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CHAPTER 1 General Introduction

CYRUS ALEXANDER MALLON
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Biological invasions
The study of biological invasions provides a window into the fundamen-
tal processes governing life in the natural world. These observations were 
heralded as early as Darwin who observed that distributions of species 
are limited by their dispersal capabilities (Darwin 1859). Yet, Darwin 
also noticed that dispersal barriers could be breached, causing now exotic 
organisms to thrive in their new environments. This led to the observation 
that native species are not always optimally adapted to their environments 
because foreign, invasive organisms can drive local populations to elim-
ination (Darwin 1859). Modern studies of invasion have allowed us to 
better understand factors that affect speciation, community assembly, and 
succession. For example, introduction of apple trees in the Midwestern and 
Northeastern United States can be attributed to the sympatric speciation 
of Rhagoletis fruit flies that were selected to live and breed among the apple 
trees in the presence of their native host, the hawthorn plant (Bush 1969). 
Seminal work by Vitousek et al. (1987) portrayed how a single invader, in 
this case the tree Myrica faya that forms an association with nitrogen-fixing 
bacteria, could augment amounts of nitrogen in an environment that was 
previously N-limited. The invasive success of M. faya thus altered its entire 
ecosystem by increasing the amount of available resources, which in turn 
could influence future invasions and long-term changes to community 
structure.

The peak of research in invasion ecology occurred in the early 2000s, 
when a series of studies found that biological diversity plays a major role 
in determining a community’s resistance to invasion. Among the first were 
several observatory experiments that manipulated the diversity of plant 
communities (Kennedy et al. 2002, Dukes 2001, Naeem et al. 2000). 
These found that the success of an invader was inversely related to the 
diversity of the native community. The term ‘diversity-invasion effect’ was 
coined to describe this principle. Although further macroecological studies 
found that this relationship was, in some cases, dependent upon the scale 
at which invasions are observed or manipulated (See Fridley et al. 2007 
for a review on this subject), research into invasion ecology soon focused 
on the mechanisms underlying the diversity-invasibility pattern. Many 
mechanisms were examined that could be related to the success of invasive 
plants, including allelopathy (Callaway and Aschehoug 2000), resource 
use efficiency (Funk and Vitousek 2007), and propagule effects (Holle and 
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Simberloff 2005). But two salient factors able to influence the success of 
an invader were quickly acknowledged: the quantity of available resources, 
and the capability within native communities to exploit those resources, 
which was dependent upon diversity.

Davis and colleagues, in their ‘fluctuating resource hypothesis’, first 
theorized that the level of available resources in a community and the 
ability of the community to exploit those resources drives invasion resis-
tance (Davis et al. 2000). While this means that at levels of high resource 
supply the relationship between diversity and invasion would uncouple, it 
provides a framework that underpins the idea that competitive effects of 
highly diverse communities could be alleviated when resource supply is 
high, leading to successful invasions. Davis and Pelsor (2001) soon found 
evidence supporting the hypothesis. Tilman (2004) further refined the 
paradigm of invasion as being part of a continuum of community assem-
bly and succession. Using models and simulations his study showed the 
concomitance of a high supply of resources with the high probability of 
invasion; but where resource supply decreases (due to the recruiting of 
more and more individuals to the community), the chances of invasion will 
exponentially decrease. Thus, it was not highly diverse communities per se 
that drove invasion resistance, but rather a low level of remaining resources 
that could not support an invading population. Later study, (Fargione and 
Tilman 2005), revealed that a combination of sampling (i.e., dominance) 
and complementarity effects drove the reduction of nitrate, a limiting plant 
resource, in more diverse communities, thereby confirming that resource 
competition was a major factor related to invasion resistance.

With the advent of advanced molecular ecology techniques, there is a 
recent thrust to couple general ecological theory with microbial community 
ecology. For instance, the taxon-area relationship has been found to be 
applicable to microbial communities (Martiny et al. 2006, Horner-Devine 
et al. 2004), and the greater understanding of microbial biogeographical 
patterns has provided evidence for the intuitive contention that microbes 
are often dispersal-limited (Fierer 2008). Examining invasive microbes in 
a general ecological framework is thus a natural progression in the search 
for general principles and mechanisms that control microbial invasions.

Recent microbial invasion studies have been spurred by observations 
of non-pathogenic microbes found outside their native habitats; additional 
impetus comes from the need to harness our understanding of invasion 
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for practical purposes, such as maintaining human health and fighting 
bacterial infections (Litchtman 2010, Costello et al. 2012). One invader 
example includes finding Cylindrospermopsis raciborskii, a cyanobacterium, 
venturing outside its native tropical waters into temperate waters of North 
America and Europe (Hong et al. 2006, Stüken et al. 2006). Another exam-
ple includes Bradyrhizobium japonica lineages found in Portugal with nifH 
and nodA genes specific to Australia (Rodríguez‐Echeverría 2010). Unique 
forms of B. japonica could have been introduced to Portugal and managed 
to survive with its symbiont, the legume Acadia longifolia, or these genes 
may have been horizontally transferred to native B. japonica upon intro-
duction of A. longifolia to Portugal (Rodríguez‐Echeverría 2010). Due to 
the cryptic nature of microbial invasions, especially those non-pathogenic 
invaders whose impacts are not readily noticeable, the current foci of micro-
bial invasion science are understanding the broad patterns and controlling 
mechanisms (reviewed in chapter 2).

These current studies can be divided into two main groups. The first 
encompasses those that examine invasions in the short-term—usually 
about 48 hours—creating resident communities with a known albeit small 
number of bacterial taxa examined in vitro. Although these experiments 
are limited in scope, since they lack the diversity and in situ atmosphere 
of the natural world, they offer the great advantage of examining specific 
mechanisms, like antagonism or resource use, that stem from known met-
abolic physiologies pertinent to the assembled individuals. Such was the 
case in two recent articles where the metabolic (i.e., carbon use patterns) 
and antagonistic capabilities of assembled Pseudomonas fluorescens genotypes 
were known (Eisenhauer et al. 2013, Jousset et al. 2011). This allowed a 
direct connection between resident community physiology and invader 
survival. The second group of studies encompasses long-term invasion stud-
ies—anywhere from several days to months— that examine the dynamics 
of invader survival in situ in a setting like soil or within water. Here, less 
attention is given to mechanisms associated with invasions; nevertheless, 
these experiments provide an excellent opportunity to simulate an invasion 
sensu stricto, by exploring how an invader will respond to highly diverse 
and complex communities in their natural setting. This has been shown 
with the simulated invasions of soil by the telluric pathogens Escherichia 
coli and Listeria monocytogenes (van Elsas et al. 2007, van Elsas et al. 2012, 
Vivant et al. 2013). A rising trend, as this thesis will show, is the integration 
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of different experimental and technical approaches to microbial invasion 
science, in an effort to improve understanding and predictive diagnoses of 
such invasions.

The two main approaches to examining microbial invasions exhibit a 
common theme. Not only have high-throughput sequencing technologies 
helped in the discovery of microbial biogeographical patterns, but, in doing 
so, they have helped describe the vast diversity of microbial life, where any 
one sample can contain thousands of taxa with more than 99% of these 
being as-yet-uncultured and/or undescribed (Amann et al. 1995). Thus, 
the bulk of microbial invasion studies have focused on diversity as a main 
factor that contributes to invasion resistance. Interestingly, no matter if the 
experiments have been small-scale or large-scale, the effects of diversity have 
been shown to play a major role in invasion success (Eisenhauer et al. 2013, 
Jousset et al. 2011, De Roy et al. 2013, van Elsas et al. 2007, van Elsas et al. 
2012, Mallon et al. 2014, Vivant et al. 2013). Throughout this thesis, the 
diversity-invasion effect will be explored and discussed at length in an effort 
to uncover the underlying principles associated with a phenomenon that 
has long existed but has only recently been exposed: microbial invasions.

Aim of this Thesis

The aim of this thesis is to search for general principles, patterns, and 
mechanisms that drive invasion resistance in microbial communities. By 
combining approaches that have so far been used exclusively in short-term 
or long-term experiments, this thesis thus aims to provide the most com-
prehensive report on microbial invasions to date. Our focus on factors of 
biological diversity and resource use mechanisms is directly due to their 
large explanatory power in our experiments and to their relative importance 
for all microbial community functions.

The experimental system: invasion of soil communities by an 
attenuated Escherichia coli strain
Our system

The introduction of E. coli into soil is an ideal system to test the patterns 
and mechanisms associated with a microbial invasion. E. coli, like all other 
organisms, exhibits a life cycle pattern, and this pattern is dependent upon 
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the survival in two types of environments (Figure 1.1). E. coli is a primary 
active inhabitant within the mammalian gut, where it feasts readily on 
available monosaccharides which sustain and support its gut populations 
(Hoskins et al. 1985). The gut domicile, although profiting the flora, is 
nonetheless a temporary residence, as E. coli, along with other gut bacteria, 
is constantly shed via the digestive tract into secondary (as opposed to its 
primary) habitats, like soil and water (Savageau 1983). Upon introduction 
into a secondary habitat, the evolutionary lineage of E. coli is at stake, and 
it must be able to survive for a sufficient period of time in an environment 
where it is not well adapted, coping with relative extreme abiotic con-
ditions and resource scarcity in hopes of getting acquired by a new host 
(Savageau 1983). E. coli has evolved particular molecular mechanisms that 
allow it to deal with stressful and low-resource environments. Key suites of 
mechanisms driven by RpoS gene products regulate several stress-resistant 
functions and metabolic systems (Patten et al. 2004). Such mechanisms are 
deemed to be important for E. coli with respect to its survival outside the 
host. In fact, there is a trade-off between stress resistance and nutritional 
competence in E. coli, where increased capability to respond to a variety of 
stresses will correspond to a restricted diet and vice-versa (Ferenci 2005). 
A plethora of experiments also show that E. coli survival in secondary envi-
ronments is limited, and survival times (time-to-extinction, meaning the 
time until culturable cells are no longer detectable) are often restricted to 
circa 30 days (e.g., Semenov et al. 2008, Wang et al. 2014). However, it is 
important to note that most studies do not address the potential survival 
of E. coli cells in a viable-but-nonculturable state. Interestingly, there is at 
least one confirmed case of the same E. coli genotypes being isolated con-
tinually, with observed periods of growth, over a one-year period from the 
same watershed soils, indicating the successful invasion and naturalization 
of E. coli in the soil community (Ishii et al. 2006). This could be due to a 
variety of factors, notably, increased resource availability in this environ-
ment or an increased competitive ability of the organism (both assumptions 
to be discussed later). Therefore, despite the fact E. coli survival is often 
hampered in secondary environments, successful invasions may be possi-
ble. This dichotomy of possibilities—the rare, successful invasion or the 
submission to the vagaries of secondary environments—makes this system 
a true prototype for examining the mechanisms of invasion resistance. In 
this thesis, our model invader is the attenuated E. coli O157:H7 strain T, 
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so well suited to the purpose because of its pathogenic-like physiology and 
societal importance.
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Figure 1.1. The natural life history of E. coli: a transition between primary and 
secondary environments. The primary habitat of E. coli is the mammalian gut, where 
abiotic conditions like temperature, low oxygen levels, and available resources present in 
the form of simple mono or disaccharides represent the organism’s evolved preference. 
However, E. coli must survive in secondary environments in order to get transferred back 
into a new host. In the secondary environment, a variety of factors influence the survival of 
this telluric invader, including higher levels of oxygen, lower temperatures, more complex 
resources (if available) for sustenance, and biotic resistance. The latter is the main focus 
of this thesis.
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Mimicking invasions in the lab

In attempting to mimic a soil invasion by E. coli and to control biological 
diversity, we used several experimental systems. The bulk of our experi-
mentation consisted of soil microcosm experiments where diversity was 
manipulated either (i) by assembling communities from pure strains and 
introducing them into a sterile soil matrix or (ii) through the dilution-to-ex-
tinction method, a type of removal experiment, where a portion of natural 
soil is serially diluted and separate dilution steps are used to inoculate a ster-
ile soil matrix. Where the assemblage experiment is more pliable in the sense 
that one can choose what individuals make up a community, it is also less 
realistic due to the limited levels of species richness one can create. Where 
the dilution-to-extinction experiment is more realistic due to the levels of 
diversity that resemble natural systems, it is limited in its ability to test the 
effects of specific taxa since one cannot choose the organisms that colonize 
the soil matrix. Creating soil microcosms using the assemblage and dilu-
tion-to-extinction techniques are employed in the experiments described 
in chapters 3 and 4. Chapter 5 made exclusive use of the dilution-to-ex-
tinction method. In all these cases, the invader, E. coli, was introduced 
into the recolonized soil matrix and its survival was followed over time. 
The assemblage approach in vitro was also used in order to observe the 
competitive ability of E. coli against isolated soil bacteria (chapter 3), as 
well as to understand if resources can be degraded via cooperation instead 
of competition (chapter 6).

Metrics to quantify microbial diversity

Quantifying the diversity of a microbial community is no easy feat. Arguably 
the first question is to determine if you will classify your community in a 
functional or phylogenetic pretext. Functional genes, like nirS that encodes 
the nitrate reductase enzyme involved in denitrification, can be used to 
examine the functional diversity within microbiomes. On the other hand, 
the 16S rRNA gene, encoding the RNA of the small subunit of the pro-
karyotic ribosome, is the marker of choice to track divergence between 
individual bacterial taxa and communities, due its essential function and 
slow rate of evolution (Woese and Fox 1977). In this thesis, as is commonly 
used, we considered anything greater than 97% sequence identity to be of 
the same “species.” This threshold is a mere genetic species concept and may 
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not represent true species. However, we stress that our use of “species” is 
based on the concept of the operational taxonomic unit (OTU), a practical 
definition based off the 97% similarity threshold. When genes like the 16S 
rRNA gene are used to quantify the diversity of a community, there are two 
main angles upon which assemblages of species can be classified.

Termed alpha-diversity, the following intra-community metrics allow 
the quantification of the total microbial diversity of a single assemblage or 
community. The barebones approach is to measure species richness, which 
in microbiology is easily assessed by counting the number of unique 16S 
rRNA gene sequences. Such a quantification could confirm, for example, 
reductions of microbial diversity in soil microcosms established via the 
dilution-to-extinction technique, as we have performed in chapters 3, 4, 
and 5. Species richness is also used to test if community functions are 
dependent upon biological diversity, and in chapter 4 we use the observed 
number of 16S rRNA gene sequences to explore the relationship between 
diversity, invasion, and resource use. Species evenness is also another metric 
of alpha diversity, which indicates the relative proportion of all species 
found in a community. This is a useful metric in microbial communities 
because it is a gauge of the spread and potential dominance of any one 
individual. Furthermore, and although this could theoretically be done with 
any gene, because alpha-diversity is so often quantified with the 16S rRNA 
phylogenetic marker gene, it is simultaneously possible to inquire about 
the evolutionary and phylogenetic relationships within a community. The 
metric termed phylogenetic diversity measures the sum of the total branch 
length on a phylogenetic tree encompassing an assemblage (Faith 1992). 
This makes it possible to determine if a community with the greatest spe-
cies richness is also the most phylogenetically diverse. We use all described 
metrics in chapter 5 to help portray the reductions of diversity in soil 
communities. It is important to note that many other measures of alpha 
diversity exist (see Lozupone and Knight 2008 for a review), and the metric 
employed should best match the experimental question.

While measures of alpha diversity can be used to compare total diversity 
between two communities, understanding how much diversity is unique 
between two or more species assemblages encompasses the concept of beta 
diversity. Originally developed by Whittaker (1960), its purpose was to 
measure the changes in diversity along transects and environmental gradi-
ents in order to measure the variation in species composition between sites. 
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Beta diversity can be used to understand the turnover of species assemblages 
over time, providing insight into how ecological processes, such as an inva-
sion, could change community composition.

Some measures of beta diversity are designed solely for determining 
any significant difference in the species present in two or more assemblages. 
One example is the P-test that examines whether two communities are ran-
domly assembled over a phylogenetic tree (Martin 2002). Other additional 
measures exist that calculate the mathematical distance between different 
species assemblages, and such data can be use to create distance matrices 
where the variation between different assemblages can be quantified using 
multivariate statistical techniques. Commonly these measures include the 
bray-curtis metric and the weighted and unweighted unifrac metrics (Beals 
1984, Lozupone and Knight 2005, Lozupone et al. 2007). Their differences 
lie in whether they examine incidence (bray-curtis and unweighted unifrac), 
abundance (weighted unifrac), or phylogenetic relationships (weighted and 
unweighted unifrac). Again, many more of these distance measures and 
ordination techniques exist (see Lozupone and Knight 2008 for a review), 
and as with alpha diversity, the appropriate measure is dependent on the 
research question, as well as the statistical ordination upon which the data is 
visualized. In chapter 5, the bray-curtis metric is our choice to visualize the 
variance in taxonomic structure before and after invasion, as this measure 
best separated the communities’ inherent variation.

Methods to measure microbial diversity

Quantification of microbial diversity is necessarily of paramount impor-
tance to this thesis, and several methods were used, bearing in mind each 
has advantages and disadvantages.

Phospholipid fatty-acid analysis (PLFA) has been widely used to esti-
mate total microbial biomass in environmental samples and, as in our 
case, community taxonomic structure (Kaur 2005). Unique fatty acid 
side chains present on microbial cell membranes function as biomarkers 
that can identify specific microbial groups, such as Actinomycetes, Bacilli, 
Pseudomonads, and Fungi (Zelles 1999). In microbial community analysis, 
PLFA is normally performed by extracting and isolating the fatty acids from 
environmental samples, which are then analyzed with gas chromatography 
(Frostegård et al. 2011). MIDI-FAME, named for MIDI inc. (Newark, 
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Delaware, USA) and fatty-acid methyl ester (FAME), is an extraction 
technique applied to fatty acids from an environmental sample and then 
subjecting them to acid methylation to create the FAME compound. The 
handicap of PLFA analysis is that extracted and analyzed fatty acids are 
compared to a reference database containing fatty acids derived from cul-
tured organisms. Therefore, this approach is not specific or sensitive enough 
to reveal the uncultivable soil microbial community, and it is also limited 
to higher taxonomic groups (Kaur et al. 2005). Nonetheless, it is powerful 
enough to characterize the microbial composition of different communi-
ties. For example, given communities that have been spatially close, found 
along a 2 m vertical soil transect, PLFA was able to show that Gram-positive 
bacteria were found in lower portions of the transect while gram negative 
bacteria, fungi and protozoa were found in the upper portions of the tran-
sect (Fierer et al. 2003). PLFA has also been able to detect broad changes 
in microbial community structure that were due to substrate competition, 
sensitive enough to show that the changes in community structure were 
relative to the amount of added substrate (Griffiths et al. 1998). In chapter 
3, our PLFA analysis confirms differential colonization of soil microbiota 
across a diversity gradient.

Polymerase chain reaction-denaturing gradient gel electrophoresis 
(PCR-DGGE) is another approach to quantifying community struc-
ture and richness. This relies upon amplifying a gene of interest within 
an environmental sample (either a functional or phylogenetic marker 
gene) using a polymerase chain reaction (Muyzer et al. 1993). Once the 
gene fragment is amplified, it is migrated through a polyacrylamide gel 
containing a denaturing gradient. This allows for a gradual separation of 
amplified fragments, where band richness and banding patterns can be 
visualized on the gel. The band richness and banding pattern reflect the 
respective taxonomic richness and structure of the dominant members of 
the microbial community (Winding et al. 2005). Since the amplification 
of the gene occurs directly from extracted environmental DNA, DGGE 
has the advantage over PFLA in its ability to target microorganisms which 
are not susceptible to culturing, and it has increased taxonomic resolution 
inherent with examining genetic differentiation. Furthermore, specific 
PCR primer sets allow one to hone in on certain functional genes, selec-
tively studying specific portions of the community. The major drawback 
to PCR-DGGE is that amplification for the gene of interest involves a 
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PCR of extracted DNA from an environmental sample. PCR is a compet-
itive reaction and inherently biased due to the fact that DNA fragments 
initially amplified in the reaction, likely those of the most dominant 
organisms, will be favored and amplified at high levels later during the 
reaction, deterring any amplification from less abundant fragments and 
making it difficult to detect the rare microbiota (Suzuki and Giovannoni 
1996, Gonzalez et al. 2012).

PCR-DGGE has been widely used to examine microbial community 
diversity in a plethora of different environments, such as soil, water, and the 
gastrointestinal track (Sekiguchi et al. 2002, Jensen et al. 1998, Ampe and 
Miambi 2000, Lyautey et al. 2005, Zoetendal et al. 2001). It has proved 
successful in determining the structure and richness of microbial communi-
ties across environmental gradients. In a study of ponds defined by a large 
salinity gradient, PCR-DGGE (followed by a sequencing of gel bands) was 
able to show the high phylogenetic diversity in ponds with a low salinity and 
the low phylogenetic diversity in ponds with a high salinity (Benlloch et al. 
2002). Although band richness was similar between ponds, PCR-DGGE 
was able to capture the microdiversity of Salinibacter ruber that had become 
dominant members of the high salinity ponds. PCR-DGGE has been able 
to show how a desiccation gradient becomes an increasingly inhospitable 
environment. Such a gradient in microbial mats demonstrated that band 
richness of bacterial, archeal, and cyanobacteria decreases as desiccation 
became more severe (Rothrock and Garcia‐Pichel 2005). PCR-DGGE has 
also been instrumental in early examinations of the biodiversity-ecosystem 
functioning relationship in soil. In one relevant pedologic study where soils 
were progressively fumigated, PCR-DGGE helped to show the diversity of 
the total soil bacterial community had decreased with increasing fumigation 
(Griffiths et al. 2000). Interestingly, while broad functions such as respiration 
and decomposition were not affected by the loss of diversity, the same was 
not true of more specific functions, like nitrification and methane oxidation. 
Thus the suggestion that fumigation reduced the diversity of certain bacterial 
types involved in narrow soil functions, yet the total functional redundancy 
of the bacterial community helped to maintain broad ecosystem functions 
(Griffiths et al. 2000). However, a later study used PCR-DGGE to target 
the specific functional groups of denitrifying and nitrite-oxidizing bacteria 
in differentially diverse soil communities (Wertz et al. 2007). These com-
munities were established via the dilution-to-extinction technique and were 
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also subjected to a heat stress. Although the band richness for each functional 
group declined with increasingly diluted treatments, their respective functions 
were maintained (Wertz et al. 2007). This work highlighted the importance 
of using molecular techniques to examine specific functional groups when 
assessing the diversity-function relationship. In chapter 3, our PCR-DGGE 
results present the microbial diversity of fungal, actinobacterial, pseudomo-
nads, bacilli, and total bacteria across a diversity gradient of soil communities 
established via dilution-to extinction.

Increasingly sophisticated sequencing techniques permit more targeted 
approaches to quantifying microbial community diversity, and they may 
assess microbial richness, structure, and composition in environments as 
varied as the as oral cavity (e.g., Keijser et al. 2008), human gut (e.g., 
Andersson et al. 2008), and soil (e.g., Rousk et al. 2010). In the case of 
soil, total metagenomic sequencing has also revealed that total functional 
diversity is related to the total taxonomic and phylogenetic diversity across 
a wide range of soils, from aridisols to grasslands and tundra (Fierer et al. 
2012). This suggests that broad soil characteristics like pH and moisture 
are large determinants of the soil microbiota. Apart from finding broad 
characteristics of pedologic microbiota, deep sequencing has also iden-
tified specific functional groups, which can display remarkable temporal 
variability on a seasonal scale. The nifH gene encodes a structural part of 
nitrogenase enzyme involved in nitrogen fixation. Observations of nifH 
indicated that seasonal fluctuations of bacteria and archea harboring this 
gene were vastly different when sampled during the spring, summer, and fall 
(Pereira e Silva et al. 2013). In fact, comparisons of four different soil com-
munities revealed that only between 15 and 37% of the nifH OTUs found 
were shared during each season. Understanding temporal fluctuations of 
the soil community with deep sequencing is also important in an invasion 
context. So far, microbial invasions, at least in model communities, have 
been shown to alter community composition upon invasion (Hornak and 
Corno 2012). In chapter 5, our study uses 454 pyrosequencing to examine 
such changes at a larger scale.

Measuring resource use, niche breadth, and niche structure

The ability to measure resource use is vital to any experiment hoping 
to address the mechanisms driving invasion resistance. The use of large 
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arrays of different carbon sources has the ability to examine the amount 
of community resource use and metabolic structure therein (Garland 
and Mills 1991). Biolog plates, commercially available 96-well micro-
titer plates manufactured by the Biolog company (Biolog, Hayward, 
California, USA), are the regular method to achieve this end. Different 
models of the plate contain various arrays of carbon sources in each 
well; coupling with the omnilog machine and its accompanying software 
provides a high throughput setting to measure the kinetic activity of fifty 
plates in parallel, every 15 minutes. Besides the carbon sources, each 
type of plate requires a redox dye that reacts with and turns violet upon 
microbial production of NADH (the reduced form of Nicotinamide 
Adenine Ainucleotide), indicating microbial respiration and growth. 
A proper inoculation fluid, provided by Biolog, is also necessary for 
some plate models. Manufacturer protocols are available on their web-
site (www.Biolog.com); however, optimization of these instructions is 
necessary.

The data generated from these reading can be utilized in a number 
of ways. Because the omnilog machine and software take kinetic read-
ings, the area under each curve (representative of one well and carbon 
source) can be taken as a reading of the amount of resource use. This 
information can be used to gauge a microbial community or strain 
response on one carbon source, or one could average the total amount 
of resources used across the community for all carbon sources. The 
data can also be interpreted in a binary fashion. The total amount of 
substrates used or unused in one community can be taken as a calcula-
tion of niche breadth. The variation associated with the entire array of 
resources, both in type and amount of substrates consumed, can be also 
examined like any another other community dataset, where ecological 
measures of distance are used to asses differences between communities 
(Anderson et al. 2011).

The major drawback of Biolog technology, especially when dealing 
with soil and other natural environments, is that the responding organisms 
on the plate may not reflect the in situ dynamics of the sample (Smalla et 
al. 1998). That is to say the addition of a substrate to the community can 
cause changes in community composition, and the organisms most influ-
ential in one’s experiment may not be those which respond on the plate. 
Despite this bias, Biolog technology is still an effective way to gauge the 
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potential resource use and metabolic structure of microbial communities. 
The breadth of studies that use Biolog to characterize microbial com-
munities is wide. It has been able to differentially characterize microbial 
communities in the bulk soil from those in rhizosphere, going so far as 
to show the pea plant, Pisum sativum L., is more important in determin-
ing the rhizosphere’s resource use profile than soil type (Söderberg et al. 
2004). Biolog has helped to characterize different soil communities in a 
variety of endeavors, which include but are not limited to differentiating 
resource use profiles between heavy metal polluted soil from non-pol-
luted soil (Yang et al. 2006), discerning forest floor communities that are 
covered by different tree species (Grayston and Prescott 2005), and even 
examining the metabolic capabilities of different salt marsh communities 
(Costa et al. 2007). Relevant to this thesis is the fact that Biolog profiles 
have also been useful in understanding microbial community shifts along 
environmental gradients. Watershed transitions through aquatic habitats, 
such as riverine to lacustrine or lacustrine to wetland, represent environ-
mental gradients that vary in the amount of available resources (Comte 
and Del Giorgio 2010). By combining Biolog measurements of commu-
nity resource use profiles and PCR-DGGE assessments of total bacterial 
community composition have shown that although substrate utilization 
patterns and community composition are not directly correlated, there is 
a connection between the rate of change for each (Comte and Del Giorgio 
2010). This suggests that pairing phenotypic (Biolog) and genomic (PCR-
DGGE or to a greater extent deep sequencing) is a satisfactorily sensitive 
method for capturing niche differentiation and structure among highly 
dynamic communities.

All experimental chapters in this thesis will make use of Biolog tech-
nology, each with a separate aim. Chapters 3 and 6 will make use of 
the Biolog ecoplate that contains 31 carbon sources replicated thrice per 
plate. In chapter 3, by examining the differences in resource use variation 
between simple, assembled communities with and without E. coli, we 
will exemplify the low competitive ability of this telluric invader among 
individuals of a pedologic ecosystem. Chapter 6, again using data from 
communities with and without E. coli, will examine how cooperation 
between E. coli and other individuals can increase resource use. Chapters 
4 and 5 delve deeply into the mechanistic workings of invasions. These 
chapters extensively use the Biolog GEN III system, which allows for 
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measuring microbial activity over an array of 71 carbon sources, providing 
even finer resolution to the metabolic community profile. In chapter 4, 
the microbial community’s responses to these 71 carbon sources are the 
data upon which we calculate the metrics of resource use and competition. 
In chapter 5, the same array is used for calculations of niche breath and 
structure.

General questions and working hypotheses of this thesis:

1 Can broad ecological principles and processes accurately describe micro-
bial invasions?
a Microbial invasions follow a process of introduction, establishment, 

growth, and impact. Biotic resistance limits their growth.
2 Does diversity of the resident microbiome influence the patterns of 

microbial invasion resistance?
a The level of biological diversity will hinder the survival of E. coli in 

soil environments.
3 Is resource use a mechanism driving the diversity-invasion effect?

a Competition for resources, whose strength is dictated by the level of 
biological diversity and resource availability, drive invasion resistance.

4 Do microbial invasions impact the bacterial community’s alpha diver-
sity, taxonomic structure, niche breadth, and niche structure?
a Resource competition between the invader and residents will lead 

to a decrease in abundance of the latter, and subsequently vacant or 
vacated niches can be explored by previously rare or subordinate taxa. 
The impact or degree of this turnover will be scaled with biological 
diversity.

5 Does cooperation among bacteria contribute to resource use?
a Emergent interactions—the cooperation of two individuals to 

degrade a resource they could not alone—aids in resource use. The 
level of emergent substrate degradation is proportional to the func-
tional dissimilarity between cooperating taxa.
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Thesis outline
This thesis addresses the aforementioned questions and hypotheses sequen-
tially in chapters 2 through 6; all results are summarized and prospective 
researches adumbrated in the conclusion.

Since microbial invasions can be viewed from a variety of angles—
from bodily infections to soil invasions—chapter 2 gathers information 
from studies that directly or indirectly involve microbial invasions, in the 
effort to explore a common mechanistic framework. After critically review-
ing selected articles, we posit that invasion is a process of introduction, 
establishment, spread, and impact—the spread of invaders controlled 
by resource use mechanisms whose strength are dictated by the level of 
biological diversity. Chapter 3 is an initial test of part of the hypotheses 
evoked in chapter 2. We test the overarching diversity-invasion pattern 
that postulates high levels of diversity will inhibit invasion. We use both 
assemblage and dilution-to-extinction approaches to create soil microbial 
communities with varied levels of diversity, in which the survival of the 
telluric invader, Escherichia coli, is tracked for sixty days. The employed 
PCR-DGGE and MIDI-FAME techniques correlate the richness of total 
bacteria and specific bacterial groups to the survival of E. coli. Chapter 3 
also attempts a specificity beyond the mere pattern of invasion. Based on 
an in vitro assemblage approach, Biolog ecoplates measure the resource use 
along a diversity gradient with and without E. coli; thus we provide the first 
mechanistic evidence that the diversity-invasion effect is indeed controlled 
by resource use.

Chapter 4 tests theortical framework introduced by chapter 3, namely, 
that an interplay between species richness, resource use, and resource avail-
ability control invasion resistance. Chapter 4 tests this hypothesis again 
using assemblage and dilution-to-extinction approaches to create soil 
microbial communities. The difference herein lies in the direct resource use 
quantifications of the soil community. Enabling this was Biolog’s GEN III 
plate, as well as a direct input and increase of carbon into the microcosms 
where the invader’s response was observed. Chapter 4 did indeed provide 
evidence that the three aforementioned factors are major contributors to 
invasion resistance; consequently, we questioned how the outcome of the 
resulting competition between the invader and residents would affect the 
bacterial community structure, community niche breadth, and commu-
nity niche differentiation in chapter 5. Hypothetically, we posited that as 
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diversity should affect invasion resistance, so too should it buffer potential 
impacts of invasion. Furthermore, residents competing with E. coli for 
similar resources might decline or be eliminated from the community. This 
outcome should in turn result in the increase of previously subordinate 
and rare taxa which explore new niches. These hypotheses were explored 
by means of 454 pyrosequencing for the 16S rRNA gene, which examined 
bacterial community structure prior to invasion and after invasion. Niche 
breadth and structure were also measured pre- and post invasion using 
Biolog’s GEN III plate.

Chapter 6 constitutes an investigation into another, deeper layer of 
what may contribute to resource exploitation and, ultimately, invasion 
resistance. We examined the propensity of E. coli to cooperate with 40 dif-
ferent soil bacteria to degrade the 31 resources found on Biolog’s ecoplate. 
We explored a potential synergism herein, which is when the performance 
of two or more bacteria in association is greater than their collective per-
formance in monoculture. We hypothesized that cooperation includes a 
continuum of interactions that go past synergism. In effect, where syner-
gistic interactions end, a phenomenon coined an “emergent interaction” 
begins. We hypothesize that emergent interaction results in two different 
taxa performing a function in association, which neither of the two could 
perform alone. We further explore potential mechanisms that initiate emer-
gent interactions using traditional culture techniques.

Chapter 7 presents our synthesis and discussion of all the results 
obtained in this thesis. We have placed these results within the broad con-
text of microbial and biological invasions. Future research avenues and 
practical applications to using an invasion framework within microbiology 
are also discussed.
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