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ABSTRACT 
 

 
Escherichia coli (E. coli) are common and typically innocuous copiotrophic 

bacteria found in the mammalian gut microbiome. However, over the past 30 years, 
pathogenic E. coli have been responsible for several outbreaks of foodborne illness linked 
to contaminated produce. The introduction of Escherichia coli to an agricultural soil, via 
contaminated water, compost, or raw manure, exposes the bacterium to a medley of 
ecological forces not found in a mammalian gut environment. This study assesses a 
variety of abiotic and biotic soil factors that influence the ability of an “invasive” 
copiotrophic coliform bacterium to survive in compost-amended agricultural soil. The 
study included both field and laboratory components. In the lab experiment, a cocktail of 
rifampicin-resistant generic E.coli strains was added to sterile and non-sterile extracts of 
eight different composts and one soil sample from the field sites. E. coli abundance was 
monitored over a one-week period and composts were analyzed for their nutrient profile. 
In the field experiment, the same E. coli cocktail was sprayed on plots with the following 
treatments: 1) dairy windrow compost, 2) dairy vermicompost, 3) poultry windrow 
compost, or 4) no compost. E. coli abundance, soil water potential, soil temperature, 
extracellular enzyme activity, microbial respiration, phospholipid fatty acid biomarker 
abundance, and genetic sequencing of the microbial community were measured over a 
six-month field season.  
 

The lab experiment showed that E. coli were able to grow well in sterile compost 
extracts, without microbial competition for nutrients. Conversely, E. coli populations 
were only able to survive in non-sterile soil extracts. These results suggest that 
copiotrophic organisms adapted for high-nutrient environments may depend on the 
extracellular enzyme activity of native oligotrophic organisms to acquire sufficient 
nutrients to survive in soils. Results of the field experiment showed clear and 
interdependent effects of soil moisture and nutrient availability on microbial community 
dynamics and E. coli survival. Data suggest that saturated soils cause a decrease in 
microbial extracellular enzyme activity, and drying-rewetting cycles can cause respiration 
bursts, nutrient mineralization, and shifts in community composition. The saturation of 
soils, which mobilizes nutrients and may result in a decrease in competition from aerobic 
organisms, correlated directly with increased survival of E. coli. Additionally, 
amendment with ammonium-rich poultry compost resulted in the maintenance of high 
levels of E. coli throughout the field season. Despite an increase in microbial biomass 
from dairy vermicompost amendment, poultry compost was the only compost that had a 
significant effect on E. coli survival. The results suggest that nitrogen availability and 
water potential are strong drivers of E. coli’s survival in soils. Correlations among abiotic 
factors, community composition, and E. coli survival reveal insights into the complex 
relationships that occur in disturbed agricultural soil environments. Further research on E. 
coli’s response to targeted organisms, abiotic soil properties, and nutrient inputs could 
have implications for agricultural considerations in food safety and microbial ecology.  
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CHAPTER 1. INTRODUCTION 
 

1.1. Escherichia coli Characteristics and Environment 

Escherichia coli (E. coli) are rod-shaped Gram negative bacteria primarily found 

in the lower intestine of warm-blooded animals (Smith 1965). E. coli is widely 

recognized as a model organism for microbiology, an indicator organism for public 

health research, and a potentially dangerous human pathogen. Despite being one of the 

most widely studied organisms on the planet, its ecological functions and biological 

interactions in natural habitats are poorly characterized (Winfield and Groisman 2003). 

Due to its rapid growth and easy culturability, the use of E. coli as a model organism in 

studies of ecological microbiology provides a useful tool for understanding the 

interactions between microbes and their surrounding environment. As genetic sequencing 

has become increasingly prevalent in scientific studies, microbial populations are now 

recognized as an important system for understanding ecological theory. Adaptive 

dynamics, such as the development of discrete niches within an ecosystem, are postulated 

by using links between quantitative information on microbial community structure and 

function (Prosser et al. 2007). To understand how E. coli can be used in such ecological 

applications, its primary and secondary habitats must first be discussed.  

E. coli’s primary, or natural, habitat is the mammalian gut. E. coli generally enter 

mammalian colons during birth, with only a few strains colonizing the colon during a 

mammal’s lifetime (Sears et al. 1950). The mammalian gut provides a stable temperature 
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and osmolarity, with high levels of free amino acids and sugars that are broken down by 

intestinal enzymes but poorly absorbed by the mammalian system (Savageau 1983). The 

abundant supply of monomeric nutrients and warm temperatures sustain E. coli survival 

in the gut (Winfield and Groisman 2003). E. coli are considered copiotrophic r-

strategists, because they grow rapidly in nutrient-rich environments but are relatively 

poor competitors when nutrients are limited. Competition for nutrients in the mammalian 

gut microbiome is partially limited by the absence of oxygen, which restricts inhabitation 

to only obligate and facultative anaerobes (Gao et al. 2014). E. coli is a facultative 

anaerobe, allowing it to respire in the absence of oxygen using nitrate, nitrite, fumarate, 

dimethyl sulfoxide (DMSO), and trimethylamine N-oxide as electron acceptors or by 

fermentation (Unden et al. 1994). The conditions found in a mammalian colon provide 

the environment necessary for E. coli to maintain high population levels, and mammalian 

excretions typically contain between 104 to 109 colony forming units (CFUs) of E. coli 

per gram of feces (Tenaillon et al. 2010). Once excreted, however, E. coli will enter 

secondary habitats such as soil, sediments, and water, in which fluctuating environmental 

conditions can have varying effects on E. coli survival (Savageau 1974). The dynamics 

between the abiotic and biotic factors of such secondary environments and E. coli 

survival provides a framework for ecological analysis. 

Soil ecology is a rapidly growing field, using a combination of advanced 

sequencing techniques and molecular assays to understand the complex interactions that 

occur in heterogeneous and constantly changing soil environments. Fecal contamination 

of soils introduces E. coli to these dynamic systems, which can support E. coli 
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populations from only a few days (Savageau 1983) to many months (Jiang et al. 2002, 

Islam et al. 2004). The soil environment has many more fluctuating environmental 

variables that can affect E. coli’s survival than the primary mammalian gut habitat. First, 

the aggregate soil structure creates physical barriers that result in heterogeneous hot spots 

of nutrient availability and creates infinite combinations of niche habitats for particular 

ecotypes (Six et al. 2004). Second, soil environments are generally aerobic and can 

sustain the growth of obligate aerobe populations that are absent in the colon, increasing 

competition and predation for E. coli. Third, the nutrients in secondary environments are 

found in complex organic substrates that require the extracellular secretion of microbial 

enzymes to be converted into biologically available forms (Sinsabaugh and Shah 2012). 

This energy-intensive and tightly-regulated process is unnecessary in a host gut 

environment. Additionally, fluctuations in temperature, pH, and osmotic stress can 

hamper E. coli survival in soil environments. However, niche environments that mimic 

mammalian gut conditions can extend E. coli survival. For example, tropical soils can 

sustain high levels of E. coli due to their warm, moist, and nutrient-rich conditions 

(Jimenez et al. 1989). In flooded soils, oxygen becomes depleted and microbial 

communities shift towards facultative and obligate anaerobes. E. coli have shown greater 

survival abilities in flooded soils that become anaerobic compared with aerobic soils 

(Tate 1978), likely due to the reduction in competition from obligate aerobes. Although 

studies have repeatedly shown differences in E. coli survival with varying soil 

environments, the links between E. coli survival and the soil environment have never 

been used to gain information on underlying ecological trends and community theory.  
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While E. coli serves as an excellent model organism for such a study because of its 

growth characteristics, research on its survival in soil is also critically important for 

public health. This work, although focused on advancing knowledge of soil ecology 

trends, has important implications for managing pathogenic E. coli strains.  

 

1.2. Pathogenic E. coli and Implications in Food Safety 

1.2.1. The Origin of Pathogenic E. coli 

In 1982, two outbreaks of hemorrhagic colitis were linked to fast-food 

hamburgers containing a Shiga-toxin producing strain of E. coli (Mead and Griffin 1998). 

Over the past 30 years, enterohemorrhagic E.coli (EHEC) strains have become a 

recurring public health concern, accounting for more than 90% of haemolytic uraemic 

syndrome cases in developed countries and causing 73,000 related cases in the United 

States annually (Mead and Griffin 1998, Rangel et al. 2005). Enterohemorrhagic E. coli 

produces a Shiga toxin which, along with accessory virulence factors, can cause 

symptoms ranging from diarrhea to death depending on host-bacterial interactions (Paton 

and Paton 1998). Multiple studies have shown that cattle are the principle reservoir of 

pathogenic E. coli strains (Wang et al. 1996). Concentrated animal feeding operations 

(CAFOs), used in the meat and dairy industry in developed countries, rear cattle in high 

density environments and typically give sub-therapeutic levels of antibiotics to the cattle 

to stimulate growth (Alexander et al. 2008). CAFOs account for approximately 2% of 

farms in the United States, but produce over 40% of the livestock (Copeland 2010). 
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EHEC strains have high mutation rates (LeClerc et al. 1996), allowing populations to 

quickly evolve resistance to the antibiotics used in CAFOs and to proliferate rapidly in a 

nutrient-rich and uncompetitive environment (Alexander et al. 2008). Cattle lack Shiga 

toxin receptors and are primarily asymptomatic carriers of E. coli. Thus, EHEC cannot be 

eradicated from feedlots by removing symptomatic cattle (PruimBroom-Brees et al. 

2000). Hussein (2007) found the prevalence of E. coli O157:H7, one of the most common 

and dangerous strains of hemorrhagic E. coli, to be 0.1-54.2% in ground beef, 0.1-4.4% 

in sausages, 1.1-36% in retail cuts, and 0.01 to 43.4% in whole carcasses. While feedlots 

are the most common reservoir of pathogenic E. coli, 0.7-23.7% of pastured cattle farms 

contain E. coli O157:H7 (Hussein 2007).  

1.2.2. Pathogenic E. coli in Contaminated Produce 

Unfortunately, the threat of pathogenic E. coli contamination does not end with 

beef and dairy products. In 2006, a large E. coli O157:H7 outbreak was traced to Dole® 

bagged spinach. The spinach came from four farms in Salinas Valley, California (Gelting 

2007). The U.S. Centers for Disease Control and Prevention (CDC) investigated potential 

sources of contamination, including soil amendments, irrigation water, and runoff. A 

thorough study of the watershed revealed that Salinas Valley restores groundwater levels 

using imported surface water from nearby reservoirs and stored winter runoff. Such 

restoration methods may introduce pathogens into the groundwater used for irrigation in 

Salinas Valley (Gelting 2007). E. coli is relatively stable in groundwater compared to 

laboratory and soil conditions (Bitton et al. 1983). The investigation found that the farms 
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linked to contaminated produce would pump groundwater for irrigation, creating a 

gradient that draws surface contaminants downward into the groundwater (Gelting 2011). 

Furthermore, the E. coli O157:H7 strain linked to the outbreaks was also present in cattle 

manure suspended in surface water from nearby rivers. The investigation concluded that 

the irrigation water used for the Salinas Valley farms was a likely cause of the 2006 

outbreaks. In addition to the 2006 outbreaks, illnesses from E. coli have been linked to 

the contamination of a variety of fresh produce products, shifting attention away from 

cattle farms (Ackers et al. 1998). E. coli O157:H7 can migrate into internal plant tissue, 

rendering surface sterilization ineffective (Solomon et al 2002). Because many of the 

crops linked to E. coli outbreaks are typically eaten raw, this particular method of 

contamination is a likely and alarming cause of widespread illness.  

1.2.3. National Regulation of Pathogenic E. coli  

In 2015, the United States Food and Drug Administration (FDA) released newly 

revised Food Safety and Modernization Act (FSMA) regulations to decrease the 

prevalence of pathogenic microorganisms in produce. The regulations include stringent 

testing for E. coli contamination of any ground or surface water used for the irrigation of 

crops (USDA 2015). The FSMA rule requires that the mean E. coli population in water 

sources occurs below 126 colony forming units (CFUs) per milliliter of water. Surface 

water must have 20 samples tested at the beginning of use by a farmer, with an annual 

testing of five samples every year after the initial survey. Ground water, because it is 

better protected from contamination than surface water, requires four samples at the 

beginning of use, and one sample each following year. Additionally, the FSMA allows 
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farmers to abstain from testing if they use treated public water. The FSMA also 

encourages farmers to use drip irrigation, which results in substantially lower levels of 

contamination than overhead irrigation (Stine et al. 2006). Although the Food Produce 

Rule appropriately focuses on reducing water contamination, it also includes limitations 

on soil amendment use. This is despite the fact that very few cases linking a foodborne 

outbreak to soil amendment use exist (FDA 2015). Past versions of the FSMA have 

required a 120-day interval between raw manure application and harvest for crops in 

contact with the soil and a 90 day interval between raw manure application and harvest 

for crops not in contact with the soil (USDA 2015). The updated FSMA guidelines have 

increased the required holding period to nine months between the application of raw 

manure and harvest. The cited studies that guided the reasoning for the increase in 

holding period showed that E. coli O157:H7 can survive up to 217 days in parsley when 

the E. coli is introduced by contaminated compost and up to 177 days when the E. coli is 

introduced by contaminated water (FDA 2015, Islam et al. 2004). However, these studies 

were performed in Georgia, USA, where the climate and soil type is not representative of 

many other growing regions. Indeed, a host of studies have shown differential survival of 

E. coli O157:H7 based on discrete soil characteristics. E. coli O157:H7 are able to 

survive longer in rhizosphere soil than in non-rhizosphere soil and phyllospheres (Ibekwe 

et al. 2004). Because rhizospheres can vary dramatically based on the plant species and 

cultivar and, in turn, have strong effects on the rhizosphere microbiome (Philpott et al. 

2013), one would imagine that survival of E. coli O157:H7 would also vary depending on 

the crop species and planting density. Other studies show that clay soils increase E. coli 
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O157:H7 survivability compared to silty loam soils (Ingham et al. 2005). This could 

potentially be due to a greater cation carrying capacity and therefore larger available 

nutrient pool or a smaller pore density that excludes predation by other organisms, holds 

water more tightly, and limits oxygen exchange. E. coli O157:H7’s survival rates vary 

with different soil temperatures, different soil carbon quality, and in sterile versus non-

sterile soil (Vidovic et al. 2007). To better understand how to manage pathogenic E. coli, 

empirically testing the effects of ecological trends and soil community dynamics on E. 

coli survival would provide more predictive groundwork on which to base government 

regulations for protecting the soil from pathogen survival.  

1.2.4. Regulating Pathogenic E. coli in Northern States 

The use of raw manure and composted manure amendments is a common 

agricultural practice for increasing the nutrient content of soil. However, these 

amendments have the potential to introduce pathogenic E. coli (Islam et al. 2004). The 

recent FSMA recommendation of a 270-day holding interval from amendment to crop 

harvest caused a backlash from northern state farmers, where the growing season is rarely 

over five months long (Vermont Agency of Agriculture Food & Markets 2013). A 75-day 

public hearing pushed the FDA to recruit the Agricultural Research Service (ARS) and 

the University of Vermont to further assess site-specific survival patterns of E. coli in 

Vermont soils (Kahler 2014). The study uses two field sites located in South Burlington, 

Vermont. Plots are either inoculated with E.coli-contaminated manure or water and 

monitored until the E. coli are no longer detectable in the soil or in spinach (Lekkas et al. 

2015). The sites used for the Vermont study have been in managed hay production for the 
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past several years. While most studies assessing E. coli survival were on land in 

continuous vegetable production, the sites used for this study have not supported 

vegetable crops in recent history. Vegetable production is the primary non-mammalian 

source of E. coli outbreaks (USDA 2015). If the sites were to be converted to vegetable 

production, soils would typically be amended by farmers to increase the nutrient 

concentrations. Although one of the treatments included raw manure in the ARS study, 

compost would be a much more common amendment for organic vegetable production 

because of the organic certification requirements by the Northeast Organic Farming 

Association of Vermont. Additionally, given that a 120-day holding interval exceeds the 

time that it takes for greens to mature after planting, farmers would not be able to wait for 

the required period of time if using raw manure as an amendment. To keep this study 

relevant to concerns of pathogenic E. coli survival, compost amendment was used as a 

treatment variable. Furthermore, compost amendment changes the microbial and 

nutritional profiles of soils (Insam et al. 1996, Goyal et al. 2005), therefore providing 

shifts in ecological dynamics from which links to E. coli survival can be extrapolated.  

 

1.3. Composting Process and Effects 

1.3.1. The Effects of Compost on Soil Properties 

Compost amendment can be used as a tool in soil ecology research to 

dramatically alter soil properties and the soil microbiome, while providing information on 

soil management techniques relevant to agriculture practices. In agricultural settings, 
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composted manure often replaces raw manure as a soil amendment due to its decreased 

threat of pathogenic contamination, reduced phosphorous load, and beneficial effects on 

soil physical properties (Evanylo et al. 2008). Composting involves a controlled 

decomposition of organic waste under aerobic environments. The resulting product 

increases soil organic matter content, improves aggregation, reduces soil erosion and 

runoff, increases nutrient availability to the microbial and plant community, and increases 

biological activity (Blanco et al 2015, Giusquiani et al 1995, Paglai and De Nobili 1993). 

Compost production, however, is extremely diverse and can yield compost products with 

profoundly different effects on soil depending on the recipe and production methods 

used. As a general rule, the starting substrates affect the nutrient balance, pH, particle 

size, and porosity of the compost, and the processing method affects the oxygen 

concentration, temperature, and water content of the compost (Bernal et al. 2009). The 

nutrient availability of the compost depends on the extent to which is it degraded by the 

endemic microbes and colonized during the curing after thermophilic requirements are 

reached. In the early phase of composting, labile organic compounds, such as 

monosaccharides, fats, and amino acids, are fully degraded and the more complex 

organic compounds like lignin and hemicellulose are partially degraded (Haug 1993). 

Additional processing, such as vermicomposting, which uses earthworms to further 

transform compost products, can alter the nutritional profile (Frederickson et al. 2003) as 

well as the microbial profile (Neher et al. 2013) of the compost. Because of the 

heterogeneity among different compost products, the subsequent effects of compost 

amendment on soils can vary dramatically. Linking the different effects of compost 
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amendment on soil properties to E. coli survival provides a useful tool for understanding 

how organisms introduced to soils are affected by soil variables.  

1.3.2. E. coli Survival in Compost-Amended Soil 

The National Organic Program standards under the USDA require that windrow 

compost be held between 55°-77°C for fifteen days (Cornell Cooperative Extension 

2004). While this would theoretically be sufficient to kill any contaminating pathogenic 

organism, the heterogeneity within windrow compost piles may not sustain sufficiently 

high temperatures uniformly throughout the pile (Islam et al. 2005).  Additionally, 

compost can come in contact with pathogens by contamination with raw manure, 

contaminated water, or by wind dispersal. A number of studies have shown that compost 

amendments can increase the ability of E. coli to survive in the soil (Islam et al. 2005). In 

addition to soil amendments, E. coli survival can also be affected by soil type, 

temperature, pH, and microbial community composition (Van Veen et al. 1997). A study 

by Franz et al. (2008) found that variation in E. coli survival across 36 different soil types 

is correlated positively with dissolved organic carbon, ammonium content, and the 

number of years the soil had been in organic management. Because E. coli are 

copiotrophic organisms, adapted to high-nutrient gut environments, they would be 

expected to decline along a one-phase decay model when introduced to low-nutrient soil 

environments. Instead, they have been found to follow a biphasic model in many soil and 

water environments, in which an initial rapid decay is followed by a second slower decay 

(Phaiboun et al. 2015). The second phase may be due to several factors: The E. coli reach 

a carrying capacity, the organisms are regulating their population size by quorum sensing, 
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or a smaller subpopulation exists with more resilient adaptations to environmental stress 

and will therefore have a slower decay rate (Rogers et al. 2011). The kinetics of E. coli 

survival is a function of both environmental abiotic and biotic factors and their 

interactions. This study attempts to elucidate which of these environmental factors are 

prominent drivers of E. coli survival.  

 

1.4. Biological Dynamics in Soils 

1.4.1. E. coli as an Invasive Soil Organism and Potential Interactions 

While nutritional inputs and climactic variables may have a strong influence on E. 

coli survival in soil, their effects can only be understood in context of the microbial 

community. Nutrient availability is the primary driver of soil microbial composition and 

dominating taxa (Hibbing et al. 2010). However, complex interactions between members 

of the soil community distort the relationship between bacterial abundance and nutrient 

levels. Biological interactions, including commensalism, mutualism, and parasitism, 

regulates community structure and function (Nemergut 2013).  Microbial dynamics are 

stabilized by the co-evolution of competitive interactions between and among species 

(Hibbing et al. 2010). Soil microbial communities are over-dispersed due to high levels 

of competition, meaning that the dispersal of species is greater than what would occur if 

dispersal were random (Horner-Devine et al. 2007). An invasive organism such as E. coli 

could either benefit or suffer from biological interactions occurring within soil 

communities. Of course, the equilibrium of such biological interactions is influenced by 
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abiotic soil properties. Bacteria are maintained at threshold levels by protozoan grazing 

(Alexander 1981), but that threshold level can increase with an excess of nutrients, 

smaller soil pore size, and rhizosphere exudates (Recorbet et al. 1992, Van Elsas et al. 

1986). Microbial dynamics are further complicated by horizontal gene transfer, which 

can transfer beneficial adaptations between disparate species (Papke and Gogarten 2012). 

The assessment of the microbial community in E. coli invaded soils could reveal potential 

biological interactions and ecotypes that influence the success of E. coli survival.  

1.4.2. Extracellular enzymes 

Most nutrients that enter the soil are found in polymeric organic matter and are, 

therefore, unavailable for direct bacterial consumption. Microbes secrete extracellular 

enzymes into the soil matrix to degrade complex substrates into monomeric biologically-

available forms (Burns 1982). Enzyme synthesis and secretion is energy-intensive and 

tightly regulated (Schimel 2007). In general, microbes benefit by secreting enzymes that 

will increase the availability of limited nutrients and decreasing the synthesis of 

unnecessary enzymes. The addition of phosphorous fertilizers, for example, inhibits the 

secretion of the extracellular enzyme phosphatase, which catalyzes the hydrolysis of 

ester-phosphate bonds and releases phosphate (Allison and Vitousek 2005). However, 

there are several biological and environmental conditions which can alter the relationship 

between nutrient availability and enzyme secretion (Burns 1982). The activity of 

extracellular enzymes in soils can be measured spectrophotometrically after incubation of 

the soil with a fluorophore-tagged substrate that is cleaved by a specific enzyme 

(Sinsabaugh et al. 2008). The evaluation of enzyme activity in soil provides insight into 
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the functional link between resource availability, microbial composition, and ecosystem 

processes (Caldwell 2005).   

1.4.3. Compositional analysis through sequencing and PLFA 

Genetic sequencing has transformed scientific understanding of soil microbial 

communities (Paul 2015). Many organisms once thought to be abundant in most soils 

because of their easy culturability in the lab are now known to be rare in comparison to 

common soil taxa found by modern sequencing methods (Rappe and Giovannoni 2003). 

While only approximately 5,000 microbial species are culturable in total, genetic analysis 

has revealed approximately 500,000 species exist in a single 30 gram soil sample (Daniel 

2004). Although sequencing has revealed a number of unknown species in recent years, 

the dynamics and functions of these communities are difficult to identify because of 

variable α-diversity and functional redundancy. For example, Buerger et al. (2012) found 

that 2-12% of 16S sequencing reads from soil communities were associated with 

unknown genera. However, because these taxa could not be cultured and there were no 

obvious functional differences between soil communities, their ecological roles remain 

unknown. Ecological functioning of a handful of common soil taxa have been proposed, 

mostly by defining them as r-strategist copiotrophs or k-strategist oligotrophs (Fierer et 

al. 2007).  

Phospholipid fatty acid analysis (PLFA) has become one of the most popular 

methods for measuring microbial biomass and broad community structure (Frostegård et 

al. 2011). Although the classification of fatty acid biomarkers with particular taxa is 

somewhat debated, the technique provides a relatively inexpensive analysis of microbial 
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quantity. Combined with sequencing analysis, enzyme activity, and respiration 

measurements, complex dynamics in soil microbial structure and the links to fluctuations 

in abiotic soil factors can be inferred. The linking of such patterns with E. coli survival 

produces quantitative data from which ecological theory can be applied to soil systems.   

 

1.5. Objectives and Hypotheses 

 The purpose of this study was to evaluate the effects of varying abiotic and biotic 

soil factors, driven by different compost amendments and climactic fluctuations, on E. 

coli survival in laboratory extracts and field environments. A laboratory experiment was 

designed to determine the: 1) difference in E. coli survival when the compost’s endemic 

microbial community is present or absent; 2) correlation between E. coli survival and the 

compost’s nutrient composition; 3) difference between E. coli survival in nutrient-rich 

compost extracts versus nutrient-poor soil extracts. A field experiment was designed to 

determine the: 1) effect of different compost amendments on E. coli survival in a soil 

environment; 2) most predictive model for E. coli survival and decay rates in compost-

amended soil; 3) contribution of soil water potential and temperature to variation in E. 

coli survival kinetics; 4) effect of compost amendment on microbial community 

composition, enzyme activity, and respiration; 5) relationship between E. coli survival 

and the endemic community dynamics. We hypothesized that nutrient content in 

composts would drive differences in E. coli survival and microbial composition and their 

two-way interactions, water and temperature would cause E. coli to deviate from a 

standard decay model, and inputs of biologically available nutrients through compost 
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amendment would cause a decrease in extracellular enzyme activity. The study was 

constructed to identify the components of the complex soil system that can drive an 

introduced microbe to successfully inhabit a secondary environment. 
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CHAPTER 2. METHODS 
 

2.1. Laboratory Experiment 

2.1.1. Samples Used 

 Eight composts were collected from commercial composters in Vermont, New 

York, and Maryland with varying starting substrates and processing methods (Table 2.1). 

Compost samples were sent to the University of Maine Soil Testing Lab for nutrient 

analysis. Total carbon, potassium, nitrogen, phosphorous, ammonium, and nitrate were 

determined using the methods described by Peters et al. (2003). Additionally, a 

composite soil sample from the two fields used in the field experiment was obtained (see 

Field Experiment methods). Subsamples of soil and composts were dried at 90⁰C to 

compute a gravimetric moisture for converting all measures to per gram of dry soil. 

 

2.1.2. Extract Preparation 

Compost and soil extracts were used as a growing medium for E. coli to 

determine the relationship between E. coli growth, nutrient levels, and the presence of 

endemic microbes. Extracts of each compost and soil sample were prepared by diluting 

250 grams of sample with 500 mL of distilled water, shaking for 24 hours at 22⁰C and 

centrifuging at 5,000g for 20 minutes. The supernatant was collected, half was reserved 

as non-sterile extract and half was filtered through 0.2µm pore diameter vacuum filters to 

prepare sterile extracts. All extracts were stored at -20⁰C until use.  
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2.1.3. E. coli Inoculation and Enumeration 

A three-strain mixture of Rifampicin-resistant E. coli isolated from Salinas 

Valley, California was used as the inoculum (TVS 353, 354, and 355). The isolate 

cocktail was chosen by the USDA as a representative sample of generic E. coli, with 

survival patterns similar to E. coli O157:H7 (Graham et al. 2014). Individual strains were 

stored in a 20% glycerol solution at -80⁰C. Frozen stocks were streaked onto MacConkey 

agar with 80mg/mL of rifampicin and incubated at 35⁰C for 24 hours. Single colonies of 

each strain were added to 50mLs of 0.1X TSB and shaken at 35⁰C. After 24 hours, 

cultures were centrifuged at 5,000g for 20 minutes, washed twice with 0.85% saline and 

resuspended in 1 mL of 0.85% saline. Each strain was then adjusted to an OD600 value of 

0.5 (approximately 108 CFU/mL) and serially diluted to 104 CFU/mL. Three replicates of 

each sterile and non-sterile extract were added to test tubes in 5 mL aliquots. The three E. 

coli strains were added to each test tube at a 1:100 ratio. For sterile extracts, E. coli were 

enumerated at 0, 4, 8, 20, 50, 72, 110, and 150 hours after inoculation by spread plating 

on MacConkey agar with 80 mg/mL Rifampicin and incubating at 35⁰C for 24 hours. E. 

coli in non-sterile extracts were enumerated at 0, 24, 72, 110, and 158 hours.  

2.1.4. Statistical Analyses 

 To compare statistical differences in E. coli growth between extracts, the area 

under the curve for E. coli abundance through time of each replicate was calculated using 

Graph Pad Prism v.6.05 and statistical differences in treatments were determined by an 

ANOVA followed by a Tukey’s multiple comparison t-test.  
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An exponential growth model (Y=Y0
kx) was fit to the log growth phase for E. coli 

in each treatment type with Graph Pad Prism and the growth rate constant (k) values were 

compared between the sterile and nonsterile extracts of each compost type using a paired 

t-test. A linear regression was run between the k-values from the non-sterile extracts and 

the compost’s nutrient content to analyze the effect of discrete nutrients on E. coli growth 

potential.  

 

2.2.   Field Experiment 

2.2.1. Field Sites 

Two fields in South Burlington, Vermont (44⁰26’37.4”N, 73⁰11’23.2”W) with 

sandy loam soil (“Wheelock” and “Lilac”) were used for the field trial, which ran from 

May through November of 2015. Both fields have been utilized for hay production for 

the past 10 years. Prior to treatment application, baseline soil samples from each field 

were obtained by taking 10 cm soil cores from four 2 square meter untreated control 

plots. Replicates of four plots were pooled and sent to the University of Maine Soil 

Testing lab as a single composite sample for analysis. Nutrient content and pH were 

determined by the methods outlined in NEC-1012 (2011). Briefly, a modified Morgan 

extract was used for nutrient extraction and pH was tested in a 1:1 water solution with 

Modified Mehlich buffer. Lilac has a Hinesburg B Fine Sandy Loam soil, with a pH of 

6.4 and organic matter content of 2.9%. Wheelock is an Adams B Loamy Sand soil with 

a pH of 6.3 and an organic matter content of 2.6%.  
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2.2.2. Experimental Design 

For each field, fifteen 1x2m plots were tilled to a depth of 30 centimeters using a 

rototiller. Plot treatments were assigned in a completely randomized design within each 

field with 1.5 meter buffer strips between each plot. Treatment combinations included 

three types of compost with E. coli, E. coli only, or untreated with three replications per 

treatment per field. Plots were either treated with no compost (6 plots per field), 1.36 kg 

of Worm Power dairy windrow compost, 1.36 kg of Worm Power dairy vermicompost, or 

2.7 kg of Maryland poultry compost per the manufacturer’s recommendations. The 

poultry compost was made by the Agricultural Research Service (ARS) and used at an 

application rate of 13.4 tons/acre (30,038.8 kg/ha) to match the rate used in the ARS 

studies. The Worm Power vermicompost, however, is much more expensive than 

standard windrow compost and is used in much smaller amounts. Therefore, both dairy 

composts were applied at a rate of 6.72 metric tons/acre (15,064.2 kg/ha) so that 

application rates were within a realistic range of what farmers would use for 

vermicompost (United States Composting Council 2001), and so a comparison between 

the dairy vermicompost and dairy windrow compost processing methods could be made. 

Compost was spread evenly across the surface of each plot and tilled in to a depth of 10 

cm using a rototiller with 75% ethanol sterilization of the blades between treatments.  

2.2.3. E. coli Inoculation of Field Plots 

The same three-strain cocktail of rifampicin-resistant E. coli was used for the field 

study as the laboratory study (TVS 353, 354, and 355). The use of a cocktail mimicked 

the variability in environmental resistance often found within fecal microbiomes. Each 
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strain was streaked onto MacConkey agar with 80mg/mL rifampicin from a frozen stock 

and incubated at 35°C for 24 hours. A single colony of each strain was cultured 

individually in 100 mL of TSB with 80mg/mL of Rifampicin at 35°C for 24 hours with 

shaking.  Cultures were added in a 1:70 ratio with sterile manure extract and incubated at 

35°C for 48 hours. Sterile manure extract was prepared by diluting dairy manure 1:10 

with distilled water, filtering through a cheesecloth, further diluting 1:2 with distilled 

water, and autoclaving for 1 hour at 121°C. After E. coli had been cultured in manure 

extract, it was enumerated on MacConkey agar with 80mg/mL of rifampicin and cultures 

were stored at 4°C during enumeration. Appropriate volumes of the individual strains in 

manure extract were added to a Hudson backpack sprayer and diluted with distilled water 

so that the sprayer contained 20L of 1.67x 105 CFUs/mL of each strain.  

E. coli was sprayed onto half of the replicate plots without compost and all plots 

with compost. The sprayer delivered 1 L of the inoculum evenly over each plot, 

equivalent to 1.67x 108 CFUs per plot. Inoculation levels were chosen by the Agricultural 

Research Service based on the ability to easily measure a five-log reduction in E. coli 

from these levels. A five-log reduction from inoculation levels is the standard 

requirement of a kill-step in the treatment of E. coli contaminated food products. After 

inoculation, all plots were re-tilled to a 10 cm depth using a rototiller. Tilling of plots 

occurred in the order of treatments, with the untreated plots tilled first, followed by the E. 

coli only plots, dairy windrow compost plots, dairy vermicompost plots, and poultry plots 

to avoid cross-contamination of compost and E. coli. Rototiller blades were surface 

sterilized with 75% ethanol between each treatment.  
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After E. coli and composts had been tilled into plots, approximately 390 Hybrid 

Savoyed Spinach Reflect F1 seeds from Johnny’s Selected Seeds (Windslow, ME) were 

planted by hand-broadcasting across each plot. Spinach was chosen because of its 

frequent connection to pathogenic E. coli contamination. In addition to spinach plants, 

weeds were allowed to grow on all plots to emulate the effect of the plant rhizosphere on 

soil community dynamics. Although the abundance of weeds was similar among all plots, 

the species tended to vary between fields. Because the study was conducted during an 

unusually rainy period, plots did not need to be irrigated.  

2.2.4. E. coli Population Enumeration    

To enumerate the E. coli population within the rhizosphere, three 10 cm deep soil 

cores were taken from each plot in a stratified random pattern on days 0, 1, 3, 6, 10, 15, 

23, 29, 37, 49, 63, 78, 105, and 161 post inoculation. Samples were never taken from the 

same location within a plot twice. Sampling occurred with more frequency during the 

initial half of the study to capture variability in survival during the exponential decay 

phase. Twenty grams of each sample were diluted 1:5 with buffered peptone in a filter 

Whirlpak bag. Samples were further diluted as needed in buffered peptone, streaked onto 

MacConkey agar with 80mg/mL rifampicin in triplicate, and incubated at 35°C for 24 

hours for E. coli enumeration. Once colony counts were below 20 colonies per plate, E. 

coli was enumerated by Most Probable Number (MPN). MPN counts were measured by 

adding 1 mL of 2x MacConkey broth with 160 mg/mL rifampicin to the first column of a 

24 well plate, and 1 mL of 1x MacConkey broth with 80mg/mL rifampicin was added to 

the remaining 5 columns. One mL of soil sample, diluted 1:5 with buffered peptone, was 
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added to the first column and serially diluted down each row by a factor of 2 per column. 

Cells that turned yellow in color were considered positive for E. coli. The number of 

positive cells per dilution was entered into an MPN calculator to determine CFUs/gram 

of dry soil (Lekkas et al. 2015).  

2.2.5.  Soil Temperature and Moisture 

To record fluctuations in abiotic soil conditions and to relate these fluctuations to 

changes in E. coli survival and community structure and function, soil temperature and 

water potential were recorded every hour in each field at 2 cm and 10 cm depths during 

the duration of the field experiment with Campbell Scientific 10x dataloggers. Thermister 

probes and Watermark probes for used to quantify soil temperature and water matric 

potential, respectively.  

2.2.6. Enzyme Activity of Soil Microbes 

To measure the extracellular enzyme activity of the soil microbial community, 

composite soil samples from each plot were obtained as described above for E. coli 

enumeration on days 8, 16, 23, 30, 50, and 65 post inoculation. Samples were sifted 

through a 1 mm mesh sieve prior to enzyme, PLFA, respiration, and sequencing analysis. 

One gram of each sample was diluted 1:100 in citrate buffer (pH = 6.1) and homogenized 

for 90 seconds at 6,000 rpm using a PolyTron. 200µL of soil sample was added to 96 

well plates with 50 µL of 40µM fluorescently tagged enzyme substrate or a positive 

fluorophore control (Table 2.2). The enzyme substrates were selected because of their 

frequent use in soil studies and specificity for the major enzymes that go after carbon, 
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nitrogen, and phosphorous in soils. Plates were incubated at room temperature for 6 hours 

and read at 450nm on a BioTek FLx800 plate reader (Williston, Vermont, USA). 

Fluorescence was converted to nmols of substrate used/ (hrs incubated * grams of dry soil 

* PLFA abundance) to yield enzyme activity per hour per unit of biomass, allowing for 

the determination of changes in enzyme activity per microbe and standardizing for 

fluctuations in overall microbial biomass. This provides data on the allocation of energy 

by microbes for the synthesis of particular enzymes, rather than reflecting overall growth 

and decay of the microbial population. The ratio of BG/(NAG+LUC): BG/(AP) was 

graphed to compare the relative microbial need for acquisition of carbon, nitrogen, and 

phosphorous in the soil through time (Sinsabaugh et al. 2010).   

Table 2.2 Enzymes tested and associated soil substrates, experimental substrates, and 
positive controls 

Enzyme Organic Substrate (Target 
Nutrient) 

Substrate Used Positive Control 

β-1,4-glucosidase (BG) 
 Cellulose (Carbon) 

4-MUB- β-D-
glucoside 
(Sigma #M2133) 

4-methylumbilliferyl 
(Sigma #M1381) 

Phosphatase (AP) Phosphomonoesters 
(Phosphorous) 

4-MUB-phosphate 
(Sigma #M8883) 

4-methylumbilliferyl 
(Sigma #M1381) 

β-1,4-N-
acetylglucosaminidase 
(NAG) 

Chitin (Carbon and 
Nitrogen) 

4-MUB-N-acetyl- 
β-glucosaminide 
(Sigma #2133) 

4-methylumbilliferyl 
(Sigma #M1381) 

Leucine (LUC) L-leucine aminopeptidase 
(Nitrogen) 

L-leucine-7-
amido-4-
methylcoumarin 
(Sigma #L2145) 

7-amido-4-
methylcoumarin 
(Sigma #A9891)  
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2.2.7. Microbial Activity Measurements by Respiration 

To measure changes in overall microbial activity and survival, samples were 

collected and prepared for respiration measurements as described in Enzyme Activity 

(Section 2.2.5). From the sifted bulk samples, ten 0.5g replicates of each sample were 

reserved for measuring the reduction of iodonitrotetrazolium chloride (INT) as an 

indicator of microbial respiration. Half of the samples were autoclaved to kill endemic 

microbes and all samples were prepped for INT readings (Von Mersi and Schinner 1991). 

Samples were read at 460nm on a Biotek FLx800 spectrophotometer. Readings from 

autoclaved “dead” soils were subtracted from the readings from non-autoclaved “living” 

soils to obtain nmols of INT reduced per hour per gram of dry soil. 

2.2.8. Microbial Biomass Measurements by PLFA 

To measure changes in overall microbial biomass as a measure of growth and to 

standardize enzyme activity to per unit biomass, samples were collected and prepared for 

PLFA as described in Enzyme Activity (Section 2.2.5). From the sifted bulk samples, 30 

g subsamples were frozen at -80⁰C until shipment to the ARS Sustainable Agricultural 

Systems Laboratory in Beltsville, Maryland, where they were analyzed for PLFA 

biomarkers using a high throughput method described (Buyer and Sasser 2012). PLFA 

biomarkers were categorized into one of the following major taxonomic groups: general 

FAME (unusable as biomarkers), arbuscular mycorrhizae, gram negative bacteria, gram 

positive bacteria, fungi, anaerobe, actinobacteria, and protozoa (Table 2.3). PLFA data 

was collected to standardize microbial enzyme activity to per unit microbial biomass 

(unit PLFA). 
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Table 2.3 Taxonomic classifications of PLFA biomarkers used 
Taxonomic 

Group 
PLFA Biomarker 

General FAME 10:0, 11:0, 12:0, 11:0 iso 3OH, 13:0, 15:0 aldehyde, 14:0, 14:0 iso 3OH, 16:1 w9c 
aldehyde, 16:0 aldehyde, 18:1 w9c, 15:0 16:1 w7c alcohol, 16:0 N alcohol, 16:0, 
16:0 DMA, 17:1 anteiso w9c, 17:1 anteiso w7c, 17:0, 18:0 cyclo w6c, 20:0, 21:0, 
22:0, 22:0 10-methyl, 23:0, 24:0, 10:0 2OH, 10:0 3OH, 16:0 2OH, 15:4 w3c, 15:3 
w3c, 16:4 w3c, 16:3 w6c, 18:3 w6c, 19:4 w6c, 19:3 w6c, 19:3 w3c, 20:5 w3c, 20:2 
w6c, 21:3 w6c, 21:3 w3c, 22:5 w6c, 22:6 w3c, 22:4 w6c, 22:5 w3c, 22:2 w6c, 23:4 
w6c, 23:3 w6c, 23:3 w3c, 23:1 w5c. 23:1 w4c, 24:4 w6c, 24:3 w6c , 24:3 w3c, 
24:1 w3c 

AM Fungi 16:1 w5c 
Gram negative 12:1 w8c, 12:1 w5c, 13:1 w5c, 13:1 w4c, 13:1 w3c, 12:0 2OH, 14:1 w9c, 14:1 w8c, 

14:1 w7c, 14:1 w5c, 15:1 w9c, 15:1 w8c, 15:1 w7c, 15:1 w6c, 15:1 w5c,  14:0 
2OH, 16:1 w9c, 16:1 w7c, 
16:1 w6c, 16:1 w4c, 16:1 w3c, 17:1 w9c, 17:1 w8c, 17:1 w7c, 17:1 w6c, 17:0 cyclo 
w7c, 17:1 w5c, 17:1 w4c, 17:1 w3c, 18:1 w8c, 18:1 w7c, 18:1 w6c, 18:1 w5c, 
18:1 w3c, 19:1 w9c, 19:1 w8c, 19:1 w7c, 19:1 w6c, 19:0 cyclo w9c, 19:0 cyclo w7c, 
19:0 cyclo w6c, 20:1 w9c, 20:1 w8c, 20:1 w6c, 20:1 w4c, 20:0 cyclo w6c, 21:1 w9c, 
21:1 w8c, 21:1 w6c, 21:1 w5c, 21:1 w4c,  21:1 w3c, 22:1 w9c, 22:1 w8c, 22:1 w6c
 , 22:1 w5c, 22:1 w3c, 22:0 cyclo w6c, 24:1 w9c, 24:1 w7c 

Fungi 18:2 w6c 
Gram positive 11:0 iso, 11:0 anteiso, 12:0 iso, 12:0 anteiso, 13:0 iso, 13:0 anteiso, 14:1 iso w7c , 

14:0 iso,14:0 anteiso, 15:1 iso w9c, 15:1 iso w6c, 15:1 anteiso w9c, 15:0 iso , 
15:0 anteiso, 16:0 iso, 16:0 anteiso, 17:1 iso w9c, 17:0 iso, 17:0 anteiso, 18:0 
iso, 19:0 iso , 19:0 anteiso, 20:0 iso, 22:0 iso 

Anaerobe 12:0 DMA, 13:0 DMA, 14:1 w7c DMA, 14:0 DMA, 15:0 iso DMA, 15:0 DMA , 
16:2 DMA, 17:0 DMA, 16:1 w9c DMA, 16:1 w7c DMA, 16:1 w5c DMA,  19:0 
cyclo 9,10 DMA, 18:2 DMA, 18:1 w9c DMA, 18:1 w7c DMA, 18:1 w5c DMA, 18:0 
DMA 

Actinobacteria 16:0 10-methyl, 17:1 w7c 10-methyl, 17:0 10-methyl, 18:1 w7c 10-methyl, 18:0 10-
methyl, 19:1 w7c 10-methyl, 20:0 10-methyl 

Protozoa 20:3 w6c, 20:4 w6c 
 

2.2.9. Sequencing 

Samples were collected and prepared as described in Enzyme Activity (Section 

2.2.5), with the exception of an additional sample collection on day 105 after E. coli 

inoculation. From the sifted bulk samples, 1 g composite subsamples were frozen at 

-80⁰C until DNA extraction. During extraction, 0.5 grams from each sample was added 

to the spin columns of the MoBio PowerSoil DNA Isolation kit (Carlsbad, CA) with 

ethanol-flamed forceps. DNA was extracted following the manufacturer’s instructions, 
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using the methods described by Lauber et al. (2006). Samples were amplified at the 

University of Colorado Boulder using 515f/806r primers targeted for the V4 region of the 

16S rRNA gene for bacteria and archaea and ITS-1/ITS-2 primers to amplify the ITS-1 

spacer gene of 18S rRNA for fungi. Samples were amplified in triplicate and adjusted to 

equimolar concentrations. One µL of genomic DNA was added to 13 µL of PCR-grade 

water, 10 µL of Prime Hot Master Mix, 0.5 µL of reverse primers, and 0.5 µL of forward 

primers. PCR was carried out in 35 thermocycles of 94⁰C for 45 seconds, 50⁰C for 60 

seconds, and 72⁰C for 90 seconds. Primers contained 12-bp barcodes unique to each 

sample and the appropriate adapters to permit sequencing on the Illumina Miseq 

platform. Quality filtering and clustering of sequences into Operational Taxonomic Units 

(OTUs) was done using the UPARSE pipeline as described by Edgar (2013). Clustering 

was conducted at the 97% similarity level using Greengenes for 16S 

(http://greengenes.lbl.gov/cgi-bin/nph-index.cgi) and UNITE for ITS 

(http://www2.dpes.gu.se/project/unite/UNITE_intro.htm).  

2.2.10.  Statistical Analyses 

 To compare statistical differences in E. coli growth between different treatments, 

the area under the curve (AUC) for E. coli abundance through time of each replicate was 

calculated. Statistical differences of AUC among treatments were analyzed by one-way 

ANOVA followed by a Tukey’s multiple comparison t-test.  

 One-phase and biphasic decay models were fit to each survival curve to determine 

the most representative model of E. coli survival through time for each treatment. Once 
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the model was fit, the deviation of the slope of the data from a standard decay model (z) 

for each interval of time between consecutive sampling dates (x1, x2) was determined 

using the following formula:  

𝑧 = 	
Obs	𝐸. 𝑐𝑜𝑙𝑖	population	at	𝑥7 − 	Obs	𝐸. 𝑐𝑜𝑙𝑖	population	at	𝑥9

Model	𝐸. 𝑐𝑜𝑙𝑖	population	at	𝑥7 − 	Model	𝐸. 𝑐𝑜𝑙𝑖	population	at	𝑥9
 

Residual values (z) were correlated to the mean soil water potential and temperature 

between times x1 and x2 using a linear regression. 

 PLFA biomarker abundances were converted to proportion of total biomarkers to 

calculate the Bray-Curtis pairwise dissimilarity matrix and to analyze compositional 

differences by principal coordinate analysis. Treatment effects and temporal differences 

in PLFA abundance were analyzed using a 2-way ANOVA, with a subsequent Tukey’s t-

test for multiple comparisons of sampling dates or treatments. A linear regression was 

performed between the total PLFA abundance and INT to quantify the relationship 

between biomass and respiration. All ANOVAs, t-tests, and linear regressions were 

performed using GraphPad Prism v.6.05. Principal coordinate analysis was performed 

using PRIMER v.6.  

 16S sequences were rarefied to a depth of 19,600 reads per sample and ITS 

sequences were rarefied to a depth of 18,012 reads per sample so that all samples were 

analyzed using the same number of sequences. Analyses were limited to OTUs that had a 

total abundance of 200 or more copies when all samples were combined to limit the 

effect of rare taxa on compositional analysis. ITS sequences were limited to OTUs with a 



30 
 

total abundance of 10 or more copies in total. OTU abundance was converted to a 

proportion of the total number of sequences per sample. A redundancy analysis (RDA) 

was performed with a linear method to determine the contribution of environmental and 

treatment variables on community variation. Contributing variables were determined by 

forward selection of the variables with significant explanatory p-values (p<0.05), with a 

false discovery rate used to protect against Type I error. Principal response curves (PRC) 

were performed to assess the treatment effect on variation in community composition 

through time, with the baseline standardized to community composition of untreated 

plots. Significant effects of treatments were determined by Monte Carlo permutation 

tests. The top fifteen OTUs that most closely corresponded to principal response curves 

were also identified and illustrated. Pair-wise Bray Curtis Dissimilarity indices and 

principal coordinate analysis were run using PRIMER v.6 software. All RDA and PRC 

analyses were performed with CANOCO version 5 software (Ter braak and Smilauer 

2012, Van den Brink and Ter Braak 1999).  
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CHAPTER 3.  RESULTS 
 

3.1. Extract Experiment 

In contrast to the compost extracts, the E. coli population was eliminated within 

50 hours in the sterile soil extract, but was sustained at approximately 104 CFUs/mL in 

the non-sterile soil extract. E. coli growth followed a logarithmic growth pattern within 

the first 50 hours in all sterile compost extracts (Figure 3.1), with the greatest growth in 

Maryland Poultry extract (MD/P-S). The sterile Maryland Poultry extract continued to 

promote growth, albeit at a slower rate, for the remainder of the experiment, whereas the 

other sterile compost extracts sustained asymptotic E. coli levels at approximately 1010 

CFUs/mL after 50 hours. The non-sterile compost extracts sustained the E. coli 

population at 104 – 106 CFUs/mL for the duration of the experiment, with the exception 

of the two dairy composts made by Worm Power, which both decreased the E. coli 

population to approximately 101 to 102 CFUs/mL.  

There were no significant differences between the AUC of E.coli survival in 

sterile compost extract treatment types, although the sterile poultry compost tended to 

have a larger mean AUC than the other extracts (p=0.1432-0.2399). In contrast, the AUC 

of E. coli survival in non-sterile Maryland poultry extract was greater than in the Black 

Dirt immature vermicompost non-sterile extract (p=0.0489) and both Worm Power dairy 

compost non-sterile extracts (p=0.0191, p=0.0196 for windrow and vermicompost, 

respectively)(Figure 3.2). Survival of E. coli in Worm Power extracts were less than both 
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Someday Farm poultry extracts in addition to the Maryland poultry compost (p=0.0198 – 

0.0328).  

The growth rate constant (k) values of the E. coli survival curves in sterile 

compost extracts were greater than the growth rate constant of the curves in the paired 

non-sterile compost extracts (p = 6.8x10-5, Table 3.1). Phosphorous, potassium, and 

ammonium all have significant direct relationships with growth rate in sterile extracts 

(Figure 3.3). Growth rate was unaffected by carbon (p=0.7407), total nitrogen 

(p=0.2571), and nitrate (p=0.8879).  
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Figure 3.1 E. coli regrowth in non-sterile and sterile compost and soil extracts.  
Letters before the slash indicates the source (MD = Maryland, BD = Black Dirt Farm, SF 
= Someday Farm, WP = Worm Power). Letters after the slash indicate the compost type 
(I = immature, M = mature, P = poultry, D = dairy, v = vermicompost). Nonsterile 
extracts are denoted with “-NS” (dashed lines) and sterile extracts are denoted with “-S” 
(solid lines). Composts are in grey and the soil extracts are in black. Standard error bars 
are included, but are too small to see with the exception of the sterile poultry extract in 
the last time point.  
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Figure 3.2 Area under the curve (AUC) comparison of E. coli survival curves in non-
sterile extracts for 158 hours. Significant differences (p<0.05) are present between two 
treatments when they do not have any lower case letters in common. Uppercase letters 
before the slash indicates the source (MD = Maryland, BD = Black Dirt Farm, SF = 
Someday Farm, WP = Worm Power). Uppercase Letters after the slash indicate the 
compost type (I = immature, M = mature, P = poultry, D = dairy, v = vermicompost). 
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Table 3.1 The growth rate constant (k) of the log phase (0-24 hours for non-sterile samples 
and 0-50 hours for sterile samples) for all compost extract treatments. The k-values were 
determined from exponential growth models fit to the log phase of the mean E. coli survival 
curve for each treatment. Uppercase letters before the slash indicates the source (MD = 
Maryland, BD = Black Dirt Farm, SF = Someday Farm, WP = Worm Power). Uppercase 
Letters after the slash indicate the compost type (I = immature, M = mature, P = poultry, 
D = dairy, v = vermicompost). All k-value estimates had an R2=1.0.  
 
 
 
 
 
 

 

 

 

 

 

Sample 
Sterile Unsterile 
k value k value 

MD/P 0.5757 0.1046 
BD/IV 0.3461 0.1471 
BD/FP 0.3063 0.163 
BD/MV 0.3881 0.1566 
SF/MP 0.3903 0.1736 
SF/IP 0.3961 0.1318 
WP/V 0.3827 0.05237 
WP/W 0.3198 0.0583 
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Figure 3.3 Linear regression between the growth rate constants (k-value) and the nutrient 
content of sterile compost extracts. K-values are compared to percent carbon (A), percent 
nitrogen (B), percent potassium (C), percent phosphorous (D), mg/kg ammonium (E), 
and mg/kg nitrate (F). Significant correlations are denoted by * (0.01<p<0.05) or † 
(p<0.01). Dashed lines represent the 95% confidence bands of the best-fit line. 
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3.2. Field Experiment 

3.2.1. E. coli survival 

E. coli survival trends were similar between field sites (Figure 3.4). E. coli was 

absent in non-inoculated plots, verifying that there was no cross contamination of the 

plots and no rifampicin-resistant E. coli endemic to the soil. The E. coli populations in 

plots with either of the Worm Power composts or no compost showed similar declining 

trends over the 6-month testing period. In plots with poultry compost, E. coli populations 

increased within the first seven days after inoculation, and then decreased to the 

inoculation levels by day 15, at which point the population stabilized until 105 days after 

inoculation. The last sampling date, which occurred 161 days after inoculation, showed 

lower E. coli population levels in the poultry compost plots than previous sampling dates, 

particularly at Wheelock field.  

E. coli populations were no longer detectable by plating or MPN in any of the 

other plots by day 105 (lowest threshold of detection = 0.36 CFU/g). AUC values for E. 

coli survival were greater with poultry compost than other treatments (Figure 3.5) 

(p=0.0159 – 0.0160 in Lilac, p=0.0337 – 0.0344 in Wheelock).  
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Figure 3.4 E. coli counts through time in Lilac (A) and Wheelock (B). Treatments include 
plots without compost, plots with mature windrow poultry compost from Maryland (MD 
Poultry), mature dairy windrow compost from Worm Power (WP Windrow), and mature 
dairy vermicompost from Worm Power (WP Vermicompost).  
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Figure 3.5 Area Under the Curve comparison of E. coli survival curves in Lilac (A) and 
Wheelock (B). Treatments include plots without compost, plots with mature windrow 
poultry compost from Maryland (MD Poultry), mature dairy windrow compost from Worm 
Power (WP Windrow), and mature dairy vermicompost from Worm Power (WP 
Vermicompost). Significant differences (p<0.05) are present between two treatments when 
they do not have any lower case letters in common. 
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E. coli survival best fit a one-phase decay model (Figure 3.6). E. coli populations 

declined at a faster rate than the decay model when conditions were drier than field 

capacity (water potential < -33 kPa) in plots without compost treatment or with either 

dairy compost. Likewise, the E. coli declined at a slower rate than the decay model when 

the conditions were wetter than field capacity (water potential > -33 kPa, Figure 3.7). In 

contrast, E. coli survival kinetics did not correlate to soil moisture in poultry. No plots 

correlated with temperature, with the exception of poultry compost plots in Wheelock 

(Table 3.2).  

0 5 0 1 0 0
0 .1

1

1 0

1 0 0

1 0 0 0

1 0 0 0 0

1 0 0 0 0 0

D a y s  p o s t in o c u la tio n

E
. 

c
o

li
 (

C
F

U
/ 

g
 d

ry
 s

o
il

)

 
 
 
Figure 3.6 One phase decay model fit to the survival curve of E. coli through time in 
untreated plots. Residual values were calculated as the difference in E. coli population 
between two consecutive time points divided by the difference in the modelled population 
values between the same two time points. The model is illustrated as a dashed line and the 
observed data is illustrated as a solid line.  
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Figure 3.7  Linear regression between the average water potential at 2 cm and the 
residual values of E. coli survival kinetics compared to a one-phase decay model in plots 
without compost. Residual values were calculated as the difference in E. coli population 
between two consecutive time points divided by the difference in the modelled 
population values between the same two time points. Residual values greater than one 
indicate that the E. coli were decaying at a rate faster than the model predicted between 
two consecutive time points, residuals between 0 and 1 indicate that the E. coli were 
decaying at a rate slower than the model predicted, and residuals less than 0 indicate that 
the E. coli population was growing during that time interval. The y-axis represents the 
mean water potential for the corresponding time interval. Dashed lines represent the 95% 
confidence bands of the best-fit line.  
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3.2.2. Moisture and temperature measurements 

The early portion of the field season was unusually rainy, raining most days for a 

period of three weeks. During this period, soils stayed wetter than field capacity (0 to -33 

kPa) at the 10 cm depth for the first 50 days after E. coli inoculation, and were close to 

saturation (0 kPa) at the 2 cm depth in both fields (Figure 3.8). Fifty days after 

inoculation, rain became less frequent and soils were drier. In Wheelock, the water 

potential reached -400 kPa at both the 2 cm and 10 cm depth in the later part of the 

season. In Lilac, only the 2 cm depth became much drier than field capacity. Both fields 

went above field capacity at both depths after 100 days post inoculation, when the rains 

again became frequent. The soil temperature remained relatively constant for the first 100 

days and quickly dropped after as the fall season started. 
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Figure 3.8 Water potential (A) and soil temperature (B) through time. Water potential at 
field capacity is shown as a dotted line. Water potential at the 2 cm depth is illustrated in 
black and water potential at the 10 cm depth is illustrated in grey. Data are illustrated as a 
dashed line and solid line for Lilac and Wheelock, respectively.   
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3.2.3. Enzyme Activity 

The addition of composts did not significantly alter enzyme activity, but rather 

enzyme activity tracked fluctuations in soil moisture. Enzymatic activity was similar 

among different treatments at any individual sampling date, although the greatest 

variation in enzyme activity occurred on day 8 after E. coli inoculation (Figure 3.9). 

Temporal trends in enzymatic activity were essentially uniform among all treatment 

types. All enzyme activity declined in the first 30 days after inoculation as soils remained 

saturated with water, with the exception of β-glucosidase (BG) in Wheelock, which 

dropped dramatically between day 8 and 16 and then increased between day 16 and 23. 

Between 30 and 50 days after inoculation, microbial acquisition of cellulose carbon (BG 

activity), phosphorous (AP activity), and chitin nitrogen and carbon (NAG activity) 

increased in both fields, after which enzyme activity remained relatively constant 

between day 50 and 65 post inoculation. In contrast, acquisition of amino nitrogen 

(leucine activity) continued to decline for the duration of the experiment. Activity of BG 

tended to be greater than NAG + LUC or AP on all sampling dates, with the exception of 

samples in Lilac on day 30 post inoculation (Figure 3.10). In other words, microbes 

allocated more energy into acquiring cellulose carbon than nitrogen and phosphorous for 

the majority of the study. Additionally, all samples had greater activity of AP than NAG 

and LUC, allocating more energy to phosphorous acquisition than nitrogen acquisition. 

Principal coordinate analysis of the ratios revealed that samples on days 23 and 30 post 

inoculation, which had the wettest soils of the sampling dates,  had distinctly different 

enzyme activity profiles than samples on the remaining sampling dates due to the relative 
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increase in NAG, LUC, and AP activity over BG activity (Figure 3.11). Ratios between 

treatment types were similar. The only difference in sites occurred on day 30 post 

inoculation, when almost all Wheelock samples had lower NAG and LUC activity than 

BG, while most Lilac samples had BG/(NAG+LUC) values close to 1.   
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Figure 3.9 Enzyme activity in nmol substrate used (hr-1)(gram of dry soil-1)(unit PLFA-1) 

in the presence of 40µM substrate. Graphs are separated by site, enzyme, and treatment. 
Lilac samples are in the left column and Wheelock samples are in the right column. 
Microbial activity on enzyme substrates are illustrated for β-1,4-glucosidase activity 
(A,B), phosphatase activity (C,D), β-1,4-N-acetylglucosaminidase activity (E,F), and 
leucine activity (G,H). Standard error bars for each treatment illustrated.  

A B

C D

E F

G H

0 20 40 60 80
0.000

0.001

0.002

0.003

0.004

0.005

0 20 40 60 80
0.000

0.001

0.002

0.003

0 20 40 60 80
0.000

0.001

0.002

0.003

0.004

0.005

20 40 60 80
-0.001

0.000

0.001

0.002

0.003

0.004

0.005

20 40 60 80
-0.0005

0.0000

0.0005

0.0010

0.0015

0.0020

0 20 40 60 80
0.0000

0.0002

0.0004

0.0006

0.0008

0.0010

0 20 40 60 80
0.0000

0.0002

0.0004

0.0006

0.0008

0 20 40 60 80
0.0000

0.0001

0.0002

0.0003

0.0004

V
el

oc
ity

 (n
m

ol
 h

-1
 g

-1
)/ 

un
it 

P
LF

A

Days post inoculation

Untreated
E. Coli Only
Dairy Vermicompost
Dairy Windrow
Poultry



47 
 

 

 

 
 
 
 
 
 
 

 

Figure 3.10 The ratio of β-1,4-glucosidase/(β-1,4-N-acetylglucosaminidase+leucine):β-
1,4-glucosidase/ phosphatase [BG/(NAG+LUC):BG/AP] enzyme activity with 40 µM 
substrate on days 8(A), 16(B), 23(C), 30(D), 50(E), and 65(F) post E. coli inoculation.  
Circles represent Lilac samples and diamonds represent Wheelock samples. The solid 
line represents a 1:1 ratio. The horizontal dashed line outlines where BG is equivalent to 
NAG+LUC and the vertical dashed line outlines where BG is equivalent to AP. The 
graph underneath the data indicates the nutrient that the microbial community is 
allocating the most energy to acquire based on where the sample falls on the graph.  
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Figure 3.11 Principal coordinate analysis of the β-1,4-glucosidase/(β-1,4-N-
acetylglucosaminidase+leucine):β-1,4-glucosidase/ phosphatase enzyme activity ratio.  
Samples are labelled by the sampling day they were taken on after E. coli inoculation. 
The number represents days after inoculating soil with E. coli. 

 

3.2.4. Respiration 

There was an overall decrease in Iodonitrotetrazolium chloride (INT) reduction on 

day 50 post inoculation at both fields (Figure 3.12). INT reduction was similar among 

treatments (p>0.05 by ANOVA). The decrease in INT reduction on day 50 mirrored the 

drying pattern of the soils at both the 2 cm and 10 cm depths (Figure 3.13).   
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Figure 3.12 Iodonitrotetrazolium chloride reduction on separate sampling dates in Lilac 
(A) and Wheelock (B). Different letters represent statistical differences in INT reduction 
between sampling dates (p<0.05). Standard error bars for each date are illustrated.  
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Figure 3.13 Iodonitrotetrazolium chloride (INT) reduction through time (left y-axis) and 
water potential through time (right y-axis) in Lilac (A) and Wheelock (B). Solid lines 
represent INT reduction separated by treatment with standard error bars. Dotted lines 
represent water potential taken at a 2 cm depth and dashed lines represent water potential 
taken at a 10 cm depth.  
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3.2.5. Phospholipid Fatty Acid Analysis 

Phospholipid fatty acid (PLFA) abundance was correlated positively with INT 

reduction (Figure 3.14). Composition of PLFA was generally uniform throughout 

sampling dates and between fields and treatment types. Gram negative bacteria were the 

most abundant taxonomic group represented by PLFA analysis, followed by gram 

positive bacteria and actinobacteria (Figure 3.15). Microbial composition by PLFA was 

distinguished mostly by sampling date, and was otherwise consistent between treatment 

types and sites (Figure 3.16). There were no temporal differences in total PLFA 

abundance, with the exception of a lower abundance 23 days post inoculation compared 

to 65 days post inoculation in Lilac (p=0.0157, Figure 3.17 A,B). There was no 

difference in total PLFA among treatments for either field (p=0.3271, p=0.1847 in Lilac 

and Wheelock, respectively). Although not statistically significant, there was a trend that 

total PLFA abundance was greater in vermicompost plots at both fields and in poultry 

plots at Wheelock (Figure 3.17C,D). In Lilac, the general FAME group, arbuscular 

mycorrhizal fungi (AM fungi), fungi, gram positive bacteria, actinobacteria, and protozoa 

were significantly more abundant at 65 days post inoculation than earlier (Table 3.3). In 

contrast, anaerobes were most abundant at 16 days post inoculation and decreased 

thereafter. Differences among treatments within taxonomic groups occurred. For 

example, general FAME, AM fungi, gram negative bacteria, gram positive bacteria, 

actinobacteria, and protozoa increased with dairy compost amendment in Lilac (Table 

3.4) and with dairy vermicompost or poultry compost in Wheelock (Table 3.6). In Lilac, 
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poultry and vermicompost also increased the abundance of anaerobes and fungi. In 

Wheelock, AM fungi, fungi, gram positive bacteria, actinobacteria, and protozoa were 

significantly higher either at 50 or 65 days post E. coli inoculation than the earliest 

sampling dates (Table 3.5). Similar to Lilac, anaerobes in Wheelock were highest at 8 

and 16 days post inoculation and decreased in later sampling dates.  
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Figure 3.14 Linear regression between total PLFA abundance and INT reduction 
(p<0.0001, n=176). The linear regression equation is shown on the graph. 
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Figure 3.15 PLFA abundance of taxonomic groups and unknown markers through time 
(General FAME) in Lilac (A) and Wheelock (B). Means (±1 standard error) are 
illustrated.  
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Figure 3.16 Principal coordinate analysis of PLFA taxonomic proportions, labelled by 
sampling day (A), field (B), and treatment (C).  
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Figure 3.17 Total PLFA abundance through time in Lilac (A) and Wheelock (B) and 
between treatments in Lilac (C) and Wheelock (D). Contrasting letters signify statistical 
differences between means (p<0.05). Standard error (±1) bars are illustrated.  
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3.2.6. Genetic Sequencing 

Community composition of bacteria and fungi were distinct between field 

locations (Figure 3.18). Microbial composition of the composts alone was also 

dramatically different than soil composition, even with compost amendments (Figure 

3.18). Microbial composition within each field clustered by treatment and through time. 

In Lilac, PCO analysis showed similar bacterial composition of plots with either dairy 

treatment, which differed from the composition of plots with poultry compost, and 

untreated plots overlapped between the two (Figure 3.19A). Clustering between treatment 

types occurs mostly along the x-axis, indicating that the starting compost substrate 

(poultry litter vs. dairy manure) has the greatest contribution to variation in bacterial 

community. In Wheelock, plots with either dairy composts and untreated plots had 

similar composition and poultry plots were more distinct (Figure 3.19B). In both fields, 

samples from the last sampling date had a more distinct composition than the earlier 

samples (Figure 3.19C,D). Effects of time and treatment on fungal composition varied 

slightly between fields. In Lilac, plots with either dairy compost had similar fungal 

composition, which differed from the overlapping fungal composition between plots with 

either untreated or poultry compost (Figure 3.20A). In Wheelock, compost treatments did 

not result in distinct fungal compositions. Instead of plots with dairy compost treatments 

overlapping, the dairy vermicompost and poultry compost treated plots had similar 

composition and the dairy windrow and untreated plots had similar composition, with 

some overlap between all treatments (Figure 3.20B). There was a temporal gradient in the 

PCO analysis of ITS sequences in both field sites, with complete overlap between plots 
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from the earliest sampling dates and increasing compositional dissimilarity of plots from 

the later sampling dates (Figure 3.20C,D). 

 

Figure 3.18 Principal coordinate analysis of 16S sequences for bacteria and archaea (A) 
and ITS sequences for fungi (B). All samples taken from Lilac are triangles, all samples 
taken from Wheelock are circles and sequences from the compost samples alone are 
crosses.  
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Figure 3.19 Principal Coordinate Analysis of 16S sequences in Lilac and Wheelock field 
plots. Figures are labelled by treatment (A for Lilac, B for Wheelock) and sampling date 
(C for Lilac, D for Wheelock).  
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Figure 3.20 Principal Coordinate Analysis of ITS sequences in Lilac and Wheelock field 
plots. Figures are labelled by treatment (A for Lilac, B for Wheelock) and sampling date 
(C for Lilac, D for Wheelock). 
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 At Lilac, poultry compost, moisture, untreated plots, and temperature had the 

highest contribution to variation in bacterial and archaea community composition (Table 

3.7). Several operational taxonomic units (OTUs) correlated with poultry compost 

treatment or moisture (Figure 3.21). Members of Verrucomicrobia, γ-proteobacteria, δ-

proteobacteria,    α-proteobacteria, Bacteriodetes, and Firmucutes were the 

distinguishing taxa associated with poultry compost. Higher water potentials (wetter 

soils), in contrast, correlated with multiple OTUs matched to the iii1-15 order within the 

Acidobacteria phyla, as well as members of the α-proteobacteria, β-proteobacteria, and 

Fibrobacteres phyla. Principal response curve analysis of bacterial composition through 

time showed significant treatment effects (p=0.002). The PRC of poultry-treated plots 

had positive canonical coefficients at each time point, whereas the PRC of dairy-treated 

plots had negative canonical coefficients, demonstrating opposite influences on variation 

in bacterial composition from untreated plots (Figure 3.22). The deviation in bacterial 

composition in poultry-treated plots was greater in later sampling dates than earlier 

sampling dates. In contrast, bacterial composition of plots with dairy compost treatment 

became more similar to that of untreated plots through time. The majority of OTUs that 

most closely fit to the principal response curves had scores between 0 and 1, indicating 

ubiquitous distribution among all plots. Three OTUs had scores between 1 and 4 and fell 

within the range of the poultry PRC during the first four sampling dates. Two OTUs had 

negative species scores and therefore correspond to dairy compost treatment.      
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Table 3.7 Variables with statistically significant contributions to explained variation in 
16S composition in Lilac plots.  

Variable Contribution to explained 
variation p-Value 

Poultry treatment 31.1% 0.0028 
Untreated treatment 19.4% 0.0023 
Moisture at 2 cm depth 17.2% 0.0028 
Moisture at 10 cm depth 14.3% 0.0028 
Temperature 12.6% 0.0028 

Explanatory variables accounted for 23.1% of the variation. 
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At Wheelock, all compost treatments and moisture had the greatest contribution to 

variation in bacterial and archaea community composition (Table 3.8). The majority of 

the top 15 OTUs that best fit to the explanatory variables were clustered with the poultry 

treatment (Figure 3.23). These included Bacteriodetes, α- and γ-Proteobacteria, 

Chloroflexi, Verrucomicrobia, Fibrobacteres, and the iii1-150 order of Acidobacteria-6. 

An OTU identified as belonging to the iii1-150 order of Acidobacteria-6 correlated with 

moisture, as did a member of the Nitrospirae phylum. One OTU, matched to the 

Sphingobacteriaceae family, had PCO scores that opposed moisture and was therefore 

correlated with dry conditions. The PRCs of all treatments had the same general pattern 

(Figure 3.24), with significant effects of treatments on bacterial composition (p=0.002). 

Deviation from the bacterial composition of untreated plots was greatest on day 50 post-

inoculation for all treatment types. OTU scores ranged from 0 to 35. The three OTUs that 

had much higher scores than the others were also correlated with poultry treatment in the 

redundancy analysis. These OTUs matched to members of the Spingobacteriales order 

within Bacteriodetes and the iii1-15 order of Actinobacteria-6. The remaining OTUs had 

low scores and were uniformly abundant in untreated soils. 

Table 3.8 Variables with statistically significant contributions to explained variation in 
16S composition in Wheelock plots.  

Variable Contribution to explained 
variation p-Value 

Poultry treatment 37.2% 0.0028 
2 cm moisture 30.4% 0.0035 
10 cm moisture 12.7% 0.0028 
Untreated 11.5% 0.0035 
Dairy windrow 
treatment 8.3% 0.049 

Explanatory variables accounted for 20.1% of variation 
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At Lilac, moisture had a stronger contribution to variation in fungal composition 

than compost treatments (Table 3.9). While bacterial composition was heavily influenced 

by poultry treatment, fungal OTUs were closely correlated to moisture, temperature, and 

dairy treatment (Figure 3.25). PCO scores of the 2 cm depth moisture measurement and 

10 cm depth moisture measurement fell on opposite ends of the axes, indicating a soil 

depth effect of moisture on fungal composition. The majority of ITS OTUs did not have 

taxonomic resolution greater than the phylum, making it difficult to identify potential 

ecological roles of the fungal community. Principal response curves of Lilac ITS 

sequences showed a greater deviation in the fungal community from dairy compost 

treatment, particularly dairy windrow compost, than poultry compost with significant 

treatment effects (p=0.004) (Figure 3.26). Dairy windrow compost treatment had the 

greatest separation in fungal composition from untreated plots at day 50 post-inoculation. 

All treatments had positive canonical coefficients, and thus influenced deviation from the 

untreated plots in the same direction. The majority of ITS OTUs clustered around the 

untreated baseline plot. One OTU, which matched to the species Mortierella 

camargensis, was present in high numbers in all Lilac plots and had a species score of 

approximately -50. Several other OTUs matched to the same species, but were much less 

abundant.  
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Table 3.9 Variables with statistically significant contributions to explained variation in 
ITS composition in Lilac plots.  

Variable Contribution to explained 
variation P-Value 

Poultry treatment 23.1% 0.0028 
Untreated 19.0% 0.0023 
Temperature 17.7% 0.0028 
10 cm moisture 20.5% 0.0028 
2 cm moisture 11.1% 0.0028 
Dairy windrow 8.7% 0.0080 

Explanatory variables accounted for 19.9% of the variation. 
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At Wheelock, all compost treatments and moisture had the highest contribution to 

variation in bacterial and archaea community composition (Table 3.10). Three distinct 

clusters of OTUs were present (Figure 3.27). Only one OTU, which matched to a 

member of the Ascomycota phylum, grouped with moisture at both 2 cm and 10 cm 

depths. Another cluster, which contained seven OTUs, grouped directly opposite from 

moisture and, therefore, correlated positively with dry conditions. The third cluster, also 

containing seven OTUs, correlated positively with the application of poultry compost. 

PRC curves of Wheelock ITS samples varied considerably (Figure 3.28), but treatment 

effects were still significant (p=0.04). Poultry treatment had the greatest deviation from 

the fungal composition of untreated plots, but mostly at 8, 23, and 30 days after 

inoculation. The PRCs of the dairy compost treatments fluctuated around the untreated 

baseline axis, without any strong deviations from the untreated fungal composition at any 

time point. Most OTUs had low species scores, with the exception of one OTU which 

matched to an Ascobolus species and had a species score of approximately 50.       

Table 3.10 Variables with statistically significant contributions to explained variation in 
ITS composition in Wheelock plots.  

Variable Contribution to explained 
variation p-Value 

2 cm moisture 29.8% 0.0028 
Poultry treatment 29.3% 0.0023 
Untreated 15.0% 0.0020 
10 cm moisture 13.6% 0.0028 
Dairy vermicompost 12.2% 0.0047 

Explanatory variables accounted for 15.8% of variation. 
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CHAPTER 4.  DISCUSSION 
 

4.1.Extract Experiment 

E. coli were able to grow rapidly in compost extracts in the absence of 

competition, whereas the presence of endemic microbes limited the E. coli population to 

remain at inoculation levels or decay. The nutrient content of each compost, particularly 

ammonium, phosphorous, and potassium, also related to E. coli’s growth potential when 

endemic microbes were absent. Sterilization of the compost extracts allowed the E. coli 

to access the existent nutrients without competition from the native. When competition is 

absent and nutrients are available for direct consumption, E. coli will follow a log growth 

phase until a carrying capacity is reach, which, in this study, occurred approximately 50 

hours after inoculation. The Maryland poultry compost had the most profound E. coli 

growth, likely due to its very high ammonium levels, which is E. coli’s preferred nitrogen 

source (Reitzer 2003). The Maryland poultry compost also had the highest phosphorous 

and potassium levels, which, along with ammonium, correlated positively with the 

growth rate constants during the log growth phase. Nitrogen has been shown to be a 

strong driver of E. coli survival (Franz et al. 2008), and likely had more of an effect on E. 

coli’s success in the Maryland poultry compost than phosphorous or potassium.  

The two dairy composts from Worm Power were the only two compost extracts 

that caused a decrease in the E. coli population when the native microbes were present. 

With the exception of the Maryland poultry extract, the two dairy extracts had greater 

levels of carbon, nitrogen, potassium, and ammonium than any of the other composts 

tested. While some of these nutrients were correlated with increased growth rate 
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constants in sterile extracts, the slightly higher nutrient levels in the dairy composts than 

the other composts clearly did not give the E. coli an advantage in non-sterile extracts. In 

fact, the higher nutrient levels may increase the overall microbial abundance in the dairy 

composts, resulting in strong competition and predation against E. coli. These results 

suggest that excessive nutrients, such as those seen in Maryland poultry, are sufficient to 

sustain both the endemic microbial population and increase E. coli survival. However, 

moderate levels of nutrients, such as those seen in the dairy composts, may be enough to 

encourage endemic microbial growth and create a more competitive environment for E. 

coli without providing enough nutrients to be able to sustain both the endemic and E. coli 

populations. Additionally, given that E. coli is typically found in dairy manure, the 

microbial community that develops through the composting of dairy manure may be 

better adapted to compete with and prey on E. coli than those found in poultry manure. 

The vermicomposting process also alters the microbial and nutritional profile. Worm 

Power vermicompost is created by the worm species Eisenia fetida digesting the Worm 

Power dairy compost after it been pre-treated with a thermophilic phase to meet pathogen 

reduction standards. The worm digestion occurs after the pile has been cooled so that the 

worms can survive. There are no additional substrates added to alter the microbial or 

nutritional profile other than the worm castings. While the vermicomposting process has 

been shown to alter the microbial community of the compost substrate (Neher et al. 

2013), the Worm Power windrow and vermicompost microbial communities exhibited 

similar suppressive effects on E. coli survival in this study.  
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The presence of endemic microbes had the opposite effect on E. coli survival in 

mineral soil extract than it did in compost extracts. Composts have substantially greater 

concentrations of bioavailable carbon, nitrogen, and phosphorous, as well as increased 

microbial biomass and activity compared to mineral soils (Debosz et al. 2002).  While the 

nutrients in the compost extracts were sufficiently abundant to support regrowth of the E. 

coli population, levels of bioavailable nutrients in the sterile soil extract were inadequate 

to sustain the E. coli population. Nutrients in mineral soil are typically tied up in 

polymeric organic material and require enzymatic breakdown for microbial ingestion. 

While E. coli are poorly adapted for environments in which nutrients are not readily 

available, endemic soil microbes are well adapted for extracellular enzyme secretion 

where bioavailable nutrients are scarce (Allison and Vitousek 2005). The increased 

survival of E. coli in non-sterile soil extract is potentially due to increased levels of 

bioavailable nutrients from the extracellular enzymes secreted by the native microbes. 

Competition with the native microbes, however, may have prevented the E. coli from 

increasing its population size beyond the inoculum level. The majority of non-sterile 

compost extracts also had sufficient nutrient levels to sustain the E. coli population, but 

the bioavailable nutrients were naturally present in high enough levels in the composts 

that the competition from the microbes was suppressive rather than augmentative for the 

E. coli population.  
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4.2. Field Experiment 

4.2.1. E. coli Survival 

 Compost amendments had variable effects on E. coli survival, likely due to the 

differences in nutritional profiles and the interactions between nutrient availability and 

soil moisture. The nitrogen and phosphorous content in the Wheelock and Lilac soils 

before compost amendment were within an ideal range for crop growth, so compost 

amendment in this situation added an excess of nutrient sources that could be accessed by 

the microbial community without competition by plant growth. However, both Lilac and 

Wheelock had high sand contents (88-90% sand and 80-82% sand, respectively). Because 

the field season was unusually rainy, any nitrogen in the form of nitrate was likely 

quickly leached into the ground water. Ammonium, in contrast, is positively charged and 

binds to negative charges on organic matter and clay particles, and is thus more resistant 

to leaching (Paul 2015). Because the poultry manure had exceptionally high ammonium 

levels, the nitrogen may have been able to reside within the soil for longer than nitrate 

forms of nitrogen from other composts. The net result is a sustained E. coli population in 

poultry compost-treated plots. Additionally, Lilac soil had 0.4% higher organic matter 

content and 5% higher clay content than Wheelock soil, and, therefore, contained more 

cation exchange attachment sites for ammonium. These additional attachment sites may 

have maintained higher nitrogen levels in Lilac than Wheelock, accounting for at least a 

portion of the difference in E. coli population decline between Lilac and Wheelock 

poultry compost-treated plots during the bout of rains in the last two months of the field 

trial. In contrast, treatment by the other composts exhibited no difference in E. coli 
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survival between fields. Because nitrogen was mostly in the nitrate form in the dairy 

composts, which leaches easily in sandy soils during rainy seasons, it is possible that the 

two dairy composts would have had a larger effect on E. coli survival in less sandy soils 

with fewer rains. 

 During the first 50 days after inoculation, both fields remained close to full 

saturation. Despite the fields containing well-drained sandy soils, the sites at the end of 

this 50-day period were water-logged. When soil pores are completely saturated with 

water, the soil may become anaerobic (Tiedje et al. 1984). E. coli are facultative 

anaerobes, making them capable of metabolic respiration in the absence of oxygen. This 

gives them a competitive advantage over the large number of obligate aerobes that live in 

the soil when pores are saturated. The one-phase decay model, which represents a 

standard microbial population decline under nutrient-starved conditions, fit well with the 

E. coli survival rate when conditions were wet. Dryer periods correlated to intervals of 

time when the E. coli populations decreased at a much more rapid rate than a one-phase 

decay model would predict. Under dryer conditions, E. coli may encounter much fiercer 

competition and predation from aerobic organisms than in saturated conditions. Saturated 

conditions not only give E. coli a metabolically competitive advantage, but may also 

mobilize nutrients in the soil and temporarily relieve nutrient starvation.  

 

4.2.2. Enzyme Activity 

Overall, there were no clear long-term effects of compost on enzyme activity. 

Any observed effect was temporary, lasting no more than two weeks after composts were 
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added to soil, at which point enzyme activity returned to that of the endemic microbial 

signature. Activity of all extracellular enzymes were the most variable between plots on 

the first sampling date, which was eight days after E. coli inoculation. Because it was the 

beginning of the field trial, plots had been recently tilled and amended with the 

appropriate compost treatment. Tilling of soil disrupts soil aggregate structure and 

redistributes nutrients, creating a new set of dynamics among the biotic community (Six 

et al. 1999). This initial variation in extracellular enzyme activity (EEA) is likely a 

function of such disruption and addition of organic inputs. Additionally, the soil 

temperature increased by approximately 10⁰C during the ten days prior to the first 

sampling date. High temperatures lead to increased enzyme activity in soil (German et al. 

2008), which also could have caused a sudden burst in enzyme production and 

contributed to the early EEA variation. Overall, enzyme release was affected more by 

time than by compost application. Contrary to the hypothesis that nutrient inputs by 

compost amendment would drive changes in enzyme activity, the input of both organic 

and inorganic substrates by compost amendment did not lead to significant differences in 

EEA. The majority of studies showing decreased activity of EEA with addition of simple 

substrates were conducted in wetland soils or aquatic systems (Chrost 1991, Chlarholm 

1993). Interactions between microbes and nutrients in such aquatic environments are 

much more homogenous than agricultural soils, given increased bacterial and nutrient 

mobility in water and less niche segregation by aggregates. The relationship between 

nutrient inputs and EEA in terrestrial soils may be much more complicated. Microbes 

likely have constitutive enzyme production, which would alter the relative need for 
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further enzyme production (Allison and Vitousek 2005). Additionally, the ability to 

produce particular enzymes can be confounded by the carbon and nitrogen requirements 

of enzyme synthesis alone. For example, even if the microbe would benefit from 

producing extracellular enzymes to obtain carbon, the carbon levels are so limited in the 

soil that enzyme synthesis is not possible (Burns 1982). The release of enzymes in soil 

can be affected by an infinite number of abiotic and biotic trigger combinations, making 

predictions about EEA responses extremely difficult.  

 Enzyme activity, did however, exhibit paralleling trends with soil moisture. 

Several studies have demonstrated a strong relationship between soil moisture and EEA. 

Henry (2013) proposed general relationships of soil moisture and EEA depending on the 

soil drainage properties. Poorly drained soils exhibit a parabolic curve of EEA with 

increasing soil moisture, in which dry conditions are associated with low EEA, 

intermediate rainfall causes the greatest EEA, and high rainfall leads to anaerobic 

conditions and also reduces EEA. In well-drained soils, EEA continues to rise with 

increasing moisture until it reaches a plateau, but the soil never becomes anaerobic and, 

therefore, never decreases. Although the soils in this study have high sand content and 

would be considered well-drained, the rains were heavy enough that plots were 

completely saturated by day 30 post E. coli inoculation. Additionally, Lilac is near a 

stream and may have a high water table, resulting in frequent saturation. Enzyme activity 

decreased in both fields until day 30, potentially due to the soils becoming anaerobic. 

Obligate and facultative anaerobes use different enzymatic strategies for obtaining 

nutrients than obligate aerobes (Reguera and Leschine 2001). Therefore, the decrease in 
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EEA measured may have been due to a switch in enzyme production by the dominating 

anaerobic community. As seen in the extract experiment, E. coli growth was correlated 

with potassium, phosphorous, and nitrogen levels, but not carbon. As soils became 

saturated, AP and NAG activity increased relative to BG, thereby switching microbial 

nutrient acquisition from carbon to nitrogen and phosphorous. Anaerobes and facultative 

anaerobes, such as E. coli, may require more nitrogen and phosphorous than carbon for 

metabolism in anaerobic conditions. Rainfall also mobilizes nutrients, increasing their 

availability (Stark and Firestone 1995), which may have decreased need for synthesis of 

microbial enzymes. Alternatively, heavy rains can result in the leaching of enzymes (Bell 

and Henry 2011), resulting in lower levels of overall enzyme activity. Rains decreased 

briefly between days 30 and 40, and then became heavy again between days 40 and 50 

post inoculation. Activity of β-glucosidase (BG), phosphatase (AP), and β-1,4-N-

acetylglucosaminidase (NAG) increased in both fields between days 30 and 50. Drying 

and rewetting of soils causes mineralization bursts (Borken and Matzner 2009, Inglima et 

al. 2009), which may at least partially explain the increase in enzyme activity at day 50 

post inoculation. An increase in soil saturation causes an increase in microbial 

phosphorous acquisition (increase in AP activity) and a decrease in microbial carbon 

acquisition (decrease in BG activity) (Sinsabaugh et a.l 2008). Bell and Henry (2011) 

showed that NAG activity increased with prolonged water addition, while BG activity 

was unaffected, suggesting the same pattern for NAG and AP. Between day 23 and 30 

post inoculation, AP and (NAG + LUC) activity increased relative to BG activity, 

particularly in Lilac soils, which was the wetter of the two fields. These data reinforce the 
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same trends found by previous studies that nitrogen and phosphorous acquisition is 

greater in saturated soils than carbon acquisition.  

 

4.2.3. Respiration 

 INT reduction followed a similar pattern as enzyme activity, in that compost 

amendment did not have obvious effects and soil moisture seemed to have a strong 

influence on microbial respiration. Both INT reduction and enzyme activity decreased 

during the initial part of the season and increased by the last sampling date. The primary 

difference between the two was enzyme activity started to increase after day 30 post 

inoculation, and INT reduction did not increase until after day 50. Enzyme activity 

increased after a brief gap in the rainfall when water potential dropped slightly and then 

resurged between days 30 and 50 post inoculation. Respiration, in contrast, was 

significantly less at day 50 than earlier in the season. Because extracellular enzyme 

secretion is energy-intensive and unnecessary for immediate survival, its regulation is 

likely to be more sensitive to small environmental changes (Schimel et al. 2007). INT 

reduction, however, is indicative of dehydrogenase activity, which is necessary for basic 

microbial respiration and survival. Therefore, it is beneficial for microbes to maintain 

constitutive dehydrogenase activity throughout a range of environmental conditions. High 

oxygen content in soil pores has been correlated with low INT reduction, whereas 

anaerobic conditions has been correlated directly with INT reduction (Trevors 1984), 

which may be due to higher respiration levels of anaerobic metabolism than aerobic 

metabolism. The drying of the soil between days 30-40 allowed for an influx of oxygen 
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into the soil, and may have, thereby, decreased levels of microbial respiration as the 

population switched from anaerobic to aerobic. However, the subsequent rewetting 

between days 40 and 50 post inoculation could have resulted in the mineralization burst 

by the extracellular enzymes. The mineralization burst would have resulted in a sudden 

increase in nutrients available for microbial growth and, therefore, stimulated the increase 

in respiration by 65 days after inoculation. Additionally, dry periods result in microbial 

accumulation of osmolytes to counteract the decreasing water potential of the soil and 

avoid dehydration by osmosis (Schimel et al. 2007). The rewetting of soil causes a need 

for rapid release of these osmolytes, which in turn increases respiration. This may also 

account for the increase in respiration observed after the drying and rewetting of the soil.  

 

4.2.4. Phospholipid Fatty Acid Analysis 

The results from the PLFA data suggest that compost amendment can alter soil 

microbial biomass in two ways. First, compost adds its own microbes to the soil, which, 

as long as they can survive in the soil’s environment, will directly increase total biomass. 

Second, the nutritional content of the compost enhances the growth of the microbial 

community endemic to the soil. The effects of both compost amendment and the climate 

depend on the soil. In Lilac, both dairy composts increased the abundance of most 

taxonomic groups measured, even though the total biomass remained unchanged. 

Application of dairy vermicompost also increased the biomass of most taxonomic groups 

in Wheelock. However, in Wheelock, poultry compost had a similar effect as dairy 

vermicompost, and dairy windrow compost did not result in an increase in biomass for 
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any taxonomic group. Wheelock soil potentially contains more microbes that prefer 

ammonium as their nitrogen source than Lilac soil, and is, therefore, more influenced by 

poultry amendment. Conversely, vermicompost applications resulted in an increase of 

biomass of most groups in both fields. The extract experiment had the greatest E. coli 

suppression in non-sterile extracts made from the dairy vermicompost. The gut 

microbiome of the worms may add substantial microbial biomass to the dairy compost, 

which, in turn, increases the abundance of soil microbes when the compost is used as an 

amendment. 

 Many of the taxonomic groups had the greatest abundance on the last sampling 

date. Large numbers of these taxa are aerobic, and their growth may have been 

suppressed by the high water content of the soil. Given that respiration decreased 

gradually for the first 50 days post inoculation, it is unlikely that much growth occurred 

during this time. The respiration burst between the last two sampling dates coincides with 

the increase in abundance of many of the PLFA biomarkers, which likely drove the 

positive relationship between INT reduction and total biomass. Additionally, fungal 

biomass, which significantly increased through time, was likely affected by the tillage at 

the beginning of the field trial. Cultivation will interfere with fungal hyphae and decrease 

overall biomass (Schimel et al. 2007), and the increase in fungi may have simply been a 

function of recovery after disturbance. While anaerobes would have been expected to 

increase during the saturated period, the only significant difference in anaerobes was a 

statistically higher abundance on day 23 post inoculation than day 16 in Lilac. However, 
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taxonomic classifications of PLFA biomarkers are controversial, and sequencing serves 

as a much more accurate tool for microbial composition analysis (Frostegård et al. 2011).	   

 

4.2.5. Sequencing 

Community composition characterized by genetic sequencing verified the 

interaction of field site by compost. In Wheelock soil, a greater proportion of the 

explained variation in bacterial composition was attributed to poultry treatment than in 

Lilac. Therefore, poultry compost not only had a greater influence on biomass abundance 

in Wheelock than Lilac as shown by the PLFA results, but also had a greater influence on 

bacterial composition. The combined contribution of water potential at the 2 cm and 10 

cm depth to variation in bacterial and fungal composition was approximately 30% for 

both sites. Multiple studies have demonstrated shifts in bacterial and fungal composition 

with changing water potential (Barnard et al. 2013). A microbe’s response to the drying 

and rewetting of soil could be a direct effect of the organism’s adaptive responses to 

water stress (Schimel et al. 2007) or an indirect response from moisture’s effect on 

nutrient availability (Jackson 2003).  

Although the ecological roles of most soil microbes have yet to be determined, 

general life history strategies of large taxonomic groups have been correlated with shifts 

in soil water potential and nutrient cycling. For example, Acidobacteria are 

predominantly considered oligotrophic k-strategists (Ward et al. 2009). They are found in 

high abundances in bulk soils with low carbon content (Fierer et al 2007, Marilley and 

Aragno 1999).  They also have a high tolerance for drying and rewetting cycles (Ward et 
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al 2007). Both Acidobacteria and Verrucomicrobia will increase in abundance in wet 

soils (Barnard et al. 2013) and decrease in abundance in soils amended with nitrogen 

(Ramirez et al. 2012). In contrast, copiotrophic taxa, such as Firmicutes, will increase 

with dry conditions and nitrogen amendments (Ramirez et al. 2012, Barnard et al. 2013). 

Proteobacteria and Bacteroidetes have also been observed to increase with high carbon 

availability (Fierer et al. 2007). However, Proteobacteria is an extremely diverse phylum 

with a wide range of habitats and ecological roles (Spain et al. 2009). The positive 

correlation between Bacteroidetes, Proteobacteria, and Firmicutes with poultry treatment 

reinforces the effects of high nitrogen amendments seen in previous studies. All of these 

phyla are recognized as copiotrophic organisms, which likely increase in abundance from 

the high nitrogen content of the poultry compost along with E. coli. High moisture 

content was often correlated positively with members of the Acidobacteria and 

Proteobacteria phyla. This corroborates previous observations that Acidobacteria have 

high tolerance to wet soils. A member of the Sphingobacteriales order of Bacteroidetes 

increased in abundance in poultry-treated plots during the dry period of the field season. 

Bacteroidetes are copiotrophic Gram negative bacteria. Schimel et al. (2007) suggested 

that the broad life history pattern of Gram negative organisms would result in decreased 

survival in wet soils. Because they are copiotrophic organisms, it would make sense that 

they were found primarily in poultry plots during the dry period. In Lilac, a member of 

the Opititus genus of Verrucomicrobia correlated positively with poultry compost 

treatment during the rainy part of the season. Opititus is an obligate anaerobe, and was 

likely present because of its competitive advantage in fully saturated soils. Overall, 
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bacterial composition variation from poultry compost treatment was greatest during the 

dry period, whereas dairy compost treatment did not contribute to substantial variation 

and was close to the composition of untreated plots by the last sampling date. This 

implies that the high levels of nutrients from the poultry compost have the greatest effect 

on bacterial communities when the soil is dry and nutrients are therefore limited. 

 Fungal composition was also primarily affected primarily by poultry compost 

treatment and moisture. Fungi, in contrast to bacteria, are more uniform in their response 

to moisture. In general, fungi tend to increase with drying and decrease with wetting of 

soils, although the response can be site-dependent (Barnard et al. 2013). In Wheelock, 

seven ITS OTUs formed a tight cluster that directly opposed the PCO moisture scores in 

the Redundancy analysis. This implies a direct effect of drying on the increase in 

abundance of multiple fungal species in Wheelock. The relationship between fungi and 

moisture was less obvious in Lilac. Because fungi have long hyphal extensions, they are 

less limited by the immobility of nutrients during dry periods than bacteria (Orchard and 

Cook 1983). The decrease in competition from bacteria during dry periods likely gave 

fungi a competitive advantage.  

 Unlike bacterial composition, dissimilarity in fungal composition from treatment 

types did not show clear temporal trends. In Lilac, dairy compost plots had greater overall 

deviation in fungal composition from untreated plots than poultry compost treated plots, 

whereas the opposite was true in Wheelock. Similar to the biomass data and 16S 

composition, fungal composition seemed to be more influenced by poultry compost in 

Wheelock than Lilac soils. Fungal community composition can be heavily influenced by 
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nitrogen inputs, particularly ammonium (Paul 2015). However, as shown with both the 

biomass and composition data, the effects of compost amendment will differ drastically 

with changing environmental variables and endemic soil communities.   

 

4.2.6. Conclusions 

This study revealed that compost made from poultry litter can have drastic effects 

on microbial composition and invasive microbial survival in soils, whereas lower nutrient 

composts have a more nominal effect. High levels of proteins and amino acids in poultry 

litter result in substantial nitrogen availability. In fresh poultry manure, 60-80% of 

nitrogen is in organic form (Kelleher et al. 2002). Throughout the composting process, a 

large fraction of the organic nitrogen is converted to ammonia, ammonium, and nitrate 

(DeLaune et al. 2004). Although high concentrations of mineralized nitrogen are 

desirable for compost, because nitrogen is only plant-available in mineralized form, this 

study showed that excessive levels of ammonium may also cause the soil to harbor high 

levels of pathogenic E. coli. Mixing poultry litter with other substrates, as in the case with 

the poultry composts from sources other than Maryland, decreases ammonium levels 

dramatically and could provide enough mineralized nitrogen to support plant growth 

without augmenting E. coli survival. Additionally, the dairy manure compost provides 

sufficient nutrient levels for plant growth while also sustaining competitive endemic 

microbial communities and may provide the best nutritional amendments without 

compromising the safety of produce for human consumption.  
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 The contrast between E. coli survival in poultry compost-treated plots and plots 

treated with other composts may partly be a function of soil type and the frequent rain. 

The high water potential of the soils likely led to leaching of nutrients and a shift in the 

microbial community composition from aerobes to anaerobes and facultative anaerobes. 

Because the source of E. coli outbreaks in agricultural soils is mostly contaminated water, 

flooding soils with surface water may not only introduce the pathogen, but give the 

pathogen a competitive advantage for survival against endemic obligate aerobes. The 

results provide further evidence that it is critically important to test surface and ground 

water for fecal contamination and that irrigation methods that prevent over-saturation of 

the soils may protect against pathogen survival.  

 Sequencing analysis revealed a strong influence of poultry compost amendments 

on overall microbial composition, particularly by increasing copiotrophic r-strategists 

that belong to the Firmicutes, Bacteroidetes, and Proteobacteria phylas. Moisture, in 

contrast, decreased fungi and copiotrophic r-strategists, but increased oligotrophic k-

strategists such as Acidobacteria. This implies that E. coli are able to co-survive in soil 

environments with a variety of microbes, provided that nutrient levels are high. The 

increase in soil microbial biomass by dairy vermicompost did not have an effect on E. 

coli survival. The combined analyses from this study suggests that moisture and nutrient 

availability are the driving factors in soil microbial composition, and that competition and 

predation by native soil organisms may not have a prominent influence on the ability of 

an invasive copiotrophic organism to survive in an oligotrophic soil.  
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APPENDIX A 
 

Introduction 

 Michaelis-Menten enzyme kinetics are commonly used to determine the 

maximum enzyme velocity (Vmax) and the Michaelis constant (Km) for enzymes of 

interest. The Michaelis constant, which is equivalent to the substrate concentration at one 

half of Vmax, provides a measure of an enzyme’s affinity for a substrate (Logan and 

Fleurry 1993). Enzyme kinetic analysis allows for the prediction of enzyme velocity (v) 

given a particular substrate concentration (S) by the equation: 

𝑣 =
𝑉?@A𝑆
𝐾? + 𝑆 

Determination of Vmax and Km is a useful tool for understanding enzyme activity in 

systems with ephemeral substrate inputs.   

 

Methods 

 On days 8 and 30 post E. coli inoculation, samples were prepared and analyzed as 

described in Section 2.2.5. In addition to incubating samples with 40µM enzyme 

substrate, samples were also incubated with 5µM, 10µM, 15µM, 25µM, and 30µM 

substrate concentrations. The enzyme velocity was graphed against substrate 

concentration and a Michaelis-Menten model was fit to the data using GraphPad Prism 

v.6.05.  
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Results 

 Michaelis-Menten equations best fit to β-glucosidase activity (R2 = 0.7754 – 

0.9964). However, the calculated Vmax and Km values were ambiguous for over half of the 

samples and the confidence intervals were incalculable on GraphPad Prism. Both 

phosphatase and β-glucosidase exhibited multiphasic curves, with enzyme activity 

increasing dramatically between 30µM and 40µM substrate (Figures 1,2). β-1,4-N-

acetylglucosaminidase activity exhibited a more linear curve, with activity increasing at a 

constant rate with substrate concentration and, therefore, never reaching a maximum 

velocity (Figure 3). Leucine activity had the least precise fit of the enzymes (R2 = 0.0222 

– 0.9177, Figure 4). Because Vmax and Km values could not be determined for many of the 

replicates, statistical analysis to determine treatment and site differences were not done.  

 

Discussion 

 Natural soil and aquatic systems frequently exhibit multiphasic enzyme kinetics 

(Schmidt and Gier 1990, Lewis et al. 1984). This is largely due to mixed populations, 

which secrete enzymes with variable substrate affinities. Different subsets of microbes 

may be responsible for enzyme activity when substrates are present in low concentrations 

versus when substrates are present in high concentrations. Because soils contain highly 

diverse microbiomes, the enzyme kinetics in this experiment did not follow a predictable 

Michaelis-Menton model and thus could not be used to analyze treatment and site 

differences in enzyme activity.  
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Figure 1: Activity of β-1,4-glucosidase on day 8 post E. coli inoculation in untreated 
plots (A), plots with E. coli only (B), plots with dairy windrow compost (C), plots with 
dairy vermicompost (D), and plots with poultry windrow compost (E). Symbols represent 
the measured velocity at a given substrate concentration. Lines represent the best fit 
Michaelis-Menten model. Plots 1 – 15 are from Lilac and plots 16 – 30 are from 
Wheelock. 
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Figure 2: Activity of phosphatase on day 8 post E. coli inoculation in untreated plots (A), 
plots with E. coli only (B), plots with dairy windrow compost (C), plots with dairy 
vermicompost (D), and plots with poultry windrow compost (E). Symbols represent the 
measured velocity at a given substrate concentration. Lines represent the best fit 
Michaelis-Menten model. Plots 1 – 15 are from Lilac and plots 16 – 30 are from 
Wheelock. 
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Figure 3: Activity of β-1,4-N-acetylglucosaminidase on day 8 post E. coli inoculation in 
untreated plots (A), plots with E. coli only (B), plots with dairy windrow compost (C), 
plots with dairy vermicompost (D), and plots with poultry windrow compost (E). 
Symbols represent the measured velocity at a given substrate concentration. Lines 
represent the best fit Michaelis-Menten model. Plots 1 – 15 are from Lilac and plots 16 – 
30 are from Wheelock. 
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Figure 4: Activity of leucine on day 8 post E. coli inoculation in untreated plots (A), 
plots with E. coli only (B), plots with dairy windrow compost (C), plots with dairy 
vermicompost (D), and plots with poultry windrow compost (E). Symbols represent the 
measured velocity at a given substrate concentration. Lines represent the best fit 
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Michaelis-Menten model. Plots 1 – 15 are from Lilac and plots 16 – 30 are from 
Wheelock. 
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