMF.  Same letter(s) are not different at 

the p= 0.05 significance level.  
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Figure 2.3.  Average (±SE) fatty acid methyl ester (FAME) profiles principal component analysis at 49 

DAP. Control: no AMF with no VC, AMF+: AMF with no VC, MVC+: live MVC with no AMF, MVC-: 

sterilized MVC with no AMF, MAMF+:live MVC with AMF, FVC+: live  FVC with no AMF, FVC-: 

sterilized FVC with no AMF,  FAMF+: live  FVC with AMF. 

  



   

52 

 

 

 

 

Figure 2.4 Average (±SE) Biolog EcoplateTM community-level physiological profile principal component 

analysis of at 49 DAP. Control: no AMF with no VC, AMF+: AMF with no VC, MVC+: live MVC with 

no AMF, MVC-: sterilized MVC with no AMF, MAMF+:live MVC with AMF, FVC+: live  FVC with 

no AMF, FVC-: sterilized FVC with no AMF,  FAMF+: live  FVC with AMF. 

  



   

53 

 

III. Effects of Grafting and Vermicompost Additions on Soil Microbial Structure of Field 

Grown Heirloom Tomatoes 

Abstract 

Concerns of adverse environmental impacts, challenges with climate change, water scarcity and 

other food production challenges have fueled interest in adopting agriculture practices that decrease 

fertilizer and pesticide inputs. Monitoring impacts of management practices on soil health is critical to 

establishing sustainable agriculture practices. Grafting and vermicompost (VC) amendments are 

promising practices because they can increase resistance to root pathogens and add organic matter and 

beneficial microbes respectively and both may enhance nutrient and water efficiency. The objective of 

this study was to determine the effects of grafting, vermicompost additions, and their interaction on 

heirloom tomato yield and soil microbial community structure and activity to understand underlaying 

biological mechanisms of action of these two practices. ‘Cherokee Purple’ tomatoes were grafted onto 

either ‘Beaufort’ or ‘Shield’ rootstocks and compared to non-grafted ‘Cherokee Purple’ and transplanted 

to the field, where they received one of the following soil amendments: no amendment, live VC, sterilized 

VC, and fertilizer equivalent to nutrients found in VC. Soil samples were collected 53 and 84 days after 

transplanting (DAT) to determine differences in soil microbial structure and function throughout the 

growing season. In addition to plant tissue and soil nutrients, the microbial community structure was 

determined using fatty acid methyl ester (FAME) profiles. Microbial activity was assayed via soil 

respiration (Cmin), soil microbial biomass C (SMBC), and C, N, and P cycle enzyme activities. Results 

indicate that rootstock type and soil amendment had no impact on plant and soil responses. Conversely, 

sampling time did have an effect on soil responses. Soil CEC, pH, P, and Ca increased at 84 DAT 

compared to 53 DAT, whereas soil Cmin, SMBC, total FAMEs, and β-glucosidase and β-

glucosaminidase activity decreased at 84 DAT. Interactions between rootstock and soil amendment were 

not significant on soil microbial community structure. However, community structure shifted between 

sampling times. At 84 DAT the microbial community had lower concentrations of bacterial indicators 
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i15:0, i16:0, a15:0, cyclo 17:0, and i17:0 than at 53 DAT. The lack of response to soil amendments or 

grafting shown in this study is likely due to a severe case of gray leaf spot caused by Stemphylium 

botryosum that spread quickly throughout all treatment plants starting at 53 DAT. This led to premature 

termination of the experiment and possibly masked the effects of grafting and VC. 

Introduction 

Soil health is defined as the “capacity of a living soil to function, within natural or managed 

ecosystem boundaries, to sustain plant and animal productivity, maintain and enhance water and air 

quality, and promote plant and animal health” (Doran, 2002), highlights the importance of managing soils 

to conserve ecosystem services that allow life to flourish. Growing interest in soil health and 

environmental concerns of conventional agriculture has shifted the development of sustainable agriculture 

practices to decrease fertilizer and pesticide inputs while maintaining productivity (Robertson and 

Swinton, 2005). To develop sustainable agriculture practices that support soil health efforts focused on 

how management practices are impacting soil physical, chemical, and biological properties related to 

crucial soil processes linked to land productivity (Chaparro et al., 2012; Doran and Zeiss, 2000). In 

addition to decreasing fertilizer and pesticide inputs, farmers are challenged with the effects of climate 

change and water scarcity. Moreover, there is a need to limit the conversion of land to agriculture since 

this has led to intensive cultivation of land further resulting in soil depletion and the rise of soil borne 

pathogens.  

In many Asian countries, where arable land is limited and intensively cultivated, grafting has 

been used to combat the increased soil-borne pathogen pressure resulting from intensive cultivation of 

land (Kubota and McClure, 2008), effectively reducing pesticide use and soil fumigation. Grafting 

combines the shoots of one plant (scion) to the roots of another (rootstock) to obtain favorable 

characteristics of both plants. In vegetable grafting, the scion is the desired plant to be harvested and the 

rootstock is known to confer some resistance to stress, usually soil-borne pathogen resistance. Heirloom 

tomatoes lack the inbred pathogen resistance of some commercial tomato cultivars and their high market 
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value makes grafting a valuable tool for production (Singh et al., 2017), particularly in humid and warm 

climates such as that of the southeastern United States (Rivard and Louws, 2014). Grafting of the 

heirloom tomato ‘German Johnson’ successfully reduced Fusarium Wilt (Fusarium oxysporum) and 

increased yields (Rivard and Louws, 2008). The benefits of grafting are not limited to soil-borne pathogen 

control; they also confer resistance to abiotic stresses (Louws et al., 2010) such as tolerance against low 

and high temperatures, improved water and nutrient efficiency, and resistance or tolerance to mineral 

toxicity leading to increased yield (Sabir and Singh, 2013). Resistance to abiotic stressors can be 

additionally advantageous in the face of climate change and water scarcity even in the absence of 

pathogen pressures (Suchoff et al., 2018). 

The success of grafting is determined by choosing the appropriate rootstock known to have 

desirable attributes to the scion of interest (Gaion et al., 2017). Currently there are 48 rootstocks available 

for tomato grafting (Vegetable Grafting, 2017) with varying degrees of disease resistance. To effectively 

choose a rootstock a fundamental understanding of the mechanism of action is needed. However, the 

impacts of grafting have been largely focused on plant responses, and its effect on soil physical, chemical 

and biological properties has been overlooked. While summarizing the mechanisms of action for 

pathogen resistance, Louws et al. (2010) found that resistance genes in rootstocks directly interfere with 

pathogenesis and that other indirect mechanisms such as the conferred scion vigor and production of root 

exudates might play an important role when genetic resistance is not present or insufficient.  Root system 

morphology also plays a key role at conferring resistance to abiotic stress (Schwarz et al., 2010) because 

it has the potential to access water deeper in the soil profile and explore more soil volume for nutrient 

scavenging (Chapman et al., 2012; Oztekin et al., 2009).  Suchoff et al. (2017; 2018) reported that 18 

commercially available cultivars had distinctive root morphologies including ‘Beaufort’ and ‘Shield’, and 

determined that Beaufort improved yields and had better water efficiency for high-tunnel heirloom 

tomatoes than Shield rootstock. Moreover, Beaufort has been shown to increase yield (Turhan et al., 

2011) and nitrogen efficiency (Djidonou et al., 2013) in addition to resistance to southern blight 

(Sclerotium rolfsii) and root-knot nematodes (Devran et al., 2010; Rivard et al. 2010). Conversely, there 
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are fewer studies on impacts of S rootstock, warranting further investigation and comparison with B 

rootstock grown in various conditions. In addition to benefits conferred through root morphology, 

grafting may also impact the soil biology.  

Root exudates from grafted plants seem to contribute in controlling soil-borne pathogens (Ling et 

al., 2013; Liu et al., 2009). Root exudates are compounds such as small ions, gases, enzymes, mucilage, 

and carbon containing metabolites secreted by plant roots in response to biotic and abiotic factors (Bais et 

al., 2006). Root exudates influence soil communities by producing molecules that can act as recruiters for 

beneficial microbes or to repel pathogens (Doornbos et al., 2012). Ling et al. (2013) found that the 

structure of root exudates in grafted watermelons differed from non-grafted watermelons due to the 

presence of caffeic acid, which was also found to decrease the incidence of fusarium wilt. Root exudates 

influence soil bacterial density, oxidation patterns, and community structure (Baudoin et al., 2003), which 

in turn can modify the rhizosphere enhancing plant and soil health (Dimkpa et al., 2009). Ling et al. 

(2015) observed differences in soil microbial community structure of grafted watermelon when compared 

to non-grafted watermelon; grafted plants had higher Actinobacteria and Firmicutes and decreased 

Bacteriodetes compared to non-grafted. Microbial community structure of the rhizosphere not only differs 

from bulk soil, but also along different parts of the root architecture (Wang et al. 2017). The methods 

used in these studies to determine microbial community structure, however, are costly and the rhizosphere 

soil collection is destructive and time consuming. Kourtev et al. (2002) observed that the impacts of 

different plant species on the microbial community structure extended to the bulk soil, an observation 

made by measurement of microbial membrane phospholipid fatty acids profiles.  

Fatty acid methyl ester (FAME) profiles can be extracted from soils inexpensively and quickly 

(Cavigelli et al., 1995). The FAME profiles have been used successfully to determine differences in soil 

microbial community structure under different vegetable crops in organic farming (Gardner et al., 2011), 

cover crops (Carrera et al., 2007), compost and chemical fertilizers (Islam et al., 2009), and conservation 

tillage (Simmons and Coleman, 2008). However, soil microbial structure alone does not describe 

important soil biological processes relevant to nutrient availability. Other microbiological parameters that 
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assess overall soil biological activity such as soil respiration (Cmin), soil microbial biomass C (SMBC), 

and soil enzyme activities should be included. Soil respiration is a good indicator of organic matter (OM) 

decomposition and potential nutrient release, whereas SMBC is a good indicator of the active portion of 

OM that can quickly turnover and provide nutrients (Cardoso et al.,2013). Soil enzymes also serve as 

indicators of OM decomposition as well as good indicators of nutrient availability (Shi, 2010). Soil OM is 

a critical component of sustainable agriculture (Murphy, 2015). 

Vermicompost (VC) additions is another sustainable soil agriculture management practice that 

can increase plant yields given its high nutrient and OM concentrations, high porosity, presence of plant 

growth regulating molecules, and presence of beneficial microbial communities (Joshi et al., 2015). 

Vermicompost can directly enhance plant growth by supplying available nutrients for plants and through 

the addition of growth promoting molecules found in VC (Atiyeh et al., 2002; Lazcano and Dominguez, 

2011). Indirect mechanisms of action are not well understood but include the suppression of disease 

through changes in the soil microbial communities (Arancon et al., 2006; Lazcano et al., 2013). Similarly 

to grafting, VC can evoke changes in the soil microbial community structure and activity by changing soil 

chemical conditions and adding new energy sources for microbes (Lazcano et al., 2013). 

Few studies have examined grafting together with VC additions and mainly focused on the effect 

of VC in the survival rate of mango grafts (Bairwa et al., 2006; Patel and Arbat, 2017). Little is known of 

the interactive effects of VC and grafting on the soil microbial community structure and activity. 

Vermicompost and grafting together may have the potential to lower agricultural inputs by increasing soil 

nutrients availability and enhancing plant water and nutrient use efficiency. The objective of this study 

was to determine the effects of VC additions, grafting, and their interactions with heirloom tomato yield 

and soil microbial community structure and activity. We hypothesized that the microbial communities of 

the different rootstocks will differ from one another and non-grafted tomatoes and that the application of 

VC will also have an impact on the microbial communities of these rootstocks. Additionally, grafted 

plants will have improved yield compared to non-grafted plants and that applications of VC will also 

increase tomato yield.  
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Materials and methods 

Experimental design 

Microbial community structure shifts in response to grafting and additions of different soil 

amendments to tomato plants were evaluated in a field experiment at the North Carolina State University 

(NC State) Agroecology Education Farm in Raleigh, North Carolina (35° 43’ 22” N, 78° 41’ 28” W, 93.5 

m above sea level).  Precipitation during the study was 240.5 mm and temperature varied between 18.8 

°C and 29.8 °C compared to yearly average precipitation of 88.7 mm and temperatures between 11.2 °C 

and 22.8 °C. Since 2012, the AEF has grown various vegetables (including CP tomatoes) in the rotation 

following organic practices but not under official organic certification. The soil type in the whole 

experimental plot was Wedowee sandy loam (fine, kaolinitic, thermic Typic Kanhapludult, well drained, 

moderately permeable) and soil properties prior to planting consisted of CEC of 17.3 meq.100 cm-3, a 

humic matter of 0.32%, pH of 7.5, and bulk density of 1.08 g.cm-3.   

The experiment consisted of twelve treatments arranged in a complete factorial randomized block 

design (Table 3.1) that included three rootstock treatments [Beaufort (B), Shield (S), non-grafted 

Cherokee Purple (CP)] and four soil amendments [no fertilizer (Control), live vermicompost (VC+), 

steam sterilized vermicompost (VC-), and fertilizer equivalent to nutrients added through vermicompost 

(NPK) (Table 3.2)]. All treatments were randomly assigned in each of four replicated blocks and 

consisted of 3.4 m x 0.9 m raised beds with 8 plants spaced 45 cm apart center to center. Tomato 

heirloom cultivar ‘Cherokee Purple’ (CP; Johnny’s Selected Seeds, Albion, ME) was used as the scion 

and non-grafted rootstock. The CP was grafted onto either Shield RZ F1 (S; Rijk Zwaan, Salinas, CA) or 

Beaufort (B; De Ruiter, St Louis, MO) rootstock.  

All tomato transplants were started in 72-cell plug trays (T.O. Plastics, Clearwater, MN) in all-

purpose potting mix (Fafard® 4P mix; Sun Gro® Horticulture, Agawan, MA). Beaufort (B) rootstock 

variety was seeded on May 3rd, 2017 and S and CP were seeded on May 5th, 2017 in greenhouse facilities 

at NC State in Raleigh, North Carolina. All tomato transplants were tube grafted on May 17th, 2017 and 
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healed in 62.5 L clear storage boxes (Sterilite®, Townsend, MA) for a week within a controlled growth 

chamber at 25 °C and 100 µmol.m-1.s-1 of photosynthetically active radiation (4 X 6500 K Spectralux® T5 

High Output Fluorescent lamp; Sunlight Supply, Inc., Vancouver, WA). Relative humidity was kept high 

(>95%) by placing 2.54 cm of water at the bottom of the storage box with trays raised above the water 

level, and bin tops were sealed with tape (Duck Brand®, Avon, OH) (Suchoff et al., 2018). Humidity was 

reduced by gradually opening the bin tops 2 days after grafting and completely removed after 7 days. 

After healing, grafts were hardened for a week in a greenhouse and received 200 mg.kg-1 20-20-20 

fertigation on May 24th, 2017. Three days before planting, grafts were moved to a high tunnel at the 

Agroecology Education Farm. Soil amendments were added at transplanting on June 8th, 2017 as 

described below.  

Prior to planting, on May 18th, 2017, the field was prepared by flail mowing and disking in the 

winter cover crops (Trifolium incarnatum and Secale cereale).  The experimental field (275.4 m2) was 

subdivided into four 69 m2 blocks (11.9 m x 5.8 m) along a minor slope (< 5 %) oriented from east to 

west. Initial soil sample of the field (composite of 5 cores to a depth of 15 cm along the experimental 

field) and live and sterilized VC were sent to North Carolina Department of Agriculture and Crop 

Services (NCDA & CS) for soil and waste analyses, respectively. Base fertilizer at a rate of 44.8 kg.ha-1 

(feather meal 13-0-0; The Fertrell Company, Bainbridge, PA) was added by hand and incorporated across 

all plots. Raised beds were shaped with a 2121-D Bed Shaper (Buckeye Tractor CO, Columbus Grove, 

OH) for each treatment with 0.3 m space between treatments in each block.  Planting holes were dug and 

soil amendments were added to each hole prior to tomato transplanting. After transplants were set, drip 

tape was set in place for irrigation, a straw mulch was laid to prevent weed growth, and the Florida 

Weave was used as the trellis system.  

One hundred and fifty grams of live or sterilized food waste VC (Vermicycle®, Durham, NC) 

were added to planting holes. Food waste VC double steam-sterilized was first sterilized at 165 °C for 3 

h, cooled overnight and re-sterilized in the same way the following day. Nutrients in the 150 g of VC+ 

were 1.91 g N, 0.32 g P, 0.89 g K, and 4.01 g Ca, and in VC- 1.67g N, 0.32 g P, 0.87 g K, and 4.10 g Ca. 
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Given the differences between non-sterilized and sterilized VC are minor (Table 3.2), the nutrient 

structure of VC+ (Table 3.2) was used as the fertilizer equivalent amendment. The fertilizer equivalent to 

VC was prepared with 18.25 g of chicken manure (4-4-2; McGreary OrganicsTM, Lancaster, PA), 9 g of 

feather meal (13-0-0; The Fertrell Company, Bainbridge, PA), and 1.4 g of sulfate of potash (0-0-50; 

McGreary OrganicsTM, Lancaster, PA) added to each planting hole. After appearance of first fruit, 

biweekly N and K fertilization was applied by hand in each treatment plot at a rate of 3.36 kg.ha-1 and 

11.2 kg.ha-1 respectively, with feather meal and sulfate of potash. 

Tomato plant nutrient and yield 

Tomato height was measured weekly after transplanting until first flower July 5th, 2017. At 53 

days after transplanting (DAT), the most recently matured compound leaf from the inner four plants of 

each treatment was collected and sent to the NCDA & CS for plant tissue analysis. The hand pruner used 

to collect samples was disinfected between plants with a 5% bleach solution to prevent spreading disease. 

Tomato harvest began on August 2nd, 2017 and fruits were collected from individual plants and weighed 

twice a week until 84 DAT. Harvest was terminated early on August 31st, 2017 due to severe plant disease 

caused by Stemphylium botryosum affecting over 70% of plant tissue across all treatments.  

Soil sampling 

Soil samples were collected at 53 DAT in each treatment block to the North of plants to serve as a 

reference of the midseason effects of treatments on soil microbial community.  At 84 DAT, soil samples 

were collected on the undisturbed South side of plants. Soil samples were collected only from the inner 4 

plants in each treatment to a depth of 15 cm with a 2 cm diameter probe. Three cores were taken from 

each plant within a 10 cm radius from the plant stalk for a total of 12 cores per treatment per block.  The 

12 cores were composited to a single sample per treatment (approx. 500 g). Composited samples were 

subdivided into three subsamples for soil analyses. A 250 g sample was used for soil and nutrient analysis 

by the NCDA & CS, while 150 g were oven dried at 55 °C for 72 h for soil microbial biomass carbon and 

respiration. The remaining 100 g were refrigerated on site when sampled and frozen the same day at -20° 
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C for microbial community structure and enzyme analyses. Soils were analyzed for nutrients, soil 

microbial biomass carbon (SMBC), soil respiration (Cmin), fatty acid methyl ester (FAME) profiles for 

microbial community structures, and enzyme activities for alkaline phosphatase, β-glucosidase, and β-

glucosaminidase following the procedures described in Chapter II. 

Statistical analysis 

Two-way analysis of variance (ANOVA) for all soil responses and harvest was performed using 

PROC GLIMMIX (SAS v. 9.4; SAS Institute, Cary, NC) with rootstock, soil amendment, and sampling 

time as fixed effects and block as random effect. Normality of residuals and homogeneity of variance was 

visually checked via diagnostic plots. Two outliers were removed from alkaline phosphatase activity and 

log transformation of soil respiration was used for analysis.  Statistical significance was expressed at P≤ 

0.05. Multiple comparisons were performed using least squares means. Differences in the microbial 

community structure were evaluated through principal component analysis (PCA). The PCA function in 

FactoMineR package (Comprehensive R Archive Network) in R (GNU, Free Software Foundation) was 

used. The PCA function automatically standardizes the data by subtracting the mean from each variable 

and divides it by the standard deviation. The correlation matrix was used to determine principal 

components. 

Results  

Tomato plant nutrient and yield 

Rootstock and soil amendment treatments did not influence tomato yields, nor shoot tissue N, P, 

K concentrations. The soil amendment treatment had a significant effect on plant tissue Ca. The highest 

Ca concentration in plant tissue was obtained with VC+ (average 3.3 % w/w) and lowest with VC- 

(average 2.9 % w/w) (Table 3.3). Multiple comparisons at P = 0.05 were not powerful enough to discern 

differences among concentrations of Ca between treatments. Furthermore, no interaction between 

rootstock and soil amendment was observed for plant nutrient concentration and harvest.  At the time of 

plant tissue sampling (53 DAT), mild symptoms of disease were observed throughout the plot affecting 



   

62 

 

approx. 10% of the tomato plants. The progress of infection was extremely fast and by 77 DAT over 70% 

of plants were affected. Fruit production on tomato plants declined with increasing disease spread (Figure 

3.1). The disease was identified by the Plant Disease and Insect Clinic at NC State as gray leaf spot 

caused by Stemphylium botryosum.   

Soil chemical properties 

Soil chemical properties and nutrient concentrations were not affected by rootstock and soil 

amendments. Differences in soil chemical properties and nutrient concentrations were found, however, 

between different sampling times. No interactions between rootstock and soil amendment were found 

significant. Soil CEC, pH, P, and Ca were higher at 84 DAT by 12%, 2%, 11%, and 13% respectively 

compared to those at 53 DAT (Table 3.4).  

Soil microbial activity and community structure. 

Rootstock and soil amendments had no impact on soil biological properties and no interaction 

was overserved for these factors. The Cmin, SMBC, β-glucosidase, and β-glucosaminidase activity 

decreased at 84 DAT by 16%, 24%, 14%, and 45%, respectively, compared to 53 DAT (Table 3.5). 

Overall, total concentration of FAMEs decreased with time. At 84 DAT total FAMEs decreased by 32% 

compared to 53 DAT. Principal component analysis (PCA) of individual soil microbial community at 53 

DAT (Figure 3.2, Appendix J) and 84 DAT (Figure 3.3, Appendix K) showed no separation by soil 

amendment or rootstock. The PCA of both sampling dates showed treatments clustering around the 

centriole and with high degrees of variability indicating no differences between treatments. The PCA of 

two sampling dates together explained 69.9% of the variability (Figure 3.4, Appendix L) and showed a 

shift in the microbial structure between 53 DAT and 84 DAT. Differences between the two sampling 

dates were mainly evident along principal component 1 (PC1, 58.2%). Microbial community at 84 DAT 

clustered on negative values of PC1 indicating lower concentrations of bacterial indicators i15:0, i16:0, 

a15:0, cyclo 17:0, and i17:0 than at 53 DAT. However, the considerate variability seen along PC2 

(11.7%) constrains the ability to differentiate soil chemical and biological properties between the two 

sampling dates.  
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Discussion 

Plant nutrient, yield, and soil chemical properties 

Grafting and VC had no impact on tomato yield, shoot nutrient concentration, and soil chemical 

properties. The severe disease seen in this experiment likely masked any treatment effects. Average 

temperature (19 – 30 °C) and high relative humidity (approx. 72%) throughout the experiment were 

optimal for the rapid spread of gray leaf spot (Stemphylium botryosum).  Gray leaf spot is a fungal disease 

that greatly affect leaves, thus reducing photosynthesis and transpiration of plants. Decreased 

photosynthesis would have led to decreased growth and yields regardless of any benefits provided by soil 

amendments. If there was any vigor conferred by grafted rootstocks through increased water and nutrient 

uptake, this may have been masked by disease induced increased transpiration. In leaf spot diseases, 

pathogens can destroy part leaf cuticle and epidermis which results in uncontrolled water loss and 

ultimately loss of turgor and wilting (Agrios, 2005). Even though grafting has shown the potential to 

impact foliar diseases (Louws et al., 2010), in this study grafting with either rootstock did not confer any 

obvious benefit. More in-depth investigation of the pathogenesis of gray leaf spot in tomatoes and how 

grafting confers resistance to foliar diseases is required if we are to make the most of this practice (Davis 

et al, 2008).   

Grafting with Beaufort (B) rootstock has been reported to improve tomato growth and yields 

under suboptimal conditions such as water stress (Suchoff et al., 2018a), different N rates (Djidonou et 

al., 2013), and in the presence of soil borne pathogens (Rivard et al., 2010). Grafted plants, however, also 

have the potential to improve yields without biotic stressors (Suchoff et al., 2018), but that was not the 

case in this experiment. The lack of plant response to grafting tomato to either B or Shield (S) rootstock 

might be due to the absence of an abiotic stressor that could give an advantage to grafted plants over non-

grafted plants. The effects of rootstocks on soil nutrients are seldom reported, overlooking possible 

mechanisms of action of conferred resistance. Tian et al. (2009) found that grafting tomatoes onto 

rootstock TRS-401 increased soil inorganic N and decreased pH compared to non-grafted tomatoes. 

These results demonstrate that grafting can change the soil environment which can in turn change plant 
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performance and the soil microbial community. This highlights the importance of further studies to 

determine the impact of grafting on soil chemical properties.  

The lack of response of tomato plants to soil amendments in this study may also be due to the 

adequate nutrient content of soils prior to the experiment. Although VC are rich sources of nutrients and 

organic matter (OM) and have the potential to increase soil nutrients and enhance plant growth (Lim et 

al., 2014), the high soil nutrient and OM from previous cover crops might have reduced the effects of VC 

on tomato responses. Greater total and marketable yields in response to nutrients added through VC have 

been reported for many horticultural crops, including tomatoes (Arancon et al., 2003), peppers (Arancon 

et al., 2003; 2005), strawberries (Arancon et al., 2004), eggplant (Moraditochaee et al., 2011), and French 

beans (Singh and Chauhan, 2009). Even though the amount of VC applied in this study was smaller than 

used in previous studies mentioned above (150 g vs 5-20 t. ha-1), greater biomass and tissue N, P, and K 

concentrations were reported in Amaranthus by Uma and Malathi (2009).  Manivannan et al. (2009) 

found that when VC was applied at 5 Mg.ha-1, the impact on soil nutrient responses was dependent on soil 

type (VC had no effect on nutrients in a clay loam soil, but did increase soil nutrients in a sandy loam 

soil).  These results show the complexity of soil ecosystems in different field sites, which could lead to 

interactions between soil type and VC, thus resulting in different responses at different locations 

regardless of VC application rate (Arancon et al., 2004).  Nonetheless, it has been demonstrated that the 

benefits of VC on plant growth are not solely attributed to nutrients, but also to other compounds and 

microbial activity within VC (Arancon et al., 2003). Humic acids extracted from VC applied at small 

rates have been shown to increase plant growth of tomatoes (Atiyeh et al., 2002), peppers, and 

strawberries (Arancon et al., 2006a) in a greenhouse environment. It is possible that at the field scale the 

effects of humic acids on plant growth are shadowed by other complex processes occurring in the field. 

Further evaluation of the humic acids extracted from VC in the field are needed to determine if 

stimulation of plant growth also occurs in such conditions. 
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By far the most significant impact on plant and soil responses in this study was from differences 

between sampling dates. The disruption of plant physiological function due to severe disease could have 

led to decreased nutrient uptake, which coupled with weekly application of nutrients, could have led to 

increases in soil nutrients with time. Additionally, increased nutrient availability later in the growing 

season can occur through the mineralization of nutrients in soil OM. Soils previously amended with plant 

residues (Janzen and Kucey, 1988) and VC (Chaoui et al., 2003) have shown increased nutrient 

mineralization throughout the growing season in comparison to non-amended soils. Differences in soil 

nutrients between sampling dates could have been due to changes in the rhizosphere throughout the 

growing season caused by variation in weather and different plant growth stages. However, those studies 

mainly focused on C, N, and S mineralization, none of which changed during our research. These 

discrepancies necessitate further research to determine temporal changes in soil nutrient concentrations, 

particularly P, throughout the growing season and in response to VC and grafting. Furthermore, in this 

experiment we saw a decrease in microbial activity in between sampling dates, which does not coincide 

with the idea of increased nutrient mineralization. A plausible explanation for these confounding results 

can be attributed to the presence of severe plant disease. Disease disrupts normal physiological processes 

which have the potential to change plan-soil interactions. It is likely due to decreased photosynthesis by 

plants and therefore root exudation. Less C resources on soils can lead to decreased microbial activity. 

Unfortunately, little research concerning the pathology of gray leaf spot on tomato effects on soil 

chemical and biological responses exists; such analysis would be useful for disease management.  

Soil microbial and enzyme activity and microbial community structure 

Grafting and VC treatments had no effect on soil microbial and enzyme activity and community 

structure in the conditions in this study. Other studies found that grafting increased SMBC in tomatoes 

(Tian et al., 2009) and enzyme activity in eggplants and watermelons (Chen et al., 2011; Ling et al., 

2015). Moreover, the soil microbial structure of grafted watermelons was different than that of non-

grafted and rootstock microbial communities (Ling et al., 2015). In these previous studies, soils were 

collected from the rhizosphere where the effects of plants on the microbial communities are strongest. In 
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contrast, we sampled bulk soil where these effects may have been weaker or non-existent. Although the 

impact of plants on the soil microbial community can sometimes extend to the bulk soil (Kourtev et al., 

2002), that was not the case for tomatoes in this study, therefore missing some of the possible distinct 

impacts of rootstocks on soil microbial communities. Future studies concerning vegetable grafting should 

include both bulk soil and rhizosphere soils to draw out possible effects of location in the microbial 

communities. 

Increases in soil Cmin, SMBC, and enzyme activity in response to VC have been previously 

reported (Chaoui et al., 2003; Lazcano et al., 2013; Tejada et al., 2010; Yang et al., 2015). The OM added 

through VC serves as an energy source for microbes, thus increasing their activity and size of the 

population. These effects are most evident in soils which are depleted of soil C, the most limiting nutrient 

to microbial growth (Lazcano et al., 2013). Our experimental plot had been managed following organic 

practices and under a cover crop mix that was incorporated shortly before transplanting. It is likely that 

experimental soils were not depleted of C, so the effects of VC applications on the soil microbial 

community may not had as great of an impact compared to soils depleted of OM.  Additionally, Carrera et 

al. (2007) found that both hairy vetch cover crop and compost changed the microbial community of bulk 

soils. It is possible that any potential effect of VC could have also been masked by the impact of the cover 

crop, which produce considerable amounts of soil OM. 

Differences in microbial activity and community structure between sampling dates can be 

attributed to the spread of disease during this period. At 53 DAT, only about 10% of plants were mildly 

affected by gray leaf spot; during this period the plants were actively growing and releasing C compounds 

to the rhizosphere. Plants can secrete approx. 30% of their fixed C as root exudates, which can be used by 

microbes as sources of energy (Badri and Vivanco, 2009). At 84 DAT the disease had spread over 70% of 

the treatment plot and was severely affecting plant tissue. Infected leaves have the potential to induce 

defense mechanisms in distal organs, such as the production of metabolites against pathogens and 

herbivores in roots, to prevent subsequent attacks (Shah, 2009), which could change the compounds being 

secreted by roots (Berendsen et al., 2012) and ultimately change the microbial activity. Plant defense 



   

67 

 

mechanisms can include a change in root exudates, which can either recruit beneficial microbes or act as 

antimicrobial compounds that suppress microbial activity (Doornbos et al., 2012).  

Conclusion 

Grafting tomatoes with two different rootstocks and applications of VC at the time of planting 

had no impact on plant and soil responses. These results can be attributed to several factors. The grey leaf 

spot disease was so virulent and was likely the primary reason neither grafting or VC had any impacts, 

despite others finding these treatments to benefit tomatoes. Changes in plant physiology in response to 

disease could have masked any treatment effects. This coupled with the little information about the 

pathogenesis of this disease in tomatoes and its impacts on soil chemical and biological properties exist, 

which further limits the interpretations of results found in this study. Moreover, the initial soil conditions 

were adequate for tomato growth and it is possible that benefits of grafting and VC would be only evident 

in the presence of an abiotic stressor. Finally, it may be possible that sampling bulk soil was not enough 

to assess impacts of plants on the microbial communities. For this reason, future studies should include 

rhizosphere soil sampling as well as bulk soil sampling in order to evaluate changes in the microbial 

communities as well as the extent of the impact on bulk soil.   
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Table 3.1 Treatment table for 3 x 4 complete factorial design (Rootstock x soil amendment). 

Soil Amendment Cherokee Purple (CP) Beaufort (B) Shield (S) 

Control CP B S 

Live VC CPVC+ BVC+ SVC+ 

Sterilized VC CPVC- BVC- SVC- 

NPK equivalent CPNPK BNPK SNPK 

VC= vermicompost 

Soil Amendments- live VC (VC+), sterilized VC (VC-), NPK equivalent (NPK). Rootstocks: Cherokee Purple (CP), 

Beaufort (B), Shield (S). 
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Table 3.2 Initial chemical properties and nutrients of soil and vermicompost (VC). 

CEC= cation exchange capacity 

NM= not measured 

 

 

 CEC pH N P K Ca Mg S 

 meq 100 cm-3  ------------------------------ mg kg-1 --------------------- 

Soil 17.3 7.5 NM 136 141 3143 140 16 

Non-Sterilized 

VC 
NM 7.0 12700 2130 5930 26700 3720 1550 

Sterilized VC NM 7.1 11100 2120 5780 27300 3650 1540 
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Table 3.3 Average (±SE) tomato plant tissue nutrient concentration at 53 DAT. 
 N P K Ca Mg Fe Mn Zn Cu B Al 

      ––––––––––––––– % w/w –––––––––––––––––        –––––––––––––––––––––– ppm –––––––––––––––––– 

CP 4±0.2 0.2±0.01 3±0.2 3.1±0.2 0.5±0.04 118±6 48±6 25±2 10±0.7 36±2 76±4 

CPVC+ 4±0.2 0.2±0.02 3±0.2 3.4±0.2 0.5±0.02 125±6 54±3 27±0.2 10±1 35±2 78±7 

CPVC- 5±0.4 0.2±0.01 3±0.4 2.9±0.2 0.5±0.05 135±7 59±7 25±1 11±0.1 37±3 92±11 

CPNPK 4±0.3 0.2±0.02 3±0.1 3.0±0.1 0.5±0.02 141±6 53±7 25±0.9 10±0.4 37±2 94±7 

B 4±0.1 0.2±0.01 3±0.2 3.4±0.1 0.4±0.1 137±13 50±6 29±3 13±0.9 40±1 94±14 

BVC+ 4±0.2 0.2±0.003 3±0.3 3.4±0.2 0.4±0.03 133±12 58±5 32±1 14±1 38±3 82±13 

BVC- 5±0.2 0.2±0.01 3±0.4 3.1±0.1 0.4±0.05 130±13 57±4 31±3 14±1.0 35±3 86±15 

BNPK 5±0.3 0.2±0.01 3±0.4 2.9±0.2 0.4±0.03 121±9 58±11 28±2 13±0.8 37±2 79±10 

S 5±0.2 0.2±0.01 3±0.1 3.3±0.1 0.5±0.04 135±10 50±7 23±0.7 11±1 35±2 88±10 

SVC+ 4±0.3 0.2±0.02 3±0.3 3.0±0.2 0.5±0.03 132±6 47±5 24±1 11±0.3 30±0.8 92±13 

SVC- 5±0.1 0.2±0.01 3±0.2 2.9±0.1 0.4±0.01 137±12 48±4 24±2 11±0.4 33±2 91±12 

SNPK 4±0.1 0.2±0.01 3±0.1 3.1±0.1 0.4±0.03 143±9 46±5 26±2 10±0.7 31±1 98±10 

CP= non-grafted Cherokee Purple, B= grafted Cherokee Purple on Beaufort, S= grafted Cherokee Purple on Shield 

VC+= live vermicompost, VC- = sterilized vermicompost, NPK= vermicompost nutrient equivalent. 
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Table 3.4 Average (±SE) soil chemical properties at 53 and 84 DAT. 

CP= non-grafted Cherokee Purple, B= grafted Cherokee Purple on Beaufort, S= grafted Cherokee Purple on Shield 

VC+= live vermicompost, VC- = sterilized vermicompost, NPK= vermicompost nutrient equivalent. 

 CEC pH P K Ca Mg S Mn Zn Cu 

 meq 100 cm-3          ––––––––––––––––––––––––––––––– mg kg-1 ––––––––––––––––––––––––––––––––– 

53 DAT 

CP 17±0.9 7.5±0.01 204±20 128±10 3172±186 152.0 18±0.3 94±16 22±3 3.5±0.2 

CPVC+ 17±1.1 7.6±0.01 193±17 148±4 3145±207 148.5 19±0.8 99±16 21±3 3.2±0.6 

CPVC- 17±2.4 7.4±0.01 188±30 137±6 2995±470 149.0 19±0.9 106±26 21±3 3.7±0.2 

CPNPK 18±0.6 7.5±0.01 199±15 147±18 3258±108 154.0 22±2 93±7 19±1.4 2.9±0.5 

B 17±0.9 7.5±0.01 211±14 138±8 3166±179 154±13 19±0.3 96±17 21±1.9 3.4±0.4 

BVC+ 17±1.3 7.5±0.1 191±20 139±16 3043±259 152±2.7 19±0.5 97±19 19±1.7 3±0.5 

BVC- 16±1.7 7.4±0.1 198±28 127±18 2938±337 158±3 19±0.9 107±19 23±3.4 4±0.3 

BNPK 14.9±1.6 7.4±0.01 173±24 122±10 2671±321 144±6 19±0.9 114±20 18±1.7 3.3±0.4 

S 18±2.1 7.5±0.01 183±24 131±8 3178±417 148.8 18±0.7 104±20 18±1.9 3.3±0.6 

SVC+ 16±1.7 7.5±0.1 180±24 147±7.4 2878±332 147±6.2 18±0.5 112±21 19±2.4 3.5±0.5 

SVC- 20±1.5 7.5±0.01 218±20 161±12 3668±278 164±9 20±0.9 80±10 21±1.1 2.8±0.5 

SNPK 19±0.9 7.5±0.01 219±8 163±13 3432±171 159±11 22±1.3 89±11 21±1.4 3.1±0.5 

84 DAT 

CP 20±2 7.7±0.1 233±29 141±23 3669±286 169±11 40±4 90±11 24±4 4±0.4 

CPVC+ 19±1.1 7.7±0.01 220±22 146±24 3525±198 155±12 36±3 101±9 22±4 4±0.9 

CPVC- 18±3 7.6±0.1 214±38 154±24 3296±478 159±15 41±5 107±23 21±4 4±0.2 

CPNPK 19±0.6 7.6±0.01 212±20 137±8 3465±104 156±10 37±3 98±7 19±2 3±0.5 

B 20±1 7.7±0.01 237±26 152±18 3682±251 167±10 40±5 101±16 22±3 4±0.5 

BVC+ 20±2 7.7±0.01 215±30 143±29 3596±392 159±10 37±5 110±20 21±3 4±0.7 

BVC- 18±2 7.6±0.1 213±37 128±17 3342±396 156±12 38±3 114±20 23±4 5±0.5 

BNPK 17±2 7.6±0.01 195±32 120±15 3144±357 152±11 38±4 123±20 18±2 4±0.5 

S 18±2 7.7±0.1 200±30 121±17 3265±282 147±12 34±3 112±14 18±2 4±0.6 

SVC+ 18±2 7.6±0.1 209±35 125±11 3347±433 158±9 37±2 118±20 21±3 4±0.6 

SVC- 22±1 7.7±0.01 240±20 150±14 4026±253 175±8 39±3 82±7 21±2 3±0.7 

SNPK 22±0.7 7.7±0.01 238±14 169±7 4034±129 170±6 41±3 90±4 21±2 4±0.6 
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Table 3.5. Average (±SE) soil microbial activity responses at 53 and 84 DAT. 
 Cmin SMBC Alk P Gluc Glucam 

 
mg CO2-C kg-1 

oven-dried soil 

mg C kg-1 

oven-dried soil 
----- ηmol p-nitrophenol g-1 soil ---- 

53 DAT 

CP 869±57 929±16 335±4 244±8 108±7 

CPVC+ 674±37 911±66 333±3 240±9 86±12 

CPVC- 770±73 967±114 333±4 218±43 105±8 

CPNPK 844±81 965±116 334±5 238±23 110±18 

B 834±93 944±100 333±9 245±25 111±26 

BVC+ 871±51 907±24 335±3 245±14 94±22 

BVC- 899±63 1047±70 340±2 254±16 103±14 

BNPK 843±67 1001±129 338±3 223±17 107±12 

S 874±65 949±52 255±87 237±12 70±20 

SVC+ 840±36 897±47 341±6 248±12 111±16 

SVC- 810±64 1145±69 336±2 255±12 91±5 

SNPK 792±49 973±138 337±0.7 246±15 91±11 

84 DAT 

CP 688±61 763±33 339±6 203±7 53±5 

CPVC+ 612±41 650±36 352±18 201±26 51±4 

CPVC- 729±47 694±36 337±6 235±21 60±7 

CPNPK 911±261 670±47 345±5 188±19 47±4 

B 703±32 758±35 342±7 213±6 55±5 

BVC+ 685±37 725±14 338±5 181±7 545±6 

BVC- 699±57 746±65 332±2 214±23 57±12 

BNPK 666±45 717±51 341±8 213±18 53±5 

S 621±80 675±76 338±3 192±30 43±17 

SVC+ 687±47 798±42 294±47 231±15 72±6 

SVC- 713±61 848±60 336±6 216±14 58±9 

SNPK 669±66 767±36 343±5 187±14 49±2 

CP= non-grafted Cherokee Purple, B= grafted Cherokee Purple on Beaufort, S= grafted Cherokee Purple 

on Shield 

VC+= live vermicompost, VC- = sterilized vermicompost, NPK= vermicompost nutrient equivalent. 
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Figure 3.1. Average (±SE) tomato total yields (per plant) for each soil amendment assessed 

weekly for (CP) Cherokee Purple control, (B) Beaufort rootstock, and (S) Shield rootstock.  
CP= non-grafted Cherokee Purple(white), B= grafted Cherokee Purple on Beaufort (black), S= grafted 

Cherokee Purple on Shield (gray). 

VC+= live vermicompost, VC- = sterilized vermicompost, NPK= vermicompost nutrient equivalent. 
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Figure 3.2. Average (±SE). fatty acid methyl ester (FAME) profile principal component analysis 

at 53 DAT. 
DAT= days after transplanting 

CP= non-grafted Cherokee Purple, B= grafted Cherokee Purple on Beaufort, S= grafted Cherokee Purple 

on Shield 

VC+= live vermicompost, VC- = sterilized vermicompost, NPK= vermicompost nutrient equivalent 
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Figure 3.3. Average (±SE) fatty acid methyl ester (FAME) profile principal component analysis 

at 84 DAT.  
DAT= days after transplanting 

CP= non-grafted Cherokee Purple, B= grafted Cherokee Purple on Beaufort, S= grafted Cherokee Purple 

on Shield 

VC+= live vermicompost, VC- = sterilized vermicompost, NPK= vermicompost nutrient equivalent 
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.  
Figure 3.4. Average (±SE). Fatty acid methyl ester (FAME) profile principal component analysis at 53 

and 84 DAT. 

 DAT= days after transplanting 

CP= non-grafted Cherokee Purple, B= grafted Cherokee Purple on Beaufort, S= grafted Cherokee Purple 

on Shield 

VC+= live vermicompost, VC- = sterilized vermicompost, NPK= vermicompost nutrient equivalent. 
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IV. CONCLUSIONS 

This research sought out to understand how vermicompost (VC), arbuscular mycorrhizal fungi 

(AMF), and grafting impact soil microbial community structure and function. This was accomplished by 

complementing well established biological soil health indicators with fatty acid methyl ester (FAME) and 

Biolog profiles to assess the microbial community structure and function respectively in two different 

experiments. In the first experiment, the impacts of two types of VC, manure and food waste) and AMF 

on greenhouse tomato growth and soil microbial community structure and function were assessed. The 

second experiment evaluated the impact of grafting with two different rootstocks and VC additions on 

field heirloom tomatoes and soil microbial community structure and activity.  

In the first experiment we hypothesized that VC would increase soil nutrient and tomato growth 

as well as increase soil microbial activity. An additional hypothesis was that tomato response would 

coincide with the nutrient concentrations found in the different types of VC and that the microbial 

communities of MVC and FVC will differ from one another. Additionally, AMF would increase plant 

nutrient uptake, and when VC and AMF were mixed, the benefits of both practices would be further 

enhanced and soil microbial community structure and function of treatments with both amendments 

together would differ from treatments with these amendments alone. Results from the greenhouse study 

indicate that the major factor impacting both tomato and soil microbial responses was vermicompost. 

Vermicompost changed soil chemical and biological properties, which led to improved nutrient 

availability and uptake for tomato transplants and increased early growth in tomatoes. The increased 

microbial activity was a result of increased C in soils with vermicompost applications. Microbial 

community structure changed according to the type of vermicompost applied. This was likely the result of 

the difference in organic matter quality present in different types of vermicompost, which could select for 

different microbial communities. Interactions between soil communities with plants can lead to either 

positive or negative effects on plant growth, which can explain why different types of vermicompost have 

different impacts on plant growth regardless of nutrient concentration in vermicompost. Community 

function, as determined with community level physiological profiles, showed no response to 
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vermicompost. One possible explanation is the Biolog assay method’s reliance on microbial culture and 

bias for fast growing bacteria. Even though the addition of arbuscular mycorrhizal fungi had no impact on 

plant growth, the use of this amendment could still be beneficial to plants by further increasing plant 

nutrient uptake and water stress resistance. Using vermicompost and arbuscular mycorrhizal fungi 

together have the potential to confer resilience to systems through enhanced physical, chemical, and 

biological properties of soil and through the increased ability of roots to scavenge nutrients and water 

from soils amended with both.  

In the second study we hypothesized that grafting with different root stocks and vermicompost 

applications would change the soil microbial community structure and function as well as enhance 

heirloom tomato yields. Furthermore, soil microbial communities of treatments containing VC will be 

different than those without it. The results of this field study indicated that grafting and vermicompost had 

no impact on plant and soil responses. It is likely that the severe effect of gray leaf spot caused by 

Stemphylium botryosum on tomato plants masked any treatment effects. Moreover, the initial soil 

conditions of the experimental field were adequate for tomato growth. This could have also masked the 

effect of added nutrients through VC. Furthermore, cover crop residues could have provided soils with 

organic matter (OM) that would have further masked the effects of VC in the soil microbial community 

structure and activity. Finally, sampling of bulk soil could have limited our ability to draw out effects of 

plants on the microbial community, therefore soil sampling of the rhizosphere and bulk soil will be 

necessary in future studies in order to identify changes in soil properties and microbial communities under 

grafted plants.  

Overall, the results from this research show the potential use of VC as effective amendment in 

greenhouse production of tomatoes and potential benefits to field production, but further studies are 

warranted for the latter. Vermicompost beneficial effects on soil and plants may decrease the need 

excessive for fertilizer applications through the addition of readily available nutrients. Additionally, 

organic matter from vermicompost serves as a nutrient reservoir that releases slowly throughout the 

growing season and can improve soil physical properties for plant growth. Increased organic matter 
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enhances microbial activity, thus enhancing nutrient cycling and microbe-microbe interactions, both of 

which can be beneficial for plant growth. Furthermore, organic matter increases the capacity of soils to 

hold water, nutrients, and pollutants which has the potential to decrease the adverse environmental 

impacts of agriculture. It is possible that on the field the response to VC is dependent on the initial 

conditions of soils to which they are applied and that benefits of this amendment might only be noticeable 

in poor soil nutrient and OM.  

Finally, assessment of microbial community structure and function through FAME and Biolog 

profiles can provide additional information regarding some of the possible interactions occurring within 

the microbial communities that can impact plant health; information that wouldn’t be available to us by 

using better established indicators of soil health (soil respiration, soil microbial biomass C, and enzyme 

activity). However, FAME and Biolog have not been yet related to specific soil functions relevant to plant 

productivity. Further investigation on FAME and Biolog relationships to soil functions is necessary in 

order to establish these assays as indicators of soil health and interpret results in a manner that is useful 

for producers.   
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Appendix A 

Summary of mean soil physical properties at 30 DAP (Mean±SE).  
 Control AMF+ MVC+ MVC- MAMF+ FVC+ FVC- FAMF+ 

Bulk density (g/cc) 1.25±0.05 1.31±0.07 1.22±0.1 1.16±0.04 1.21±0.04 1.13±0.08 1.15±0.03 1.24±0.03 

Water content (g/g) 0.15±0.02 0.18±0.03 0.22±0.07 0.18±0.03 0.19±0.03 0.30±0.11 0.15±0.02 0.16±0.03 

Porosity (%) 0.53±0.02 0.51±0.03 0.54±0.04 0.56±0.02 0.54±0.02 0.58±0.03 0.57±0.01 0.53±0.01 

Control: no AMF with no VC, AMF+: AMF with no VC, MVC+: live MVC with no AMF, MVC-: sterilized MVC with no AMF, MAMF+:live MVC 

 with AMF, FVC+: live  FVC with no AMF, FVC-: sterilized FVC with no AMF,  FAMF+: live  FVC with AMF. 
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Appendix B 

 

Average (±SE) tomato responses and nutrient concentrations from treatments after 48 DAP.  
 Control AMF+ MVC+ MVC- MAMF+ FVC+ FVC- FAMF+ 

Height (cm) 9±1 11±2 31±3 33±2 27±2 36±3 29±2 28±2 

Total dry biomass (g) 0.6±0.1 0.7±0.1 3±0.3 4±0.2 3±0.1 4±0.5 40±0.3 3±0.3 

Root: Shoot 0.2±0.01 0.2±0.02 0.2±0.0 0.2±0.0 0.2±0.01 0.2±0.01 0.2±0.01 0.2±0.01 

N (%) 2.3±0.4 3±0.2 2±0.1 1±0.1 2.2±0.2 2±0.1 1±0.1 2±0.3 

P (%) 0.3±0.0 0.4±0.02 0.6±0.04 0.6±0.03 0.9±0.06 0.3±0.02 0.3±0.01 0.4±0.03 

K (%) 4±0.5 5±0.3 3±0.1 4±0.2 3±0.5 4±0.2 4±0.1 4±0.2 

Ca (%) 1±0.04 2±0.1 2±0.1 1±0.1 2±0.2 2±0.2 2±0.04 2±0.2 

Mg (%) 0.8±0.04 0.9±0.04 0.9±0.04 0.8±0.02 1±0.06 0.6±0.03 0.5±0.01 0.6±0.02 

S (%) 1±0.1 1±0.1 0.7±0.1 0.7±0.1 1±0.1 0.7±0.1 0.7±0.03 0.7±0.1 

Na (%) 0.2±0.0 0.3±0.03 0.1±0.01 0.1±0.01 0.2±0.03 0.1±0.01 0.1±0.01 0.2±0.01 

Al (%) 19±5 16±4 9±2 8±2 8±2 5±1 18±5 6±2 

Control: no AMF with no VC, AMF+: AMF with no VC, MVC+: live MVC with no AMF, MVC-: sterilized MVC with no AMF, MAMF+: live MVC  

with AMF, FVC+: live  FVC with no AMF, FVC-: sterilized FVC with no AMF,  FAMF+: live  FVC with AMF. 
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Appendix C 

Average (±SE) soil physical and chemical properties (per pot) from treatments at 49 DAP. 
 Control AMF+ MVC+ MVC- MAMF+ FVC+ FVC- FAMF+ 

Humic matter (g/100cc) 0.1±0.01 0.1±0.01 0.1±0.01 0.1±0.01 0.1±0.02 0.2±0.01 0.2±0.01 0.2±0.01 

Bulk density (g/cc) 1.4±0.04 1.2±0.03 1.1±0.03 1.2±0.03 1.2±0.02 1.2±0.03 1.2±0.03 1.2±0.04 

Water content (g/g) 0.1±0.02 0.2±0.02 0.2±0.03 0.2±0.03 0.2±0.02 0.2±0.02 0.1±0.01 0.2±0.03 

Porosity (%) 49±2 54±1 58±1 55±1 54±1 55±1 56±1 55±1 

Base Saturation (%) 88±0.4 85±0.3 99±0.2 99±0.2 99±0.3 100±0.2 99±0.2 99±0.3 

Acidity (meq/100cm3) 0.5±0.02 0.5±0.02 0.1±0.02 0.1±0.02 0.1±0.03 0±0 0.01±0.01 0.01±0.03 

Ca (mg/kg) 313±12 267±4 1031±36 1004±31 994±26 1006±15 961±14 1059±29 

Mg (mg/kg) 201±4 167±6 445±14 425±13 415±9 230±3 221±4 227±7 

S (mg/kg) 18±2 22±2 48±4 46±4 31±2 37±4 31±2 35±2 

Mn (mg/kg) 12±0.4 10±0.4 25±1 22±1 23±1 19±0.4 18±0.4 19±0.6 

Zn (mg/kg) 3±0.1 2±0.1 8±0.3 7±0.3 8±0.3 6±0.1 6±0.1 7±0.2 

Cu (mg/kg) 3±0.1 2±0.1 3±0.2 3±0.2 3±0.1 3±0.1 3±0.1 3±0.1 

Control: no AMF with no VC, AMF+: AMF with no VC, MVC+: live MVC with no AMF, MVC-: sterilized MVC with no AMF, MAMF+:live 

 MVC with AMF, FVC+: live  FVC with no AMF, FVC-: sterilized FVC with no AMF,  FAMF+: live  FVC with AMF. 
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Appendix D 

Fatty acid methyl ester (FAME) profile PCA eigenvalues and variable correlations to first and second 

principal components (PC). Variables: pH, soil P , soil K, total nitrogen (TN), total carbon (TC), 

particulate organic N (PON), particulate organic C (POC), soil respiration (Cmin), soil microbial biomass 

carbon (SMBC), nitrogen mineralization (Nmin), alkaline phosphatase (Alkp), glucosidase (Gluc), 

glucosaminidase (Glucam),  and individual concentrations of FAME biomarkers.  

 

  Eigenvalue Variance (%) 
Cumulative 

% variance 
 

 PC1 19.1 63.7 63.7  

 PC2 3.4 11.4 75.1  

Variable and PC correlation values 
 PC1 PC2  PC1 PC2 

pH 0.87 0.18 16:1 w5c 0.71 -0.49 

TN 0.87 0.43 10 me 16:0 0.92 -0.29 

TC 0.87 0.24 i17:0 0.92 -0.30 

PON 0.66 0.47 a17:0 0.85 -0.39 

POC 0.78 0.37 17:0 cyclo 0.92 -0.30 

P 0.59 0.70 10 me 17:0 0.68 -0.52 

K 0.70 0.61 18:3 w6c 0.42 0.06 

Cmin 0.90 0.09 18:2 w6c 0.78 -0.51 

Nmin 0.86 0.30 18:1 w9c 0.87 -0.39 

SMBC 0.81 -0.05 18:1 w7c 0.96 0.02 

Alkp 0.52 -0.10 18:1 w5c 0.47 -0.47 

Gluc 0.75 0.04 10 me 18:0 0.90 0.02 

Glucam 0.23 0.26 20:4 w6c 0.82 0.16 

i15:0 0.94 0.04    

a150 0.88 0.31    

i160 0.92 -0.23    

16:1 w7c 0.97 0.00    
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Appendix E 

Average (SE) fatty acid methyl ester (FAME) profiles at 49 DAP in response to treatments. 

  Control AMF+ MVC+ MVC- MAMF+ FVC+ FVC- FAMF+ 

  ---------------------------------------------------  ηmol g-1 soil --------------------------------------------------- 

Bacteria (B)  

Gram +   
      

 
i15:0 1.2(0.1) 2.6(0.4) 8.0(0.6) 6.6(0.4) 6.9(0.8) 5.6(0.2) 5.2(0.5) 6.4(1.0) 

a15:0 0.7(0.1) 0.9(0.1) 4.9(0.2) 4.5(0.2) 4.5(0.4) 2.6(0.1) 2.5(0.2) 3.1(0.4) 

i16:0 0.6(0.1) 0.8(0.1) 4.0(0.4) 3.4(0.3) 3.5(0.4) 3.8(0.2) 3.6(0.3) 4.6(0.8) 

i17:0 0.4(0.04) 0.6(0.1) 3.0(0.2) 2.4(0.2) 2.7(0.3) 3.2(0.2) 2.9(0.3) 3.8(0.6) 

a17:0 0.6(0.2) 1.1(0.4) 2.5(0.2) 2.2(0.2) 2.6(0.3) 2.3(0.1) 2.4(0.2) 3.7(0.7) 

Actinomycet

e 
        

10me16:0 0.7(0.1) 0.9(0.2) 4.4(0.3) 2.7(0.2) 4.0(0.4) 4.1(0.2) 3.1(0.3) 5.1(0.9) 

10me17:0 0.2(0.1) 0.4(0.2) 0.7(0.1) 0.5(0.1) 0.7(0.1) 0.6(0.03) 0.7(0.1) 1.1(0.2) 

10me18:0 0.2(0.03) 0.3(0.1) 1.2(0.1) 1.1(0.1) 1.1(0.1) 0.8(0.1) 0.9(0.1) 1.1(0.2) 

Gram -         

16:1 w7c 0.9(0.1) 1.2(0.1) 4.2(0.2) 3.2(0.2) 3.9(0.4) 3.2(0.1) 2.6(0.2) 3.7(0.5) 

17:0 cy 0.4(0.03) 0.5(0.1) 2.2(0.2) 1.8(0.1) 1.9(0.2) 2.1(0.1) 2.1(0.2) 2.7(0.4) 

18:1w9c 2.3(0.3) 3.4(0.4) 10.3(0.6) 8.3(0.5) 9.7(0.8) 13.1(1.0) 11.4(1.0) 15.1(2.2) 

18:1w7c 1.3(0.2) 2.1(0.3) 9.5(0.7) 7.6(0.5) 8.8(1.0) 7.5(0.2) 5.9(0.5) 8.2(1.1) 

18:1w5c 0 0.4(0.2) 0 0 3.1(2.0) 1.4(0.3) 0.9(0.4) 2.9(0.6) 

Fungi (F)         

18:3w6c 0.2(0.1) 0.5(0.1) 0.5(0.1) 0.7(0.1) 0.7(0.1) 0.3(0.1) 0.4(0.03) 0.6(0.2) 

18:2w6c 0.5(0.1) 1.2(0.2) 2.2(0.2) 2.3(0.1) 2.5(0.3) 3.9(0.3) 2.5(0.2) 4.6(0.8) 

AMF         

16:1w5c 0.7(0.2) 2.8(0.6) 3.6(0.2) 2.1(0.1) 6.5(1.2) 4.4(0.2) 2.7(0.3) 8.1(1.2) 

Protozoa         

20:4w6c 
0.04(0.02

) 
0.2(0.02) 0.9(0.1) 0.5(0.1) 0.8(0.1) 0.6(0.1) 0.3(0.03) 0.7(0.1) 

Gram + 4.6(0.8) 7.6(1.4) 28.6(2.0) 23.5(1.5) 25.8(2.7) 23.0(1.0) 21.3(1.9) 29.1(4.7) 

Gram - 4.8(0.6) 7.5(0.9) 26.2(1.5) 20.8(1.2) 27.4(4.2) 27.2(0.9) 22.7(2.2) 32.6(4.7) 

B 9.4(1.3) 15.1(2.2) 54.8(3.5) 44.4(2.6) 53.2(6.8) 50.2(1.8) 44.0(4.1) 61.7(9.2) 

F 1.4(0.3) 4.5(0.6) 6.3(0.3) 5.1(0.3) 9.6(1.4) 8.6(0.3) 5.6(0.5) 13.3(2.1) 

F:B 0.1(0.01) 0.3(0.03) 0.1(0.01) 0.1(0.01) 0.2(0.01) 0.2(0.01) 0.1(0.01) 0.2(0.01) 

Protozoa 
0.04(0.02

) 
0.2(0.02) 0.9(0.1) 0.5(0.1) 0.8(0.1) 0.6(0.1) 0.3(0.03) 0.7(0.1) 

Total 10.8(1.6) 19.9(2.7) 62.0(3.6) 50.0(2.7) 63.6(8.1) 59.4(2.0) 49.9(4.6) 75.7(11.2) 

Control: no AMF with no VC, AMF+: AMF with no VC, MVC+: live MVC with no AMF, MVC-: sterilized MVC 

with no AMF, MAMF+:live MVC with AMF, FVC+: live  FVC with no AMF, FVC-: sterilized FVC with no AMF,  

FAMF+: live  FVC with AMF.  
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Appendix F 

Community level physiological profiles from Biolog EcoplateTM PCA eigenvalues and variable correlations to first and second principal 

components (PC). Variables: pH, soil P, soil K, soil NO3
-, total nitrogen (TN), total carbon (TC), particulate organic N (PON), particulate organic 

C (POC), soil respiration (Cmin), soil microbial biomass carbon (SMBC), nitrogen mineralization (Nmin), alkaline phosphatase (Alkp), 

glucosidase (Gluc), glucosaminidase (Glucam),  and individual corrected absorbance of individual carbon sources. 

   Eigenvalue 

% 

Variance 

explained 

Cumulative 

% variance 
   

  PC 1 10.6 23.5 23.49    

  PC 2 8.53 18.97 42.46    

Variable and PC correlation values 
 PC 1 PC 2  PC 1 PC 2  PC 1 PC 2 

pH 0.91 0.16 L-arginine -0.11 0.67 l-threonine -0.20 0.01 

P 0.69 0.19 
Pyruvic acid methyl 

ester 
-0.09 0.67 glycogen 0.09 0.23 

K 0.77 0.27 d-xylose -0.28 0.36 d-glucosaminic acid -0.40 0.43 

NO3
- 0.81 -0.25 d-galacturonic acid -0.41 0.40 itaconic acid -0.03 0.61 

TN 0.95 0.21 l-asparagine -0.07 0.79 glycyl-l-glutamic acid 0.05 0.64 

TC 0.92 0.17 tween40 -0.07 0.59 D-cellobiose 0.08 0.02 

PON 0.75 0.25 i-Erythritol 0.28 0.27 glucose-1-phosphate 0.39 -0.04 

POC 0.87 0.18 2-hydroxy benzoic acid -0.32 0.22 a-ketobutyric acid -0.42 0.25 

Cmin 0.93 0.00 l-phenylalanine -0.32 0.61 phenylethyl-amine 0.07 0.72 

Nmin 0.89 0.09 tween80 -0.11 0.77 a-d-lactose 0.24 0.30 

SMBC 0.81 0.03 d-mannitol 0.17 0.52 d,l-a-glycerol phosphate -0.43 0.25 

AlkP 0.54 -0.23 4-hydroxybenzoic acid -0.02 0.67 d-malic acid -0.14 0.62 

Gluc 0.76 -0.11 l-serine 0.03 0.80 putrescine 0.02 0.68 

Glucam 0.23 0.20 a-cyclodextrin -0.11 0.34    

B-Methyl-d-Glucoside 0.37 0.14 n-acetyl-d-glucosamine -0.38 -0.12    

D-galactonic acid g-

lactone 
0.00 0.66 g-hydroxybutyric acid 0.01 0.50    
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Appendix G 

Mean corrected well absorbance response for individual carbon sources in community level sole carbon 

utilization patterns at 49 DAP. Same letters are not different at the P=0.05 level.  
 Control AMF+ MVC+ MVC- MAMF+ FVC+ FVC- FAMF+ 

Amine         

Phenyl-Ethyl Amine 0.03b 0.16b 0.33ab 0.60a 0.16b 0.03b 0.64a 0.14b 

Putrescine 0.17b 0.15b 0.17b 0.39a 0.20b 0.16b 0.14b 0.12b 

Amino Acid         

l-arginine 0.08d 0.40ab 0.18bcd 0.41a 0.31abc 0.11cd 0.17bcd 0.06d 

l-asparagine 0.45c 1.01ab 0.79acb 0.91ab 0.89abc 0.55bc 1.08a 0.60bc 

l-phenylalanine 0.25ab 0.37a 0.23ab 0.32ab 0.22ab 0.20b 0.35ab 0.21ab 

l-serine 0.31c 0.47abc 0.46abc 0.75a 0.42bc 0.22c 0.65ab 0.42ac 

l-threonine 0.27a 0.19a 0.18a 0.10a 0.11a 0.14a 0.12a 0.19a 

glycyl-l-glutamic acid 0.15b 0.07b 0.18b 0.34a 0.12b 0.16b 0.43a 0.13b 

Carbohydrates         

β-Methyl-d-Glucoside 0.04c 0.06bc 0.09bc 0.05c 0.25a 0.16ab 0.07bc 0.22a 

d-xylose 0.19a 0.09ab 0.15ab 0.11ab 0.05b 0.09ab 0.17ab 0.09ab 

i-Erythritol 0.16b 0.19ab 0.31a 0.24ab 0.26ab 0.17b 0.23ab 0.21ab 

d-mannitol 0.31b 0.56ab 0.67a 0.56ab 0.47ab 0.46ab 0.52ab 0.67a 

n-acetyl-d-glucosamine 0.48b 0.69a 0.38bc 0.28c 0.43bc 0.48b 0.38bc 0.47b 

d-cellobiose 0.41a 0.38ab 0.51a 0.34ab 0.43a 0.39ab 0.23b 0.45a 

α-d-lactose 0.15b 0.23b 0.25b 0.26b 0.27b 0.22b 0.13b 0.43a 

Carboxylic acid         

D-galactonic acid-g-

lactone 
0.07c 0.13c 0.08c 0.39ab 0.08c 0.24bc 0.50a 0.17c 

d-galacturonic acid 0.36ab 0.62a 0.15b 0.23b 0.33ab 0.13b 0.22b 0.27ab 

2-hydroxy benzoic acid 0.05a 0.03ab 0.04ab 0.01b 0.02ab 0.01b 0.02ab 0.02ab 

4-hydroxybenzoic acid 0.22b 0.39ab 0.20b 0.52a 0.41ab 0.36ab 0.30ab 0.28ab 

g-hydroxybutyric acid 0.12a 0.10a 0.14a 0.14a 0.12a 0.13a 0.14a 0.11a 

d-glucosaminic acid 0.12b 0.44a 0.06b 0.10b 0.15b 0.17b 0.16b 0.14b 

Itaconic acid 0.19b 0.21b 0.27b 0.76a 0.13b 0.33b 0.79a 0.16b 

α-ketobutyric acid 0.22ab 0.34a 0.13b 0.16b 0.14b 0.12b 0.12b 0.15b 

d-malic acid 0.84b 0.66b 0.70b 1.37a 0.51b 0.67b 1.37b 0.55b 

Ester         

Pyruvic acid methyl 

ester 
0.51c 0.66abc 0.55c 0.91ab 0.45c 0.62bc 0.99a 0.62bc 

Phosphorylated 

chemicals 
        

glucose-1-phosphate 0.05c 0.18abc 0.21abc 0.27ab 0.35a 0.31ab 0.11bc 0.31ab 

d,l-α-glycerol 

phosphate 
0.06b 0.11a 0.04b 0.04b 0.06ab 0.03b 0.06b 0.04b 

Polymer         

Tween 40 0.21b 0.71a 0.35ab 0.56ab 0.42ab 0.57ab 0.39ab 0.52ab 

Tween 80 0.27c 0.66ab 0.41bc 0.57abc 0.49abc 0.26c 0.78a 0.45abc 

α-cyclodextrin 0.09ab 0.03b 0.07ab 0.10ab 0.06ab 0.06ab 0.13a 0.04b 

Glycogen 0.11a 0.14a 0.12a 0.23a 0.26a 0.10a 0.22a 0.12a 
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Appendix H 

Pearson correlations coefficients and p-values between soil chemical properties and soil microbial activity 

responses 
 Cmin Nmin SMBC Alkp Gluc Glucam 

CEC 0.80 0.84 0.67 0.35 0.62 0.25 

p <.0001 <.0001 <.0001 0.01 <.0001 0.07 

pH 0.90 0.79 0.82 0.40 0.63 0.14 

p <.0001 <.0001 <.0001 0.00 <.0001 0.30 

Soil P 0.50 0.71 0.32 0.27 0.50 0.26 

p 0.00 <.0001 0.02 0.04 0.00 0.06 

Soil K 0.61 0.76 0.47 0.26 0.50 0.25 

p <.0001 <.0001 0.00 0.06 0.00 0.07 

NO3
-1 0.76 0.71 0.65 0.58 0.67 0.14 

p <.0001 <.0001 <.0001 <.0001 <.0001 0.30 

TN 0.85 0.87 0.72 0.39 0.64 0.28 

p <.0001 <.0001 <.0001 0.00 <.0001 0.04 

TC 0.89 0.82 0.79 0.38 0.60 0.23 

p <.0001 <.0001 <.0001 0.00 <.0001 0.10 

POC 0.66 0.67 0.58 0.37 0.46 0.16 

p <.0001 <.0001 <.0001 0.01 0.00 0.24 

PON 0.79 0.77 0.70 0.32 0.57 0.32 

p <.0001 <.0001 <.0001 0.02 <.0001 0.02 

Variables: cation exchange capacity (CEC), total nitrogen (TN), total carbon (TC), particulate organic N (PON), 

particulate organic C (POC), soil respiration (Cmin), soil microbial biomass carbon (SMBC), nitrogen 

mineralization (Nmin), alkaline phosphatase (Alkp), glucosidase (Gluc), glucosaminidase (Glucam). 
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Appendix I 

Pearson correlation coefficients and p-values between FAME indicators, soil microbial activity responses, and soil conditions at 49 DAP.  
 Cmin Nmin SMBC Alkp Gluc Glucam CEC pH P K NO3

-1 TN TC POC PON 

i15:0 0.75 0.79 0.65 0.40 0.62 0.19 0.81 0.75 0.64 0.73 0.61 0.80 0.76 0.59 0.68 

p <.0001 <.0001 <.0001 0.00 <.0001 0.16 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 

a15:0 0.71 0.83 0.57 0.37 0.60 0.27 0.89 0.72 0.84 0.89 0.58 0.87 0.76 0.68 0.73 

p <.0001 <.0001 <.0001 0.01 <.0001 0.05 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 

i17:0 0.80 0.69 0.77 0.44 0.61 0.11 0.66 0.80 0.29 0.46 0.54 0.69 0.77 0.46 0.62 

p <.0001 <.0001 <.0001 0.00 <.0001 0.44 <.0001 <.0001 0.03 0.00 <.0001 <.0001 <.0001 0.00 <.0001 

16:1w7c 0.83 0.81 0.70 0.52 0.73 0.22 0.80 0.78 0.62 0.70 0.68 0.81 0.78 0.60 0.71 

p <.0001 <.0001 <.0001 <.0001 <.0001 0.11 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 

18:1w9c 0.77 0.60 0.77 0.46 0.60 0.11 0.56 0.76 0.15 0.33 0.54 0.60 0.72 0.40 0.58 

pp <.0001 <.0001 <.0001 0.00 <.0001 0.42 <.0001 <.0001 0.27 0.01 <.0001 <.0001 <.0001 0.00 <.0001 

16:1w5c 0.63 0.53 0.58 0.56 0.68 0.11 0.32 0.45 0.15 0.19 0.53 0.38 0.43 0.25 0.34 

p <.0001 <.0001 <.0001 <.0001 <.0001 0.44 0.02 0.00 0.27 0.17 <.0001 0.00 0.00 0.07 0.01 

10me17:0 0.52 0.45 0.50 0.29 0.39 0.07 0.33 0.42 0.09 0.22 0.29 0.36 0.42 0.26 0.32 

p <.0001 0.00 0.00 0.03 0.00 0.63 0.02 0.00 0.51 0.12 0.04 0.01 0.00 0.06 0.02 

10me16:0 0.79 0.71 0.74 0.49 0.67 0.10 0.66 0.73 0.35 0.51 0.57 0.67 0.71 0.45 0.57 

p <.0001 <.0001 <.0001 0.00 <.0001 0.48 <.0001 <.0001 0.01 <.0001 <.0001 <.0001 <.0001 0.00 <.0001 

18:1w7c 0.82 0.81 0.71 0.49 0.70 0.22 0.82 0.81 0.63 0.71 0.67 0.83 0.80 0.58 0.71 

p <.0001 <.0001 <.0001 0.00 <.0001 0.12 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 

cyclo17:0 0.77 0.67 0.74 0.42 0.59 0.11 0.66 0.77 0.31 0.48 0.53 0.68 0.75 0.45 0.61 

p <.0001 <.0001 <.0001 0.00 <.0001 0.41 <.0001 <.0001 0.02 0.00 <.0001 <.0001 <.0001 0.00 <.0001 

20:4w6c 0.76 0.80 0.63 0.61 0.80 0.32 0.69 0.66 0.62 0.61 0.70 0.74 0.66 0.57 0.68 

p <.0001 <.0001 <.0001 <.0001 <.0001 0.02 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 

10me180 0.70 0.75 0.62 0.29 0.52 0.22 0.79 0.72 0.59 0.74 0.45 0.78 0.75 0.57 0.63 

p <.0001 <.0001 <.0001 0.03 <.0001 0.10 <.0001 <.0001 <.0001 <.0001 0.00 <.0001 <.0001 <.0001 <.0001 

Variables: total nitrogen (TN), total carbon (TC), particulate organic N (PON), particulate organic C (POC), soil respiration (Cmin), soil microbial 

biomass carbon (SMBC), nitrogen mineralization (Nmin), alkaline phosphatase (Alkp), glucosidase (Gluc), glucosaminidase (Glucam),  and 

individual corrected absorbance of individual carbon sources. 
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Appendix G continued. Significant Pearson correlation coefficients and p-values between FAME indicators, soil microbial activity responses, and 

soil conditions at 49 DAP.  

 Cmin Nmin SMBC Alkp Gluc Glucam CEC pH P K NO3
-1 TN TC POC PON 

18:3w6c 0.32 0.42 0.21 0.10 0.29 0.27 0.29 0.26 0.36 0.29 0.34 0.37 0.32 0.27 0.33 

p 0.02 0.00 0.13 0.46 0.03 0.05 0.03 0.06 0.01 0.04 0.01 0.01 0.02 0.05 0.01 

18:2w6c 0.70 0.46 0.69 0.46 0.57 0.13 0.43 0.64 0.05 0.21 0.44 0.48 0.60 0.29 0.47 

p <.0001 0.00 <.0001 0.00 <.0001 0.35 0.00 <.0001 0.73 0.13 0.00 0.00 <.0001 0.03 0.00 

Variables: total nitrogen (TN), total carbon (TC), particulate organic N (PON), particulate organic C (POC), soil respiration (Cmin), soil microbial 

biomass carbon (SMBC), nitrogen mineralization (Nmin), alkaline phosphatase (Alkp), glucosidase (Gluc), glucosaminidase (Glucam),  and 

individual corrected absorbance of individual carbon sources. 
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Appendix J 

Significant (P ≤ 0.05) Pearson correlation coefficients and p-values between Biolog carbon sources and soil conditions at 49 DAP.  

Cmin Nmin SMBC Alkp Gluc Glucam CEC pH P K NO3
-1 TN TC POC PON 

Met-d-gluc 0.45 0.28 0.42 0.33 0.49 -0.07 0.26 0.32 0.13 0.21 0.32 0.28 0.28 0.32 0.27 

p 0.00 0.04 0.00 0.01 0.00 0.63 0.06 0.02 0.36 0.13 0.02 0.04 0.04 0.02 0.05 

Gal-g-lac -0.01 0.02 0.00 -0.29 -0.20 -0.03 0.15 0.21 -0.03 0.08 -0.22 0.15 0.22 0.16 0.10 

p 0.97 0.86 0.99 0.04 0.15 0.80 0.27 0.12 0.83 0.56 0.12 0.29 0.11 0.25 0.49 

Pyr-met -0.07 -0.07 0.03 -0.23 -0.23 0.09 0.07 0.07 -0.09 0.05 -0.27 0.06 0.10 0.10 0.13 

p 0.61 0.60 0.81 0.09 0.09 0.50 0.60 0.61 0.53 0.74 0.05 0.68 0.47 0.45 0.36 

Xyl -0.26 -0.24 -0.23 -0.38 -0.27 0.07 -0.09 -0.17 -0.11 -0.03 -0.33 -0.18 -0.17 -0.10 -0.13 

p 0.05 0.07 0.10 0.01 0.05 0.63 0.53 0.23 0.41 0.83 0.02 0.20 0.21 0.46 0.35 

Gal. acid -0.29 -0.22 -0.25 -0.12 -0.07 -0.01 -0.30 -0.32 -0.15 -0.22 -0.34 -0.31 -0.33 -0.24 -0.37 

p 0.03 0.10 0.07 0.40 0.61 0.96 0.03 0.02 0.29 0.12 0.01 0.02 0.01 0.08 0.01 

Eryth 0.18 0.26 0.18 0.30 0.27 0.07 0.29 0.21 0.32 0.32 0.20 0.31 0.24 0.31 0.29 

p 0.19 0.05 0.19 0.03 0.05 0.63 0.03 0.13 0.02 0.02 0.15 0.02 0.08 0.02 0.04 

Hyd-benz -0.29 -0.22 -0.24 -0.21 -0.10 -0.04 -0.16 -0.24 -0.07 -0.09 -0.25 -0.22 -0.25 -0.31 -0.27 

p 0.03 0.11 0.08 0.12 0.48 0.80 0.23 0.07 0.63 0.52 0.07 0.11 0.07 0.02 0.05 

Ph-alan -0.27 -0.18 -0.15 -0.28 -0.29 0.11 -0.15 -0.18 -0.11 -0.04 -0.39 -0.15 -0.16 -0.07 -0.13 

p 0.05 0.19 0.27 0.04 0.04 0.41 0.29 0.20 0.44 0.75 0.00 0.28 0.24 0.60 0.34 

l-serin -0.02 0.05 0.07 -0.23 -0.12 0.26 0.24 0.12 0.20 0.27 -0.21 0.20 0.16 0.32 0.20 

p 0.89 0.73 0.64 0.10 0.40 0.06 0.08 0.39 0.14 0.05 0.12 0.15 0.26 0.02 0.15 

Cydex -0.16 -0.07 -0.08 -0.38 -0.25 -0.19 0.07 0.03 0.00 0.11 -0.26 0.02 0.03 -0.11 -0.08 

p 0.24 0.61 0.56 0.00 0.07 0.17 0.64 0.80 1.00 0.42 0.06 0.90 0.83 0.44 0.56 

B-methyl-d-glucoside (Met-d-gluc), D-galaconic acid-g-lactone (Gal-g-lac); pyruvic acid methyl ester (Pyr-met); d-xylose (Xyl); d-galacturonic acid (Gal. acid); 

i-Erythritol (Eryth);  2-Hydroxy benzoic acid (Hyd-benz); l-phenylalanin (Ph-alan); l-serine (l-serin); a-cyclodextrin (Cydex); n-acetyl-d-glucosamine (NAG); 

glycogen (Glyc); d-glucosaminic acid (Gluc. acid); Itaconic acid (Ita. acid); glucose-1-phosphate (Glu-P); ketobutyric acid (Ket. acid); a-d-lactose (Lact); d,l-a-

glycerol phosphate (Gly-P); d-malic acid (Mal. acid). 
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Appendix H continued significant (P ≤ 0.05) Pearson correlation coefficients and p-values between Biolog carbon sources and soil 

conditions at 49 DAP. 
 Cmin Nmin SMBC Alkp Gluc Glucam CEC pH P K NO3

-1 TN TC POC PON 

NAG -0.27 -0.32 -0.20 0.15 -0.08 0.00 -0.47 -0.42 -0.38 -0.42 -0.15 -0.41 -0.37 -0.28 -0.38 

p 0.05 0.02 0.15 0.27 0.57 0.98 0.00 0.00 0.01 0.00 0.29 0.00 0.01 0.04 0.00 

Glyc 0.04 0.07 0.06 0.02 -0.05 -0.07 0.22 0.13 0.24 0.29 -0.02 0.16 0.12 0.17 0.07 

p 0.77 0.61 0.67 0.89 0.75 0.64 0.11 0.36 0.08 0.03 0.87 0.26 0.39 0.22 0.59 

Gluc. acid -0.29 -0.32 -0.23 -0.12 -0.10 -0.03 -0.32 -0.32 -0.23 -0.28 -0.30 -0.34 -0.35 -0.13 -0.32 

p 0.03 0.02 0.10 0.38 0.46 0.80 0.02 0.02 0.09 0.04 0.03 0.01 0.01 0.34 0.02 

Ita. acid -0.05 -0.03 0.01 -0.27 -0.31 0.09 0.15 0.15 0.02 0.15 -0.20 0.15 0.17 0.16 0.14 

p 0.72 0.83 0.92 0.05 0.02 0.53 0.29 0.26 0.87 0.30 0.15 0.28 0.23 0.24 0.30 

Glu-P 0.36 0.31 0.30 0.22 0.43 -0.01 0.31 0.33 0.22 0.26 0.33 0.37 0.38 0.22 0.24 

p 0.01 0.02 0.03 0.11 0.00 0.95 0.02 0.01 0.10 0.05 0.01 0.01 0.01 0.11 0.08 

Ket. acid -0.32 -0.32 -0.21 -0.10 -0.22 -0.07 -0.35 -0.38 -0.20 -0.26 -0.40 -0.36 -0.40 -0.07 -0.29 

p 0.02 0.02 0.13 0.48 0.11 0.63 0.01 0.00 0.15 0.06 0.00 0.01 0.00 0.63 0.03 

Lact 0.33 0.26 0.33 0.12 0.36 0.27 0.22 0.23 0.12 0.20 0.08 0.23 0.23 0.11 0.19 

p 0.01 0.06 0.02 0.40 0.01 0.04 0.11 0.09 0.39 0.16 0.58 0.09 0.09 0.43 0.18 

Gly-P -0.35 -0.35 -0.35 -0.25 -0.25 0.04 -0.37 -0.37 -0.20 -0.25 -0.32 -0.36 -0.37 -0.23 -0.35 

p 0.01 0.01 0.01 0.06 0.07 0.77 0.01 0.01 0.14 0.07 0.02 0.01 0.01 0.10 0.01 

Mal. acid -0.15 -0.13 -0.10 -0.29 -0.38 0.09 0.06 0.06 0.00 0.07 -0.23 0.04 0.06 0.04 0.08 

p 0.27 0.36 0.49 0.04 0.00 0.50 0.66 0.67 0.98 0.63 0.09 0.76 0.67 0.76 0.55 

B-methyl-d-glucoside (Met-d-gluc), D-galaconic acid-g-lactone (Gal-g-lac); pyruvic acid methyl ester (Pyr-met); d-xylose (Xyl); d-galacturonic acid (Gal. acid); 

i-Erythritol (Eryth);  2-Hydroxy benzoic acid (Hyd-benz); l-phenylalanin (Ph-alan); l-serine (l-serin); a-cyclodextrin (Cydex); n-acetyl-d-glucosamine (NAG); 

glycogen (Glyc); d-glucosaminic acid (Gluc. acid); Itaconic acid (Ita. acid); glucose-1-phosphate (Glu-P); ketobutyric acid (Ket. acid); a-d-lactose (Lact); d,l-a-

glycerol phosphate (Gly-P); d-malic acid (Mal. acid). 
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Appendix K 

Significant (P ≤ 0.05) Pearson correlation coefficients and p-values from selected variables of FAME and Biolog profiles.  

 Met-d-

gluc 
Xylo 

Gal. 

acid 

Hyd-

benz 

Ph-

alan 
Tw80 NAG Threo 

Gluc. 

Acid 

Ita. 

acid 

Ket. 

acid 

Ph-eth-

amine 
Lact 

Glyc-

P 
Putr 

i15:0 0.14 -0.19 -0.36 -0.24 -0.22 0.00 -0.37 -0.29 -0.40 0.01 -0.37 0.22 0.26 -0.35 -0.04 

p 0.31 0.17 0.01 0.09 0.12 1.00 0.01 0.03 0.00 0.92 0.01 0.12 0.06 0.01 0.75 

16:1w7c 0.23 -0.20 -0.38 -0.27 -0.28 -0.10 -0.31 -0.23 -0.42 -0.08 -0.35 0.12 0.30 -0.36 -0.12 

p 0.09 0.14 0.00 0.05 0.04 0.45 0.02 0.09 0.00 0.58 0.01 0.38 0.03 0.01 0.37 

16:1w5c 0.35 -0.29 -0.18 -0.28 -0.28 -0.25 0.03 -0.09 -0.17 -0.29 -0.18 -0.07 0.34 -0.21 -0.30 

p 0.01 0.03 0.20 0.04 0.04 0.07 0.81 0.52 0.22 0.03 0.20 0.61 0.01 0.12 0.03 

10me16:0 0.33 -0.11 -0.34 -0.26 -0.26 -0.12 -0.25 -0.18 -0.37 -0.07 -0.34 0.09 0.40 -0.33 -0.17 

p 0.01 0.43 0.01 0.06 0.05 0.37 0.07 0.19 0.01 0.62 0.01 0.51 0.00 0.01 0.22 

i17:0 0.29 -0.11 -0.33 -0.28 -0.23 -0.05 -0.29 -0.21 -0.37 0.02 -0.37 0.17 0.35 -0.35 -0.04 

p 0.03 0.44 0.02 0.04 0.10 0.72 0.03 0.13 0.01 0.89 0.01 0.21 0.01 0.01 0.77 

cyclo17:0 0.23 -0.10 -0.35 -0.27 -0.21 -0.03 -0.29 -0.22 -0.36 0.04 -0.37 0.20 0.34 -0.36 -0.03 

p 0.10 0.48 0.01 0.05 0.13 0.83 0.03 0.11 0.01 0.76 0.01 0.15 0.01 0.01 0.82 

10me17:0 0.16 -0.05 -0.37 -0.23 -0.23 -0.04 -0.17 -0.13 -0.33 -0.04 -0.22 0.17 0.20 -0.32 -0.14 

p 0.24 0.70 0.01 0.10 0.10 0.76 0.21 0.33 0.01 0.76 0.11 0.23 0.16 0.02 0.30 

18:2w6c 0.30 -0.20 -0.30 -0.31 -0.21 -0.15 -0.11 -0.14 -0.27 -0.02 -0.29 0.05 0.39 -0.30 -0.08 

p 0.03 0.15 0.03 0.02 0.12 0.27 0.44 0.32 0.05 0.88 0.03 0.72 0.00 0.03 0.57 

18:1w7c 0.18 -0.21 -0.38 -0.25 -0.26 -0.07 -0.35 -0.25 -0.42 -0.04 -0.38 0.16 0.28 -0.38 -0.06 

p 0.18 0.12 0.01 0.07 0.06 0.63 0.01 0.07 0.00 0.80 0.00 0.26 0.04 0.00 0.66 

18:1w5c 0.06 -0.17 -0.16 -0.22 -0.14 -0.30 -0.04 -0.15 -0.16 -0.23 -0.12 -0.02 0.25 -0.21 -0.20 

p 0.67 0.21 0.24 0.11 0.33 0.03 0.79 0.29 0.24 0.09 0.40 0.89 0.07 0.13 0.14 

B-methyl-d-glucoside (Met-d-gluc); d-xylose (xylo); d-galacturonic acid (Galac. acid); 2 hydroxybenzoic acid (Hyd-benz); l-henylalanine (Phe-alan); tween80 

(Tw80); n-acetyl-d-glucosamine (NAG); l-threonine (Threo); d-glucosamic acid (Gluc. acid); itaconic acid (Ita. acid); a-ketobutyric acid (Ket. acid); phenylethyl-

amine (Ph-eth-amine); a-d-lactose (Lact); d,l-a-glycerol phosphate (Glyc-P); putrescine (Putr). 
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Appendix L 

Fatty acid methyl ester (FAME) profiles principal component analysis eigenvalues and variable 

and correlations at 53 DAT. 

           Eigenvalue 
Variability explained 

% 
Total variability % 

PC1 15.10 58.09 58.09 

PC2 3.25 12.51 70.60 

Variable correlations with PCs 
 PC1 PC2 

pH -0.39 0.66 

P -0.16 0.74 

K -0.09 0.71 

Ca -0.07 0.87 

Alkaline 

Phosphatase 
0.13 0.19 

Glucosaminidase 0.22 -0.40 

SMBC 0.30 0.18 

Glucosidase 0.36 -0.44 

18:3w6c 0.48 -0.37 

Cmin 0.63 -0.31 

18:1 w5c 0.64 0.27 

10me 17:0 0.91 -0.10 

18:1 w7c 0.92 0.24 

a17:0 0.92 0.11 

18:1 w9c 0.93 0.26 

18:2 w6c 0.93 0.00 

20:4 w6c 0.94 -0.04 

10me18:0 0.95 -0.17 

10me16:0 0.95 0.15 

16:1 w5c 0.95 -0.10 

16:1 w7c 0.96 0.03 

Cyclo 17:0 0.97 0.15 

i17:0 0.97 0.19 

a15:0 0.97 0.05 

i16:0 0.98 0.08 

i15:0 0.99 0.06 
PC= principal component 

DAT= days after transplanting 
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Appendix M 

Fatty acid methyl ester (FAME) profiles principal component analysis eigenvalues and variable 

at 84 DAT. 

 Eigenvalue 
Variability explained 

% 

Total variability 

% 

PC1 12.63 48.58 48.58 

PC2 3.15 12.11 60.70 

Variable correlations with PCs 
  PC1 PC2 
 i15:0 0.98 -0.01 
 a15:0 0.96 0.05 
 i16:0 0.96 0.09 
 16:1 w7c 0.95 -0.01 
 16:1 w5c 0.87 -0.28 
 10me16:0 0.91 0.15 
 i17:0 0.93 0.27 
 a17:0 0.89 0.17 
 Cyclo 17:0 0.95 0.23 
 10me17:0 0.84 -0.07 
 18:3 w6c 0.36 -0.02 
 18:2 w6c 0.71 -0.11 
 18:1 w9c 0.78 0.34 
 18:1 w7c 0.82 0.34 
 18:1 w5c 0.10 0.32 
 10me18:0 0.86 -0.16 
 20:4 w6c 0.87 -0.14 
 Cmin 0.35 -0.26 
 SMBC 0.28 0.33 
 Alkaline phosphatase 0.22 0.21 
 Glucosidase 0.22 -0.40 
 Glucosaminidase 0.25 -0.23 
 pH -0.26 0.65 
 P -0.36 0.67 
 K -0.32 0.61 
 Ca -0.09 0.90 

PC= principal component 

DAT= days after transplanting 
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Appendix N 

Fatty acid methyl ester (FAME) profiles principal component analysis eigenvalues and variable 

correlations at 53 DAT and 84 DAT together. 

 Eigenvalue 
Variability explained 

% 
Total variability % 

PC1 15.14 58.24 58.24 

PC2 3.04 11.69 69.93 

Variable correlations with PCs 
  PC1 PC2 
 i15:0 0.99 0.02 
 i16:0 0.99 0.06 
 a15:0 0.98 0.03 
 Cyclo 17:0 0.98 0.11 
 i17:0 0.98 0.14 
 16:1 w7c 0.98 0.03 
 16:1 w5c 0.97 -0.07 
 10me16:0 0.96 0.09 
 20:4 w6c 0.96 -0.04 
 10me18:0 0.96 -0.12 
 a17:0 0.96 0.10 
 18:1 w9c 0.95 0.21 
 10me 17:0 0.95 -0.05 
 18:2 w6c 0.94 0.01 
 18:1 w7c 0.94 0.19 
 18:3 w6c 0.70 -0.08 
 18:1 w5c 0.47 0.29 
 Cmin 0.40 -0.44 
 Glucosidase 0.24 -0.52 
 SMBC 0.22 0.10 
 Glucosaminidase 0.18 -0.43 

 Alkaline 

phosphatase 
0.11 0.11 

 Ca -0.06 0.83 
 K -0.13 0.67 
 P -0.16 0.69 
 pH -0.28 0.71 

PC= principal component 

DAT= days after transplanting 

 

 

 


