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CHAPTER 1 General Introduction

CYRUS ALEXANDER MALLON



1 0  |   S O I L  M I C RO B I A L  I N VA S I O N S

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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Abstract
There has recently been a surge of literature examining microbial invasions 
into a variety of environments. These studies often include a component 
of biological diversity as a major factor determining an invader’s fate, 
yet common results are rarely cross-compared. Since many such studies 
only present a snapshot of the entire invasion process, a bird’s eye view is 
required to piece together the entire continuum, which we find consists 
of introductory, establishment, spread, and impact phases. We further 
examine the patterns and mechanisms associated with invasion resistance 
and create a mechanistic synthesis governed by the species richness, even-
ness, and resource availability of resident communities. We conclude by 
exploring the advantages of using a theoretical invasion framework across 
different fields.
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Microbial invasions
Invasive microbes (see Glossary) cross the gamut of microbial life, from 
viruses and bacteria to fungi and protozoa (Litchman 2010). Although 
older work has addressed the survivability of bacteria released into soil 
(Acea et al. 1988, Acea and Alexander 1988), envisioning microorganisms 
as invaders is a relatively new phenomenon in microbiology. It is preceded 
by the way the dispersal and biogeography of microbes have traditionally 
been viewed. In fact, the very idea of a microbial invasion was inconceivable 
until only recently. A previous leading principle in microbial community 
ecology postulated that, in terms of incidence, microbes are homogeneously 
distributed on Earth and lack clear biogeographical patterns due to their 
high dispersability and large population sizes (O’Malley 2007, Martiny et 
al. 2006). This consideration of ubiquity rendered any exploration of inva-
sion behavior moot, because an invader could not invade a region where 
it already exists. Yet, the age-old adage that “everything is everywhere but 
the environments selects” (Beijerinck 1913) has been challenged with the 
advent of direct high-throughput sequencing from environmental sam-
ples. These recent research efforts helped to reveal that microbes do, in 
many cases, exhibit biogeographical patterns and are also, albeit dependent 
on scale, dispersal-limited (Fierer and Jackson 2006, Martiny et al. 2006, 
Horner-Devine et al. 2004). This realization has paved the way for us to 
picture microbes in the context of invasion ecology, and over the past five 
years there has been a surge of literature that documents the invasion of 
various ecological systems by microbes and the mechanisms that control this 
process (van Elsas et al. 2012, Eisenhauer et al. 2013, Mallon et al. 2015, 
Vivant et al. 2013, Jousset et al. 2011, Hornak and Corno 2012, De Roy et 
al. 2013, Li and Stevens 2012, Stecher et al. 2010, Van Nevel et al. 2013).

The recent advent of microbial invasion research has spanned several 
fields of microbiology, including agricultural, medical, and environmen-
tal. Despite the fact that the entrance of a foreign microorganism into 
a resident community of microbes (a microbial invasion) is a common 
phenomenon across these fields, there is a scarcity of general principles to 
foster cross-comparisons that can enhance the understanding, interpreta-
tion, and future research of this phenomenon. In fact, a large shortcoming 
is the failure of researchers to recognize a microbial invasion as a process 
rather than a mere snapshot of a longer frame, which is how it is often 
presented. In the first part of this review, we examine different examples 
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of invasion and fuse these into a singular framework. As migration is a 
key process in invasion, we highlight that the establishment of microbes 
in and throughout environments is a process mediated by transport 
mechanisms, adaptability of the organism, and the biotic ‘resistance to 
invasion’ of the habitat. Once biotic resistance is breached, an invader 
will likely grow and spread, potentially leading to large impacts on the 
functioning of native communities. The second part of this review delves 
deeper into the patterns and mechanisms of invasion resistance, revealing 
a direct relationship with microbial community diversity. We provide a 
mechanistic synthesis of how microbial community diversity mediates 
invasion resistance and, in doing so, address another major shortcoming 
of microbial invasion research: the disconnect between short-term inva-
sion experiments performed in vitro and long-term ones that are usually 
performed in vivo or in situ. The former experiments most often utilize 
small diversity gradients with simulated invasions lasting anywhere from 
24 to 48 hours, while the latter ones often employ larger diversity gradi-
ents and can last from weeks to months. This leaves us to wonder if the 
same patterns and mechanisms govern each scenario.

An ecological blueprint of microbial invasions: a four-step process

To properly identify and understand the invasion of a system by a micro-
organism, it is important to understand the entire process leading to the 
success of an invader. Part of the difficulty in understanding the process 
lies in the fact that only rarely is invasion tracked from start to finish. We 
are thus often left with snippets of a larger story. Simply identifying stud-
ies pertaining to microbial invasions and collating them by phases reveals 
the emergence of a universal and stepwise invasion process that contains 
several barriers to a successful invasion. Although several variants of the 
invasion process have been concocted (Lockwood et al. 2007, Catford et 
al. 2009), our synthesis indicates that microbial invasions most closely 
follow a sequential process entailing (i) introduction, (ii) establishment, 
(iii) spread, and (iv) impact, as hypothesized in [(Levine et al. 2004); 
Figure 2.1; see Box 1 for an Escherichia coli case study].
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Figure 2.1. Th e process of a microbial invasion. A successful invasion is depicted as a 
four step process, envisioned through the invader and resident community perspective. 
Th e green star represents an invader that is introduced into a soil community with various 
diff erent microbial taxa depicted as diff erent colored circles; the same soil community is 
represented at each phase of the invasion process. Each phase is a key step with a particular 
‘barrier value’ at each phase, meaning that there may be large (unsurmountable) or small 
(surmountable) barriers on the path to a successful invasion that depend on the ecological 
characteristics of the invader and resident community. From an invader’s perspective, 
several of the listed factors may aid in bypassing the barriers of invasion resistance. 
Although abiotic barriers are not discussed in this review, the ability of a microorganism to 
withstand diff erent abiotic conditions relative to its own ecology will infl uence its survival 
or elimination upon introduction. Some abiotic factors contributing to resistance are listed 
between introduction and elimination. Should an invader withstand the abiotic pressures, 
biotic resistance will act as a barrier to the growth and spread phase of an invasion. Resource 
use, antagonism, and predation represent mechanisms that are either known or likely to 
contribute to biotic resistance. Between the last two phases of invasion are impacts that 
may occur due to growth and spread of the invader.
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Box 1. Case in point: Escherichia coli is  
an invader of soil microbial communities

Primarily a creature of the vertebrate gut (primary habitat), E. coli is spread via the 
feces of mammalian hosts into the food and water supply, where it must survive in 
such secondary environments like soil and water in hopes of getting transferred to a 
new host and continuing its lineage (Savageau 1983). This introduction begins the 
invasion process, and, sensing its new environment, E. coli alters its cellular physiology 
to cope with increased abiotic stresses and nutrient depletion (Ferenci 2005, Savageau 
1983). This represents a transition to the establishment phase. When in soils, Franz 
and colleagues (Franz et al. 2011) suggested that E. coli adaptations leading to an 
improvement in the fatty acid metabolism may result in increased survival rates. The 
boundaries of E. coli survival in secondary environments are wide. It can survive in 
cow manure at levels of circa 5 × 107 cells / gram of soil for up to 15 days (Semenov et 
al. 2007); in strongly acidic soils (pH 4.57 to 5.14) it survives for up to 7 days; and in 
more neutral soils (pH 6.51 to 7.39) it can last up to 35 days (Zhang et al. 2013). In 
the laboratory, E. coli can also breach the biotic resistance of the establishment phase, 
and this has been shown when resources are ample and biotic counterpressure is low 
(Mallon et al. 2015). This represents a transition to the spread phase where growth of 
the invader should be large and detectable. In nature, E. coli survival was monitored 
in the same watershed soil for a yearlong period, and growth was positively related to 
seasonal temperatures, indicating that an invasion was successful and E. coli had become 
part of the autochthonous microbial community (Ishii et al. 2006).

Invasive microbes must first be transported from a source environment 
to a foreign environment in order to commence the first invasion phase: 
introduction. This first phase may occur naturally. For instance, ocean cur-
rents can transport and introduce endospores of bacilli over long distances 
across the globe (Mueller et al. 2014). This has resulted in the creation of 
communities of ‘kin’, whose networks stretch from Svalbard in the Arctic, 
via the Baltic sea in Northern Europe, to the gulf of California in North 
America (Mueller et al. 2014). High above ocean waters, air samples col-
lected from the north-western United States have been found to contain 
an average of 4.94 × 10−5 and 4.77 × 10−3 ng of microbial DNA m−3, rep-
resenting cells of bacteria and fungi, respectively (Smith et al. 2012). In 
that study, the source organisms were hypothesized to originate from the 
Gobi desert, being transported via transatlantic wind patterns that pushed 
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the microbial-carrying, air-suspended matter (Smith et al. 2012, Smith et 
al. 2013). Introduction can also be facilitated by humans. Ballast waters of 
international ships (where water used to fill the ballast tanks is picked up 
in one port and often dumped in another, distant port) can translocate in 
excess of 1020 microorganisms, 6.8 × 1019 viruses and 3.9 × 1018 bacterial 
cells (Drake et al. 2007). Humans themselves can also act as vectors and 
reservoirs that initiate invasion. For instance, Salmonella enterica can be 
transported from human to human via the fecal-to-oral route, causing 
colitis (Bances et al. 2007). Asymptomatic humans can also be reservoirs 
of S. enterica, beginning the invasion process through fecal shedding by 
which the invader may end up in water, soil and, ultimately, the food 
supply (Gopinath et al. 2012). Once in open environments, the organism 
must survive for extended periods of time in hopes of reinvading human 
intestines, thereby perpetuating its next invasion (Stevens et al. 2009).

Many microbes that have been reported, or can be classified, as invad-
ers have evolved bi- and even tri-phasic lifestyles. Upon introduction, this 
lifestyle versatility helps them to survive in habitats of diverse nature, such 
as low-resource environments with varying abiotic conditions. This abil-
ity to resist the abiotic conditions of the environment and then survive 
the biotic counterpressure of native flora upon introduction represents a 
transition to the second phase of invasion: establishment (Figure 2.1b). 
The remarkable ability of endospores, such as those of different Bacillus 
species, to survive a long ocean journey and germinate once the spores sense 
nutrient availability is a clear token of a highly evolved characteristic of a 
successful invader (Nicholson et al. 2000). On the other hand, S. enterica, 
much like E. coli, harbors a suite of genes that allow for survival in so-called 
‘secondary environments’ (as opposed to primary environments where the 
organism is best adapted). One such gene is Pcgl, which allows growth on 
a bipeptide, D-Ala-D-Ala, a substrate released from the cell walls of dead 
bacteria (Winfield and Groisman 2003). Once inside mammalian hosts, S. 
enterica can even occupy two distinct niches inside epithelial cells; that is, 
it can reside inside a vacuole as well as in the cytosol with the possibility of 
growth in both locations (Malik-Kale et al. 2012). Moreover, viable popula-
tions of S. enterica have established in hosts outside the realm of mammals, 
residing in plant tissues (Schikora et al. 2008). Whatever the habitat in 
which a microbial invader is established, it is primarily in the establishment 
phase when invaders face the strongest biotic resistance of the resident 
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community. The ability of microbes to maintain a viable population with 
a chance to spread and grow define existence in the establishment phase 
and increase a microbial population’s chance of future invasion success 
(Nowakowska and Oliver 2013, Timmusk et al. 2014, Levine et al. 2004).

The growth and spread phase (Figure 2.1c) of an invasion is associated 
with the degree by which an invader can gain access to (previously unavail-
able) local resources. This capturing of resources appears to occur either 
by the invader taking advantage of environmental disturbances that relieve 
biotic counterpressure or by direct manipulation of the new environment. 
The soil bacterium Pseudomonas fluorescens has been shown to be able to take 
advantage of heat shocks that, at least temporarily, impair the functioning of 
resident community members and lead to increases in resource availability 
that promote its abundance (Liu et al. 2012). S. enterica, if not repelled by 
biotic counterpressure, induces inflammation of the gut that suppresses the 
growth of the commensal microbiota. This inflammation also triggers the 
release of Salmonella-specific substrates (Thiennimitr et al. 2011). Thus, 
the organism is able to relieve the biotic pressure of the gut microbiota 
and promote its reintroduction into a new environment by living off cus-
tom-induced substrates (Stecher et al. 2012, Lawley et al. 2008). Because 
a microbial invasion can take place on a range of scales—from field to 
field, human to human, or within the soil pore—we argue that the growth 
and spread phase of a microbial invasion should clearly be measured in 
dependency of scale. As a criterion, one should use the detection of net-pos-
itive growth whereby the growth of the population exceeds its death. This 
is because growth may occur during the establishment phase, before the 
spread phase, in an effort to maintain a viable population. However, such 
growth may be blurred by a general decaying trend of the entire invading 
population and difficult to detect. Net-positive growth would thus indicate 
a successful invasion where the invader has breached biotic resistance and 
spread among the native community, becoming an autochthonous resident.

Microbes that complete successful invasions may be selected for the 
occurrence of adaptations that increase their competitive ability and, ulti-
mately, invasive potential. For example, several variants of the rare E. coli 
O104:H4 serogroup were responsible for the outbreaks of enterohemor-
rhagic disease throughout Europe and Turkey in 2011 (Grad et al. 2013). 
These variants, which did not evolve linearly but rather via horizontal gene 
transfer, had acquired different plasmids, prophages, and genomic islands 
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that likely increased their survivability and fitness in secondary habitats 
(Grad et al. 2013). This should in turn increase the likelihood of transition 
back to the mammalian gut. Indeed, many of the genomic acquisitions 
encompassed antibiotic and toxin resistance genes, suggesting they aid the 
survival of E. coli in highly toxic and low-resource settings (Grad et al. 
2013). Moreover, Ralstonia solanacearum, a potent plant pathogen associ-
ated with solanaceous plants and native to tropical habitats, also consists 
of many different variants, each corresponding with a different geographic 
origin (Gillings and Fahy 1993, Wicker et al. 2012). One variant, named 
phylotype I, can survive up to 6 months in potato tubers stored at 4oC. 
Its recent evolution, deduced from molecular diversity data, suggests it 
harbors some type of evolved fitness advantage that has aided its spread 
across the globe, including temperate climate regions (Wicker et al. 2012, 
Milling et al. 2009, Hayward and Hartman 1994). Another variant that 
has recently invaded Dutch potato plants, R. solanacearum biovar 2 strain 
KZR-5, lost a 17.6 kb region of its genome (Stevens and van Elsas 2010), 
which might have enhanced the long-term survival of this strain at lower 
temperatures. The emergence of such adapted forms may have contributed 
to the ability of this pathogen to invade habitats in the temperate Dutch 
climate (Stevens and van Elsas 2010). Taken together, these results suggest 
that rapid adaptation and evolution by the invader may be one factor that 
contributes to invasion success. While rapid evolution is frequent among 
higher invasive organisms and contributes to successful invasions (Whitney 
and Gabler 2008), microbial invasion research has so far emphasized the 
ecological interactions between species and is thus the focus of the second 
part of this review. However, given the rapid generation times of microbes 
and their propensity for horizontal gene transfer, such evolutionary aspects 
should not be ignored in the future.

Microbial invaders that manage to spread and grow may have detrimen-
tal, advantageous, or neutral impacts in their new habitat. For instance, the 
human microbiome can be regarded as a patchwork of functionally distinct 
communities that occur in different regions throughout the human body 
(Shafquat et al. 2014). If a microbe was transported from one region to 
another, it may only increase the functional redundancy of the community. 
This contention is supported by the ease of Lactobacillus reuteri to invade 
a mouse gut in situations when there are already high titers of phyloge-
netically similar bacteria (Stecher et al. 2010). Both the invader and the 
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resident community are likely to harbor similar functions, resulting in an 
invasion impact that is, in functional terms, largely neutral. Along these 
lines, invasions can also spur species richness by promoting competition, 
allowing rare species to increase their abundance which they otherwise 
could not do without the presence of the invader, as was shown in vitro 
with the invasive Limnohabitans planktonicus into a community of four 
freshwater bacteria (Hornak and Corno 2012). Alternatively, microbial 
invaders could incite changes in community compositions, affecting the 
functioning of microbial communities and even causing disease. The latter 
is the case with Clostridium difficile and Campylobacter in human intestines, 
as well R. solanacearum in plants (Perez-Cobas et al. 2014, Dicksved et al. 
2014, Hayward and Hartman 1994). Interestingly, it remains to be seen 
if impacts occur only in the spread phase after the breach of biotic resis-
tance. This is because, as explained above, established populations may also 
grow, albeit at low and undetectable levels. Whether such growth impacts 
the resident community during the establishment phase remains an open 
question. Nonetheless, the circumvention of biotic resistance and passage 
to the spread phase, where net-positive growth occurs, might propagate 
further introductions and transmission into new environments and hosts, 
restarting the invasion process anew.

The diversity-invasion relationship: patterns and mechanisms

Along the invasion process, within the biotic resistance in the estab-
lishment phase, recent research has revealed a deeper layer of resolution 
by which microbial invasions are characterized. This work was fostered 
by hypotheses that merged the well-rooted microbiological principal of 
microbiostatsis (Ho and Ko 1982) with macroecological observations 
(e.g., (Naeem et al. 2000, Kennedy et al. 2002), mostly from plant 
communities, that reported biological diversity was inversely related to 
invasion success. Through testing the idea that the diversity may also 
function as an invasion barrier in microbial communities, patterns and 
mechanisms of invasion resistance have since been revealed across many 
different microbial systems with a variety of experimental approaches. 
In the following, we synthesize these findings to show that biological 
diversity is a major factor determining invasion resistance.
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Patterns

The origins and drivers of biotic invasion resistance present in a habitat 
have until recently remained elusive. Early studies did indicate that remov-
ing portions of microbial communities from a soil system could increase 
plant productivity by relieving competition and increasing the abundance 
of organisms that provide nutrients [i.e., ammonia to plants (Russel and 
Hutchinson 1909)]. This idea was later translated to the concept of micro-
biostasis, which could be further parsed into fungistasis (resistance to fungal 
invasion) and bacteriostasis (resistance to bacterial invasion) (Lingappa 
and Lockwood 1961, Ko and Chow 1977, Ho and Ko 1982). Recently, 
microbial, particularly bacterial, invasions have been studied in several dif-
ferent habitats, including in vitro (Hornak and Corno 2012, van Elsas et 
al. 2012, Jousset et al. 2011, De Roy et al. 2013, Eisenhauer et al. 2013), 
in vivo (Stecher et al. 2010), and in situ (van Elsas et al. 2012, van Elsas et 
al. 2007, Liu et al. 2012, Vivant et al. 2013, Van Nevel et al. 2013, Mallon 
et al. 2015). These studies all included a component of biological diversity, 
which was able to explain the population dynamics of the invader. Those 
experiments exploiting larger diversity gradients, often by removing diver-
sity via a dilution-to-extinction approach, have found that species richness 
(van Elsas et al. 2012, Mallon et al. 2015) and evenness (Vivant et al. 2013) 
are invariably negatively related to invader abundance. Interestingly, biotic 
resistance is also implicated in experiments using small diversity gradients. 
Experiments in model (constructed) communities have corroborated results 
from larger diversity gradients, indicating that richness (Hornak and Corno 
2012, Jousset et al. 2011, Eisenhauer et al. 2013) and evenness (De Roy 
et al. 2013) are indeed factors that contribute to the invasion resistance of 
natural microbial communities. Overall, a pattern emerges indicating that 
the survival of an alien species is high when the diversity of the resident 
community is low and vice versa. This phenomenon has been coined the 
diversity-invasion effect.

Mechanisms

The mechanisms that drive invasion resistance and the observed diversity-in-
vasion effect should be regarded in the context of the amazing diversity of 
most natural microbial communities, which can contain thousands of dif-
ferent species (Rossello-Mora and Amann 2001). In any such community, 
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the forces of natural selection are thought to have created a patchwork 
of individuals that contain motifs of resource use capabilities where each 
inhabitant occupies its own unique niche (Hardin 1960). Concerning 
mechanisms, few experiments have addressed microbial systems, whereas 
most come from plant ecology (Davis et al. 2000, Tilman 2004, Davis and 
Pelsor 2001, Fargione and Tilman 2005). These studies indicate that the 
availability of resources and the ability of the more diverse (plant) commu-
nities to best exploit those resources drives invasion resistance. The recent 
studies on microbes have supported such theories (Eisenhauer et al. 2013, 
Mallon et al. 2015, Vivant et al. 2013, Liu et al. 2012, Li and Stevens 
2012), and they have provided a window into how different components of 
biological diversity react with the resource availability of the environment 
to create a resistance barrier.

Short-term invasion experiments in which communities are assembled 
from pure cultures (where their specific growth and resource use capa-
bilities can be measured) have the advantage of examining each piece of 
a community’s resource use profile. Experiments with diversity gradients 
consisting of one to eight P. fluorescens genotypes have shown that taxo-
nomically richer communities could better resist invasion by Pseudomonas 
putida and Serratia liquefaciens than poorer communities due to increased 
levels of resource exploitation (Jousset et al. 2011, Eisenhauer et al. 2013). 
Further analysis of resource use capabilities revealed that functional dis-
similarity (and therefore complementarily of resource utilization) of the 
resident Pseudomonas genotypes could better explain the abundance of 
P. putida than taxonomic richness (Eisenhauer et al. 2013). This indi-
cates that the community’s resource use profile is not driven by species 
richness per se but by the ability of different species to exploit different 
types of resources. Furthermore, the invasion of simple communities 
composed of seventeen denitrifying bacteria with a fixed level of richness 
but fluctuating level of evenness by Pseudomonas sp. revealed that high 
levels of evenness also reduce invader abundance, most likely by hinder-
ing the access of the invader to available resources (De Roy et al. 2013). 
Long-term invasion studies usually lack the capability to examine niche 
capabilities due to their in situ nature, but they are powerful in their 
ability to observe the effects of diversity over time. The effects of richness 
on E. coli survival over a 60 day period have been found to become ampli-
fied with time, as have the effects of evenness on Listeria monocytogenes 
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survival in soil over 30 days (van Elsas et al. 2012, Vivant et al. 2013). 
These long-term studies also evoked resource competition as a decisive 
mechanism governing invasion resistance.

Only one study so far has attempted to combine both short- and long-
term approaches, being instrumental in its ability to decipher the factors 
that contribute to invasion resistance. In this study, assemblages of pure 
strains were inoculated into a sterile soil matrix, as were dilutions of natural 
soil (Eisenhauer et al. 2013). The diversity gradient of assembled strains 
consisted of 5, 15, and 30 species; the gradient of diluted soil consisted of 
10-1, 10-3 and 10-6 dilution treatments, with estimates of richness pegged 
at 435, 438, and 153 species, respectively. The binding component was 
the quantification of niche capabilities from pure strains, including the 
invader, and diluted soil communities that were examined on the same 
array of 71 carbon sources. This allowed for a measure of the community 
niche metric. The breadth of the community niche increased with species 
richness, whereas invader survival decreased as the community niche grew. 
Furthermore, an analysis of niche capabilities of the invader vis-à-vis all 
assembled and diluted communities showed that the remaining niche avail-
able to the invader decreased as species richness increased. This work helps 
to bridge the gap between short- and long-term experiments because similar 
resource use mechanisms, measured by metrics like community niche and 
remaining niche available to the invader, are also evidenced in long-term 
studies. Taking the results of short- and long-term experiments together, 
it appears that where species richness increases the multitude of resources 
used, evenness ensures their depletion. It is this choreography of diversity 
components working in concert that likely reduces the niche available to 
the invader and stems invasion.

Despite the power of diversity in establishing an invasion barrier, an 
important yet overlooked premise of ecological theory is that a high supply of 
resources should uncouple any relationship between diversity and invasion 
due to the relaxation of competition (Davis et al. 2000). When resources 
are added to experimental communities, changing the resource availability 
from low to high, invaders may take full advantage and grow even when 
confronted with highly diverse communities(Mallon et al. 2015, Liu et al. 
2012). Strikingly, E. coli O157:H7 populations that are near extinction 
in soil communities can take advantage of resource pulses that suppress 
competition from residents, allowing it to regrow up to an astonishing four 
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log units (Mallon et al. 2015). Resource pulses added in parallel with an 
invader’s introduction also aid in their initial establishment (Li and Stevens 
2012). Overall, there is an interplay between the components of biological 
diversity, as well as resource availability, that determine the community’s 
invasion resistance barrier (Figure 2.2). When a resource pulse is added to 
a community near species saturation and resource depletion, the invasion 
and assemblage process should begin anew (Tilman 2004).

Figure 2.2. Th e interplay between diversity and resource availability in determining 
invasion resistance. Th e upper, light grey area shows communities with increasing species 
richness (up to panel c) and similar cell abundances. Th e bottom, dark grey area indicates 
the total amount of resources available to the community (black) and the amount that 
has actually consumed (white). (a) Communities with lower diversity (species richness, 
in this case) do not consume all resources available in a specifi c environment. Any 
foreign organism that reaches this area can then utilize the unconsumed resources. (b) As 
richness increases, the amount available resources decrease. Th e consequent decrease in 
resource availability thus increases competition between taxa and reduces the probability 
of a successful invasion. (c) As richness increases even further, communities get close 
to reaching the carrying capacity of the environment, when resource depletion should 
approach a maximum level; here, a successful invasion is very unlikely to occur, due to 
the lack of available resources to sustain growth. Besides richness, a community with 
increasing levels of evenness would increase resource use even further, leading to an even 
lesser chance of a successful invasion. (d) However, a resource pulse that increases the 
amount of available resources can open the window for a successful invasion to occur, 
even in highly diverse environments.
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Concluding remarks and future directions
The invasion resistance of a microbial community will ultimately be deter-
mined by the community’s ability to best exploit and compete for available 
resources in their environment (Tilman 1977). As we have shown, the 
chances of this occurring will increase with the species richness and evenness 
of the community. Despite the large body of evidence indicating that diver-
sity is a major driver of invasion resistance, there are also other mechanisms 
besides sensu scricto resource use that can aid in the community’s invasion 
resistance, such as predation and antagonism (Box 2). It remains to be seen 
how these mechanisms, as well as invader evolution and potential invader 
impacts upon introduction and establishment, influence the final outcome 
of invasion (Box 3). So far, examining mechanisms like antagonism has been 
difficult under in situ conditions, but metabolic and secretome analyses 
from natural environmental samples may be able to relate such activity, 
in conjunction with diversity and resource use, to an invader’s survival. 
By enhancing our knowledge of all the factors and mechanisms related 
to invasion resistance, we may be able to enhance many practical micro-
biological applications, like probiotic, biofertilizer and biocontrol agent 
releases. Because the effectiveness of microbial inoculants in these areas is 
often limited due to their low survival in novel environments, we could 
search for or, perhaps engineer, inoculants with effective ecological strategies 
(i.e., antibiotic production) and superior competitive abilities on limiting 
and remaining resources. In the same way that Salmonella infections are 
promoted by their custom-induced substrates, a superior competitor that 
is selected for or engineered to better capture those resources would drive 
an invading population to elimination and allow recolonization by the gut 
flora. In sum, the value of adopting an ecological perspective to the invasion 
phenomenon, which spans the spectrum of microbiology, has allowed for 
the discovery of general and unifying principals upon which we can advance 
practical applications.
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Box 2. Other mechanisms that influence  
invasion resistance and putative links with diversity

Similar to resource availability, the level of antagonism has been shown to limit invasion 
when low but promote invasion when high, most likely due to self-poisoning of the 
microbial community at high levels of diversity (Jousset et al. 2011). In the context of 
invasion and immunity, oral secretions from the spruce beetle Dendroctonus rufipennis 
have shown that the bacterial community present in the secretions inhibit the colo-
nization of several pathogenic fungi (Cardoza et al. 2006), and microbiota of termite 
guts are able to produce actinomycin that likely helps maintain a stable, uninvaded 
microbiome (Matsui et al. 2012).

Predatory attacks from organisms even more simple than bacteria may also influence 
invasion. Although the impact of bacteriophages was initially thought to be minimal 
in natural environments due to the high specificity required between phage and host 
(Marsh and Wellington 1994), bacteriophages have been shown to locally adapt to 
natural bacterial communities on scales of centimeters (Vos et al. 2009). However, most 
of the effects of bacteriophages have only been shown from an invader’s perspective. For 
example, the prophages of Enterococcus faecalis, a mammalian gut resident, aid in the 
invasion of new communities and protect E. faecalis’ niche through the production of 
a composite phage (Duerkop et al. 2012). Vibrio cholerae, responsible for cholera, uses 
polymeric protein nanotube encoded by a type VI secretion system (T6SS) to pierce 
the cell wall of competing intra- and inter-specific strains, killing the prey cell, using it 
as a resource, and growing within a new environment (Pukatzki and Provenzano 2013). 
In this sense, bacteriophages could help an invasive bacteria invade a new environment 
or a resident bacteria to protect its niche.

Predation from protozoa, which graze off bacteria, have been shown to affect the fate 
of invading bacteria. Invading E. coli populations have shown decreased survival due to 
the presence of protozoa (Ravva et al. 2013), and in soil ecosystems the effect of grazing 
protozoa is thought to be dependent upon the localization of the invading bacteria 
within the soil pore. In the case of Aerobacter aerogenes, invading populations that were 
able to gain shelter and protection within a soil pore were two times as abundant than 
populations lacking pore protection (Vargas and Hattori 1986). This was likely because 
bacteria can avoid predation from grazing protozoa if they can reach the most cavernous 
and deepest areas within the soil pore (< 3 um), upon which the protozoa cannot enter 
(Postma and Van Veen 1990). In sum, the evidence present above indicates that antag-
onistic and predatory mechanisms also play an important role in invasion resistance.
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Box 3: Outstanding questions

• Are microbial invasions a universal feature of microbes’ lives, necessary 
for perpetuating their lineages and assembling into new communities and 
environments?

• Does rapid evolution upon introduction make microbial invaders more 
invasive and contribute to invasion success?

• Can growth of an invader occur despite an unsuccessful invasion? And can 
such growth impact the structure and functioning of the community?

• How do other mechanisms, such an antagonism and predation, work either 
in concert or separately with diversity and resource use to influence invasion 
resistance?

Glossary

Community niche: a metric to estimate the resource use and functioning of 
a microbial community, which is based off the sum of the best performances 
of community individuals on an array of resources (Salles et al. 2009).

Diversity-invasion effect: a common negative relationship seen between 
the level of community diversity, often measured in species richness or 
evenness, and the survival of an invading species. More diverse communities 
better resist invasion than less diverse communities.

Functional dissimilarity: the differential ability of species in a community 
to use different types of resources.

Microbial invader: any microorganism that is transported from its current 
environment or community and introduced into a new environment or 
community where it has never before existed. Even if the invasion is not 
successful, it is still considered an invader.

Microbial invasion: a four-step process consisting of the (i) introduction, 
(ii) establishment, (iii) spread, and (iv) impact of a microbial invader. While 
a successful invasion passes all four steps, reference to the term microbial 
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invasion could imply any one of the phases. Many variants of the invasion 
process exist; see (Lockwood et al. 2007) for an exhaustive list.

Microbiostasis: the property of an environment such that the survival and 
growth of an introduced microorganism is inhibited.

Primary and secondary environments: many microbes inhabit a ‘primary 
habitat’ to which they are best adapted, such as a host. Yet, part of the life-
cycle may revolve around a transition from primary to secondary habitats, 
the latter to which the organism may not be well adapted and must resist 
the biotic counterpressure from the resident community. Thus, in order 
to maintain the organism’s lineage, it must (i) survive an undetermined 
amount of time in the secondary environment for a chance to get reintro-
duced back into primary environment or (ii) complete a successful invasion 
in the secondary environment and become an autochthonous member of 
the microbial community.

Remaining niche available to the invader: a measure of the environmental 
resources that remain accessible (unconsumed by the resident community) 
and can be exploited by the invader.

Species evenness: often reported as an index, indicating the relative abun-
dance of all species in the community.

Species richness: the number of phylogenetically distinct organisms in a 
community. When dealing with microbes, although we often use the terms 
“species” or “taxonomic” richness, these are operational definitions that are 
based upon the similarity of phylogenetic marker genes.
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Abstract
Natural ecosystems show variable resistance to invasion by alien species, 
and this resistance can relate to the species diversity in the system. In 
soil, microorganisms are key components that determine life support 
functions, but the functional redundancy in the microbiota of most soils 
has long been thought to overwhelm microbial diversity - function rela-
tionships. We here show an inverse relationship between soil microbial 
diversity and survival of the invading species Escherichia coli O157:H7, 
assessed by using the marked derivative strain T. The invader’s fate in soil 
was determined in the presence of (i) differentially-constructed culturable 
bacterial communities and (ii) microbial communities established using 
a dilution-to-extinction approach. Both approaches revealed a negative 
correlation between the diversity of the soil microbiota and survival of 
the invader. The relationship could be explained by a decrease in the com-
petitive ability of the invader in species-rich versus species-poor bacterial 
communities, reflected in the amount of resources utilized and the rate 
of their consumption. Soil microbial diversity is a key factor that controls 
the extent to which bacterial invaders can establish.
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Introduction
Resistance to invasion by alien species represents a major life support func-
tion of terrestrial ecosystems (Vitousek et al. 1996). Theoretical (Case 1990, 
Levine and D’Antonio 1999, Tilman 1999) and experimental (Fargione 
and Tilman 2005, McGrady-Steed et al. 1997, Kennedy et al. 2002, Levine 
2000) studies have indicated that biologically-diverse communities are often 
less prone to being invaded than simpler ones, but effects of microbial 
diversity on invading (micro)organisms have remained underexplored. The 
number of microbial, in particular bacterial, species in a single gram of soil 
can be enormous (Dykhuizen 1998, Gans et al. 2005, Torsvik et al. 1990). 
Since several of the functions of the soil microbiota are key to soil function-
ing (van Elsas and Jansson 2007), the considerable functional redundancy 
has been thought to overwhelm any type of diversity - function relationship 
(Franklin and Mills 2006). However, microbial diversity was found to be 
inversely related to invasibility of the wheat rhizosphere by Pseudomonas 
aeruginosa (Matos et al. 2005) and also affected the ability of Ralstonia sola-
nacearum to induce wilting disease in tomato (Irikiin et al. 2006) although 
this was not the case in potato (Messiha et al. 2007). Soil bacterial diversity 
exerted a positive effect on the decline of this plant pathogen. However, this 
effect was dependent on soil type/management, occurring only in sandy 
soils under conventional agricultural management (Messiha et al. 2009). 
Confounding factors such as soil type and origin may have led to conflict-
ing results in these experiments, in which microbial diversity was strongly 
dependent on the soil used. Only by taking a “proactive” approach, manip-
ulating bacterial diversity in a controlled experiment, can we clearly address 
the effects of microbial diversity on pathogen decline in soils.

The fate of the enterohemorrhagic Escherichia coli (EHEC) O157:H7 
in soil is of major concern (Franz et al. 2005, Jiang et al. 2002, Ritchie 
et al. 2003). In this context, the microbial communities that established 
following soil fumigation were shown to determine the fate of the invad-
ing species, where reduction in microbial diversity due to progressively 
enhanced fumigation depths resulted in higher pathogen persistence in soil 
(van Elsas et al. 2007). Similarly, in 25 different manures, the decline rate 
of E. coli O157:H7 was negatively correlated with Enterobacteriaceae rich-
ness (Franz et al. 2007). Furthermore, the easily available carbon content 
of the manure explained this decline rate (Franz et al. 2007). A study in 
organic manure amended soil showed a faster pathogen decline when rates 
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of nutrient flow were reduced (Franz et al. 2008). Moreover, it has been 
shown that E. coli can survive at higher densities and for longer periods in 
sawdust than in sand livestock beddings (Lejeune and Kauffman 2005). 
The lower survival observed in the sand was hypothesized to relate to the 
lower amount of organic matter and nutrients. In a follow-up experiment, 
evidence was provided for the contention that E. coli was suppressed in 
the sand as a result of the presence of several bacterial taxa (Westphal et al. 
2011). Thus, both microbial diversity and resource availability may play 
important roles in determining E. coli O157:H7 persistence in soil.

The underlying mechanisms of diversity-invasiveness relationships may 
lie in competition for the utilization of limiting resources [e.g., nitrate for 
plant communities (Fargione and Tilman 2005)]. Theoretical trade-off 
surfaces, as suggested by (Tilman 1999), might allow a prediction of the 
success of invasion. Moreover, systems harboring microbial communities 
with lower metabolic diversity might be more prone to invasion than those 
with communities capable of utilizing a wider range of resources (Litchman 
2010). Although competition for resources and components of diversity are 
likely affect biological invasions, they are only pieces of the puzzle. Other 
mechanisms (e.g. predation and negative species interactions) might also 
determine the fate of invader species.

To better understand whether and how microbial diversity might hinder 
pathogen establishment in soil, we performed three experiments using a 
derivative of E. coli O157:H7 (strain T). Strain T is a genetically-marked 
non-toxigenic E. coli O157:H7 (Ritchie et al. 2003), allowing survival and 
competition studies in soil. The aim of the first two experiments was to 
assess the effect of microbial diversity on invader establishment and survival. 
Along with assessing the effects of soil microbial diversity on invasibility of 
the system, we investigated whether protozoa exerted effects on the invader. 
The third experiment aimed to elucidate the mechanism behind the diver-
sity-invasibility relationship that was found.

Material and Methods
Soil and microcosms

Fresh samples of a species-rich loamy sand soil denoted Wildekamp 
(W; pH-KCl 5.5; approximately 2% organic matter, 16-18% moisture 
upon sampling), obtained from the upper 10 cm of the Wildekamp field 
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(Wageningen, the Netherlands) in autumn (September 2006), were used 
throughout. The field was covered by permanent grass and regular mowing 
in summertime was the only treatment applied. Part of the soil was sterilized 
by gamma irradiation (50 kGy) and another part was kept for < 7 days at 
room temperature in closed plastic bags that were regularly aerated. The 
first was used as the matrix of soil microcosms, whereas the latter was used, 
in the dilution-to-extinction experiment, as an inoculum.

Experimental set-up

Varying treatments were established in soil microcosms. One type of 
manipulation consisted of the addition, to the gamma-sterilized W soil, of 
consortia consisting of mixtures of random bacterial isolates, of increasing 
complexity, whereas a second one consisted of the addition of microbial 
communities obtained via a dilution-to-extinction approach. Microcosms 
were constructed in 200-ml bottles that contained 50 g of W soil at final 
moisture content of 65% of water-holding capacity (WHC). Control 
microcosms contained natural or sterilized soil without added cells. Three 
replicates were used per treatment per time. Flasks were distributed in 
plastic trays following a randomized design. The soil microcosms were 
incubated at 20 oC in the dark and at constant moisture. Microcosms were 
destructively sampled at each time point during the experimental period (3, 
7, 14, 30 and 60 days), and monitored with respect to invader population 
density and microbial diversity (details below).

In a first experiment, the sterilized W soil was inoculated with zero, 5, 
20 or 100 bacterial strains isolated from the same soil, before sterilization. 
For each diversity level, 20% of the bacterial strains encompassed typi-
cal actinobacterial morphs. Bacterial isolation was performed by shaking 
10 g of soil in 90 ml of sterile 0.1% sodium pyrophosphate plus 10 g 
of gravel (2-4 mm diameter) for 30 min. Serial tenfold dilutions of this 
mother suspension were spread onto R2A medium (Oxoid, Nieuwerkerk, 
the Netherlands) and colonies appearing at up to 12days were randomly 
picked, purified by streaking and stored until their utilization in the bac-
terial mixtures. For introduction, cells obtained from individual pure fresh 
colonies were suspended in sterile water to obtain an absorbance at 600 nm 
(A600) of 1. Assuming that an A600 of 1 corresponds to 109 cells ml-1, we set 
up inocula for each treatment by adding different amounts of each bacterial 
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suspension to obtain mixtures with the same amount of cells but different 
strain richness (5, 20 or 100 strains). As expected, around 5 × 108 - 109 
bacterial cfu g-1 soil were established before the introduction of strain T in 
each microcosm (checked by plating on R2A).

In the second experiment, a dilution-to-extinction technique was 
adopted (Wertz et al. 2007, Wertz et al. 2006). Specifically, microcosms 
containing 50 g of gamma-sterilized W soil were inoculated with 5-ml ali-
quots of different suspensions obtained by serially diluting (1:10) natural W 
soil suspensions in sterile water. The systems were carefully mixed avoiding 
contamination, and covered to prevent water evaporation. As inocula, the 
101, 103 and 106 dilutions were used. The 101 dilution was also used fol-
lowing vacuum-filtration through membranes with progressively smaller 
pore sizes (5, 3, 2 and 1 µm), thus yielding treatment “101-filtered” (10-F). 
The aim of this successive filtration was to exclude protozoa and other soil 
mesofauna, but it is likely that larger (>1 µm) bacterial and fungal cells 
have been left out as well. Natural soil did not receive inoculant cells, but 
soil humidity was maintained at 65% of WHC.

Pathogen introduction

In both microcosm experiments, after allowing 30 days for the establish-
ment and stabilization of the microbial community at a comparable level 
across all the treatments, an invading bacterial pathogen [i.e. the genetical-
ly-marked, non-pathogenic Escherichia coli O157:H7 derivative strain Tn5 
luxCDAEB ((Ritchie et al. 2003))], was introduced into the soil microcosms 
at around 108 CFU g-1 dry soil. This established a soil moisture content of 
75% of the WHC.

Monitoring of survival of the invader as well  
as total bacterial communities

After E. coli O157:H7 derivative strain T addition, we monitored the 
microcosms at different time points over a 60-day period, during which 
all cultivation-dependent and –independent analyses were performed. The 
survival of strain T, expressed as the number of colony forming units (cfu) 
g-1 dry soil, was then determined by selective dilution plating on TSA plus 
respective antibiotics, in accordance with van Elsas et al (van Elsas et al. 2007). 
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E. coli counts were determined after 24h incubation at 37°C. Survival of 
strain T was thus based on the cfu numbers observed on selective medium at 
each sampling time, during a 60-day period. The number of total culturable 
bacteria, expressed as CFU g-1 dry soil, was determined by dilution plating 
onto unselective R2A medium followed by colony counting after prolonged 
incubation (up to 12 d) at 28oC. Total bacterial biomass was determined using 
dichlorotriazinylaminofluorescein-assisted microscopy, and total protozoa 
were estimated using the most-probable-number method of Darbyshire et al 
(Darbyshire et al. 1974). We further determined the prevalence of different 
indicator PLFAs by using MIDI-FAME analysis (van Elsas et al. 2007).

The modified microbial diversities established in the two types of micro-
cosms were assessed using soil-DNA-based PCR-DGGE. The richness (number 
of different amplicon types) and diversity (Shannon index) of total fungi and 
bacteria as well as of specific bacterial groups (only for the dilution-to-extinction 
experiment), were evaluated on the basis of PCR-DGGE analyses performed 
at day 3, 30 and 60 after invasion by E. coli strain T. In the group-specific 
PCR-DGGE approach, we assayed those microbial groups of which members 
were likely responsible for antagonism towards invading microorganisms (i.e., 
Pseudomonas spp., Bacillus spp. and Actinobacteria). In all cases, DNA was 
extracted from soil using standard soil DNA extraction (MoBio Ultraclean 
extraction kit). PCR amplifications and DGGE separation procedures were 
applied as indicated for total bacteria, fungi and Actinobacteria, Pseudomonas 
and Bacillus (Garbeva 2005). The patterns obtained were compared across 
treatments by using GelCompar version 4.0 (Applied Biosystems) and diver-
sity measures, such as band richness (taken as indicative for species) and the 
Shannon index of diversity (including a richness and evenness component) 
were calculated. On the basis of the observed richness values, a global richness 
indicator (GRI) was calculated (Griffiths et al. 2000), by adding the normalized 
richness values obtained for five microbial groups (total bacteria, total fungi, 
actinobacteria, pseudomonads and bacilli) and dividing it by 5. A range of 
statistical analyses was performed to assess the relationship between the survival 
of strain T and the diversity parameters established.

Competition experiment

Bacterial strains were isolated from soil (as described previously) and a set of 40 
different strains, distinguished based on colony morphology and BOX–PCR 
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(Salles et al. 2009), was selected. Briefly, the strains were used to create com-
munities of increasing species richness, following a broken stick model (Salles 
et al. 2009, Bell et al. 2009) to create communities varying in species richness 
and composition. Bacterial species were randomly ordered, creating one stick, 
which was then subsequently “broken”, giving 2 assemblages of twenty spe-
cies, 4 of ten species and 8 of five species. Extra assemblages were constructed 
by creating a 3rd and 4th stick of 20 species, containing the species located 
at the centre or ends of the first 20-species sticks. Further division of these 
sticks provided an additional four assemblages containing 10 species. Thus, 
4, 8 and 8 assemblages containing respectively 20, 10 and 5 species were cre-
ated, in addition to the 40 monocultures. Microcosms consisted of Ecoplates 
(BIOLOG) containing 31 carbon sources commonly found in soil, replicated 
3 times (Garland and Mills 1991). Microcosms were inoculated with the 
assemblages at similar final cell densities (OD600 = 0.1). Thus, each microcosm 
received the species at a cell density of OD600=0.1/s, where s is the number 
of species in the community inoculum (1 to 20). For microcosms containing 
strain T, the latter was introduced at OD600 = 0.02, regardless of the estab-
lished species richness. The data based on monocultures in the absence of the 
pathogen were used to calculate the growth rates of individual strains (using 
slopes, see below) on the respective C sources. E. coli strain T was also used 
as a single strain at initial densities corresponding to OD600 = 0.02 and OD600 
= 0.1, for comparisons in the competition and growth rate experiments, 
respectively. Incubation was in the omnilog apparatus (BIOLOG) for 48h 
at 25°C and reading was every 15 minutes. The quantity of substrate used 
and the rates of consumption were calculated based on the area under the 
curve and the slopes of increase, respectively, for each of the 31 individual C 
sources, using the software provided. Pairwise comparisons of the bacterial 
assemblages, in the presence and absence of strain T, were performed by 
using Bray Curtis dissimilarity implemented in the software PRIMER 5 
(PRIMER-E Ltd, Plymouth, UK). Similar relationships were obtained by 
using the distance measures Gower and Euclidean Distance.

Results and Discussion
Assembly experiment

In the first experiment, random bacterial isolates were obtained from a grass-
land soil in the Netherlands. Then, using batches of the same pre-sterilized 
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soil, bacterial communities consisting of 5, 20 or 100 random isolates were 
assembled in the soil, by adding isolate mixes in equal total cell numbers 
(approximately 106 g-1 dry soil) to the soil. In each treatment, 20% of 
the total added diversity encompassed actinobacterial morphs, which are 
known to produce antimicrobial compounds (Garbeva 2005, Ginolhac et 
al. 2004). “Zero” control (no cells added; sterile soil) as well as natural soil 
microcosms were also included. The microcosms were kept for 30 days in 
order to allow the development of average soil population densities of 108 
to 109 cells g-1 dry soil (20°C, soil moisture content 18%, equalling 65 % 
of water holding capacity). Then, strain T was added by pipetting a cell 
suspension into the soil followed by careful mixing, bringing the soil mois-
ture content to 75% of water holding capacity. This treatment theoretically 
ensured the greatest contact between resident and invading populations. 
Richness and diversity of dominant bacterial communities were evaluated 
over time using PCR-denaturing gradient gel electrophoresis (DGGE) of 
16S rRNA genes on the basis of soil-extracted DNA. Total and culturable 
bacterial numbers were determined by microscopic cell counting and dilu-
tion plating. The richness of dominant species (Sr) was approximated using 
the numbers of DGGE bands, whereas estimated diversity (H’; Shannon 
diversity index) was based on both the numbers and intensities of the bands.

The Sr and H’ values differed significantly across treatments. The established 
communities revealed increasing richness (ANOVA F[3,56] = 572.94; P =0.0001) 
and diversity values (ANOVA F[3,56] = 89.84; P = 0.0001) with increasing inoc-
ulum complexity. For each treatment, mean Sr and H’ values were different 
from the values of the other treatments (Tukey’s test, P < 0.05). Bacterial abun-
dance after 60 days, as determined by microscopic counts, was similar across 
treatments, at about 109 cells g-1 dry soil. The numbers of culturable bacteria, 
determined via dilution plating on R2A agar, were dissimilar across treatments 
(ANOVA F[3,8] = 142.27, P = 0.0001), although differences were small. The 
higher bacterial cfu (colony forming units) numbers coincided with increasing 
community complexities as determined by bacterial PCR-DGGE data. Most 
bacterial cells were culturable, the ratio culturable/total bacteria being 0.85 to 
0.95. This included the control treatment. The high culturability of soil bacteria 
observed in our experiment (which is often not the case for natural soils) could 
be explained by the use of relatively fast growing bacteria when assembling the 
communities. This is confirmed by the positive correlation observed between 
the bacterial counts and community complexity.
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Clear effects of diversity on strain T numbers (survival) were found. First, 
strain T survival was highest in sterile soil (Fig. 3.1), significantly exceeding 
that in the other treatments (Tukey’s post-hoc pairwise comparison P < 0.05; 
ANOVA F[3,8] = 102.24, P = 0.0001). In contrast, survival was lowest in the 
natural soil (Fig. 3.1 – legend note). Regarding the established communities, 
invader survival was higher in the presence of 5-strain communities than 
in those composed of 20 and 100 strains (ANOVA; P < 0.05). Moreover, 
species richness explained the differential survival in a progressively more 
robust manner over time, as evidenced from a richness-survival biplot (log-
arithmic model; Fig. 3.2). Thus, at 3, 30 and 60 days after invasion, the 
slopes of the curves became progressively steeper, revealing the fact that the 
effect of richness in decreasing survival of the invader was more pronounced 
towards the end of the experiment. This effect remained after correcting for 
the different amounts of culturable biomass (ANCOVA F [3,7] = 16.05; P = 
0.002 at day 60). The magnitude of the effect of species richness on invader 
survival in these communities likely reflected the relative simplicity of the 
respective communities (Fig.3.1), and a comparison with survival in natural 
soil highlighted the impact of natural (high) diversity (Fig. 3.1, legend).

Dilution-to-extinction experiment

Thus, in an effort to compare survival of the invader in systems with more 
realistic species richness values, while still offering a litmus test as to the effect 
of diversity on invader survival, a second experiment was designed using 
the dilution-to-extinction method. In this set-up, sterile soil microcosms are 
inoculated with a gradient of diversity present in serially diluted natural soil 
(Matos et al. 2005, Cook et al. 2006, Wertz et al. 2007, Wertz et al. 2006), 
thus extending our observations with communities of fast-growing bacteria to 
those including oligotrophic and non-culturable cells. Natural soil served as 
the control. Three manipulative treatments of 101-, 103- and 106-fold diluted 
cell suspensions from natural soil were used to establish the microcosms at 
similar final water contents as above. We were also interested in determining 
whether predation would play an important role in determining invasiveness 
by the pathogen, either by selective pathogen predation or by an overall 
reduction of microbial diversity. Therefore, in addition to the 101 treatment, 
a 101-filtered (101-F) treatment, where the 101-fold diluted suspension was 
filtered over membranes with progressively smaller pore sizes (5, 3, 2, 1 µm), 
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was employed to obtain communities free of protozoa. After incubating the 
microcosms at 20oC for 30 days, strain T was added at 108 cells g-1 dry soil, as 
in the previous experiment. Survival of the invasive species, total and cultur-
able bacterial biomass, as well as bacterial, fungal and bacterial group-specifi c 
richness and diversity indices, were determined over 60 days.

Total bacterial microscopic counts were similar between all con-
structed microcosms and over time, at around 4 × 109 cells g-1 dry soil, 
but slightly lower in natural soil, at 2 × 109 cells g-1 dry soil. As from day 
10 after inoculation, the culturable bacterial cell numbers were stable 
over time in the constructed microcosms (range 5 × 108 - 109 CFU g-1 
dry soil), being similar between treatments (P > 0.05). Th e CFU/total 
cell ratio ranged from 0.14 to 0.26. Signifi cantly lower CFU counts of 
total bacteria (i.e., 2-5 × 107 g-1 dry soil) were obtained in the natural 
soil (Tukey’s post-hoc test, P < 0.05) at a CFU/total cell ratio of around 
0.2%. Th ese results are in line with the knowledge that the majority of 
bacterial cells in soil are unculturable.

Figure 3.1. Escherichia coli strain T population dynamics (log cfu g-1 soil) over a 60 day 
period in soil with diff erently established diversities of culturable bacteria from the assembly 
experiment. Explanation: triangles - control, no strains added; crosses - 5 strains; squares - 20 
strains; circles - 100 strains. Each symbol represents the mean value of three replicates. Bars 
represent standard deviations of the mean. Escherichia coli strain T population dynamics in 
natural soil is not shown, as it would seriously mask the diff erences between the established 
communities; It was characterized by a near-linear decline of cfu numbers by about 6 log 
units, from about 108 cfu g-1 soil to 102 cfu g-1 dry soil, within 60 days following release.
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As expected, bacterial PCR-DGGE analyses revealed the presence 
of communities with diff erent richness values in diff erent treatments 
(Appendix A) [ANOVA F[4,40] = 69.56; P = 0.0001] over the entire exper-
iment. Natural soil showed the highest mean species richness value and 
the 106 treatment the lowest. Species richness did not diff er between the 
101 and 101-F treatments, indicating that predation by protozoa did not 
aff ect the bacterial richness. Fungal communities also showed progressive-
ly-reduced richness (ANOVA F[4,40] = 15.67; P = 0.0001) with increasing 
dilution. Th e 101-F treatment showed lower fungal richness than the 101 
treatment, probably resulting from fi lter-retention of fungal mycelia (Fig. 
S1). Th e diversity indices revealed patterns similar to those observed for 
the richness values. Furthermore, species richness data were supported by 
phospholipid fatty acid analyses (PLFA) performed at day 60. Of a total of 
25 PLFAs, 21 were detected in the 101, 19 in the 101-F, 17 in the 103 and 
12 in the 106 treatments. Because the chemical composition of the PLFA 
biomarkers depends on the type of microorganism (White et al. 1996), this 

Figure 3.2. Relationship between Escherichia coli strain T population dynamics (log cfu 
g-1 soil) and the relative richness (Sr) of bacterial species from the assembly experiment, 
as estimated from bacterial PCR-DGGE assessments (number of bands) over a 60 day 
period, at days 3 (R2 = 0.407; Survival = -0.21* ln (Sr) + 8.36), 30 (R2 =0.387; Survival 
= -0.20* ln (Sr) + 8.08) and 60 (R2 =0.767; Survival = -0.42* ln (Sr) + 8.54) after strain 
T introduction. At all time points, a logarithmic decay curve (Survival = -0.27* ln (Sr) 
+ 8.35; ANOVA F[1,58] = 36.7, p = 0.0001) fi tted the data points best and better (higher 
R2) than a linear one. Th e diff erences in the initial slopes were signifi cant between day 60 
and day 3/ day 30 (P < 0.05). Open circles: day 3; open triangles: day 30; squares: day 60.
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provides an additional indication that the dilution treatment had resulted 
in progressively decreasing species richness. Filtration partially removed the 
effect of dilution treatment on survival. Total soil PLFA revealed the occur-
rence of the protozoan markers (van Elsas et al. 2007, White et al. 1996) 
18:3ω6, 20:2ω6 and 20:4ω6 only in the 101 and natural soil treatments, at 
0.63 ± 0.17 and 0.53± 0.08 nmol g-1 dry soil (detection limit 0.05 nmol g-1 
dry soil). The fact that only the natural soil and 101 treatments showed the 
presence of protozoa (Darbyshire et al. 1974) might explain the differences 
between 101 and 101-F and indicated the role of protozoans in reducing 
pathogen survival. Nevertheless, the mechanisms behind the protozoan 
effect remain speculative. Protozoa can affect bacterial communities by 
influencing conditions for growth (Ronn et al. 2002) as well as through 
selective or non-selective feeding and members of the Enterobacteriaceae 
may constitute food sources that stimulate protozoan growth (Weekers 
et al. 1993). The fact that bacterial richness was not affected by filtration 
suggested non-selective feeding of dominant bacterial species took place.   
On the other hand, filtration might have affected other microbial mem-
bers (e.g., fungi) as well. In this context, the effects of predation cannot 
be completely isolated from the microbial diversity effect, and only a full 
description of the microbial communities in terms of species composition 
and abundance would provide support for these hypotheses.

In all treatments, invader survival could be characterized as a progressive 
decline of strain T abundance (as determined by cfu numbers over time, Fig. 
3.3). Differences between treatments became evident after day 6, and they 
increased towards the end of the experiment. Results of univariate repeat-
ed-measures ANOVA, in which the effects of treatment diversity on survival 
over the experiment were tested, are shown in Table 3.1 Survival of the invader 
was affected by time, treatment, and their interaction (Table 3.1). Thus soil 
microbial diversity, established by dilution-to-extinction, affected invader sur-
vival. The decline rate was also impacted by filtration (Table 3.1, comparing 
treatments 101 and 101-F). One-way ANOVA performed for the day-60 values 
confirmed the analyses, showing significant differences between mean invader 
abundance between treatments (F[4,10] = 112.27; P = 0.0001). Pairwise com-
parisons significantly separated all mean values (P < 0.05; Tukey’s test), except 
for the natural soil and 101 treatments (Fig. 3.3), which clustered together.

To evaluate the effects of the diversities of all microbial groups moni-
tored via PCR-DGGE, a global richness indicator was established (Griffiths 
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et al. 2000). Repeated-measures ANOVA performed at 3, 30 and 60 
days revealed an eff ect of dilution treatment on global richness (F[4,10] = 
36.62, P = 0.0001), but no eff ects of time or time x treatment. Th us, 
global richness was diff erent between treatments and remained so over 
time. Natural and 101-treated soils exhibited high global richness values, 
whereas the 106–treated soil showed the lowest value (Tukey’s post-hoc 
test, P < 0.05). Global richness values of treatments 101-F and 103 were 
statistically similar, the former slightly exceeding the latter. Interestingly, 
global richness values correlated with, and thus predicted, invader survival: 
3, 30 and 60 days following introduction, signifi cant negative relation-
ships were observed between strain T survival rate and global richness 
(Fig. 3.4). Th us, global richness was able to explain the decline of the 
invading species in the microcosms—as global richness increased, E. coli 
survival decreased. Moreover, the eff ect was magnifi ed over time. Bacterial 
counts (cfu) evaluated at the same time points did not show any relation-
ship with invader survival (P > 0.05). Th ese results confi rm the previous 

Figure 3.3. Escherichia coli strain T population dynamics (log cfu g-1 soil) over a 60-day 
period in soil with diff erently established microbial diversities using a dilution-to-extinction 
approach. Triangles - 106 treatment (number indicates the dilution factor of the sample 
microbial community; stars - 103; circles - 101; squares - 101-F (F indicates sequential 
fi ltering over membrane fi lters to remove higher organisms including protozoa); diamonds 
- natural soil. Each symbol represents the mean value of three replicates. Bars represent 
standard deviations of the mean.



T H E  B I O D I V E R S I T Y - I N VA S I O N  R E L AT I O N S H I P  I N  S O I L   |  5 9

findings obtained with simpler communities (assembly approach), clearly 
indicating that the reduction in pathogen density is not observed only in 
fast-growing bacterial communities. In fact, by creating more realistic soil 
microbial communities, containing oligotrophic and non-culturable organ-
isms, a steeper decline over time in pathogen population size was observed.

Inverse relationships between invader survival  
and richness of different groups

Significant inverse linear relationships between survival of the invader and 
richness at day 60 were found for most microbial groups under study (i.e. 
bacteria, fungi, pseudomonads and Actinobacteria; Appendix B), survival 
being particularly affected by bacterial and actinobacterial richness. To a lower 

Table 3.1. Univariate repeated-measures ANOVA, separately testing for effects of dilution 
treatment and filtration on E. coli strain T survival at five time points along the experimental 
period. For dilution treatment, all treatments were considered. For filtration, the 101 and 
101-F data were utilized to evaluate the filtration effects on the same sample community.

Test Effects df F Significance 
(P value)

Dilution treatment

Between-subject effects dilution 4 193.70 < 0.0001
error 10

Within-subject effects time 4 424.79 < 0.0001
time *treatment 16 21.39 < 0.0001
error(time) 40

Filtration

Between-subject effects filteration 1 114.51 < 0.0004
error 4

Within-subject effects time 4 180.64 < 0.0001
time *filtration 4 4.16 < 0.0170
error(time) 16

*df: degrees of freedom; F: factor of probability



6 0  |   S O I L  M I C RO B I A L  I N VA S I O N S

extent, it was also negatively correlated with the Pseudomonas and fungal rich-
ness values, whereas it did not show a clear relationship with Bacillus richness. 
Th e negative correlations were corroborated by similar regression performed 
with the Shannon diversity indices. Multiple regressions, in which richness for 
all fi ve microbial groups at day 60 was related to invader survival, were also 
run. Th e correlation between invader survival and actinobacterial richness was 
highly signifi cant (R2 = 0.893; P = 0.0001), indicating that Actinobacteria are 
major contributors to this model. Actinobacteria have the capacity to produce 
ample secondary metabolites involved in soil microbiostasis (Garbeva 2005, 
Ginolhac et al. 2004), indicating that negative interspecies interactions play 
an important role in determining the fate of invading species. Th e notion 
that specifi c groups of bacteria play a specifi c role in E. coli suppression is not 
new (Westphal et al. 2011). It was not clear however, whether the microbial 
suppression of E. coli was due to competition for vital resources or to direct 

Figure 3.4. Relationship between Escherichia coli strain T population dynamics (log cfu 
g-1 soil) and the global richness indicator (GRI) at diff erent times following introduction 
of the invader. Th e GRI (34) was derived from the sum of fi ve richness values (number of 
bands on DGGE gels) obtained from the following microbial groups: total bacteria, total 
fungi, pseudomonads, actinobacteria and bacilli, each normalized per group, and divided 
by 5. Linear correlations between E. coli survival and GRI increased over time (R2 = 0.34, 
R2 = 0.654, R2 = 0.846 for 3, 30 and 60 days after pathogen inoculation, respectively). 
Open circles: day 3; open triangles: day 30; open squares: day 60.
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antagonism. To confirm the presence of suppressors of strain T, future exper-
iments should harness the assemblage approach, selecting either antagonists 
or competitors for the same resources.

Competition between invader and resident community

Competition for nutrients is an important mechanism that may limit 
invasions in highly diverse communities (Fargione and Tilman 2005). 
In resource-based niche theories, the establishment of invading species 
is dependent on the amount of (limiting) resources that are left uncon-
sumed by native species, as well as by the rate at which native and invader 
species consume the existing resources (Tilman 1999, Tilman 1982). We 
hypothesized that the uptake of diverse resources play important roles in 
the invasibility of microbial communities by strain T. Thus, to explain 
the effect of microbial diversity on strain T, we evaluated the competitive 
ability of the latter in the presence of bacterial communities of increasing 
richness, focusing on single niche factors (i.e., the carbon source). Thus, 
we compared the resource utilization patterns of communities varying in 
richness (1, 5, 10 and 20 species), with or without strain T, on 31 individual 
carbon sources typical for soil (Garland and Mills 1991). The dissimilarity 
in resource utilization patterns of bacterial communities in the presence 
and absence of strain T was used as a proxy of the competitive ability of 
strain T, with higher dissimilarities indicating higher dominance of strain 
T in the community. The competitive ability of strain T indeed decreased 
with increasing species richness (Fig. 3.5). The significant negative correla-
tion observed between strain T’s competitive ability and species richness, 
for both the amount of each resource (R2 = 0.456, P = 0.0001) and the 
rates of utilization (R2=0.334, P = 0.0001), indicated that the more diverse 
communities were, the better they were able to acquire resources, and at a 
higher rate, than strain T. As expected, in the absence of the invader, the 
communities with higher species richness were able to consume more of 
the individual resources (Appendix C; R2 = 0.39, P < 0.0001).

Rate of resource utilization

Considering that species with higher consumption rates will be more effi-
cient in extracting resources, and thus more competitive, we could make 
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Figure 3.5. Relationship between manipulated species richness and the competitive ability 
of Escherichia coli strain T. Th e competitive abilities are expressed both in relation to the 
amount of resources consumed (a) and their rate of consumption (b), and represent 
the dissimilarity in resource utilization patterns, obtained by pairwise comparisons of 
bacterial communities of increasing richness (1, 5, 10 and 20 species), in the presence 
and absence of strain T. Each circle represents a pairwise comparison. Resource utilization 
patterns correspond to the average in the amount (a, R2 = 0.46, P = 0.0001) or in the 
rate of consumption (b, R2 = 0.33, P = 0.0001) of 31 carbon sources present in the Biolog 
Ecoplate. Similar data were obtained when only the 10 carbon sources used by E. coli strain 
T were analyzed (R2 = 0.47, P < 0.0001 and R2 = 0.43, P < 0.0001, for amount and rate 
of consumption, respectively).
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a parallel to the resource requirement parameter R* proposed by Tilman 
(1982) and Tilman (1999). In his work, it was proposed that those spe-
cies with lowest R* would outcompete those that require higher resource 
levels. Briefly, considering a fixed amount of resource, species with higher 
growth rates will have a lower R* (assuming that loss rate due to predation 
is similar in the experiment). Thus, species with higher consumption rates 
would utilize the resources faster and, therefore, reduce the probability 
that less competitive strains would thrive. In this context, we calculated, 
for each individual strain and on each carbon source, the rate at which the 
resources were consumed. The growth rates of strain T were, indeed, sig-
nificantly lower when compared to those of the set of 40 bacterial species 
used in the experiments. Considering the 10 resources utilized by E. coli, 
its average growth rate was 4.17 ± 0.77 omnilog units h-1 (average ± SE.), 
whereas the average rate of resource utilization of the other 40 strains on 
the same set of resources was 14.51 ± 0.63 omnilog units h-1 (average ± 
SE). These results support the view that efficiency of resource utilization 
by the invader versus that by the established community was at the heart 
of the effect of microbial diversity seen in the soil microcosms, at least 
when considering species interactions by one niche factor at the time. It is 
important to note that the relative rates of resource utilization observed do 
not necessarily reflect the actual in situ rates in soil, where complex inter-
actions between substrates and resident microbial communities are likely to 
be found. Nevertheless, they provide an indication of the potential activities 
of representatives of the soil microflora. See the Appendix D information 
for supplemental discussion.

Acknowledgements

We thank Ken Killham (Aberdeen) for providing strain T and Nuria Bonilla 
for providing help with some of the experiments. Sasha Semenov for helpful 
discussions. This work was supported by a North Atlantic Treaty Organization 
grant to JDvE, MEYS CR LC06066 and ISB AS CR AVOZ 60660521.





CHAPTER 4 Resource pulses can alleviate the 
biodiversity-invasion relationship 

in soil microbial communities

CYRUS ALEXANDER MALLON
FRANCK POLY

XAVIER LE ROUX
IRENE MARRING

JAN DIRK VAN ELSAS
JOANA FALCÃO SALLES

PUBLISHED IN ECOLOGY, 2015, 96(4): 915-926



6 6  |   S O I L  M I C RO B I A L  I N VA S I O N S

Abstract
The roles of species richness, resource use, and resource availability are 
central to many hypotheses explaining the diversity-invasion phenome-
non but are generally not investigated together. Here, we created a large 
diversity gradient of soil microbial communities by either assembling 
communities of pure bacterial strains or removing the diversity of a natu-
ral soil. Using data on the resource use capacities of the soil communities 
and an invader that were gathered from 71 carbon sources, we quantified 
the niches available to both constituents by using the metrics “commu-
nity niche” and “remaining niche available to the invader”. A strong 
positive relationship between species richness and community niche 
across both experiments indicated the presence of resource complemen-
tarity. Moreover, community niche and the remaining niche available to 
the invader well predicted invader abundance well. This suggested that 
increased competition in communities of higher diversity limits commu-
nity invasibility and underscored the importance of resource availability 
as a key mechanism through which diversity hinders invasions. As a proof 
of principle, we subjected selected invaded communities to a resource 
pulse, which progressively uncoupled the link between soil microbial 
diversity and invasion and allowed the invader to rebound after nearly 
being eliminated in some communities. Our results thus show that (1) 
resource competition suppresses invasion, (2) biodiversity increases 
resource competition and decreases invasion through niche preemption, 
and (3) resource pulses that cannot be fully used, even by diverse com-
munities, are favorable to invasion.
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Introduction
Invasive species have the potential to alter native community structure 
and affect the functioning of ecosystems (Hooper et al. 2005). The extent 
of this impact is tightly linked to the level of biodiversity at a local scale, 
which plays a key role in buffering a system from invasion (Naeem et al. 
2000, Kennedy et al. 2002, Zavaleta and Hulvey 2004). There is no gen-
eral theory that ties together all the factors influencing what is colloquially 
known as the diversity-invasion relationship, whereby more diverse com-
munities resist invasion better than less diverse communities. Still, most 
studies revolve around the role of resource use mechanisms, whether it be 
competition between the resident community and the invader or the avail-
ability of resources in the environment (Catford et al. 2009). Niche theory 
purports that the probability of an invasion will exponentially decrease as 
diversity increases due to the increased partitioning of resources among 
more diverse communities (Tilman 2004). In line with this theory, a general 
and emerging principle to consider when investigating biological invasion is 
that resident communities should resist invasion when their resource uptake 
best matches resource supply (i.e., the “fluctuating resource hypothesis,” 
Davis et al. 2000). Should resource supply outpace resource uptake (due to 
the amount or forms of resources supplied), the chance of invasion should 
increase. Moreover, the theories proposed by both Davis et al. (2000) and 
Tilman (2004) predict that resource pulses will make a community more 
invasible and facilitate coexistence between an invader and the commu-
nity. These theories have been supported by empirical examples coming 
from macroorganisms, and resource pulses have also been shown to further 
depend on their timing, as well as the life history and uptake capabilities 
of the invader and resident community members (Davis and Pelsor 2001, 
Renne et al. 2006, Li and Stevens 2012). Interestingly, even though the 
fluctuating resource hypothesis (FRH) is rooted in the idea that the degree 
of competition is negatively related to the amount of unused resources, 
the FRH predicts the absence of any diversity-invasion effect due to the 
assumption that a resource pulse will suppress competition among the 
resident and invader populations (Davis et al. 2000). While this is logical, 
never before has this prediction been tested and demonstrated.

Invasion patterns from microbial communities indicate that such com-
munities display diversity-invasion relationships that are similar to those of 
higher organisms when measured on a local scale (van Elsas et al. 2007, van 
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Elsas et al. 2012, Jousset et al. 2011, Eisenhauer et al. 2013, Vivant et al. 
2013). Indeed, reducing the diversity of natural soil communities has shown 
to increase the survival time of invading Escherichia coli and Listeria mono-
cytogenes (van Elsas et al. 2012, Vivant et al. 2013). Experiments creating 
diversity gradients with simplified, assembled microbial communities have 
shown similar patterns. For instance, communities containing an increasing 
number (from 1 to 8 strains) of Pseudomonas fluorescens genotypes increas-
ingly resisted invasion from Pseudomonas putida and Serratia liquefaciens 
(Jousset et al. 2011, Eisenhauer et al. 2013).

Harnessing the capability to manipulate and create microbial com-
munities provides an ideal opportunity to foster our understanding of 
the mechanisms controlling the diversity-invasion relationship. Microbial 
assemblage experiments using simplified communities have touched upon 
the mechanisms that make more diverse communities more resistant to 
invasion than lower-diversity communities. For instance, by assessing the 
impact of the pathogenic bacterium Ralstonia solanacearum on tomato plants 
in soil microcosms containing five, ten, or fifteen rhizobacterial strains, 
Irikiin et al. (2006) showed that higher frequencies of diseased plants were 
found in communities of lower diversity and lower resource use potential. 
Thus, the large competitive effects in the more diverse communities could 
have limited the pathogen’s growth, survival, and infection capability. In 
another experiment, van Elsas et al. (2012) showed that the competitive 
effects of richness limited the short-term impact of the invader on com-
munity functioning, measured as their ability to use carbon substrates. 
Moreover, the importance of the community’s functional diversity among 
bacterial communities in conjunction with the number of resources avail-
able (i.e., niche dimensionality) has highlighted the importance of resource 
complementarity in invasion resistance (Eisenhauer et al. 2013). Taken 
together, these studies encompass the most basic mechanistic understand-
ing we have of the diversity-invasion relationship. In short, more diverse 
communities better exploit resources; this stems the invader’s access to 
vital resources and results in its eventual death. However, this mechanism 
has not been explored throughout more realistic levels of bacterial species 
diversity. Moreover, from an invader point of view, never before has its 
actual resource availability been quantified across a diversity gradient, nor 
have the effects of a resource pulse been examined to understand the extent 
to which it could permit invasion across a diversity gradient.
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In this study we focus on a three-step argumentation to set forth the 
extent to which resource availability influences the diversity-invasibility 
relationship for soil microbial communities. Our arguments rely on the 
assumptions that (i) resource competition suppresses invasion, (ii) diversity 
increases resource competition due to niche preemption, and (iii) resource 
pulses can suppress competition and therefore promote invasibility even in 
highly diverse communities. Specifically, we test the hypothesis that higher 
levels of resident microbial diversity reduce the niche available to an invader 
via increased competitive interactions and that this relationship is alleviated 
by the application of a resource pulse. As explained in Fig. 4.1, we propose 
that highly diverse communities should better exploit available resources 
than less diverse ones. In low-resource environments, high diversity levels 
thus limit the availability of scarce resources for the invader and result in a 
fast decline of invader abundance (Fig. 4.1a). In high resource environments 
(Fig 4.1b), although more diverse communities will still use more resources 
than less diverse ones, ample resources should weaken competition, leading 
to high invader abundances in both high and low diverse communities. 
The addition of resources should increase the success of an invader, even in 
highly diverse communities under low resources where the invader would 
otherwise be excluded (Fig. 4.1c).

We tested these hypotheses by manipulating the diversity of soil microbial 
communities and subjecting them to invasion by a non-pathogenic derivative 
of E. coli O157:H7. We constructed a large gradient of diversity via assemblage 
and dilution-to-extinction approaches. Pure bacterial strains were assembled 
into communities and inoculated into sterile soil (assemblage). Natural soil 
was diluted and used as an inoculum for sterile soil (dilution-to-extinction). 
All constructed microbial communities were then subjected to invasion. 
By using a large array of resources to separately quantify the community’s 
and invader’s resource use capacities, we used the community niche metric, 
which has previously been used to predict diversity-ecosystem functioning 
relationships (Salles et al. 2009, 2012), to calculate the niche breadth of 
the community and the extent of resource complementarity. Also using the 
resource use capacity data, we quantified the “remaining niche of the invader” 
(i.e., the resources unused by the resident community, which are suitable 
substrates for the invader), which were used to predict an invader’s survival. 
To complement the aforementioned approaches, a direct test of the potential 
importance of competition for resources was performed by manipulating 



7 0  |   S O I L  M I C RO B I A L  I N VA S I O N S

resource availability during the invasion process. We tested whether a resource 
pulse could suppress the eff ects of diversity and competition on the invader’s 
survival, which was achieved by subjecting selected communities from the 
assemblage experiment to a D-galactose pulse 105 days after E. coli invasion, 
when the eff ects of competition had already been clearly seen.

Figure 4.1. Th eoretical representation of an invader’s survival as dependent upon 
resource availability and use by the resident community. (A) When resources are limited, 
more diverse communities will reduce the survival of an invader better than less diverse 
communities because they better exploit resources, allowing niche preemption. (B) When 
resources are readily available, the invader’s survival time will increase and community 
diversity will be less important in determining invasion success. (C) If resources are added 
to invaded communities under a low resource environment, resource competition will 
be alleviated. As such, the survival time of the invader will increase, particularly for high 
diverse communities. Blue circles and lines represent a species poor community and the 
corresponding temporal variation of an invader’s survival; red circles and lines represent the 
same for a highly diverse community. Th e orange-shaded portion of each graph represents 
the plane where a community is susceptible to invasion. Th e gray arrows and dashed blue 
and red lines represent a shift and the new state of communities after a resource pulse. 
Th us, communities that had been low in available resource now have a high resource 
availability, shifting them into the orange-shaded portion that indicates communities are 
highly susceptible to invasion. In turn, the abundance of any invader in these communities 
should also increase
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Methods
Soil and microcosms

The sandy loam grassland soil from the sampling site Wildekamp, the 
Netherlands (51°59’38.45”N; 5°39’58.72”E) was used as the sterile soil 
matrix for the assemblage and dilution-to-extinction experiments, and as 
the inoculum for the dilution-to-extinction experiment. Soil was sieved 
through a 4 mm mesh, homogenized, and sterilized via gamma irradiation 
(50 kGy) in sealed plastic bags. Fifty grams of sterile soil were then asepti-
cally transferred into sterile glass microcosms capped with sterile aluminum 
foil. The soil pH of each microcosm was adjusted to pH 7 via addition of 
Ca(OH)2, and the water content of the soil was brought to 50% of the 
soil water holding capacity (WHC) with sterile water. Water content was 
kept constant by replenishing with sterile water until the inoculation of 
communities.

Assemblage experiment: setup and design

A large pool (>100) of bacterial colonies were isolated from 8 Dutch agricul-
tural soils. Isolation was carried out in 1:10 serial dilutions of soil whereby 
the 10-4 dilution was plated onto trypticase soy agar (TSA) and incubated 
for three days at 23 °C. After incubation, colonies were picked on the basis 
of different morphologies and restreaked at least twice to assure purity. 
Isolated strains were stored at -80 oC in 25% glycerol. All strains were 
screened using the repetitive BOX PCR method (Bathe et al. 2006), giving 
rise to 75 different bacterial strains.

In order to create the communities, all 75 strains were separately grown 
on TSA at 23 °C for three days. Cells were then harvested from plates with 
0.8% NaCl via plate washing, and the OD for each strain was adjusted to 
OD600 = 1. Strains were then assembled in an equal volume (i.e. at maximal 
evenness) into community master mixes and used to inoculate microcosms. 
One mL of each community master mix or sterile water (for sterile treatment) 
was added to microcosms, bringing the soil moisture to 65% of the WHC. 
Communities were assembled according to a broken stick design to create 
communities of 5, 15, and 30 bacterial species (Bell et al. 2009; see table of 
communities in Appendix E). The broken stick method was chosen because 
it maximizes the separation of richness and compositional effects due to its 
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nested approach. We created 10 communities of 30 species; 12 of 15 species; 
24 of 5 species; and a sterile soil control (considered as 0 species, replicated 
thrice). Microcosms were left for 60 days to allow bacterial abundances to 
stabilize, upon which the invader was introduced. Soil moisture content was 
checked weekly and replenished with sterile water to maintain a WHC of 
65%. Five destructive sampling campaigns were used for each community: 
Days 0, 11, 44, 75, and 95. This comprised a total of 245 microcosms.

Dilution-to-extinction experiment: setup and design

For the dilution-to-extinction approach, community inoculums were pre-
pared by making an initial 1:2 soil:water mixture of natural (non-sterile) 
Wildekamp soil. This solution was then 1:10 serially diluted in sterile 
water up to the 10-6 dilution, and the 10-1, 10-3, and 10-6 dilutions were 
inoculated into sterilized Wildekamp soil to create a diversity gradient. 
Each microcosm contained 50 grams of soil and received 2.9 mL of soil 
dilution or sterile water, increasing the soil water content to 65% of the 
WHC. The four diversity treatments were thus: 10-1, 10-3, 10-6, and sterile 
soil. Microcosms were incubated for 79 days in order to establish the same 
soil bacterial abundances across treatments. The microcosms were weighed 
weekly and replenished with sterile water to maintain the soil moisture at 
65% of the WHC. Six destructive sampling campaigns were used at days 
0, 5, 11, 18, 28, and 75 using three replicates for each treatment and each 
date. This comprised a total of 72 microcosms.

Quantification of bacterial abundances and initial species richness

In both experiments, total cultural bacteria were checked before the intro-
duction of the invader to assure comparable numbers of cells/gram of soil in 
all treatments. Total bacteria were enumerated by 1:10 serial dilution plating 
on TSA medium and incubated for 4 days at 28 oC. In the dilution-to-ex-
tinction experiment, in order to account for unculturable bacteria, the 
V5-V6 variable region of the 16S rRNA gene was also quantified via quan-
titative PCR and extracted soil DNA from Day 0 was used as a template 
(See Appendix F for detailed protocol).

In the assemblage experiment, estimations of species richness were taken 
as the number of species initially inoculated into the community (e.g., 0, 5, 
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15, or 30 species). In the dilution-to-extinction experiment, initial bacterial 
species richness was quantified by 454 pyrosequencing of the 16S rRNA 
gene, using observed operational taxonomic units (OTUs) at a sequence 
similarity of 97% (See Appendix G for detailed protocol). For simplicity we 
refer to OTUs as species, but this is only an operational definition and may 
not represent the actual number of species in the soil. In order to mitigate this 
problem and show that estimations of species richness are reliable between 
diversity treatments, we have provided rarefaction curves of sequencing data 
(Appendix H).

Invader introduction and enumeration

E. coli O157:H7 derivative strain T, which has been used in previous 
studies to examine the diversity-invasion relationship (van Elsas et al. 
2007, van Elsas et al. 2012), was introduced with sterile water into the 
microcosms at a level of 5 x 107 cells/gram soil. Indeed, E. coli invading 
soil ecosystems, such as from the excrements from cattle, can reach initial 
and total population sizes of up to 109 cells (Horton et al. 2011). Since 
our case aims to portray how E. coli survives in soil ecosystems, we used 
a moderate initial population size. If one considers the soil to have total 
bacterial population of ca. 109 cells g-1 soil, and we add 5x107 invader 
cells g-1 soil, then the invading organism was outnumbered on a level of 
ca.19 native cells for 1 invading cell, representing a gross mismatch for 
colonizing space in the soil. Introduction of E. coli raised the soil moisture 
to 75% of its WHC. Upon inoculation of the invader, the soil moisture 
was checked weekly and maintained at 75% of WHC with sterile water 
until the end of the experiment. The invader, which harbors resistances 
to rifampicin and kanamycin, was enumerated on each sampling day via 
plating on trypticase soy agar (BD, Heidelberg,Germany) supplemented 
with said antibiotics at concentrations of 10 and 50 µg mL-1, respectively. 
Plates were incubated at 37oC for 24 h.

Quantification of soil community niche  
and remaining niche available to the invader

The resource use capacities of all the 75 strains used in the assemblage exper-
iment and of the invader were screened on the Biolog GEN III microtiter 
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plate, which contains 71 different carbon sources (BIOLOG; Haward, CA, 
USA). Omnilog units that measure the activity on the carbon sources are 
generated by the Biolog Omnilog software and are an absorbance value 
calculated from readings of color intensity. Fresh strains were grown on 
TSA plates and then inoculated onto the GEN III plate according to man-
ufacturer’s protocol with accompanying inoculation fluid B. Inoculated 
plates were monitored in Biolog’s omnilog machine for 48 hours at 23 °C 
with measurements taken every 15 minutes. Raw data were normalized (by 
the maximum value observed across all strains) and used to calculate the 
community niche for each assembled community, according to Salles et al. 
(2009). Briefly, from the resource use capacities of our 75 strains, the high-
est level of use observed for each of the 71 carbon sources among all strains 
in a respective community were summed to calculate the community niche. 
The relationship between E. coli abundance and the assembled community 
niche was tested by regression (data were log-transformed if needed).

In the dilution-to-extinction experiment, the resource use capacity of 
each soil community was directly measured at Day 0 by inoculating the soil 
community onto a GEN III plate (See Appendix I for detailed protocol). 
Data for each biolog plate were normalized (independently by the maxi-
mum value for each plate).

For both experiments, the remaining niche available to the invader was 
calculated by subtracting the community from the invader resource use capac-
ities for each of the 71 carbon sources. Negative values indicated competitive 
superiority by the community and positive values the reverse. The positive 
values were summed and taken as a proxy of the remaining niche available 
to the invader. In short, we examined the overlap between invader and com-
munity resource use profiles over an array of 71 carbon sources. Across all 
resources, values indicating an advantage for the invader were summed and 
taken as a proxy for the remaining niche available to the invader.

Resource pulse experiment

In order to further test the role of resource availability as a limiting factor in 
E. coli’s survival, we added D-galactose 105 days after invader inoculation 
to a selected group of assembled microcosms that had varied abilities to use 
this carbon source, from no use to a relatively strong use (3 communities 
of 30 species, 4 for 15 species, 6 for 5 species, and two for sterile soil). The 
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invader was capable of using D-Galactose as a substrate. The remaining soil 
(around 35 g total) of each flask that was sampled at day 95 was aseptically 
split into two sterile 50 ml falcon tubes—one for the addition of carbon, 
one for the addition of water that acted as a control. D-galactose was added 
to each flask in the carbon treatment group at a concentration of 6.25 mg 
/ gram soil. This slightly raised the soil moisture to 77.9% of the WHC. 
Control flasks were given an equal amount of water. E. coli was then enu-
merated 2, 5, and 10 days after the D-galactose pulse (in both amended 
and control treatments) as described previously.

Data analysis and statistics

All statistical tests were performed in SPSS (IBM, version 20). One-way 
Analysis of Variance (ANOVA) tests were used to examine potential dif-
ferences of total culturable bacteria and 16S rRNA gene copies between 
richness treatments in each experiment. Two-way ANOVA tests with inter-
action were used to assess E. coli survival as affected by time (sampling 
day) and initial species richness. Tukey’s post-hoc accompanied ANOVA 
analyses to indicate potential pairwise differences between richness treat-
ments. Pearson correlations were used to examine the potential relationships 
between invader abundance and (i) microbial community richness, (ii) 
community niche, (iii) remaining niche availability, and (iv) D-galactose 
use by the soil community. In the latter case—the relationship between 
D-galactose use and the invader’s regrowth—we examined the bacterial 
resource use profiles of individual strains to extract the maximum value of 
D-galactose use among each community and used it to predict invader abun-
dance after the resource pulse. Relationships between microbial community 
richness and community niche were also analyzed using Pearson correla-
tions. 16S rRNA gene amplicon sequences generated by pyrosequencing 
were processed using Quantitative Insights Into Microbial Ecology (QIIME 
version 6.0) toolkit (Caporaso et al. 2010). Species richness was calculated 
in QIIME as the observed number of OTUs per sample (See Appendix J 
for detailed protocol). 
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Results

Total bacterial abundances

Total culturable bacterial counts indicated that soil bacterial abundances 
were not significantly different between treatments before the introduction 
of the invader in both experiments (ANOVA, Assemblage Experiment: 
F(2,43) = 0.135, P = 0.88; Dilution-to-extinction Experiment: F(2,3) = 1.121, 
P = 0.43). In the assemblage experiment, the mean of total bacteria across 
all treatments was 5.35 × 108 cells/gram soil, ranging from 4.4 × 106 to 
6.5 × 109 cells/gram soil. In the dilution-to-extinction experiment, the 
mean of total cultural bacteria across treatments was 1.36 × 108 cells/gram 
soil, ranging from 4.65 × 107 to 4.25 × 108 cells/gram soil. Also in the 
dilution-to-extinction experiment, where non-culturable bacteria likely 
represented most of the soil bacterial population, the mean number of 16S 
rRNA gene copies assessed by quantitative PCR was 7.69 × 1011 copies/gram 
soil, ranging from 4.00 × 1011 to 1.09 × 1012 copies/gram soil. Although the 
number of 16S rRNA gene copies was slightly higher in the 10-6 treatment 
compared to the 10-1 and 10-3 treatments, copy number did not significantly 
differ between treatments (ANOVA, F(2,9)= 4.377, P = 0.07).

Invader survival according to time and species richness

In the assemblage experiment, a progressive decline in E. coli population 
densities, as measured by cfu counts, was observed throughout the experi-
ment, and this decline was significantly affected by time, species richness, 
and the interaction between these two factors (Fig. 4.2a, Table 4.1). The 
overall effect of time significantly reduced E. coli population densities at 
each sampling day (Tukey’s test, P < 0.05). The overall effects of species 
richness on E. coli abundance was shown to be due to differences, on the 
one hand, between the sterile soil treatment and species richness treat-
ments, and, on the other hand, between the species richness treatments. 
Specifically, E. coli abundance was significantly higher in the sterile soil 
treatment when compared with all other treatments (Tukey’s test, P < 0.05; 
see Fig. 4.2a,b). E. coli abundance was slightly but significantly higher in 
the 5 species treatment as compared to the 15 (Tukey’s test, P = 0.022) and 
30 species treatments (Tukey’s test, P = 0.045). There was no difference 
between the 15 species and 30 species treatments (Tukey’s test, P > 0.05).
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Figure 4.2. Progressive temporal decline in invader abundance across a gradient of species 
richness in communities established by (a) assembling consortia of bacterial strains or (b) 
decreasing the diversity of a natural soil via a dilution-to-extinction approach. Numbers 
in parentheses on the key are the number of species (mean ± SE) in that dilution. Dashed 
lines in panel (b) indicate that E. coli had fallen below the detection limit of 500 cells 
/g soil upon quantification at day 75. (c) Actual survival values of the invader at day 
28 (dilution-to-extinction experiment; dark squares) and interpolated values of invader 
survival at day 28 (assemblage experiment; open squares) showcase a consistent relationship 
between invader survival and community diversity among the two experiments. Vertical 
bars represent mean ± SE for E. coli abundance. Horizontal bars represent mean ± SE for 
observed number of operational taxonomic units (OTUs) in the dilution-to-extinction 
experiment. Survival was measured as colony forming units (cfu) per gram soil.
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In the dilution-to-extinction experiment, the cell densities of E. coli also 
progressively declined throughout the experiment (Fig. 4.2b). The decline 
was influenced by time, species richness, and the interaction between these 
two factors (Table 4.1). Differences among treatments were observed as 
from day 5, and the differences were exacerbated throughout the experi-
ment (Fig. 4.2b). While there was no statistical difference in E. coli survival 
between the 10-1 and 10-3 treatments (Tukey’s test, P > 0.05), these two 
treatments incited significantly reduced E. coli abundances when compared 
to the 10-6 and sterile soil treatments (Tukey’s test, P < 0.05). Moreover, 
invader survival in the sterile soil was significantly higher than in all other 
treatments throughout the experiment (Tukey’s test, P < 0.05). At day 75, 
E. coli had already gone below the detection limit (500 cfu/gram soil) in the 
10-1 and 10-3 treatments. Yet, it was still detectable in the 10-6 treatment, 
and it maintained a high abundance in the sterile soil.

E. coli abundance values for the assemblage experiment were interpo-
lated at day 28 in order to compare them to abundance values observed 
in the dilution-to-extinction experiment at the same day, which rep-
resents a sufficient lapse of time to portray invader survival dynamics. The 

Table 4.1. Two-way ANOVA testing for effects of richness, time, and their interaction on 
invader abundance in each experiment.

Source of Variation df MS F P

Assemblage experiment

Richness 3 57.4 129.5 <0.0001

Time 3 172.7 389.5 <0.0001

Richness x Time 9 6.5 14.7 <0.0001

Error 190 0.4   

Dilution-to-extinction experiment

Richness 3 16.6 94.1 <0.0001

Time 3 10.0 57.1 <0.0001

Richness x Time 9 0.7 4.2 0.001

Error 32 0.2   
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relationship was strong and negative (R2 = 0.92 ; P < 0.0001), indicating 
that the species richness gradient found throughout the two experiments 
strongly and consistently affected E. coli’s survival (Fig. 4.2c).

Community niche, remaining niche available to the invader,  
and invasion success

The community niche calculated from both experiments was strongly and 
positively related to species richness (Fig. 4.3), indicating the importance 
of resource complementarity in communities of higher richness across both 
experiments. In addition, in the assemblage and dilution-to-extinction 
experiments, strong negative correlations were observed between E. coli’s 
abundance and the community niche of the resident community at each 
sampling day (Fig. 4.4). Also the invader abundance displayed positive and 
significant relationships with the remaining niche available to the invader in 
both experiments for all sampling days (Fig. 4.5). The two metrics employed 
to assess the invader’s fate—community niche and the invader’s remaining 
niche availability—explained a larger portion of the variation of invader 
survival in the dilution-to-extinction than assemblage experiment.

Resource pulse and E. coli survival

The resource pulse (addition of D-galactose at day 105 to selected micro-
cosms of the assemblage experiment) resulted in an increase of E. coli 
abundance in all treatments, but more particularly in the highest rich-
ness treatment (30 species), which had nearly gone undetected (Fig. 4.6a). 
Fifteen days after the addition of carbon, E. coli abundance was highest in 
the sterile soil, followed by the 5, 15, and 30 species treatments, respec-
tively. From days 107 to 115, the abundance of E. coli increased 69 % in 
the 5 species and 93 % in the 15 species treatment. Strikingly, an even 
stronger response was seen in the 30 species treatment as E. coli regrew over 
seven times its abundance. In order to evaluate how the community’s use 
of D-galactose would affect the regrowth of the invader, we examined the 
bacterial resource use profiles of individual strains to extract the maximum 
value of D-galactose use among each community and used it to predict 
invader abundance after the resource pulse (Fig. 4.6b). The community’s 
maximum use of D-galactose could significantly predict invader abundance 



8 0  |   S O I L  M I C RO B I A L  I N VA S I O N S

at day 107, but it was not significant thereafter. Furthermore, we examined 
what effect species richness had on invader regrowth across days 107, 110, 
and 115 (Fig. 4.6c). The variance explaining invader regrowth declined as 
of Day 110, and the slope of the invader abundance-richness relationship 
became less and less negative with time after the resource pulse (Fig. 4.6c).
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Figure 4.3. In both the (a) assemblage and (b) dilution-to-extinction experiments, 
increased species richness correspond to increased performance of communities, as 
measured by the community niche metric (see Methods: Quantification of soil community 
niche and remaining niche available to the invader). Numbers in the parentheses on the key 
are the number of species (mean ± SE) in that dilution.
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Discussion
Several previous studies on biological invasions, mostly in plants, high-
light the importance of resource availability and associated competition in 
determining the fate of invasive species (Davis et al. 2000, Tilman 2004, 
Romanuk and Kolasa 2005, Li and Stevens 2012). Yet, the importance 
of resource competition is still under debate because other authors have 
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Figure 4.4. Invader success is correlated with (a) the community niche of assembled soil 
communities and (b) the community niche of soil communities obtained by the dilution-
to-extinction approach. For the dilution-to-extinction experiment, correlations from day 
75 were omitted, since E. coli was already below the detection limit in some treatments. 
Abundance was measured as cfu/g soil.
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concluded that diversity by itself was the key factor in resistance to invasion, 
regardless of resource availability (Maron and Marler 2007, Roscher et al. 
2009, Liu et al. 2012). Here, we showed that for soil microbial communities 
invaded by E. coli, increased levels of competition were driven by increased 
levels of species richness and reduced the remaining niche available to the 
invader, causing its progressive elimination from the community. This 
underlying relationship between richness and invasion could be alleviated 
by the application of a resource pulse.
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Figure 4.5. The remaining niche available to E. coli, calculated by examining E. coli’s 
advantage over the resident community on the array of 71 carbon sources, explains its 
persistence in both the (a) assemblage and (b) dilution-to-extinction experiments at each 
sampling date. Abundance was measured as cfu/g soil.
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Figure 4.6. Effect of a resource pulse on invasion and diversity-invasion relationships. (a) 
Temporal variation in invader abundance following an addition of D-galactose 105 days after 
invader inoculation. A portion of the replicates from the assemblage experiment received 
D-galactose (solid lines) or sterile water (control treatment; dashed lines). Bars represent 
standard errors. The panels (b) and (c) present the relationship between the invader abundance 
and the community’s maximum use of D-galactose and the community’s species richness, 
respectively, for the three sampling dates following the resource pulse. The community’s 
maximum use of D-galactose was determined by using individual bacterial strain profiles to 
identify the maximum value of D-galactose use in each assembled community. Abundance 
was measured as cfu/g soil.
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Specifically, our results show that invader survival decreases with 
increasing species richness of the resident microbial community (R2 

= 0.92), which is in line with reports from other microbial invasion 
experiments (van Elsas et al. 2007, van Elsas et al. 2012). We demon-
strated that this relationship is consistent over a large range of species 
richness values (from 0 to 438 species), independent of the experimental 
approach used (i.e., dilution-to-extinction or assemblage experiment). 
Moreover, we provide a mechanistic interpretation of this diversity–
invasion relationship by applying metrics designed to accurately predict 
the functioning of bacterial communities, which take into account the 
different abilities of species within a community to use an array of 
substrates. The positive relationship observed between community 
niche and species richness for each experiment is indicative of resource 
complementarity among the more diverse communities (Salles et al. 
2009). Increased levels of complementarity across both experiments led 
to better use of carbon sources and ultimately increased competition 
towards the invader in more diverse communities. This was apparent 
given the decrease in the remaining niche available to the invader, which 
accurately predicted the invader’s abundance across both experiments at 
each sampling day. In line with our hypothesis in figure 4.1a, our results 
thus strongly support that the resource use capacity of communities, 
which in our case and other reported cases are often positively linked to 
species richness (Bell et al. 2005, Langenheder et al. 2010), can restrict 
biological invasions. While we acknowledge that we used a proxy for 
what is likely to happen in natural soil communities, the strength of the 
observed relationships and the consistency of the results obtained from 
the two independent experiments indicate that our results are robust. 
Our experiments differ from other invasion experiments that have elu-
cidated resource use as a driver of invasion resistance (Stachowicz et 
al. 1999, Dukes 2001, Hector et al. 2001, Fargione and Tilman 2005) 
in that, instead of quantifying the amount of resources left over in the 
system after a defined period of invasion, we directly quantified the 
resource use capacities of the experimental communities and the remain-
ing niche available to the invader. This arguably provides a more direct 
link between the community and its likely resource utilization pattern, 
and demonstrates that using metrics based on microbial functional traits 
(Krause et al. 2014) can promote more predictive microbial ecological 
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studies. Furthermore, although the invader did not increase in abun-
dance in any of the diversity treatments, it did manage to survive for an 
extended period of time (i.e., at least 28 days) across all treatments in 
both experiments. This lends support to the theory that biotic resistance 
(i.e., competition or diversity-related mechanisms) controls the spread 
and growth of the invader after it has become established rather than 
upon initial introduction into the community (Levine et al. 2004).

In order to confirm the importance of resource availability, we applied 
a resource pulse to a portion of invaded communities in the assemblage 
experiment. The observed effect of the addition of D-galactose supports the 
claim that lack of available carbon was indeed restricting E. coli survival. 
Interestingly, after the addition of D-galactose, E. coli’s abundance was able 
to rebound to near inoculation levels. This adds support to the fluctuating 
resource hypothesis that states that an influx of resources increases the 
invasibility of a community (Davis et al. 2000). Since established invaders 
often struggle to spread and grow (Levine et al. 2004), an influx of resources 
provides an opportunity to expand populations through the alleviation of 
competition. This likely allows established organisms to grow and spread. 
Our results also support our hypothesis presented in Figure 4.1c, which 
states that resource pulses can alleviate competition and reverse the survival 
trajectory of an invader nearly eliminated from the soil community. In con-
trast, Liu et al. (2012) showed that even if resources inputs before invader 
introduction enhanced the invasion success, the structure and diversity of 
the community was more important in determining the invader’s success. 
This experiment, however, did not examine resource competition between 
the resident community and invader, measuring survival only in treatments 
of varying diversity where different amounts of the resource were added.

The effect of the resource pulse on the diversity-invasibility relation-
ship is remarkable in our study given the timing of the resource pulse. 
Indeed, Li and Stevens (2012) found that resource pulses were most 
effective when added coincidentally with the invader rather than before 
or after invasion. In our study, the resource pulse occurred when the 
invader had already significantly decreased in abundance. Nevertheless, 
this allowed a strong rebound of the invader cell density. Li and Stevens 
(2012) demonstrated that resource pulses will differentially affect dif-
ferent invaders, and this was probably due to the different physiological 
requirements and ecological strategies of the different species studied. 
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For instance, opportunistic species with fast growth rates may benefit 
from any resource pulse, whether it occurs before, after, or upon their 
invasion. Alternatively, resourceful invaders with slow growth rates may 
benefit only from resource pulses coincident with invasion that allow 
them to form established populations and conserve resources until the 
next pulse. Understanding how different invaders with different com-
petitive abilities respond to resources pulses across a diversity gradient 
are thus needed.

Other mechanisms, which are not necessarily related to resource use, 
may also have been at play throughout both experiments. Likely candi-
dates are antagonism, predation, and parasitism. Evidence has shown that 
antibiotic-producing bacteria can grow from rare to dominant species in a 
community due to the elimination of competitive species and subsequent 
acquisition of resources (Chao and Levin 1981). In the context of diversity, 
antagonistic effects can vary depending on the genotypic richness of the 
community, as model microbial communities have been shown to reduce 
invader success at low levels of diversity (up to 4 genotypes) while this effect 
was alleviated, perhaps due to self-poising of resident community members, 
in higher diverse communities (Jousset et al. 2011). Predation from higher 
organisms like protozoa can also decrease invading bacterial populations 
by grazing on bacterial invaders (Postma and van Veen 1990). Moreover, 
although less likely to occur due to the high specificity required between 
phage and host, soil bacterial invaders may also be combated by virulent 
phages that lyse host cells upon infection (Marsh and Wellington 1994). 
Further investigations into these three factors, in conjunction with resource 
availability and species richness are needed to understand the full gamut 
of invasion resistance in natural microbial communities and may lead to a 
more complete view of soil microbial invasions. Still, the metrics ‘commu-
nity niche’ and ‘remaining niche available to the invader’ always explained 
more than half of the variance (up to 96%) of an invader abundance that 
was in constant decline, and the resource pulse induced a resurgence of the 
invader, in particular when its abundance had become very low in more 
diverse communities. In accordance with our initial hypotheses, this clearly 
shows that (1) resource competition suppresses invasion in the microbial 
systems studied, (2) community diversity increases resource competition and 
decreases invasion through niche preemption, and (3) resource pulses that 
cannot be fully used even by diverse communities are favorable to invasion.
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Abstract
There has recently been a surge of literature examining both the patterns 
and mechanisms of microbial invasions. While invasion resistance is often 
positively related with microbial community diversity, few studies have 
attempted to assess the consequences and impacts of microbial invasions. 
In this study, we experimentally examined soil microbial communities 
before and after an invasion, and we assessed the potential impacts of 
this phenomenon by measuring four community and bacterial-associ-
ated parameters: (i) alpha diversity, (ii) taxonomic structure, (iii) niche 
breadth, and (iv) niche structure. These factors were examined by creat-
ing diversity gradients of soil microbial communities that were prepared 
with two separate source soils via the dilution-to-extinction method; 
upon resident community colonization, microcosms were invaded with 
a non-pathogenic derivative of telluric invader, Escherichia coli O157:H7. 
We observed increases in alpha diversity upon invasion, and these increases 
were paired with significant shifts in taxonomic structure. Furthermore, 
shifts in taxonomic structure were associated to a consistent selection 
of certain OTUs across both gradients and all diversity treatments. We 
also observed increases in niche breadth that were paired with shifts in 
niche structure. Mantel tests showed that taxonomic and niche shifts 
were linked, as were the appearance of emergent taxa and newly occupied 
niches. Taken together, these data suggest that an invader ill-adapted 
to the soil actively competed for resources with the resident microbial 
community, which in turn lead to the selection of specific bacterial taxa 
that explore niches uncolonizable by the invader. Even more telling is 
that these impacts were observed across an experiment where invasion 
was never successful.
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Introduction
The recognition of biological invasions and the influence of biological 
diversity on the invasion process is as old as Darwin’s theory of natural 
selection (Darwin 1859), and invasion theory has continually been refined 
since the first modern explanation of invasion resistance by Elton (1958), 
which postulated that more diverse ecosystems resist invasion better than 
less diverse ecosystems (i.e., the ‘diversity-invasion relationship’). However, 
the refinement of invasion theory has mostly been based off observations 
of macroorganisms, and microorganisms were until only recently absent 
from the conversation. The incorporation of microorganisms into invasion 
research, as well as the sheer recognition of microbial invasions, came with 
the realization that many microbes display biogeographical patterns and 
increasing reports of non-indigenous microbes spotted in novel territories 
(Fierer 2008, Litchman 2010). This has launched a recent interest into dis-
covering the patterns and mechanisms associated with microbial invasions, 
not only because they aid in determining the distribution and diversity of 
microbes across the globe but also because of the promise of harnessing an 
ecological framework for creating sustainable approaches to dealing with 
microbial invaders in practical settings, such as pathogen control in agricul-
ture and medicine (Costello et al. 2012, De Schryver and Vadstein 2014).

A common theme that has emerged from laboratory studies of micro-
bial invasions is the influence of biological diversity on invasion resistance. 
Several independent studies using both in situ and in vitro systems have 
found evidence of the diversity-invasion relationship in microbial com-
munities (van Elsas et al. 2012, Vivant et al. 2013, Jousset et al. 2011, 
Eisenhauer et al. 2013, De Roy et al. 2013). Furthermore, the mechanisms 
governing this relationship are also linked to diversity and the availability 
of resources. As diversity increases, the resident community is better able to 
exploit resources that results in little sustenance for any invading population 
(De Roy et al. 2013, Mallon et al. 2015). However, an influx of resources 
can uncouple the negative relationship between diversity and invasion, 
seemingly restarting the invasion process anew (Mallon et al. 2015).

While we have a more insightful understanding of the patterns and 
mechanisms underlying microbial invasions, far less is known about the 
impacts invaders cause on resident communities. Evidence from macroeco-
logical invasions indicates that invasive species have the potential to alter 
the species richness, evenness, and composition of resident communities 
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(Zavaleta and Hulvey 2004, Maron and Marler 2008, Hejda et al. 2009, 
Flory and Clay 2010). Although little attention has been paid to the mech-
anisms that control these alterations, invasive plants can alter nutrient 
availability (e.g., nitrogen) in their introduced territories and their high 
competitive ability on limiting resources relative to residents likely con-
tributes to structural and functional impacts on the resident community 
(Maron and Marler 2008, Levine et al. 2003).

Since invasion resistance is controlled by similar resource use mechanisms in 
plant and microbial communities (e.g., Fargione and Tilman 2005, Mallon et 
al. 2015), it is plausible to hypothesize that microbial invaders could also impact 
the taxonomic and niche structure of microbial communities via resource 
competition. Interestingly, a large dichotomy between macro and microbial 
invasions is that the former are often studied when invaders are successful, 
displaying growth, spreading among the invaded community, and making up a 
large portion of community biomass. Microbial invasions, in contrast, are often 
examined in systems where invaders fail to become autochthonous members 
of the resident community, even when diversity is compromised. For instance, 
although in situ studies have tracked the survival of Escherichia coli and Listeria 
monocytogenes for extended periods of time, in some cases up to 95 days, invader 
survival is higher in less diverse treatments but still follows a progressive decline 
(van Elsas et al. 2012, Vivant et al. 2013, Mallon et al. 2015). This begs the 
larger questions of whether invasion impacts can be witnessed in such a systems 
where invasions are ultimately unsuccessful. As such, a better understanding 
of what occurs between an invader’s arrival and eventual elimination from the 
community is needed to better understand the microbial invasion process.

This purpose of this study was thus to assess any potential impacts of a 
microbial invasion. We used soil microcosms to achieve this aim, creating 
two different diversity gradients from two different source soils, each of which 
was inoculated into the same sterile soil matrix and later invaded with a 
non-pathogenic derivative of Escherichia coli O157:H7. The potential impacts 
of invasion were assed by measuring four community and bacterial-related 
parameters of each community before and after invasion: (i) alpha diversity, 
(ii) taxonomic structure, (iii) niche breadth, and (iv) niche structure. The 
former two parameters were assed via 454 pyrosequencing for 16S rRNA 
genes of each community. Niche breadth, defined as the number of different 
resources used, and niche structure, defined as the patterns of resource use, 
were assessed by measuring the metabolic activity of microbial communities 
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across an array of 71 carbon sources. The potential impacts were calculated as 
the changes and shifts in each of these parameters before and after invasion.

Methods
Soil, microcosms, experimental setup, and design

Microbial community inocula were prepared by making an initial 1:2, 
soil:water mixture for two source soils: Wildekamp (W) soil and Buinen (B) 
soil. Both soils were sandy soils, presenting the following physiochemical 
characteristics (e Silva, Michele C Pereira et al. 2011). The W soil had a 
pH of 4.73, 4.60 % organic matter, 80.6 mg/kg dissolved organic carbon, 
44.2 mg/kg N-NO3, and 11 mg/kg N-NH4. The B soil had a pH of 4.36, 
3.76 % organic matter, 215 mg/kg dissolved organic carbon, 77.6 mg/kg 
N-NO3, 10.46 mg/ kg N-NH4 mg/kg. We used two physiochemically dif-
ferent soils, and therefore two diversity gradients, to increase the variability 
of community composition at each level of diversity. The pH of sterilized 
W soil (the sterile soil matrix for this experiment) was adjusted to pH 7 
via the addition of Ca(OH)2 before dilution steps were inoculated. Soil 
solutions were 1:10 serially diluted in sterile water up to the 10-6 factor, 
and the 10-1, 10-3, and 10-6 dilution steps were inoculated into sterilized W 
soil. We also added a treatment of sterile soil, resulting in a total of four 
diversity treatments. Each microcosm was inoculated with 2.9 mL of soil 
dilution or (for controls) sterile water, bringing the soil moisture to 65% of 
the water holding capacity (WHC). After inoculation of the dilutions, the 
microcosms were incubated for 79 days in order to establish comparable 
soil bacterial abundances. The soil moisture content was checked weekly 
and maintained at 65% of the WHC until the inoculation of the invader. 
We refer to the diversity gradients throughout the text as either the W or B 
gradients and each diversity treatment of a gradient may be written as W-1, 
B-1, W-3, B-3, W-6 and B-6. The experiment was designed for 6 destructive 
samplings at days 0, 5, 11, 18, 28, and 75, using three replicates for each 
treatment at each date. This comprised a total of 126 soil microcosms (i.e. 
3 dilution levels × 2 inoculums × sampling 6 dates × 3 replicates + [3 ster-
ile soil controls × 6 sampling dates]). Although we practiced destructive 
sampling throughout the experiment, we did re-measure non-invaded flasks 
from day 0 at day 28, in addition to the planned day 28 sampling, in order 
to evaluate the effect of incubation on niche breadth and structure. These 
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flasks were never inoculated with E. coli and simply called “non-invaded 
controls” or “controls.” We also saved and stored ~ 2 g of soil at – 20 o C 
from each flask at every sampling for downstream molecular analysis.

Total bacteria enumeration, invader introduction,  
invader enumeration

In order to assure that microcosms had reached an equal number of cells per 
gram of soil before invasion, total culturable bacteria were checked by dilution 
plating on Trypticase Soy Agar (TSA) using microcosms from day 0. Total 
culturable bacteria were also checked after invasion (day 28) and in the non-in-
vaded controls at day 28. Plates were counted after 4 days of incubation at 28oC.

E. coli O157:H7 non-pathogenic derivative strain Tn5 luxCDAEB, 
which has been used in previous studies to examine the diversity-invasi-
bility relationship in soil (see van Elsas et al. 2007, van Elsas et al. 2012) 
was introduced into the soil microcosms at a level of 5 × 107 cells/gram 
soil. This raised the soil moisture content to 75% of the WHC, which 
was kept constant by weekly additions of sterile water until the end of the 
experiment. Invader survival was tracked via selective dilution plating on 
TSA supplemented with rifampicin (10 μg/mL) and kanamycin (50 μg/
mL), both antibiotics to which E. coli harbored a resistance.

At 28 days after invasion, E. coli colonies growing on the selective 
medium that were used for counting purposes were regrown by streaking 
them on TSA supplemented with the antibiotics and incubating them at 
37oC. At least five colonies from each treatment were reisolated and stored 
at -80oC in glycerol. These colonies were used for tests to eliminate any 
bias that may have occurred as a result of E. coli’s potential adaptive and 
metabolic evolution, thereby confounding niche quantifications.

Soil DNA extraction, 16S rRNA library preparation,  
and multiplexed pyrosequencing of the 16S rRNA gene

DNA was extracted using 0.5 g of soil with the powersoil DNA extraction 
kit (MOBIO, Carlsbad, California, USA) according to the manufacturer’s 
instructions, except that 0.25 g of 1 mm glass beads were added in the first 
step in order to aid in cell lysis. DNA concentration was quantified using 
PicoGreen dsDNA assay (Invitrogen, Paisley, UK).
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PCRs for the bacterial 16S rRNA gene from the 10-1, 10-3, and 10-6 treat-
ments from both gradients collected on Day 0, Day 11, and Day 28 (a total 
of 27 samples) were prepared for 454 pyrosequencing. (Day 11 sequences 
were only used in one instance to compare the taxonomic shifts between Day 
0 and Day 28.) Extracted DNA from these sampling days was amplified in a 
PCR reaction using forward primer ( 5’-TGYCAGCMGCCGCGGTA-3’) 
and reverse primer (5’-TCACGRCACGAGCTGACG-3’) with a unique 
10 base pair bar code for each sample. One 25 µl PCR reaction contained 
2.5 µl of 10X PCR Buffer, 1.8 µl of 25 mM MgCl2, 0.5 µl of dNTPs, 0.25 
µl of 20 mg/mL Bovine Serium Albumin, 0.5 mM of each primer with 
an initial concentration of 10 uM, and 0.25 µl of high fidelity taq poly-
merase (Roche Diagnostics GmbH, Mannheim, Germany). The reaction 
was topped off with water to reach 25 µl. The PCR reaction began with 
an initial denaturing step for 5 minutes at 95oC, followed by 30 cycles of 
denaturation for 40 seconds at 95oC, annealing for 45 seconds at 60oC, 
and elongation for 30 seconds at 72oC. The reaction was completed with 
a final elongation step of 10 minutes at 70oC.

PCR products were visualized under ultraviolet light in a 2.5% agarose 
gel that had run for 5 hours at 70 volts and was then stained with ethidium 
bromide. The 16S rRNA gene bands were excised from the gel, and DNA 
was extracted and purified using the QUIquick Gel Extraction Kit according 
to the manufacturer’s instructions (Quiagen GmbH, Hilden, Germany). 
DNA quantity of purified PCR products were then quantified using the 
PicoGreen dsDNA flourescece assay (Invitrogen, Paisley, UK). Samples were 
then equimollarly pooled in two separate libraries and sent for sequencing to 
the Beckman Coulter Genomics facility (Danvers, MA, USA) for sequencing 
on the Roche GS-FLX pyrosequencer with titanium chemistry.

Sequence processing

Raw pyrosequencing data was analyzed using Quantitative Insights Into 
Microbial Ecology toolkit (QIIME, (Caporaso et al. 2010). Sequences were 
demultiplexed and filtered using the following parameters: quality score >25, 
sequence length >300 and <900 base pairs, homopolymer max length of 
6, no ambiguous bases, and no mismatched bases in the primer Data were 
denoised with Denoiser (Reeder and Knight 2010). Sequences meeting these 
requirements were then binned into operational taxonomic units (OTUs) at 
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a level of 97% of sequence identity using UCLUST (Edgar 2010). Chimeras 
were identified and removed using ChimeraSlayer (Haas et al. 2011). The 
Greengenes coreset (Desantis et al. 2006) was used to align sequences (one 
representative sequence for each binned taxa) using PyNAST (Caporaso et al. 
2010). Sequences were classified using the Greengenes taxonomy via Ribosomal 
Database Project classifier (Wang et al. 2007). Gaps in the alignment were elim-
inated and a de novo phylogenetic tree was constructed using FastTree (Price et 
al. 2009). For further analyses and in order to minimize sampling effects, the 
master OTU table was rarefied to 2000 sequences per samples, which was the 
fewest sequences found in a single sample. Rarefaction curves are provided to 
visualize sampling and diversity estimates (Appendix N).

Bacterial community diversity and structure

The QIIME toolkit was used to estimate community alpha diversity, specifically 
the metrics OTU richness and phylogenetic diversity. In QIIME, phyloge-
netic diversity is based of Faith’s phylogenetic diversity measurement (Faith 
1992). Species evenness, another metric of alpha diversity, was estimated using 
the master OTU table to calculate the Evar evenness index (Camargo 1993). 
Variation in taxonomic structure (i.e., beta diversity) was assessed by calculating 
the bray-curtis dissimilarity between communities and visualizing these differ-
ences via non-metric multidimensional scaling (nMDS). In order to identify 
those taxa most affected by shifts before and after invasion, we carried out a 
similarity percentages analysis (SIMPER) carried out in the R package ‘vegan’ 
(Oksanen et al. 2007). This analysis identities those OTUs that most contribute 
to taxonomic differences between communities. Furthermore, SIMPER results 
were filtered only to include only OTUs whose relative abundance had altered 
(either increased or decreased) at least 1% upon invasion and were found in at 
least two diversity treatments across both gradients. For our purposes, we use 
the word ‘taxa’ to refer to a group of bacteria assigned to a particular OTU.

Niche breath and niche differentiation

The niche breadth – the number of resources used by a given community 
– and niche structure – the changes in the patterns of resource use – were 
assessed by measuring the metabolic activity of microcosms across an array 
of 71 carbon sources. We consider each carbon source a (potential) niche 
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and refer to it as such in the manuscript. The substrate utilization over 
the 71 different niches was measured at day 0 (non-invaded soil; before 
E. coli inoculation) and at day 28 (invaded soil; after E. coli invasion) for 
all diversity treatments of both gradients. We also measured substrate uti-
lization of the non-invaded controls at day 28 (i.e., the flasks measured at 
day 0 were remeasured at day 28, having never been invaded with E. coli). 
Specifically, all of these measurements quantified the amount of growth and 
respiration on each carbon source, and this was performed by inoculating 
soil communities into the Biolog GEN III microtiter plate in accordance 
with Biolog’s high cell density phenotypic microarray protocol (Biolog, 
Hayward, California, USA) . Briefly, 2 mL of a 1000 times soil dilution in 
sterile water was mixed with 8 mL of Biolog’s IF-0a inoculation fluid, 0.12 
mL of biolog Dye D, and 1.88 mL of sterile water to inoculate one GEN 
III plate with 100 µl/well. Assays were done in duplicate and measured 
every 15 minutes for 48 hours at 23 ˚C using Biolog’s Omnilog machine. 
For each substrate, the amount of growth and respiration is measured by 
calculating the area under the consumption rate curve at the end of 48 
hours; the units are coined ‘omnilog units,’ which are absorbance values 
calculated from readings of color intensity that are scaled with microbial 
activity. Data for each Biolog plate were normalized independently by the 
maximum value of each plate.

In order to assess whether any potential evolution of the invader could 
have contributed to new niche usage upon invasion, the resource use profiles 
of preserved E. coli colonies that were isolated at day 28 were compared to 
that of the ancestral invader. Briefly, five reisolated E. coli colonies from each 
diversity treatment were pooled at equal cell concentrations and inoculated 
onto the GEN III plate using Biolog’s Inoculation Fluid B, all in accor-
dance with the manufacturer’s instructions (Biolog, Hayward, California, 
USA). Ancestral E. coli was also inoculated onto the GEN III plate using 
Inoculation Fluid B. Two replicate plates were used and the duration, fre-
quency, and temperature of the readings were the same as soil communities 
(described above). Data were also normalized independently by the maxi-
mum value of each plate.

The niche breadth was measured simply by tallying the number of 
substrates that displayed microbial activity. Niche structure was assessed 
by analyzing the community’s resource use profile. Using normalized data, 
niche structure was visualized using principal component analysis (PCA) 
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plots that were generated in PRIMER (Clarke and PRIMER 2006). In 
order to specifically investigate the impacts of invasion, we calculated the 
bray-curtis dissimilarity of niche structure before and after invasion for 
each community. As a whole, niche breadth and structure are portrayed 
from two angles. On the one hand, we examined soil communities using 
only the niches the resident taxa were able to use, which amounted to 35 
of 71 total niches, and named them “community-exclusive niches.” On the 
other hand, we examine resident taxa, as well as the ancestral and isolated 
strains of E. coli, over the “total” array of 71 niches. Besides eliminating 
the potential bias of enhanced metabolic evolution of the invader, this also 
allowed us to examine niche breadth and structure of the community in 
conjunction with the invader.

Statistical analyses

Independent t-tests were used to examine differences of alpha diversity, sub-
strate degradation, and bray-curtis dissimilarity measures. Analysis of Similarity 
(ANOSIM) tests were performed to examine shifts in bacterial community 
structure and niche differentiation; these analyses were carried out using the 
PRIMER-E software (Clarke and PRIMER 2006). Mantel tests were used to 
examine the relationship between taxonomic structure and niche structure. 
These correlations were done use matrices that contained all observed OTUs 
and the entire array of 71 carbon sources, as well as the relationship between 
emerging OTUs upon invasion and the emergence of newly occupied niches. 
Mantel tests were carried out in R software using the vegan package (Oksanen 
et al. 2007). One-way and two-way analysis of variance (ANOVA) were used 
to examine differences in E. coli survival stemming from time, richness, and 
gradient; this was carried out in the base R package (Team 2014).

Results
Total culturable bacteria

Before invasion of E. coli, total culturable bacteria was stable between all 
diversity treatments and both diversity gradients, reaching a mean in the W 
gradient of 1.36 × 108 CFU/g soil and a mean of 1.29 × 108 CFU/g soil in 
the B gradient (Appendix K). A two-way ANOVA found the factors gradient 
(ANOVA, F(1,6) = 0.187, P = 0.681), diversity treatment (ANOVA, F(2,6) = 
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4.065, P = 0.077), and their interaction (ANOVA, F(2,6) = 0.146, P = 0.868) 
unable to explain any variation seen in total cultural bacteria, indicating dilu-
tion inocula from both source soils similarly colonized the sterile soil matrix.

Some changes of total cultural bacteria were observed throughout the 
course of the experiment when considering all three sampling dates. The 
total culturable bacteria between gradients remained similar (ANOVA, F(1,34) 
= 0.038, P = 0.847), but there were significant differences in diversity treat-
ment (ANOVA, F(2,33) = 8.15, P < 0.05) and sampling day (ANOVA, F(2,33) 
= 5.42, P < 0.05). Post hoc testing revealed that differences in sampling day 
were due to a significantly lower amount of total bacteria in the non-invaded 
controls relative to communities before and after invasion (Tukey’s Test, P 
< 0.05); however, total bacteria before and after invasion were statistically 
similar (Tukey’s Test, P > 0.05). Post hoc tests also revealed that differences in 
diversity treatment were due to a statistically higher culturable bacteria in the 
10-6 communities relative to the 10-1 and 10-3 communities (Tukey’s test, P < 
0.05); the 10-1 and 10-3 communities were statistically similar (Tukey’s Test, 
P > 0.05). Given that that total culturable bacteria was highest in the 10-6 
treatments, where E. coli survival was highest, and the fact that differences in 
sampling day stemmed from the non-invaded control, fluctuations in total 
culturable bacteria were not a confounding factor in the experiment.

Invader survival

Invader survival in the B gradient presented a similar result as previously 
observed for the W gradient (Appendix L; see Mallon et al. 2015 for W 
gradient results). Briefly, invader survival in the B community was highest 
in the sterile soil and was followed by the 10-6 treatments. Survival was 
lowest in the 10-1 and 10-3 treatments, which had statistically similar levels 
of E. coli survival. The survival patterns were statistically similar between 
both gradients, as evidenced by the lack of interaction between the factors 
diversity treatment (i.e., 10-1, 10-3, or 10-6) and gradient (ANOVA, F(2,84) = 
0.004, P = 0.996) when performed in a two-way ANOVA.

Alpha diversity

Observed OTU richness and phylogenetic diversity tended to be higher 
after rather than before invasion, and many but not all of these trends were 
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signifi cant. OTU richness tended to increase upon invasion, but these 
increases were only signifi cant in the W-6 community (T-tests, P < 0.05; 
Fig. 5.1a). Phylogenetic diversity stood out because all diversity treatments, 
except B-1 and B-6, were signifi cantly higher upon invasion (Fig. 5.1b; 
T-tests, P < 0.05). Signifi cant increases were also observed for Evar’s even-
ness measurements in treatments W-6 and B-1 (Appendix M, T-tests P < 
0.05). Never did any measure of alpha diversity signifi cantly decline upon 
invasion (T-tests, P > 0.05).
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Figure 5.1. Alpha diversity increases upon invasion. Observed OTU richness (a) and 
phylogenetic diversity (b) measured via 16S rRNA gene sequencing before (day 0) and 
after (day 28) invasion. Bars represent the standard error of the mean.
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Taxonomic structure of bacterial communities shifts upon invasion

In both gradients the taxonomic structures were significantly different 
before and after invasion, indicating a shift upon invasion (Figs. 5.2a,b; 
W Gradient, ANOSIMbefore vs. after , R = 0.15, P = 0.0039; B Gradient: 
ANOSIMbefore vs. after, R = 0.12, P = 0.03). It was apparent that as early as 
sampling day 11 the communities’ structures had shifted in each gradient. 
In the W and B gradients, there were significant differences in community 
structure before invasion and 11 days post invasion (W: ANOSIMbefore vs. Day 

11, R = 0.308, P = 0.001; B: ANOSIMbefore vs. Day 11, R = 0.247, P = 0.005).
The impact of taxonomic shifts were quantified by measuring the 

bray-curtis percent dissimilarity between communities before and after 
invasion, which indicated that the impacts were differentially felt in both 
10-6 communities (Fig. 5.2c). Although independent T-tests indicated 
there were significant differences between all treatments of both gradients 
(T-tests, P < 0.05), the percent dissimilarity in the W-6 and B-6 treatments 
were 73.95% and 70.15%, respectively, and this was much higher than the 
range of 31.32% to 47.34% percent dissimilarity among the 10-1 and 10-3 
communities, respectively.

Among all diversity treatments of both gradients,  
similar taxa decrease and increase upon invasion

A similarity percentages analysis (SIMPER) found seven taxa whose relative 
abundance decreased at least 1% in at least two diversity treatments across 
both gradients (Figs. 5.3 a-f ). Among the seven taxa, an OTU assigned 
to Bacillus sp. was the most affected by the invasion of E. coli, decreasing 
in five of the six treatments, and the decline of this OTU ranged from 
25% in the B-1 community to 3% in the W-6 community. An OTU affili-
ated to Arthrobacter sp. was the second most affected, declining in four of 
six treatments; the largest, 29% decline occurred in the W-6 community, 
and the lowest, 2 % decline in the W-3 community. An OTU affiliated to 
Oxalobacteraceae was also affected in three of the six treatments. OTUs 
assigned to Lysinibacillus sp., Caulobacteraceae, Paenibacillus sp., and 
Burkholderia sp. were affected in two of the six treatments.

We also observed a group of ten taxa whose relative abundance increased 
more than 1% in at least two treatments of both gradients upon invasion 
(Figs. 5.4 a-f ). OTUs related to Cupriavidus sp. and Alphaproteobacteria 
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increased in four of six treatments, whereas OTUs affi  liated with 
Pseudomonas and Solirubrobacterales decreased in three of six treatments. 
OTUs related to Xanthomonadaceae, Rhodoplanes sp., Burkholderia sp., 
Enterobacteriaceae (the E. coli OTU), Bradyrhizobium sp., and a Gemmata 
sp. increased in two of six treatments.
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Increase in niche breadth upon invasion

When examining the total array of 71 niches, invaded communities used 
a statistically higher number of niches than communities before invasion 
and in the controls (Fig. 5.5a; ANOVA, F(2,51) = 15.33, P < 0.0001; Tukey’s 
post hoc, P < 0.05). Th is eff ect was preserved when we examined com-
munity-exclusive niches (Fig. 5.5b; ANOVA, F(2,51) = 21.91, P < 0.0001; 
Tukey’s posthoc, P < 0.05). Also, all controls were statistically similar to their 
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respective communities before invasion, both when considering all potential 
niches and those exclusive to the community (Tukey’s post hoc, P > 0.05).

Across the total array of 71 niches, the increase of niche breadth was 
attributed to the utilization of new niches that were not used before inva-
sion. Th ere were, on average, 16 new niches in the W-1 and W-3 treatments, 
and there were 19.7 and 21.0 new niches in the B-1 and B-3 communities, 
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respectively. Th e increases in the W-6 and B-6 communities were striking, where 
53.7 and 48.7 newly used niches, respectively, were observed. Th rough the 
dichotomy of “total” niches and “community-exclusive” niches, we found that 
between 67% and 75% of the newly utilized niches in the 10-1 and 10-3 treat-
ments of both gradients were attributed to resident individuals rather than the 
invader. Furthermore, the impact of the invader in low diverse communities 
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was highlighted by the striking increase of an average of 53.7 and 48.7 newly 
utilized niches in the W-6 and B-6 community, respectively. 45% and 43% of 
these newly occupied niches were “community-exclusive” and due solely to the 
presence of resident taxa in the W-6 and B-6 communities, respectively.

Niche displacement upon invasion

Principal component analysis revealed that among all communities, inva-
sion caused the “community-exclusive” niche structure to shift (Fig. 5.6a; 
ANOSIMbefore vs. after, R = 0.427, P = 0.001). Control communities were 
also statistically similar to communities before invasion (ANOSIMbefore vs. 

controls, R = -0.032, P = 0.807) and statistically different to communities 
after invasion (ANOSIMafter vs. controls, R = 0.386, P = 0.001). This impact of 
invasion was differentially felt in the 10-6 communities of both gradients, as 
their percent dissimilarity before and after invasion was significantly larger 
than the 10-1 and 10-3 communities (Fig. 5.6b; T tests, P < 0.05). These 
trends were echoed when the differences between invaded communities and 
non-invaded controls were compared (T tests, P < 0.05).

Furthermore, the displacement of niche structure could not be 
attributed to any potential metabolic evolution of the invader (Figs. 5.7a,b). 
This was evidenced by the large variation and statistical difference between 
the isolated and ancestral E. coli strains against all soil communities when 
examined over the entire array of 71 carbon sources (ANOSIM; W gradient, 
R = 0.826, P = 0.001; B gradient, R = 0.861, P = 0.001). Interestingly, these 
analyses revealed a pattern whereby invaded communities of both gradients 
became more similar to the invader after invasion.

Taxonomic and niche structure are linked

There were strong and significant correlations between bacterial community 
structure and niche occupancy in both W and B gradients, as indicated by 
Mantel Tests between the two parameters (Table 5.1a). These correlations 
were also strong and significant when the diversity treatments of both gra-
dients were considered in tandem (e.g., W-1 and B-1), except in the W-6 
and B-6 communities. These trends were mirrored when we examined the 
relationship between those OTUs that were found to increase upon invasion 
and newly degraded substrates (Table 5.1b).
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Figure 5.6. Invasion results in a shift of “community-exclusive” niche structure. Panel 
(a) depicts the PCA ordination of the 35 “community-exclusive” niches before invasion 
(day 0), in the controls (day 28), and after invasion (day 28). Th e percent dissimilarly, 
measured with the bray-curtis metric, indicates the diff erence between the non-invaded 
communities towards the invaded communities (b). Bars in (b) represent standard error 
of the mean.
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Figure 7 
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Discussion
Previous work has shown that microbial community structure will influ-
ence the survival of a microbial invader via differential antagonistic or 
competitive abilities of resident taxa relative to the invader (Garbeva et 
al. 2004, van Elsas et al. 2012, Ma et al. 2013, Yao et al. 2014). Of these 
studies, only one has tracked the temporal response of the community 
upon invasion and, by using phospholipid fatty acid analysis, shown that 
the amount of Gram-negative and Gram-positive bacteria will decrease 
and increase, respectively (Yao et al. 2014). Here, we dig deeper into the 
community’s response to invasion and report that the impacts of an inva-
sion tend to scale with biological diversity. We found that the taxonomic 
and niche structures of the communities were significantly different upon 
invasion, and their respective shifts were largest in the 10-6 communities 
where diversity was most compromised. Furthermore, the niche breadth 
of “total” and “community-exclusive” niches increased upon invasion, and 
these increases were the largest in the 10-6 communities. Although there was 
no clear influence of diversity treatment, the alpha diversity of all treatments 
did increase. It is important to note that alterations and shifts were probably 
not due to the invader’s potential death and, therefore, subsequent release 
of resources. This is because, in the case of taxonomic structure, shifts were 

Table 5.1. The relationship between taxonomic and niche structure. (a) represents the 
correlation between the 16S rRNA gene sequences detected via 454 pyrosequencing and 
all “total” niches used before and after invasion. (b) represents the correlation between 
only those taxa found to increase upon invasion and the newly occupied niches upon 
invasion. Mantel tests were used to calculate Rho, the strength of the correlation, using 
spearman’s correlation.

Table 5.1a Table 5.1b

Rho Sig. Rho Sig.

W 0.770 <0.001 W 0.793 <0.001

B 0.713 <0.001 B 0.478 0.0014

W-1 & B-1 0.329 0.029 W-1 & B-1 0.379 0.009

W-3 & B-3 0.664 <0.001 W-3 & B-3 0.413 0.022

W-6 & B-6 0.120 0.094 W-6 & B-6 0.132 0.206
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already observed at 11 days after invasion when invader density was still 
high. In the case of niche structure, analyses of all seventy-one “total” niches 
indicated that invaded communities did not significantly overlap with that 
of the ancestral E. coli, nor was there any (metabolic) evolution of E. coli 
strains reisolated 28 days post-invasion.

Of the greatest significance when interpreting these results is the novel 
perspective gained when examining the entire process of a microbial inva-
sion: never in this study was an E. coli invasion successful, meaning that 
it did not manage to become an autochthonous member of the resident 
community. Still, despite the trends indicative of invader death and defeat, 
impacts to resident communities’ phylogenetic and niche structures were 
observed. This is in stark contrast to the broader field of invasion science 
where patterns, mechanisms, and impacts are quantified only when invaders 
have become successful, growing and sustaining a viable population in the 
introduced range. For instance, many of the seminal works on invasion 
theory have come from plant studies (e.g., Kennedy et al. 2002, Fargione 
and Tilman 2005, Davis and Pelsor 2001) and the metric of an invader’s 
success is its biomass, thereby implying growth of an invading seed or seed-
ling that maintains a stable existence in the resident community. There is 
therefore a fundamental dichotomy between the process and outcome of 
macro and microbial invasions because invasion attempts of the latter type 
will still cause impacts.

The observed impacts were likely driven by resource competition 
between the invader and residents, and this resulted in the selection of 
bacterial taxa to exploit niches inaccessible to the invader. There are several 
signatures that support this claim. A deeper analysis of those taxa most 
responsible for the taxonomic shifts exposed seven OTUs that had similarly 
declined across several or all communities. Of those seven OTUs, their ini-
tial abundance ranged from 2% to 37% of the total community, indicating 
their initial dominance and increasing their probability of contact with the 
E. coli upon invasion. The parallel declines suggest similar niche preferences 
between those seven taxa and E. coli, of which the latter was competitively 
superior. At the same time, nine taxa were found to increase upon invasion, 
and these taxa were significantly correlated with the emergence of newly 
occupied, community-exclusive niches. This utilization of new niches may 
have been due to a competitive release mechanism, whereby the decline 
of some resident taxa upon invasion alleviated the competitive pressure on 
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rare or subordinate taxa. This suppression would then have allowed these 
populations better explore their full metabolic potential. Assembling the 
rest of the puzzle, this would also explain the increases of alpha diversity, 
since the increase of subordinate or rare taxa would merely increase evenness 
of communities and our ability to detect more taxa via 454 pyrosequencing. 
Such a competitive release mechanism has been witnessed on a small-scale 
when the invasion of Limnohabitans planktonicus reduced the abundance of 
dominant Aeromonas sp., Hydrophila sp. and Brevundimonas sp., resulting 
in increases of previously rare Arthrobacter agilis and Flavobacterium sp. 
(Hornak and Corno 2012). Our results indicate a larger cascading respose 
in communities with realistic levels of taxonomic richness.

Evoking resource competition as the mechanism that drove impacts also 
implies that E. coli grew in the soil. A myriad of studies have examined E. 
coli’s survival in soil (e.g., Semenov et al. 2008, van Elsas et al. 2007, van 
Elsas et al. 2012, Wang et al. 2014) and (in the absence of a resource pulse 
or completely sterile environment) only rarely has growth been detected 
(Ishii et al. 2006). Thus, the growth and competition that caused impacts 
was likely masked behind the cloak of E. coli’s progressive decline and not 
enough to detect amongst the greater death of the population. These results 
are striking in light of E. coli’s broad ecological strategies—mainly that it’s 
preferred, primary environment is the vertebrate intestinal tract where many 
abundant mono and disaccharides support growth (Hoskins et al. 1985). 
This is in contrast with resource-depleted and harsh environment of the soil 
(van Elsas and Jansson 2007). In fact, upon invasion E. coli has previously 
been though to survive only a limited time, maintaining a population in a 
starvation state or perhaps even entering a viable but non-culturable state, 
in the soil in hopes of getting transferred back to a new vertebrate host 
in order to continue its lineage (Winfield and Groisman 2003, Savageau 
1983). However, our results indicate that E. coli appears to maintain some 
semblance of an r-strategist lifestyle when invading secondary, external envi-
ronments like soil. It has recently been shown that different genotypes of 
E. coli will survive longer in soil depending on their niche preferences (Ma 
et al. 2015), and across the E. coli species complex there is a large variation 
in the ratio between stress response and nutrient uptake genes (Ferenci 
2005). For the O157:H7 and other forms, future experiments that aim 
to quantify such genes and their expression in both habitats could reveal 
evolved forms that truly exemplify a biphasic lifestyle, capable of growing 
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in both the primary (gut) and external (soil or water) environment. Such 
organisms may be characteristic microbial invaders.

In effect, although E. coli appears to displace dominant taxa in the com-
munity, the community seemingly displayed a buffer response by maintaining 
its level of alpha diversity and even increasing its capability to use more 
niches. In the natural world, rare, subordinate, potentially active, or even dor-
mant bacterial taxa are thought to serve as reservoirs or “seed banks” that can 
help maintain community functioning in the face of change or disturbance 
(Aanderud et al. 2015, Blagodatskaya and Kuzyakov 2013). Our results indi-
cate that rare or subordinate taxa aided in the colonization of niches that were 
not occupied before invasion. Thus, such organisms may also play a crucial 
role following invasion since they contributed to an increased niche breadth, 
suggesting an enhanced functional capacity of invaded communities. Previous 
work on plant communities has shown also increased productivity, as mea-
sured by plant biomass, upon invasion (Zavaleta and Hulvey 2004, Maron 
and Marler 2008). However, the functional outcome of invaded microbial 
communities is still subject to question. For one, our niche measurements are 
merely proxies for potential activity in the soil, and future experiments should 
pair these measurements with specific functions, such as carbon mineraliza-
tion or nitrification. Also, one study using different Pseudomonas fluorescens 
genotypes to create communities and their invaders has shown that commu-
nity productivity, as measured by cell and community biomass, can increase 
or decrease depending on the positive or negative interactions between the 
invader and residents (Hodgson et al. 2002). Furthermore, negative antago-
nistic interactions in a separate set of P. fluorescens genotypes have also caused 
self-poisoning of the resident microbial community and decreased invasion 
resistance (Jousset et al. 2011), further complicating the story between inva-
sion and the community’s functional capability. It is likely that as long as there 
is niche space, invasion has the potential to increase functioning. However, 
since each invasion is likely be between unique invaders and residents, func-
tional impacts should be examined in an ad hoc basis.

In conclusion, species richness, resource use, and resource availability 
have recently been shown to be key factors that mediate the degree of 
a community’s invasion resistance (Mallon et al. 2015), but our current 
results tie invasion impacts and invasion resistance to the same resource 
use mechanism and suggest that both are not static but rather dynamic 
properties of microbial communities. An interesting question that results 
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from our findings is whether E. coli was able to condition the community 
to use resources other than its own preferred niches and, therefore, whether 
the resource use mechanism of invasion resistance was altered. Although 
our data could not permit us to separate to what extent resources under 
competition were either “won” by E. coli and “lost” by the community, a 
similar experiment that subjects the same community to multiple, succes-
sive invasions could provide evidence as to whether microbial invasions are 
successful after multiple attempts. Should this hypothesis prove true, prac-
tical applications that involve invasions, such as biocontrol, biofertalizer, 
and probiotic treatments, could be enhanced by multiple invasion attempts 
that are optimized to result in successful invasions.
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Abstract
The contribution of cooperation to substrate degradation among bacteria 
is an important but underexplored phenomenon. Here, we investigate 
synergistic interactions, where an individual performing a function in a 
cooperative consortium improves or incites the performance of others 
(and itself ), and emergent interactions, a yet undescribed form of coop-
eration where two individuals that cannot perform a function alone 
can do so in association. Initially, we performed 1,240 individual assays 
consisting of combinations between Escherichia coli and 40 soil-isolated 
bacterial strains grown across 31 carbon sources to test for synergistic 
and emergent substrate degradation. 38.5 % of these assays indicated 
synergistic degradation and 14.6 % indicated emergent degradation. 
Functional dissimilarity between E. coli and soil isolates could predict, 
albeit weakly, the degree of total cooperative degradation, that is, when 
synergistic and emergent degradation were considered in the same analysis 
but not when each were separate. In an effort to better study the emergent 
interactions, two cases were selected for further analysis. Co-cultures of 
(i) E. coli and Microbacterium foliorum and (ii) E. coli and Collimonas 
arenae were chosen on the basis of their emergent degradation of L-serine 
and D-cellobiose. Co-culturing each of these strain pairs on minimal 
medium with these carbon sources revealed not only emergent but also 
synergistic interactions that were likely dependent on the ratio of E. coli 
to M. foliorum or C. arenae cells. Evidence that synergistic and emergent 
interactions may be triggered by diffuse cellular metabolites was also 
supported by combining individual strains with the spent supernatant 
from their respective co-cultures. Overall, this study provides evidence 
for the newly described phenomenon of emergence and recognizes the 
importance of cooperative interactions and their contribution to bacterial 
growth and substrate degradation.
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Introduction
Cooperation is widespread in nature, and bacteria are no exception to this 
behavior. The antithesis of competition, cooperative behavior is termed such 
if an actor provides a benefit to a recipient, and this benefit contributes 
to the evolution of the interaction (West et al. 2007). Amongst bacteria, 
cooperation can exist in many forms, such as interspecies communication 
(Miller and Bassler 2001), multispecies biofilm formation (Burmølle et al. 
2014), the sharing and production of public goods (Morris et al. 2012), and 
syntrophic interactions between species (Sieber et al. 2012). The benefits of 
cooperation also appear in a variety of forms: from virulence induction in 
the case of interspecies cooperation (Ryan and Dow 2008), to protection 
from antibiotics and predation in the case of multispecies biofilms (Pukatzki 
and Provenzano 2013, Koh et al. 2012), to cellular energy conservation 
in the case of the production and sharing of public goods (Morris et al. 
2012), and to the necessity of survival in extreme environments in the case 
of syntrophy (Sieber et al. 2012). In short, cooperation among bacteria is 
frequent and, in some cases, essential.

Synergism is one form of cooperation that, as we define in this work, 
is the interaction between different organisms that increases the functional 
performance of one or more different species in a cooperative consortia. 
That is to say, synergism can result in (i) two different individuals improv-
ing a certain function when they are in association or (ii) one organism 
performing a particular function may be able to catalyze and “kick start” 
the same or different function in another individual. In both of these 
cases, synergistic interactions may be quantified by measuring the increase 
in each strain’s abundance in co- or polyculture relative to their abun-
dance in monoculture. To illustrate the first type of synergism, consider 
Stenotrophomonas rhizophila. It is weak biofilm former in monoculture, but, 
in co-culture with Xanthomonas retroflexus and Microbacterium oxydans, it 
enhances the biofilm formation of itself as well as the latter two species 
(Ren et al. 2014). In a similar case, the casein degradation capabilities of 
both Streptococcus bovis and Selenomonas ruminatium are raised when these 
organisms are grown in association rather than alone (Wallace 1985). To 
illustrate the second type of synergism, consider Paenibacillus amylolyticus. 
Alone it cannot readily form a monospecies biofilm, but in the presence 
of S. rhizohila, X. retroflexus, and M. oxydans, either in dual or polyspecies 
biofilms, its abundance displays a thousand-fold increase (Ren et al. 2014). 
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Similarly, Butyrivibrio alactacidigens cannot grow on casein alone but when 
in the presence of Butyrivibrio fibrisolvens or S. ruminatium, all strains dis-
play strong growth at a similar rate (Wallace 1985). Furthermore, nearly all 
observations of synergism have been found to require cell-to-cell contact 
for their initiation. An exception is the ability of S. bovis to digest casein in 
the presence of S. ruminatium’s spent supernatant (Wallace 1985). In this 
case, the abilities of both strains to hydrolyze 14C-labeled casein was greatly 
enhanced when in association, and it appeared diffuse molecules or enzymes 
from S. ruminatium drove the cooperative relationship.

In light of old and new evidence that suggests synergism can exist on 
two different levels, as we describe above, we hypothesized that this con-
tinuum may stretch further, where two different organisms that cannot 
perform a function alone may do so in association. This is in contrast to 
known synergistic interactions because our hypothesis stipulates that no 
strain can perform the specific function when alone. We thus coined this an 
“emergent interaction” that would result in “emergent growth” or “emergent 
substrate degradation.” We further hypothesized that increased functional 
dissimilarity between individuals would be more likely to display synergistic 
and/or emergent interactions, as it would increase their niche performance 
and breadth. In order to test this hypothesis, we screened one focal strain, a 
non-pathogenic derivative of Escherichia coli O157:H7, with a pool of 40 
genotypically and functionally different soil-isolated strains across an array 
of 31 carbon sources, both in mono and co-culture. We further explore 
the possibility that emergent functions may be triggered by diffuse primary 
or secondary cellular metabolites between different individuals, which was 
tested with two selected strain pairs (i.e., E. coli plus soil-isolated strain) on 
two different carbon sources.

Methods
Bacterial strains used in this study

This study consisted of one focal strain, Escherichia coli O157:H7 strain T, 
a non-pathogenic derivative of the toxigenic O157:H7 form. A large pool 
of test strains were isolated from soil via dilution plating and streaked at 
least twice to assure purity. Different strain ecotypes were distinguished by 
colony morphology and repetitive BOX-PCR, according to the protocol in 
Bathe et al. (2006). This gave rise to a total of 40 test strains (see Appendix 
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O for a list of all strains and available identifications). In order to provide 
taxonomic affiliation of the strains, we amplified and sequenced thier 16S 
rRNA gene. Sequencing was carried out by first amplifying the 16S rRNA 
gene with the forward B8F (5’-AGAGTTTGATCMTGGCTCAG-3’) and 
reverse 1492R (5’-TACCTTGTTACGACTT- 3’) primers. Amplification 
of the gene was carried out in a 25 μl PCR reaction containing 2.5 μl of 
10X Buffer, 0.4μl of 25 mM MgCl2, 0.5 μl DMSO, 0.3 μl of 20 mg/mL 
BSA, 0.5 μl dNTPs at a 25 μM, 0.5 μl of each primer at 10 μM, and 0.1 
μl of Taq polymerase (Bioline, Massachusetts, USA). The cycling program 
began with an initial denaturation phase of 95 oC for five minutes, fol-
lowed by 95 oC denaturation for 1 min, 52 oC annealing for 30 sec, and 
72 oC extension that cycled for 35 rounds. The reaction concluded with 
a 72 oC final extension for 7 min. The resulting fragment was cloned into 
the pGEM-T vector and then transformed into JM109 competent cells 
using the pGEM-T easy kit, with both the cloning protocol and compe-
tent cells provided by the manufacturer (Promega, Madison, Wisconsin, 
USA). Clones were sequenced at the Beckman-Coulter sequencing facility 
(Danvers, Massachusetts, USA)

Synergistic and emergent substrate degradation screen

In order to test for the presence of synergistic and emergent substrate 
degradation, we grew one focal strain, E. coli, and 40 other soil-isolated 
bacterial strains in monoculture and co-culture combination across an array 
of 31 carbon sources (see Appendix P for a list of carbon sources and their 
respective compound class). This initial screen comprised a total of 1,240 
individual assays. Carbon sources were located individually on the Biolog 
ecoplate (Biolog, Hayward, California, USA), where they are replicated 
thrice. Specifically, each well of the ecoplate contains one carbon source 
and a dye, and the contents of the well turns violet as bacterial cells respire. 
Thus, the consumption of each carbon source was determined by measur-
ing the development of a violet color in each well through time. In order 
to mimic the disadvantage E. coli populations usually have in external 
environments like soil, we used an uneven, 5:1 cellular ratio in favor of 
the soil-isolated strains. Specifically, co-cultures of E. coli and soil-isolated 
strains were inoculated onto the ecoplate at a density of OD600 = 0.02 and 
OD600 = 0.1, respectively. The monoculture control of E. coli was inoculated 
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onto the ecoplate at a cell density of OD600 = 0.02; all test strain monocul-
tures were inoculated onto the ecoplate at a final cell density of OD600 = 
0.1. Plates were incubated in Biolog’s Omnilog machine for 48 hours at 23 
°C with measurements taken every 15 minutes. The amount of substrate 
utilized by each monoculture or co-culture was calculated based on the “area 
under the curve” data provided by Omnilog software for each well, which 
is measured in Omnilog units. Data for each Biolog plate were normalized 
(independently by the maximum value for each plate).

Calculating synergistic and emergent degradation

In order to calculate synergistic and emergent growth, we separated the data 
from the initial screen into two categories. The first category was the syner-
gistic category and contained any carbon source that the test strain, E. coli, 
or both consumed. Synergistic degradation was calculated as any growth 
that exceeded the sum of monoculture components. The second category 
was emergent degradation and contained all carbon sources that both test 
strains and E. coli could not degrade in monoculture. Emergent degrada-
tion was calculated as any degradation that was observed in co-culture, on 
carbon sources that strains could not use in monoculture. Furthermore, 
synergistic and emergent degradation were classified into three categories: 
weak, moderate, or strong. These classifications were relative to the maxi-
mum amount of growth observed for either synergism or emergence, which 
was divided and categorized by thirds—the first third as weak, the second 
third as moderate, and the third as strong. For synergistic interactions the 
maximum growth was observed at 29,373.33 omnilog units. This meant 
anything between 0 to 97,91.11 omnilog units was weak; anything between 
9,791.11 to 19,582.22 omnilog units was moderate; and anything from 
19,582.22 to 29,373.33 omnilog units was strong. For emergent inter-
actions the maximum growth was 29,321.11 omnilog units. This meant 
anything between 0 to 9,773.89 omnilog units was weak; anything between 
9,773.89 to 19,547.78 omnilog units was moderate; and anything between 
19,547.78 to 29,321.67 omnilog units was strong. In order to visualize 
synergistic or emergent growth, we created heatmaps in the R environment 
using the gplots package (Warnes et al. 2009), and strain pairs were clus-
tered by a dendrogram using the complete linkage method with Euclidian 
distances.
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Testing for emergence at an even cellular ratio

To confirm the presence of emergence when the cellular ratio between E. coli 
and soil isolates were equal, we chose two test strains, Microbacterium foliorum 
and Collimonas arenae, for further analysis. These two strains were each grown 
in monoculture and in combination with E. coli on minimal medium supple-
mented with L-serine or D-cellobiose. These growth experiments used mineral 
salts medium (MSM) as the minimal medium, supplemented 0.2% L-serine 
or 1.0% D-cellobiose. These carbon source concentrations were determined 
from previous assays that assessed optimal carbon source concentration for 
growth. MSM contains 7 g/L Na2HPO4; 2 g/L K2HPO4; 1 g/L (NH4)SO4; 0.1 
g/L Ca(NO3)2; 0.2 g/L MgCl2 , at pH 7.5, supplemented with 25 μl of trace 
elements (2.5 g/L EDTA; 1.5 g/L FeSO4; 0.025 g/L CoCl2; 0.025 g/L ZnSO4; 
0.015 g/L MnCl2; 0.015 g/L NaMoO4; 0.01 g/L NiCl2; 0.02 g/L H3BO3; 
0.005 g/L CuCl2) and 25 μl of vitamin solution (0.1 g/L Ca-panthothenate; 
0.1 g/L cyanocobalamine; 0.1 g/L nicotinic acid; 0.1 g/L pyridoxal; 0.1 g/L 
riboflavin; 0.1 g/L thiamin; 0.01 g/L biotin; 0.1 g/L folic acid).

In order to verify an equal cell ratio, we first determined the correlation 
between OD and colony forming units (cfu) counts in trypticase soy broth 
(Becton, Dickinson, and Company; Maryland, USA). Then, in the co-culture 
combinations of E. coli and M. foliorum, 12.5 µl of E. coli was inoculated at 
a cell density OD600 = 0.10. In order to account for a slightly smaller cell size 
of M. foliorum and to guarantee a 1:1 cellular ratio, 12.5 µl of M. foliorum at 
a cell density of OD600 = 0.13 was inoculated. In co-culture combinations of 
E. coli and C. arenae, 12.5 µl of E. coli was inoculated at a cell density OD600 
= 0.10. In order to account for C. arenae’s small cell size in relation to E. coli, 
12.5 µl of C. arenae at an initial cell density of OD600 = 0.28 was inoculated. 
Both co-culture combinations were topped off with MSM described above 
to a final volume of 200 µl. Growth was observed in 96 well microtiter 
plates and measured using a spectrophotometer every hour for 141 hours 
(Spectramax 190 by Molecular Devices; Sunnyvale, California, USA).

Testing for a cooperative mechanism: cell, supernatant, and substrate 
growth combinations between E. coli and M. foliorum or C. arenae

To understand if either primary of secondary cellular metabolites could 
induce emergent interactions, we took the co-culture supernatants of both 
strain pairs (i.e., E. coli and M. foliorum or E. coli and C. arenae) that were 
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grown both on L-serine and D-cellobiose and added them back to individ-
ual cultures of E. coli, M. foliorum, or C. arenae to see if they could induce 
growth. Specifically, there were two treatments: one where only the co-culture 
supernatant was added to the strain culture and another where the co-culture 
supernatant was added with the addition of either L-serine or D-cellobiose. 
L-serine was added when the co-culture’s origin was grown on said carbon 
source, as was done with D-cellobiose. The co-cultures used to supply the 
supernatant originated from the co-cultures grown at an even cellular ratio 
(described above) and were centrifuged at a speed of 10,000 × g for 3 minutes. 
The supernatants were then collected and filter sterilized with a 0.2 µm filter 
to remove any residual bacteria in preparation for addition to individual cell 
cultures. In the treatments where only the co-culture supernatant was added, 
0.9 µl and 4.0 µl of the supernatant from the L-serine and D-cellobiose 
co-cultures were added, respectively. This was in addition to 25 µl of the strain 
(either E. coli, M. foliorum, or C. arenae) at an initial cell density of OD600 
= 0.13. The culture was topped off to 200 µl with MSM. In the treatments 
where the supernatant was added with the addition of a substrate, an initial 
concentration of either 0.06 % L-serine or 0.3 % D-cellobiose were added 
with mineral salts medium to top the reaction off at 200 µl. The supernatants 
and respective strains were added at the same volume and optical density, as 
previously described when no substrate was added. Finally, the growth of 
cultures was measured spectrophotometrically for 141 hours (Spectramax 
190 by Molecular Devices; Sunnyvale, California, USA).

The relationship between functional dissimilarity and cooperative growth

Functional dissimilarity was calculated by measuring the Bray-Curtis per-
cent dissimilarity between all test strains and E. coli over the array of 31 
carbon sources. Pearson correlations were then used to calculate the ability 
of functional dissimilarity, between each test strain and E. coli, to predict (i) 
synergistic growth, (ii) emergent growth, and (iii) total cooperative growth, 
which was synergistic and emergent growth considered in the same analysis.

Statistical analyses

Regression analyses to evaluate the relationship between functional dis-
similarity and emergent growth were carried out using base functions in 
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R (Team 2014), as were one-way analysis of variance and Tukey’s post hoc 
tests to examine potential differences between classes of carbon sources and 
their frequency of emergent interactions.

Results
Synergistic and emergent degradation

In the 1,240 individual assays that were performed with 40 pairs of soil-iso-
lated bacterial strains, a total of 652 cooperative interactions were recorded 
(52 % of all initial assays). When divided into synergistic (Fig. 6.1a) and 
emergent (Fig. 6.1b) interactions, a total of 478 interactions (38.5 % of 
all tests) and 181 interactions (14.6 % of all tests) were observed, respec-
tively. In the case of synergistic interactions, 361 were considered as weak, 
105 as moderate, and 12 as strong interactions. In the case of emergent 
interactions, 148 were classified as weak, 24 as moderate, and 8 as strong 
(see Table 6.1 for strains involved in all strong interactions; see methods 
for classification criteria).
Certain carbon sources tended to display more cooperative interactions 
than others (Appendix Q). In the case of synergistic interactions, amino 
acids, carbohydrates and polymers display an average of 24.5, 25.9, and 
24.3 collective synergistic interactions, respectively. Amines/amides, next to 
carboxylic and ketonic acids displayed means of 16.0 and 14.4 synergistic 
interactions, respectively. A one-way analysis of variance test with post hoc 
analysis revealed that carbohydrates displayed a significantly higher number 
of synergistic interactions than carboxylic and ketonic acids (ANOVA, F(4,5) 
= 2.914, P = 0.042; Tukey’s post hoc test, P < 0.05); all other groups were 
statistically similar (Tukey’s post hoc, P > 0.05). In the case of emergent 
interactions, a one-way analysis of variance revealed there was no signifi-
cant difference between any of the carbon source groups in their ability to 
explain emergent interactions (ANOVA, F(4,12) = 1.614, P = 0.234).
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Figure 1 
(a) 

(b) 

Figure 6.1. Synergistic and emergent interactions as revealed across a screen of 31 
carbon sources. A heat map representing observed (a) synergistic and (b) emergent 
growth. A red color represents the absence of any interaction; orange colors represent 
weak interactions; yellow colors represent moderate interactions; and green colors represent 
strong interactions (see methods for classifi cations).
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Table 6.1. Strong synergistic and emergent interactions. Strains that registered a strong 
cooperative interaction with E. coli (either synergistic or emergent) are displayed, as is the 
carbon source upon which in interaction occurred.

Identification Type of Interaction Carbon source

Arthrobacter phenanthrenivorans Emergent L-Serine

Arthrobacter sp. Synergistic L-Serine

Arthrobacter sulfureus Synergistic Pyruvic Acid Methyl Ester

Arthrobacter sulfureus Synergistic D-Mannitol

Arthrobacter sulfureus Synergistic L-Serine

Burkholderia phytofirmans Synergistic Glucose-1-Phosphate

Burkholderia phytofirmans Synergistic alpha-D-Lactose

Collimonas arenae Emergent L-Serine

Paenibacillus mendelii Emergent L-Serine

Unsequenced Emergent L-Serine

Unsequenced Synergistic D-Mannitol

Unsequenced Synergistic D-Mannitol

Unsequenced Synergistic L-Serine

Unsequenced Synergistic D-Cellobiose

Unsequenced Synergistic Glucose-1-Phosphate

Unsequenced Synergistic D,L-alpha-Glycerol 
Phosphate

Unsequenced Emergent L-Serine

Unsequenced Emergent L-Serine

Unsequenced Emergent Alpha-cyclodextrin

Unsequenced Emergent Glycogen
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Figure 6.2. Functional dissimilarity between E. coli and test strains predicts the growth of 
total cooperative interactions but not synergistic or emergent growth alone. The bray-curtis 
dissimilarity metric, measuring functional dissimilarity between E. coli and the soil-isolated 
strains, is used to predict (a) total cooperative degradation, (b) synergistic degradation, 
and (c) emergent degradation.
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Functional dissimilarity predicts total cooperative degradation  
but not synergistic or emergent degradation alone

The level of functional dissimilarity between E. coli and soil-isolated strains 
was able to weakly explain the intensity of all cooperative interactions—that 
is when synergistic growth and emergent growth were combined (R2 = 0.10, 
P = 0.048; Fig. 6.2a). However, functional dissimilarity failed to explain 
any of the variation associated with synergism (Fig. 6.2b) and emergence 
(Fig. 6.2c) when they were examined separately (P > 0.05).

Amid an even cellular ratio, a mix of interactions

When in the presence of E. coli in the initial screen, M. foliorum and C. 
arenae displayed a wide range of synergistic interactions, from weak to 
strong, on the carbon sources L-serine and D-cellobiose. M. foliorum’s 
signal on L-serine was moderate, and its signal on D-cellobiose was weak. 
C. arenae’s signal on L-serine was strong, and its signal on D-cellobiose 
was moderate. These patterns made them ideal candidates to test emergent 
growth at an even cellular ratio.

Although we expected to observe emergent interactions, the co-cul-
ture experiments with the aforementioned stains and carbon sources 
revealed emergent, synergistic, and even absent interactions with M. 
foliorum and C. arenae when each was in the presence of E. coli on 
either L-serine or D-cellobiose. On L-serine, M. foliorum and E. coli 
displayed a synergistic interaction (Fig. 6.3a). This was because in mono-
culture, both strains displayed growth on L-serine, but that growth was 
enhanced when both were in co-culture. Cell counts conducted at the 
beginning and end of the experiment indicated that the cellular ratio of 
M. foliorum and E. coli were similar at the time of inoculation, while E. 
coli was roughly one order of magnitude higher than M. foliorum at the 
end of the experiment (Table 6.1a). The same pair of strains displayed 
an emergent interaction on D-cellobiose, where neither strain could 
use the carbon source in monoculture but enjoyed near linear growth 
in co-culture (Fig. 6.3b); cell counts were similar at the beginning and 
end the experiment (Table 6.2a).

C. arenae seemed to display synergistic growth with E. coli on L-serine, 
as each could slightly use the substrate in monoculture, but growth was 
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Figure 6.3. Microbacterium foliorum and Collimonas arenae, tested with E. coli on minimal 
medium containing either L-serine or D-cellobiose. Panels (a) and (b) portray the 
relationship between M. foliorum and E. coli in monoculture and co-culture on L-serine 
and D-cellobiose, respectively. Panels (c) and (d) portray the relationship between C. 
arenae and E. coli in mono and co-culture on L-serine and D-cellobiose, respectively. Black 
bars on growth curves represents the standard error of the mean.
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vastly improved in co-culture (Fig. 6.3c). However, although cell counts 
of both strains were similar before inoculation, C. arenae was absent by the 
end of the experiment (Table 6.2b), indicating that the observed growth 
could be due to the release of nutrients from cell lysis. Little to no growth 
was observed for these strains alone or in co-culture on D-cellobiose (Fig. 
6.3d; Table 6.1b).

Cell and supernatant combinations between E. coli with  
either M. foliorum or C. arenae induce growth

When the origin of the supernatant was from a co-culture with M. folio-
rum and E. coli that was grown on L-serine, growth only occurred in the 
cultures of E. coli and not M. foliorum (Fig. 6.4a). When E. coli was only in 
the presence of the co-culture supernatant, its growth was relatively weak 
and peaked at hour 37 (Fig. 6.4a). When E. coli was in the presence of the 

Table 6.2. Initial and final cell counts of M. foliorum, C. arenae, and E. coli during tests 
on minimal medium supplemented with L-serine and D-cellobiose. (a) are those of M. 
foliorum and E.coli; (b) are those of C. arenae and E. coli.

Table 6.2a

Hour 0 Hour 141

M. foliorum E. coli M. foliorum E. coli

L-serine 4.39x106 2.72x106 4.60x108 2.38x109

D-cellobiose 6.69x107 4.08x106 3.82x109 1.80x109

Table 6.2b

Hour 0 Hour 141

C. arenae E. coli C. arenae E. coli

L-serine 3.56x106 5.28x106 0.0 1.00x109

D-cellobiose 3.18x106 8.22x106 1.6x106 1.01x108
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supernatant and L-serine, E. coli growth increased steadily until hour 36 
and then leveled off until about hour 89 when it tended to increase again 
(Fig. 6.4a). When the origin of the supernatant was from a co-culture with 
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C. arenae + supernatant + 0.06% L-serine 
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Figure 6.4. Combinations of resources and/or co-culture supernatants can, in some 
case, induce growth on individual cultures. Panels (a) and (b) represent the co-culture 
supernatants originating from cultures between M. foliorum and E. coli grown on L-serine 
or D-cellobiose, respectively. Panels (c) and (d) represent the same for the co-culture 
supernatants originating from cultures with C. arenae and E. coli, respectively.
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M. foliorum and E. coli on D-cellobiose, late but strong growth appeared 
when M. foliorum was in the presence of the co-culture supernatant and 
D-cellobiose; growth began around hour 89 and steadily continued (Fig. 
6.4b). Slight growth for E. coli was also observed when it was grown with the 
co-culture supernatant and D-cellobiose (Fig. 6.4b). Little and no growth 
were observed when E. coli and M. foliorum, respectively, were only in the 
presence of the co-culture supernatant (Fig. 6.4b).

When the origin of the supernatant was from a co-culture between 
C. arenae and E. coli grown on L-serine, weak and moderate growth was 
observed when E. coli was in the presence both the co-culture supernatant 
alone and the co-culture supernatant with L-serine, respectively (Fig. 6.4c) 
No growth was observed in either of these cases for C. arenae (Fig. 6.4c). 
When the origin of the co-culture supernatant was derived from a C. arenae 
and E. coli co-culture on D-cellobiose, growth was similarly observed when 
E. coli was in the presence of both the co-culture supernatant alone and the 
co-culture supernatant with D-cellobiose (Fig. 6.4d). No growth in either 
situation occurred for C. arenae (Fig. 6.4d).

Discussion

As 52 % of the 1,240 individual assays performed in our initial screen 
were positive for either synergistic or emergent substrate degradation, these 
cooperative interactions among bacteria appear to be frequent and import-
ant ecological phenomenon. The propensity to cooperate via synergistic 
and emergent interactions between E. coli and 40 soil-isolated strains was 
predicted, albeit weakly, by the functional dissimilarity metric—that is, 
when considering synergistic and emergent degradation in the same anal-
ysis. Therefore, other factors are likely to determine whether two different 
individuals cooperate using these avenues. One such factor appears to be 
the ratio of interacting cells. Although M. foliorum and C. arenae displayed 
a mix of interactions when each was cultured with E. coli at an even cellular 
ratio—from no interactions to synergistic interactions to emergent inter-
actions—the core of our results’ novelty is the observation of completely 
emergent interactions. This appeared to be the case with 14.6 % of the 
assays in the initial screen. Furthermore, emergence was confirmed in one of 
the four further tested cases when E. coli and M. foliorum were co-cultured 
on D-cellobiose. What is not clear is if both strains are using the supplied 
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substrate or if the association between strain pairs results in one strain being 
able to degrade the resource while the other strain cross-feeds off a waste 
product of that growth.

In the last experiment where individual strains were grown in the presence 
of a substrate and/or a co-culture supernatant, we found that relatively strong 
growth of M. foliorum could be induced when it was grown in the presence of 
D-cellobiose and a spent co-culture supernatant (the supernatant originating 
for a co-culture with M. foliorum and E. coli grown on D-cellobiose). These 
results thus provided a potential explanation for the observation of emergent 
interactions among of both strains. Furthermore, and considering all tested 
cases in the supernatant experiments, steady and substantial growth was only 
observed when in the presence of the substrate and co-culture supernatant. 
This suggests that secondary metabolites, such as signaling molecules, may 
be involved in the initiation of cooperative interactions. This is because there 
was never substantial growth when solely in the presence of the co-culture 
supernatant, which could have theoretically contained primary metabolites 
that were products of the initial co-culture. Since growth only occurred 
when resources were supplemented with the supernatant, the availability of 
resources in the environment is likely crucial for such interactions. Across all 
tests, although some growth did occur when E. coli was only in the presence 
of the co-culture supernatants, this growth was not strong or steady and the 
question as to whether primary metabolites shared between strains induces or 
contributes to cooperation remains open. Further experiments that increase 
the concentration of the supernatant and/or quantify its molecular compo-
sition may provide further clues as to the initiation of cooperation.

Along these lines, given that M. foliorum could grow in the pres-
ence of its co-culture supernatant with the addition of D-cellobiose, this 
could indicate that quorum sensing inducer molecules originating from 
E. coli may have activated a gene pathway involved in D-cellobiose deg-
radation in M. foliorum. Interestingly, many forms of E. coli, including 
O157:H7 types, possess the luxS gene that encodes the enzyme produc-
ing Autoinducer-2 (AI-2), a common quorum sensing inducer molecule 
(Brito et al. 2013). The lack of quorum sensing receptors across the E. coli 
species complex also suggests that the presence of luxS is for interspecies 
communication (Brito et al. 2013), and AI-2 is the only quorum sensing 
molecule known to foster communication between Gram-positive and 
Gram-negative strains (Bassler and Losick 2006). AI-2 also has the ability 
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to induce hundreds of genes, and, while many of the known pathways 
involve secondary metabolism, the proximity of luxS to many primary 
metabolic genes suggests a link with primary metabolism (Vendeville 
et al. 2005, Ahmer 2004). In a similar experiments to ours, quorum 
sensing, and specifically the AI-2 system, was invoked as a possible mech-
anism explaining synergistic biofilm formation among Gram-positive, 
Microbacterium phyllosphaerae and Gram-negatives Shewanella japonica, 
Dokdonia donghaensis, and Acinetobacter lwoffii (Burmolle et al. 2006). 
The signaling molecules also appeared to originate from either M. phyl-
losphaerae or A. lwoffii, since the replacement of either of their cells with 
pure-culture supernatants could maintain a high level of synergistic bio-
film formation among the three other species (Burmolle et al. 2006). 
Although in our case M. foliorum appeared to respond to a signal from the 
supernatant, the amalgamation of evidence suggests that quorum sensing 
may have an integral role in the initiation of synergism and emergence. 
Furthermore, invoking quorum sensing as a mechanism that controls 
emergent growth may also explain the mix of interactions observed when 
M. foliorum and C. arenae were each grown at an even cellular ratio with 
E. coli. The activation of genes by quorum sensing requires a threshold 
quorum that molecules like AI-2 must reach in order to induce gene 
expression, and it has been shown that the concentration of signaling 
molecules scales with the amount biofilm development (Rickard 2006). 
In a similar sense, the amount and concentration of signal molecules 
could determine whether synergism or emergence is the enacted mecha-
nism. Further experiments that aim to assess the nature of M. foliorum’s 
response, perhaps through identification of supernatant components via 
mass spectrometry, could shed more light onto the proposed mechanism.

Determining the type of cooperative interaction that may exist between 
two bacterial taxa and the mechanism driving the relationship may require 
a case-by-case approach. In our data, functional dissimilarity could not 
predict synergistic and emergent substrate degradation when considered 
alone, and it could only weakly predict substrate degradation when they 
were considered in the same analysis. This suggests functional dissimilarity is 
not the best indicator of cooperative substrate degradation. One factor that 
we did not test in this study is phylogenetic dissimilarity. Recent research 
has shown that a high degree of relatedness between model Pseudomonas 
flourescens genotypes results in cooperative communities, where stability is 
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maintained through antagonistic elimination and a disruption of quorum 
sensing signals to closely related defector populations (Jousset et al. 2013). 
While close relatedness could induce synergistic degradation and growth, 
increasing evidence using in vitro (Ren et al. 2014, Jousset et al. 2013, Ul 
Haq et al. 2014) and in silico (Klitgord and Segre 2011, Klitgord and Segre 
2010) models recently suggest cooperation can also occur between distantly 
related species. The question as to whether increasing or decreasing levels 
of phylogenetic distance can predict synergistic or emergent interactions 
provides a worthy scenario for future research.

E. coli is also a known invader of external environments, like soil and 
water, and many experiments have examined the factors that contribute to 
its survival and longevity in such habitats (van Elsas et al. 2012, van Elsas 
et al. 2007, Mallon et al. 2015). Our initial screen, where soil strains were 
given a 5:1 cellular ratio advantage against E. coli, was designed to mimic this 
situation. The paramount factor that limits E. coli’s survival in soil micro-
bial ecosystems is its access to limiting resources, which become more and 
more scare as microbial community diversity increases (Mallon et al. 2015). 
In the sense of a microbial invasion, synergistic and emergent interactions 
could actually help to relieve the competition for resources if cooperative, 
instead of competitive, behavior was observed between resident soil taxa and 
the invader. It is hypothesized that cooperative interactions evolve over time 
and create tightly knit communities dependent upon each other for vital 
functions (Morris et al. 2012). In such an environment, especially when 
resources are scarce, it is unlikely that an invader could partake in a syner-
gistic or cooperative interaction, given the complexity and interdependence 
among residents. However, invasions are most successful when they coincide 
with disturbances that release resources into the community, and resource 
pulses can change bacterial community structure, likely altering or breaking 
cooperative interactions (Li and Stevens 2012, Davis et al. 2000, Mallon et al. 
2014, Carrero-Colon et al. 2006). It is at these points where new cooperative 
interactions may evolve or form, and such interactions may include, or even 
be induced, by the invading taxa. This could lead to the eventual naturaliza-
tion of an invader into a foreign environment. Although the exploration of 
synergism and emergence are still in their infancy, an invasion framework 
provides an ideal stage to study the outstanding questions concerning the 
associated patterns and mechanisms. In doing so, these investigations may 
provide insight into what makes for a successful microbial invasion.



CHAPTER 7 Discussion and Outlook

CYRUS ALEXANDER MALLON
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Understanding resource competition is fundamental for 
understanding microbial invasions.
Modern invasion science is rooted in a simple principle: the ability of 
an organism to best survive off the lowest level of a limiting resource 
in a given environment will determine its invasion success. Charles 
Elton, the godfather of invasion science, whose pioneering work The 
Ecology of Invasions by Animals and Plants (Elton 1958), premised that 
highly diverse communities would be more resistant to invasion than 
less diverse communities, giving rise to the oft-cited “diversity-inva-
sion effect.” Later Tilman’s resource ratio model highlighted how the 
competitive abilities of plants can explain their ecological dominance 
through their ability to survive off the lowest level of a limiting resource 
in a given environment (Tilman 1985). Tilman further expanded his 
models to show that increased levels of diversity exponentially decrease 
the probability of invasion due to the utter scarcity of resources in highly 
diverse communities (Tilman 2004). Interestingly, the models with 
which Tilman constructed his original theories had their roots in micro-
biology, namely, Jaques Monod’s prediction models for bacterial growth 
as a function of resource availability. French microbiologist Monod 
had first published on bacterial growth kinetics in 1949, before Elton, 
and it was this work that showed total bacterial growth, understood as 
the difference between initial and maximum bacterial density per unit 
volume of a culture, was linearly related to the initial concentration of 
a limiting resource (Monod 1949). Furthermore, later microbiological 
studies established that natural ecosystems, soil for example, readily 
resist invasion from a wide range of microorganisms, either bacterial or 
fungal, and this form of biotic resistance was coined “microbiostasis” 
(Lingappa and Lockwood 1961, Ho and Ko 1982). In order to com-
prehend the invasion success of Escherichia coli in a soil system, it may 
require looking no further than these basic ecological and microbiolog-
ical principles to understand the outcome. In this thesis, two leading 
principles are derived from these arguments. First, we show that the 
diversity-invasion effect, which has become extensively developed and 
often examined in the context of macroorganisms can also define the 
patterns of a microbial invasion. Second, the resident community’s level 
of diversity will determine the strength of resource use, which is a major 
mechanism of invasion resistance.
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Invasion framework

Similar to the normal life cycle of E. coli, which revolves around transi-
tions from primary to secondary and back again to primary environments, 
it is important to recognize that microbial invasions also follow a defined 
framework. The continuum of a microbe’s life: from dispersal and trans-
port, to establishment and growth, is a vital element in understanding 
fundamental microbial processes: such as, assembly, succession, and the 
maintenance of biological diversity. In chapter 2, we amalgamated sev-
eral different phenomena that can occur throughout a microbe’s life, 
including dispersal, survival in varying conditions, growth in introduced 
environments, and we gave details regarding the impacts of this growth. 
In doing so, we brought these events into a singular invasion frame-
work of four phases: (i) transport, (ii) establishment, (iii) spread, and (iv) 
impact. This framework was developed so that anyone studying invasion 
in a short- or long-term scenario could pinpoint either the patterns or 
mechanisms they observed to a specific point in the invasion process. This 
phased framework is important since a singular paradigm applies both 
to short-term studies, which often examine mechanisms, and to long-
term studies, which examine patterns. The experimental chapters in this 
thesis mirror the literature dedicated to microbial invasions, in respect 
to having performed a suite of long-term and short-term experiments. 
However, unique to the present thesis is a first-ever integration of short-
term and long-term experimental approaches in a single experimental 
trial, particularly in chapter 4. Having quantified resource use, something 
previously seen only in short-term trials, and integrating those data in 
a diachronic experiment that tracked dynamics and patterns of invader 
survival over the long-term, we were able to lend support to our invasion 
framework laid out in chapter 2. The quantification of resource use by 
communities before invasion successfully predicted invader survival in 
both assemblage and dilution-to-extinction experiments up to 95 and 75 
days, respectively. This was a key indication that resource use mechanisms 
conspicuous in short-term experiments did in fact influence an invader’s 
survival over the long-term. Prospective experiments that will integrate 
more factors from either long-term or short-term studies, such as incor-
porating manipulations of species evenness and phylogenetic dissimilarity, 
are crucial to understanding the full gamut of resource use mechanisms 
and invasion resistance.
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The diversity-invasion effect
The construction of a phased invasion framework in chapter 2 revealed 
that biotic resistance impedes a successful invasion. Chapter 3 of this thesis 
examined this relationship, adopting the hypothesis that diversity was inte-
grally related to biotic resistance; we therefore created soil microcosms with 
varying levels of species richness to parse the effects of diversity.

Assemblage experiment

The first experimental evidence that bacteria adhered to the diversity-inva-
sion effect came from a simple experiment performed in chapter 3, where 
100 random bacterial strains, having been isolated from soil originating 
from a grassland field in Wildekamp, the Netherlands (W), were assembled 
into diversity treatments of 5, 20, and 100 species and added back into a 
sterile W soil. The power of this experiment is its sheer simplicity, and we 
were able to show in a reductionist setting that even small differences in 
species richness impinged upon the survival of invading E. coli. Granted, the 
effects of communities robust in richness were not seen until the end of the 
experiment at 60 days post-invasion; however, correlations between initial 
community richness and invader abundance throughout the experiment 
indicated that the effects of richness grew stronger over the duration in time.

The assemblage approach was also utilized in chapter 4. Although 
its purpose was to elucidate mechanisms of invasion resistance (discussed 
later), the patterns of invasion corroborated those seen in chapter 3. The 
discernible difference between the dynamics of survival in chapters 3 and 4 
was the plunge in invader survival from day 44 up until day 75, as noted in 
chapter 4. This could be due to the fact that chapter 4 used a different set 
of strains than chapter 3 and, furthermore, utilized compositional replicates 
in treatments of 5, 15, and 30 species. These replicates may better approx-
imate the dynamics of invasion because a larger combination of strains 
were tested at each richness treatment, with each strain and assembled 
community having different competitive abilities. For this purpose, com-
positional replicates were created by using the broken stick approach, which 
is a nested approach designed to create small communities from subsets of 
a larger species pool, continually breaking a large “stick” to create a smaller 
“stick.” Despite this advantage, analyses could not pinpoint any particular 
groups of strains in the assemblage experiment that consistently reduced the 
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survival of the invader. This may be due to fluctuations in the abundance of 
resident strains over time, so future experiments should also aim to increase 
sampling frequency after 44 days of inoculation. This would better track 
invader survival, and one could also incorporate quantifications of relative 
abundance of the resident individuals, a count that given the low richness 
levels of assembled communities, could be achieved by using high-through-
put sequencing. Overall, our assemblage experiments opened a window into 
the effects of richness on invader survival, but the full potential of this type 
of experiment awaits testing. More thorough quantifications of invader and 
resident community dynamics in such a reductionist setting could shed 
light onto which resident species most influence invader survival.

Dilution-to-extinction

In studying the patterns of a microbial invasion, a natural progression from 
the assemblage experiment would be a trial employing higher levels of 
diversity in the attempt to better approximate survival and resistance in a 
natural setting. As a centerpiece of this thesis we applied the dilution-to-ex-
tinction method, a systematic removal procedure, in pursuit of this goal. 
Distinct from assemblage experiments, removal experiments start with a 
natural community and progressively remove diversity through fumigation, 
heat shock, or dilution. This allows for realistic observations of invader 
survival and community dynamics with levels of diversity that mimic the 
natural world. We employed the dilution-to-extinction approach to create 
diversity gradients of soil microbial communities, allowing us to study the 
patterns and mechanisms of invasion in chapters 3, 4, and 5. Chapters 3 
and 4 made use only of the Wildekamp (W) soil to create a single gradient. 
However, in chapter 5, we created an additional gradient using soil sampled 
from an agricultural field in Buinen (B), the Netherlands, thereby making 
an increase in the number of community compositions examined in each 
diversity treatment.

In order to study patterns of invasion, and in addition to assemblage 
experiments, chapter 3 utilized soil from the W field site to create soil 
dilutions of 10-1, 10-3, and 10-6, which were subsequently added back into 
sterile W soil. Furthermore, an additional 10-1 treatment was progressively 
filtered through 5, 3, 2, and 1 micrometer filters to remove protozoa and 
their potential effects on invader survival. Natural soil was also used as a 
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treatment. Although our quantifications at the time were only semi-quanti-
tative, due to the use of Denaturing Gradient Gel Electrophoresis (DGGE), 
the richness levels between our treatments were theoretically very large, 
since the diversity of each dilution treatment differed by two orders of 
magnitude. The sheer power of robust levels of diversity to inhibit invasion 
was seen as of the seventh day post inoculation when survival was already 
significantly lower in the 10-1 and natural soil treatments compared to all 
other treatments. By day 30, the diversity-invasion effect was full blown, 
and there was a clear separation between all treatments. This is in stark 
contrast to the assemblage experiment where significant effects of richness 
were not seen until day 60. However, the dilution-to-extinction experiment 
extended the gradient of diversity, and for the first time in microbial com-
munities, we have clear evidence for the diversity-invasion effect across a 
range of richness treatments.

Unique to chapter 3 was the spectrum of microorganisms examined, 
which included not only bacteria, but our only trial including fungi and 
protozoa that, next to bacteria, are important components of soil eco-
systems. Both of these displayed significant negative impacts on invader 
survival. A significant negative correlation was observed between fungal 
types and invader survival, and the invader’s survival was also higher in the 
W-1 (i.e., 10-1-F) filtered treatment where protozoa were removed. Negative 
correlations were also seen with the richness of total bacteria, Actinobacteria 
species, and pseudomonads. No significant relationship was found with 
Bacillus species. Although fungi and protozoa were not examined past chap-
ter 3, their importance should not be overlooked. Fungi are known to 
produce several secondary metabolites, and they could be active against E. 
coli. Protozoa are known grazers of bacteria, and they have been implicated 
in the reduced survival of invading Rhizobium leguminosarum biovar trifolii 
(Postma and Van Veen 1990). The reductions of R. leguminosarum were not 
due to a specific and targeted response by protozoa, since they are non-selec-
tive grazers of bacteria. Rather, this work highlighted the importance of the 
soil pore, and, moreover, the habitable space within that can be occupied by 
invading bacteria. In this case, R. leguminosarum was not offered protection 
within the smallest caverns of the soil pore, which block large and graz-
ing protozoa, since those pores were already occupied by resident bacteria 
(Postma and Van Veen 1990). This may also be the cause for reduced E. coli 
populations in the non-filtered W-1 treatment. Since we observed that both 
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fungi and protozoa are important for invader survival on the observatory 
scale of the dilution-to-extinction experiment, more experiments should 
be performed to understand what effect protozoa may have in less diverse 
communities, past the W-1 dilution. An experiment aiming to answer this 
question could filter all W-1, W-3, and W-6 dilution steps before addition 
to the sterile soil matrix; then protozoa added in equal abundances could 
colonize the soil matrix. Comparing treatments with and without protozoa 
across a diversity gradient could indicate the extent to which E. coli actively 
competes for resources across a diversity gradient, especially in the less 
diverse treatments. If invader survival in protozoa inhabited soils were lower 
than the non-protozoa soils, this would indicate that even in less diverse 
communities soil pores are still inhabited by dominant taxa and inaccessible 
to E. coli. However, if survival were similar in colonized and uncolonized 
soils, this would indicate that E. coli survival in soil is dependent upon the 
availability of unoccupied niches (i.e., soil pore space) and it does not have 
to actively compete for resources with the resident community.

Mechanisms driving the diversity-invasibility relationship

The confirmation that microorganisms adhere to the diversity-invasion 
effect immediately moots a further question: what then are the mecha-
nisms controlling this relationship? Research in macro-communities has 
found that more diverse communities use more resources than less diverse 
communities, decreasing the amount of resources in the environment and 
increasing resource competition (Fargione and Tilman 2005, Tilman 2004). 
Therefore, this was the most parsimonious explanation to explore within our 
microbial system. The first evidence to support a resource use mechanism as 
a driver of invasion resistance also came from chapter 3. In a short-term in 
vitro experiment, we assembled 40 strains into communities of 1, 5, 10, and 
20 different individuals. These communities were measured over an array of 
31 carbon sources, either with or without the invader. Having ascertained 
the percentage difference of communities with or without E. coli, based 
on their performance over the entire array of carbon sources, we could 
calculate a proxy of E. coli’s competitive ability. A significant and negative 
relationship between E. coli’s competitive ability and species richness was 
recorded, indicating E. coli lacks the competitive ability to dominate in 
more diverse communities. This further suggested that as species richness 
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increases, E. coli lacks the ecological capability to compete with soil-borne 
strains over a diverse array of resources.

Resource use mechanisms were pursued in greater detail in chapter 4, 
where we employed similar assemblage and dilution-to-extinction exper-
iments to directly quantify resource use of live soil communities. Direct 
quantification of soil resource use capacities confirmed resource use as an 
invasion resistance mechanism in chapter 4, supporting the hypotheses 
generated from chapter 3. Strikingly, resource use by the native community 
could explain up to 96% of the variance related to E. coli survival in the W 
gradient created via dilution-to-extinction and up to 59% of the variance 
in the strain assembled gradient. Also, although not formerly presented, it 
is worth noting that resource use of the B gradient, which was examined 
for a separate purpose in chapter 5, was also found as an invasion resistance 
mechanism, explaining up to 78% of the variation in E. coli survival. The 
metric chosen to quantify resource use was the community niche, which 
computes the potential resource use in the community by incorporating 
both the levels of species richness and the competitive ability of individuals 
in the community (Salles et al. 2009). E. coli’s low competitive ability in soil 
ecosystems was further evidenced through direct quantifications of compe-
tition. Having examined 71 potential resources that were available to both 
the resident community and E. coli, we found that E. coli abundance was 
positively related to the amount of (potential) open niches, as evidence by 
using the metric remaining niche available to the invader. Taken together 
with the fact that resource use increased with species richness, we can con-
clude that the invader’s (in)ability to exploit available resources played a 
direct role in its fate. Interestingly, the lower amount of variation explained 
in the assemblage experiment is likely caused by the fact that there is a larger 
variability of niche overlap between E. coli and soil bacterial communities 
at low levels of diversity, as witnessed in chapter 3 when gauging E. coli’s 
competitive ability against only one competing strain. Furthermore, results 
from chapter 3 indicated E. coli has a significantly lower rate of resource 
use and competitive ability when compared to the 40 randomly isolated 
strains used in the in vitro experiment. This alone would severely hamper 
E. coli’s access to resources in natural settings.

Along the lines of resource availability, one prediction of ecological 
theory is that high levels of resources should annul any relationship between 
diversity and invasion (Davis et al. 2000). We hypothesized in chapter 4 
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that an addition of resources to the community should increase the suc-
cess of the invader. In line with our prediction, we seemingly restarted 
the invasion process with an addition of D-galactose. Only two days after 
the addition, we began to observe the suppression of competition, as E. 
coli grew over 3 log units in three diversity treatments, to rebound to near 
inoculation levels. The relationship between richness and E. coli abundance 
also became less and less negative from 2, 5, and 10 days after the addition 
of D-galactose. And the communities’ capability to use D-galactose, sig-
nificant in explaining the abundance of E. coli two days after the resource 
pulse, failed to explain invader abundance 5 and 10 days after the pulse.

Chapter 4 witnessed an alteration of the soil microbial community’s 
invasion resistance due to the addition of a resource pulse. Further evidence 
from chapter 5 similarly suggests that, globally, the invasion resistance 
mechanism is a pliable and fluctuating property of the soil community. 
Chapter 5 introduced the Buinen (B) gradient as a multiplier of the variety 
and number of community compositions examined; consequently both W 
and B gradients showed that niche breadth and niche structure of commu-
nities were altered upon invasion. In other words, the introduction of E. 
coli caused the communities not only to increase the number of resources 
they could consume (niche breadth), but also to shift the type of resources 
they were consuming (niche structure). Coupled with decreases in invasion 
resistance after a resource pulse, as observed in chapter 4, these corrob-
orating results suggest that resource alterations and subsequent invasions 
will cause the invasion resistance mechanisms of any given community to 
display temporal alterations. Therefore, invasion resistance may increase 
or decrease depending on the availability of resources and introductions 
of potential invaders. While an increase in resource availability is likely to 
decrease invasion resistance to a large subset of invaders (any invader that 
is capable of using the newly available resource), subsequent invasions may 
only decrease invasion resistance to the same invader. As suggested in chap-
ter 5, alterations of niche breadth and structure may actually make it easier 
for a secondary E. coli invasion because E. coli seemed to displace some 
members of the native community. Alternatively, a subsequent invasion by 
a different invader may or may not experience decreases in the community’s 
invasion resistance as a result of past invasion attempts by other invaders. 
This is because it has not had an opportunity to “condition” the community. 
These queries can be answered by comparing successive invasions of the 
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same and different invaders in the same community. Furthermore, although 
it would be difficult to calculate the remaining niche breadth of the same 
invader at successive invasion attempts, since the difference between the 
invaded community’s and invader’s resource use profile would merely cancel 
each other out, it would be possible to track the remaining niche breath 
of different invaders that harbor different niche capabilities at successive 
invasion attempts. This would provide opportunities for observing how 
alterations in niche breadth and structure from previous invasions affect 
the current invasion resistance mechanism.

In general, the low competitive ability for E. coli observed in chap-
ter 3 highlights the different ecological capabilities of E. coli vis-à-vis any 
soil-borne bacteria: it shows the inherent disadvantage E. coli has when 
introduced into soil systems. E. coli is a primary resident of the mammalian 
gut and is not adapted to survive extended periods of time in the soil. Thus, 
upon introduction into soil it is faced with the ecological reality that not 
only are resources scarce but there is a low probability that it has a com-
petitive advantage on any available resource. Furthermore, the resources in 
the soil are more complex that the simple sugars E. coli profits fromin the 
mammalian gut. Given the general scarcity of easily available resources in 
the soil (van Elsas and Jansson 2007), the chances of E. coli becoming an 
autochthonous member of the soil community are slim. Any outcome of 
a successful E. coli invasion, one such as is detailed in chapter 2, would 
likely have to coincide with a resource pulse and perhaps (discussed later), 
a mutation during growth sustained on the resource pulse.

Invasion impact

The invasion of E. coli in the dilution-to-extinction and assemblage micro-
cosm experiments—chapters 3, 4, and 5—were not successful invasions. 
That is to say, within the context of our invasion framework, described in 
chapter 2, E. coli could not crack the barrier of biotic resistance and was 
stuck in the establishment phase. Although growth may have occurred at the 
micro level (i.e., soil pore), our methods were not designed to nor sensitive 
enough to detect such activity. Our observations were of E. coli popula-
tions constantly ebbing until death. Since the patterns and mechanisms of 
invasion were revealed in chapters 2, 3, and 4, the aim of chapter 5 was 
to examine the impact of invasion through an analysis of alpha diversity, 
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taxonomic structure, niche breadth, and niche structure of bacterial com-
munities before and after invasion. Furthermore, as previously described, 
chapter 5 introduced an additional diversity gradient, the Buinen ‘B’ gra-
dient, constructed with the same 10-1, 10-3, and 10-6 diversity treatments 
as the W gradient, in an effort to increase the robustness of our analyses.

Impacts were observed in the form of shifts in alpha diversity, taxonomic 
structure, niche breadth, and niche structure of these communities upon 
invasion. Interestingly, shifts of taxonomic structure were also associated 
with slight increases in alpha diversity, specifically OTU richness, evenness, 
and phylogenetic diversity. Also, the examination of niche breadth and 
structure based on an array of 71 carbon sources indicated that the niche 
breadth of communities increased upon invasion, and this was associated 
with shifts in niche structure. This increase was not merely the result of 
invader additions to the communities. Between the 10-1 and 10-3 commu-
nities of W and B gradients, 67% to 75% of the gained niches, ranging 
between a total of 16 and 21 carbon sources, were due to resident individ-
uals, not the invader. While residents explained 45% and 43% of the niche 
breadth increases in the W-6 and B-6 community, respectively, this lesser 
proportion was most likely due to the low diversity of these communities 
and high abundance of the invader.

The nature of the observed impacts is likely a product of resource 
competition between E. coli and the resident community. The most par-
simonious explanation for these increases may be that the addition of the 
invader fostered competition between some of the more dominant individ-
uals in all the communities, thereby relieving competitive pressure on rare 
species that allowed them to explore previously unoccupied niches. This 
notion is supported by our pyrosequencing data for the 16S rRNA gene, 
which revealed that several common OTUs between diversity treatments 
of both gradients increased while others decreased. This also implicates 
the invader in direct competition for resources with similar species across 
treatments. This type of effect has been seen before. The introduction of 
the bacterial invader Limnohabitans planktonicus into a four species model 
community most likely resulted in direct resource competition between L. 
planktonicus and Aeromonas hydrophila. This caused the A. hydrophila pop-
ulation to decrease, upon which a significant increase of two other species, 
Arthrobacter agilis and Flavobacterium sp., was observed (Hornak and Corno 
2012). Furthermore, the impact and community response to invasion were 



1 4 6  |   S O I L  M I C RO B I A L  I N VA S I O N S

disproportionately felt in the 10-6 communities—their shifts in taxonomic 
and niche structure were the most extreme. Since resource competition is 
weakest when diversity is compromised, as revealed in chapter 4, this is a 
clear indication that same mechanisms that control invasion resistance—
resource use and resource availability—also control the impact of invasions.

The impacts of invasion that were observed in chapter 5 contradicted 
the invasion framework hypothesized in chapter 2. This is because even 
though an E. coli invasion was not successful, it still managed to impact 
the community. We had originally hypothesized that impacts would only 
be caused if an invader breached the establishment phase, managed to 
grow, displaced resident individuals, and thereby caused an impact to the 
native community. However, we have shown in chapter 5 that even an 
unsuccessful invasion will still cause impacts. While this does not mean 
that an invader en route to becoming an autochthonous member of the 
soil microbial community won’t have to breach the biotic resistance of the 
establishment stage to become successful, it does mean that impacts can 
be felt apart from the invader’s ultimate success or failure, and, moreover, 
at any stage of our proposed invasion process. Furthermore, the fact that 
impacts were observed suggests that E. coli growth might have occurred 
upon invasion, but it was likely blurred by the general decline of the popu-
lation and/or, as suggested previously, occurred at the level of the soil pore, 
where we could not detect it. This further suggests that E. coli does not 
merely survive in secondary environments but can retain some semblance 
of the r-strategist lifestyle when outside the host, in active competition for 
resources or making use of unused resources. Therefore, although growth of 
E. coli seemed to occur, no autochthonous and self-sustaining population 
was created. Even if E. coli did manage to outcompete some soil bacteria for 
resources, those resources may have only supported short-lived populations. 
And, any further expansion of invading populations would be hampered 
by E. coil’s inability to partition or outcompete with other residents that, 
as our results in chapter 4 show, is severely limited as diversity increases. In 
all, biotic resistance is the collective effect of the resource use capabilities of 
all resident individuals. Some residents may be weak competitors, and their 
relent upon invasion may cause larger structural and niche shifts upon inva-
sion that impact the community. However, even if one or a few residents 
are competitively challenged, the cumulative effect of the entire community 
creates the invasion resistance mechanism. Thus, absent a resource pulse or 
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evolutionary adaptation, there is a likelihood that an invader ill-adapted 
to soil and unable to compete with different residents for resources will 
eventually perish.

Although beyond the scope of this thesis, another potential impact of 
invasions could be the evolution of evolved invader forms whose acquired 
adaptations enhance their competitive ability in secondary environments. 
We tested whether the inoculated, ancestral version of E. coli differed from 
populations re-isolated from soil at Day 28 in chapter 5. When tested 
on an array of 71 carbon sources, we found no differences in the ances-
tral and (potentially evolved) reisolated forms. Nevertheless, the search for 
advantageous mutations should not be dismissed. This is because resource 
competition can lead to mutation and adaptive radiation in bacteria (Rainey 
and Travisano 1998). Furthermore, an experimental evolution experiment 
recently showed that several evolved forms of E. coli, all from a single ances-
tor, acquired a mutation in their galR gene, a galactose repressor, which 
caused them to use galactose (Puentes-Tellez et al. 2013). It is worthy of 
note that this result was confirmed by using the same profiling system 
employed throughout this thesis (i.e., Biolog microtiter plates) with a sim-
ilar set of resources. Given the prosperous growth of E. coli observed in 
chapter 4 after a resource pulse, such a situation would provide the ideal 
scenario for mutations to arise. In the natural world, rapid evolution of 
certain E. coli strains has been observed via the acquisition of plasmids, 
bacteriophages, and genomic islands of other classes, and although there 
is no causal link with resource competition, these genomic changes may 
increase E. coli’s survival in low resource environments (Grad et al. 2013; 
as described in chapter 2). In all likelihood, any chance E. coli has of an 
initial successful invasion will involve an ample supply of resources that can 
support growth and the chance to acquire beneficial mutations to improve 
ecological competitiveness outside its host.

The continuum of cooperation in microbial communities  
and its potential influence on invasion

Cooperation among bacteria is a phenomenon that is becoming more and 
more appreciated. The benefits of a cooperative lifestyle appear to come in 
the form of resistance to predation (Koh et al. 2012), enhanced toleration to 
harmful chemicals and antimicrobials (Lee et al. 2014), and the sharing of 
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public goods (Griffin et al. 2004, West et al. 2006, Morris et al. 2012). The 
novelty of our results in chapter 6 lies first in our discovery of a new coop-
erative interaction: completely emergent functions, where a strain not able 
to perform a function alone was able to carry out the function in association 
with another species. This effectively created a new, “emergent” function 
or trait that was present between the two individuals. Interestingly, emer-
gent substrate degradation was observed in an interaction between E. coli 
and the distantly related Gram-positive bacteria Microbacterium foliorum 
on the substrate D-cellobiose. This indicates that an evolutionary history 
may not be a prerequisite for emergence. Our results are unique because 
we found evidence that both synergistic and emergent interactions can be 
present in the same strain pair when the ratio of cells is different. While 
combinations between E. coli and either M. foliorum or Collimonas arenae 
were found to be emergent when E. coli cells were at a 1:5 disadvantage, 
a mix of interactions—from no interaction to synergistic interactions to 
emergent interactions—were found at an even cellular ratio on the carbon 
sources D-cellobiose and L-serine. Overall, these results indicate that a close 
phylogenetic relatedness and evolutionary history is not necessary to engage 
in cooperative interactions. It also showcases that synergism and emergence 
are not completely separate entities. Rather, they appear to belong on a 
continuum of interactions that is dependent, partially at least, upon cellular 
ratio. In the context of an invasion, these interactions may aid or deter the 
chances of a successful invasion.

Our results, paired with other findings, indicate that synergism encom-
passes a range of interactions, from ‘synergistic enhancement’ to ‘synergistic 
trigger’ to ‘complete emergence’. If these interactions were involved in aiding 
an invader, it would be through ease of access to limiting resources via the 
cooperative behavior. Interestingly, just as our results from chapter 4 indi-
cate that invasion increases with a proliferation or pulse in resource supply, 
so too does the probability of bacteria evolving and sustaining cooperative 
interactions (Brockhurst et al. 2008). Among Pseudomonas aeruginosa, the 
production of secreted iron-capturing siderophores is also susceptible to 
cheating genotypes, and the fitness of non-cheating, cooperative P. aeru-
ginosa has been shown to increase with resource supply (Brockhurst et al. 
2008). Thus, increased resource supply may increase invasibility not only by 
decreasing resource competition, as shown in chapter 4, but also by favoring 
the evolution of cooperative interactions between the invader and natives.
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Alternatively, synergism may create a competitive barrier that is dif-
ficult for an invader to penetrate. The recently conceived ‘black queen 
hypothesis’ posits that organisms living in close association may lose the 
genetic capability to perform vital functions, as long as those functions 
and genes are maintained by organisms in the community (Morris et al. 
2012). One assumption of the black queen hypothesis is that adaptive 
gene loss occurs for so-called “leaky” functions—functions that are per-
formed outside rather than inside the cell. One such example is reduction 
of hydrogen peroxide (toxic at high levels) in aquatic environments via the 
production of catalase-peroxidase; another classic example is iron capture 
by siderophores (Morris et al. 2012). In essence, adaptive gene loss creates 
networks of closely associated bacteria that rely on each other for survival. 
These networks may manifest themselves as biofilms, which collectively 
resist threats from predation, high concentrations of chemicals, or sec-
ondary metabolites (Burmølle et al. 2015). Moreover, they may produce a 
large range of antibiotics to thwart invaders. Understanding the net effect 
of cooperative interactions that, from the community perspective, increase 
invasion resistance, and from the invader perspective, alleviate resource 
competition, will require further experimentation. One aspect that we did 
not test in this thesis is whether the synergistic and emergent interactions 
scale with phylogenetic distance. Operating under the assumption that close 
relatives are harsh competitors vying for the same resources, by contrast, 
synergistic and emergent interactions may form when relatedness is low in 
an effort to increase their niche breadth and to mitigate competitive effects 
from relatedness.

Conclusions

This thesis began with an idea that microorganisms and their associated 
communities may share a common invasion process. Using general eco-
logical and microbiological principles, we have examined the patterns, 
major mechanisms, impacts, and interactions that contribute to the process 
(Figure 7.1). In sum, microbial invasions are a phenomenon that frequently 
occur in nature in a variety of different forms. Whether they are infections 
spread among human populations or unnoticed microbial invasions of 
agricultural fields, the microbiostatic nature of the native community will 
hamper their spread and growth. We have shown in this thesis that the 
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strength of biotic resistance is a direct function of community diversity. In 
clear accordance with general ecological principles, it is not diversity per 
se that inhibits invasion but rather that lack of available resources upon 
which invading populations can find sustenance. Furthermore, we have 
shown, also in accordance with general ecological theory, that high levels 
of resource supply can uncouple any relationship between diversity and 
invasion. Although this thesis is limited to examining the dynamics of 
invasion in one invader and, at most, soils of two origins, the metrics that 
we have developed to quantify competition and invader niche potential can 
be used to predict an invasion’s outcome in other systems.

In contrast to invasions of higher organisms, our invaded systems 
displayed an enormous flexibility upon invasion, resulting in shifts in 
bacterial community structure, niche breadth, and niche structure. This 
represents a fundamental difference between macro and micro invasions 
because until now biological invaders were only thought to cause impacts 
if they became autochthonous members of the community and managed 
to spread in their introduced environment. This results in a renewed call 
to examine E. coli’s physiology outside its host. Whether bacteria can 
enter a viable but non-culturable state is still enigmatic, and the dis-
placement of community members and niches upon invasion suggests 
E. coli can maintain some semblance of an r-strategist outside the host in 
the competition for resources. Also, this suggests invasion resistance in 
microbial communities is not a static but rather a dynamic phenomenon. 
The invasibility of a community is thus likely to change with successive 
invasion attempts and disturbances that can alter community structure 
and resource use.

Lastly, this thesis has also made it clear that beside a propensity for com-
petitiveness, by which high diverse microbial systems are often described, 
there is a potential for cooperative behavior. Although it remains unclear 
to what extent cooperative behavior contributes to, or even possibly 
counteracts, invasion resistance, the novelties of synergistic and emergent 
interactions are clear indications that a microbial community is much more 
than the sum of its parts. Testing the full gamut of invasion resistance 
mechanisms requires incorporating trials of various ecological strategies, 
such as antagonism and cooperation, to understand how each contributes 
to the higher order resource use mechanism that ultimately creates the 
resistance barrier.
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Outlook and future perspectives
Practical applications

Many practical applications of microbiology induce microbial invasions 
to achieve a certain aim. Several types of bacteria are used to control soil-
borne plant pathogens (Weller 1988), and, similarly, many different types 
of bacteria, most notably the rhizobia, are used to improve plant growth 
and crop yield (Vessey 2003). Bacteria are also used as probiotics in order 
to confer some health benefit, often by displacing a harmful invader in the 
human gut (Wohlgemuth et al. 2010, Oelschlaeger 2010). Common to 
these examples is a phenomenon similar to E. coli soil invasions: their inva-
sions are often unsuccessful and short-lived. Although many remedies have 
helped in increasing the survival time of these microbial applications, such 
as introducing them in protective capsules or the coincidental addition of 
resources (Rokka and Rantamäki 2010, van Veen et al. 1997, Schrezenmeir 
and de Vrese 2001), their invasions are still unsuccessful in the long-term, 
and their efficacy is still compromised. In the same way that E. coli fails to 
invade soil, these induced invasions are likely stymied by the biotic resis-
tance of the native community, and this can mean successive applications 
are necessary to achieve the desired result. However, recognizing that biotic 
resistance is behind the mechanism controlling invasion resistance and then 
harnessing the fact that this thesis has shown the increased competitive 
ability on limiting resources may result in a successful invasion provides a 
worthy avenue to improve the aforementioned applications.

Similar to the production of vaccines, where new antigens or attenuated 
pathogens are produced on a constant basis, effective probiotics, biocontrol, 
and growth-promoting plant strains could be engineered in vitro in order 
for effective in vivo displacement of harmful microorganisms. Like vaccines, 
these “control” strains would thus be specific to certain strains in the applied 
environment, be it a harmful bacteria that is infectious or resident bacteria 
of a certain environment that occupies a certain niche. Given that this 
thesis has established that invading individuals able to survive off the lowest 
level of limiting resource will survive and persist, this could be achieved by 
isolating the pathogenic or harmful strain from the affected environment 
and determining what resources limit its growth. Then the pathogenic strain 
could be genetically engineered for attenuated virulence and enhanced 
growth capabilities on limiting resource(s). This enhanced “control” strain 
could then be reinoculated back into the affected environment to displace 
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the ancestral pathogen via resource competition. A procedure of this sort 
represents a specific and targeted approach that can be customized for any 
pathogen. And since there are a myriad of constantly evolving pathogens 
, this avenue may have the potential to foster an industry dedicated to 
engineering bacterial “control” strains.

In sum, the concepts of an invasion framework, biotic resistance, 
and the overarching diversity-invasion effect can be incorporated into 
new approaches, such as the one conjectured above, to displace perni-
cious microbes in a variety of systems. In the realm of human health, 
these approaches also represent an alternative to antibiotics, whose overuse 
has created so-called superbugs that are difficult to eliminate. Given that 
the usefulness of antibiotics does not last in perpetuity, but is fragile and 
dependent upon evolved bacterial resistance, our proposed approach to 
outcompete harmful microorganisms may also provide a long-term and 
sustainable solution to an ongoing problem.

E. coli

Lastly, we can’t forget E. coli. For all we know, there’s more we don’t know. 
And this work proved there is indeed more we don’t know. As alluded to 
in the conclusions and throughout the discussion, understanding E. coli’s 
physiology outside the host will lead to a better understanding of how 
invasion impacts are generated and of its cellular response when introduced 
into external environments. Using a transcriptomic approach to study the 
amount of rpoS gene products, which are involved in E. coli’s stress response, 
could indicate when (and if ) this high, regulatory gene is activated and 
what cellular functions it triggers. In order to avoid transcriptomic inter-
ference from the native community, this type of experiment could be done 
in sterilized soil where carbon is leeched and then replaced back into soil 
treatments defined by a resource gradient. Simply inoculating E. coli into 
this resource gradient and periodically measuring transcripts could indicate 
the physiological state of E. coli in resource limited environments.
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Figure 7.1. Flowchart of thesis questions and results
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Appendix A

PCR-DGGE based estimated richness of dominant types (numbers of bands) across 
treatments for 16S rRNA gene based bacterial (fi lled bars) and 18S rRNA gene based 
fungal (empty bars) patterns in the dilution-to-extinction experiment. Bars represent mean 
values (± standard deviations) of three replicates from three sampled experimental points 
(3, 30 and 60 days). NAT, natural soil; 101, 101-F, 103 and 106 treatments, see legend to 
Figure 3.3 (main text). a, b, c, d and combinations: statistical class at P < 0.05.
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Appendix B

Relationship between Escherichia coli strain T population dynamics (log cfu g-1 soil) and 
the relative richness (Sr) of microbial species from the dilution to extinction experiment, 
60 days after pathogen inoculation. Relative richness was estimated from PCR-DGGE 
of dominant types of total bacteria (a), fungi (b), pseudomonads (c), Bacillus species (d), 
and Actinobacteria (e). Symbols indicate individual replicates of treatments. Th e richness 
of all microbial groups tested signifi cantly aff ected pathogen survival, except for bacilli, 
as indicated by linear correlations between E. coli survival and relative richness. Crosses 
-control (non-inoculated microcosms); open triangles - 106 treatment (number indicates 
the dilution factor of the sample microbial community); stars - 103; open circles - 101; open 
squares - 101-F (F indicates sequential fi ltering over membrane fi lters to remove higher 
organisms including protozoa); open diamonds - natural soil.
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Appendix C

Relationship between the amount of resource utilized by bacterial communities and 
community richness. Resource utilization was calculated by averaging the amount of 
carbon utilized (area under the curve) by each community, over the individual carbon 
sources present in Ecoplate (n = 31). Resource utilization is described in “omnilog units,” 
which is determined by the intensity of the color development in each well of the Ecoplate 
(R 2 = 0.39, P < 0.0001; Resource utilization = 3977.2*ln (species richness) + 3,270). 
One-way ANOVA indicated that the means between the rates of each community were 
signifi cantly diff erent (F[3,120] = 29.07; P = 0.0001).
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Appendix D

Supplementary Discussion. Previous experiments, in which the fate of E. 
coli in soils has been addressed, have indicated that the indigenous micro-
biota is an important factor in E. coli survival (Franz et al. 2005, Jiang et 
al. 2002, van Elsas et al. 2007, Lejeune and Kauffman 2005, Westphal et 
al. 2011). In none of these cases, however, was the microbial diversity of 
the system manipulated, resulting in the premise that the effects observed 
could also be attributed to factors such as soil type, origin and manage-
ment. In contrast with other studies, the goal of our experiment was to use 
manipulated diversity (species richness) in one system to understand the 
effect on invasibility, instead of comparing different environments that E. 
coli could inhabit. In summary, our collective data indicate that the sur-
vival of the bacterial pathogen exemplified by strain T is strongly limited in 
microbiologically-diverse soil, but higher in biologically-compromised soil. 
This inverse relationship between survival of the invading E. coli strain and 
the extent microbial diversity extends a central hypothesis concerning the 
ecosystem biodiversity-invasibility issue to microorganisms (i.e., that at pro-
gressively lowered soil microbial diversity values increasing establishment 
of an invading species is possible). Resource-based niche theory provided a 
plausible explanation for microbial community invasibility.

By addressing species interactions in a multitude of niches, for 
instance, by determining the niche breadth and niche overlap (Salles et 
al. 2009), it might be possible to determine the exact extent to which 
resource competition determines the invasibility of soil communities by 
bacterial pathogens. Moreover, as suggested in the main text, mechanisms 
additional to competitiveness in resource capture and utilization may 
be invoked to explain the fate of the invader, as well as its progressive 
disappearance in later stages in low-diversity communities. Antagonism 
against the invader, such as exhibited by antibiotic-producing organisms 
or predators, may have played a role. Assembling bacterial communities 
that vary both in terms of their niche (Salles et al. 2009) and in the 
numbers and types of antagonists and predators will determine the contri-
bution of each of these mechanisms to the microbial diversity-invasibility 
relationship as well as community invasibility in response to these factors 
and trade-offs therein.
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Appendix E

Broken stick assembly of communiites in the assemblage experiment. We 
began by randomly suffling the pool of 75 strains into 3 groups, which were 
created into 10 sticks of 30 species (in yellow). These sticks were broken to 
create 12 sticks of 10 specise (green), and those sticks were further broken 
to create 24 sticks of 5 species (brown). Each stick represents a community, 
the top row indicating the species richness level and replicate number (e.g., 
30R1 = 30 species; Replicate 1).
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Appendix F

Quantification of bacterial abundance in the diltution-to-
extinction experiment via quantitative PCR

DNA was extracted using 0.5 g of soil with the powersoil DNA extraction 
kit (MOBIO, Carlsbad, California, USA) according to the manufac-
turer’s instructions, except that 0.25 g of 1 mm glass beads were added 
in the first step in order to aid in cell lysis. DNA concentration was 
quantified using PicoGreen dsDNA assay (Invitrogen, Paisley, UK). 
The V5-V6 region of the 16S rRNA gene was amplified using forward 
primer (3’-GGTAGTCYAYGCMSTAAACG-5’) and reverse primer 
(3’-GACARCCATGCASCACCTG-5’) (Bach et al. 2002). For each 
reaction, 12.5 µl of Power SYBRgreen master mix (Applied Biosystems, 
Carlsbad, California, USA) was added with 0.75 µl of each primer, 10 µl 
of ultrapure water, and 1 µl of template DNA. The cycling program began 
with a 10 minute denaturation phase at 95 oC, followed by 40 cycles of 
denaturation at 95 oC for 27 seconds, annealing at 62 oC for 1 min, and 
extension at 72 oC for 30 seconds. Quantification was carried out in the ABI 
Prism 7300 Cycler (Applied Biosystems, Foster City, California, USA). The 
standard curve came from plasmid DNA, where the 16S rRNA gene from 
Serratia plymuthica was cloned into the pGEM-T plasmid was used as a 
standard template with concentrations ranging from 106 to 101 copies / µl.
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Appendix G 

Quantification of Initial Species Richness with 454 
Pyrosequencing in the Dilution-to-Extinction Experiment

Using the same extracted DNA that was used for 16S quantitative PCR as 
a template, libraries of individual samples from Day 0 were amplified with 
forward primer ( 5’-TGYCAGCMGCCGCGGTA-3’) and reverse primer 
(5’TCACGRCACGAGCTGACG-3’) with a unique 10 base pair molecular 
identification tag for each sample. One 25 µl PCR reaction contained 2.5 µl 
of 10X PCR Buffer, 1.8 µl of 25 mM MgCl2, 0.5 µl of dNTPs, 0.25 µl of 
20 mg/mL Bovine Serium Albumin, 0.5 mM of each primer with an initial 
concentration of 10 uM, and 0.25 µl of high fidelity taq polymerase (Roche 
Diagnostics GmbH, Mannheim, Germany). The reaction was adjusted with 
water to reach 25 µl. The PCR reaction began with an initial denaturing 
step for 5 minutes at 95oC, followed by 30 cycles of denaturation for 40 
seconds at 95oC, annealing for 45 seconds at 60oC, and elongation for 30 
seconds at 72oC. The reaction was completed with a final elongation step 
of 10 minutes at 70oC.

PCR products were then visualized via staining with ethidium bromide 
on a 2.5% agarose gel that had run for 5 hours at 70 volts. 16S bands 
were excised from the gel and DNA was extracted and purified using the 
QUIquick Gel Extraction Kit according to the manufacturer’s instructions 
(Quiagen GmbH, Hilden, Germany). DNA quantity of purified PCR prod-
ucts were then quantified using the PicoGreen dsDNA flourescece assay 
(Invitrogen, Paisley, UK), equimollarly pooled, and sent for sequencing via 
the Roche GS-FLX pyrosequencer with titanium chemistry at Beckman 
Coulter Genomics (Danvers, MA, USA).
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Appendix H

Rarefaction curves of 16S pyrosequencing data for diversity treatments in the removal 
experiment. Each data point represents the average number of sequences obtained for 
three replicates. Although no curve reached a definitive plateau, the spread between the 
high diverse treatments (10-1 and 10-3) and low diverse treatment (10-6) indicates that 
estimations of species richness are reliable between treatments.
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Appendix D. Rarefaction curves of 16S pyrosequencing data for diversity treatments in the removal 
experiment. Each data point represents the average number of sequences obtained for three replicates. 
Although no curve reached a de�nitive plateau, the spread between the high diverse treatments 
(10-1 and 10-3) and low diverse treatment (10-6) indicates that estimations of species richness are 
reliable between treatments. 
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Appendix I

Quantification of Resource Use Capacities in the Dilution-
to-Extinction Experiment: Biolog’s high cell density 

phenotypic microarray protocol

Specifically, in accordance with Biolog’s high cell density phenotypic 
microarray protocol, 2 mL of a 1000x soil dilution, 8 mL of biolog’s IF-0a 
inoculation fluid, 0.12 mL of biolog Dye D, and 1.88 mL of sterile demin-
eralized water were used to inoculate one biolog GEN III plate. 100 µl of 
this mix was inoculated into each well of the GEN III plate. Two replicate 
plates were used for each microcosm. Carbon source utilization was mea-
sured every 15 minutes for 48 hours in Biolog’s Omnilog machine, similarly 
to the protocol used for bacterial strains.
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Appendix J

Processing 16S of Pyrosequencing Data

Raw pyrosequencing data was treated with the Quantitative Insights Into 
Microbial Ecology (QIIME) pipeline (Caporaso et al. 2010). 16S rRNA 
partial bacterial sequences were trimmed to a minimum and maximum 
length of 300 and 900 basepairs, respectively, with a threshold quality score 
of >25. Sequences with ambiguous or mismatched bases were thrown out, 
as were sequences exceeding 6 homopolymer bases. The data were denoised 
with Denoiser (Reeder and Knight, 2010). The resulting sequences were 
then clustered into operational taxonomic units (OTUs) at 97% sequence 
similarity using UCLUST, and a representative sequence for each OTU was 
selected (Edgar 2010). Chimeric sequences were identified and removed 
using ChimeraSlayer (Haas et al. 2010). Representative OTUs were aligned 
using PyNast (Caporaso et al. 2010) and then classified using Greengenes 
taxonomy via RDP classifier (Wang et al. 2007). Gaps in the sequence align-
ment were filtered, and a phylogenetic tree was constructed de novo using 
FastTree (Price et al. 2007). In order to minimize the effects of sequencing 
depth between samples when estimating species richness, our samples were 
rarefied to a depth of 2000 sequences per sample. Finally, QIIME was 
used to assess species richness, which was the number of unique OTUs 
per sample.
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Appendix K

Total culturable bacterial counts of diversity 
treatments across all sampling days. 

Bars represent the standard error of the mean, and letters represent signifi cant diff erences 
among diversity treatments sampled at diff erent days.
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Appendix L

E. coli survival in the B gradient. 

E. coli survival is shown at all E. coli sampling days throughout the experiment in the B 
community (see Mallon et al. 2015 for W community). Bars represent the standard error 
of the mean. Th e dashed lines in the 10-1 and 10-3 treatments indicate that E. coli was 
below the detection limit (500 cfu/gram soil) upon sampling at day 75.
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Appendix M

OTU evenness before and after invasion. 

Bars represent standard error of the mean.
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Appendix N

Rarefaction curves
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Appendix O

A table of the 40 soil-isolated strains  
and their available identifications

Strain 
Number Closest 16S rRNA Hit NCBI Closest 

Hit’s Accession #
Similarity to 
Closest Hit

Strain 1 Stenotrophomonas maltophilia NR_074875  99%

Strain 2 Unsequenced

Strain 3 Pseudomonas putida NR_074739 99%

Strain 4 Arthrobacter sulfonivorans NR_025084 99%

Strain 5 Microbacterium foliorum NR_025368  98%

Strain 6 Rhodococcus wratislaviensis NR_026524 99%

Strain 7 Arthrobacter phenanthrenivorans NR_074770 99%

Strain 8 Stenotrophomonas maltophilia NR_074875 99%

Strain 9 Unsequenced

Strain 10 Unsequenced

Strain 11 Burkholderia cenocepacia NR_074686 99%

Strain 12 Unsequenced

Strain 13 Erwinia persicina NR_119364 99%

Strain 14 Microbacterium paraoxydans NR_025548 99%

Strain 15 Collimonas funivorans NR_074756 98%

Strain 16 Burkholderia phytofirmans NR_102845 100%

Strain 17 Pseudomonas poae NR_102514    99%

Strain 18 Raoultella ornithinolytica NR_102983 99%

Strain 19 Burkholderia rhynchosiae NR_116248 98%

Strain 20 Burkholderia grimmiae NR_118268 99%

Strain 21 Unsequenced

Strain 22 Unsequenced NR_117032

Strain 23 Bacillus bataviensis NR_036766 99%

Strain 24 Unsequenced NR_117032 99%
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Strain 
Number Closest 16S rRNA Hit NCBI Closest 

Hit’s Accession #
Similarity to 
Closest Hit

Strain 25 Arthrobacter sulfureus NR_026237 98%

Strain 26 Arthrobacter sp. NR_074590 95%

Strain 27 Unsequenced

Strain 28 Unsequenced

Strain 29 Unsequenced

Strain 30 Paenibacillus mendelii NR_041929 95%

Strain 31 Leifsonia lichenia NR_112644 99%

Strain 32 Unsequenced NR_117032 99%

Strain 33 Bacillus aryabhattai NR_115953 99%

Strain 34 Arthrobacter phenanthrenivorans NR_074770 89%

Strain 35 Arthrobacter phenanthrenivorans NR_074770 89%

Strain 36 Mycobacterium sediminis NR_109733 97%

Strain 37 Paenibacillus tundrae NR_044525 99%

Strain 38 Unsequenced

Strain 39 Pseudomonas migulae NR_024927 99%

Strain 40 Collimonas arenae NR_042824 99%

Unsequenced strains were termed such because their initial sequencing was poor quality 
and should be performed anew.
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Appendix P

The 31 carbon sources  
and the respective compound class of each.

Well # Carbon Source Compound Group

A02 Beta-Methyl-D-Glucoside Carbohydrate

A03 D-Galactonic Acid Carboxylic and ketonic acids

A04 L-Arginine Amino acids

B01 Pyruvic Acid Methyl Ester Carbohydrates

B02 D-Xylose Carbohydrates

B03 D-Galacturonic Acid Carboxylic and ketonic acids

B04 L-Asparagine Amino acids

C01 Tween 40 Polymers

C02 i-Erythritol Carbohydrates

C03 2-Hydroxy-Benzoic Acid Carboxylic and ketonic acids

C04 L-Phenylalanine Amino acids

D01 Tween 80 Polymers

D02 D-Mannitol Carbohydrates

D03 4-Hydroxy Benzoic Acid Carboxylic and ketonic acids

D04 L-Serine Amino acids

E01 Alpha-cyclodextrin Carboxylic and ketonic acids

E02 N-Acetyl-D-Glucosamine Carbohydrates

E03 Hydroxybutyric Acid Carboxylic and ketonic acids

E04 L-Threonine Amino acids

F01 Glycogen Polymers

F02 D-Glucosaminic Acid Carboxylic and ketonic acids

F03 Itaconic Acid Carboxylic and ketonic acids

F04 Glycyl-L-Glutamic Acid Amino acids

G01 D-Cellobiose Carbohydrates

G02 Glucose-1-Phosphate Carbohydrates

G03 Alpha-Ketobutyric Acid Carboxylic and ketonic acids

G04 Phenylethyl-amine Amines/amides

H01 alpha-D-Lactose Carbohydrates

H02 D.L-alpha-Glycerol Phosphate Carbohydrates

H03 D-Malic Acid Carboxylic and ketonic acids

H04 Putrescine Amines/amides
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Appendix Q

Carbon source classes and the number of 
(a) synergistic and (b) emergent interactions observed. 

Bars represent standard error of the mean. Th e polymer bar in panel back lacks a standard 
error bar because it represents only one carbon source.
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Biological invasions were until recently synonymous only with macroorganisms 
due to the long held belief that anything smaller than one millimeter was homog-
enously distributed on Earth and lacked an indigenous territory. However, the 
advent of high-throughput DNA sequencing technology and subsequent detailed 
characterization of microbes from environmental samples revealed that organisms 
inconspicuous to our naked eye could indeed exhibit biogeographical patterns. 
The fall of this conceptual barrier, paired with increasing reports of non-indige-
nous microbes spotted in foreign environments, has opened the door to a new 
perspective of life at the small-scale: microbial invasions.

This book opens with a compilation of what is currently known about 
microbial invasions. Using invasion theory from higher organisms as a 
guide, a simple yet powerful framework postulates that microbial invasions 
are a process of (i) introduction, (ii) establishment, (iii) spread, and (iv) 
impact. Microbiostasis, used to describe the inherent invasion resistance of 
microbial communities, is found to act as a barrier between the establish-
ment and spread phases. Further synthesis also reveals that the strength of 
this the biotic resistance mechanism is dependent upon the diversity of the 
microbial community and amount of available resources.

The following chapters describe a detailed examination of the pat-
terns and mechanisms of a microbial invasion. In a model system using 
the invasion of a non-pathogenic derivative of the bacterium Escherichia 
coli O157:H7 into soil communities, microbial community diversity is 
manipulated either by the dilution-to-extinction method or the assem-
blage approach in order to study the effects of diversity on invasion. In the 
dilution-to-extinction method, natural soil dilutions are inoculated into 
a matrix of sterile soil to create a diversity gradient mimicking the high 
diversity of natural communities. In the assemblage approach, pure bacte-
rial strains are assembled in various levels of richness and composition to 
obtain a less diverse, yet more controlled and calculated, gradient. Across 
both of these gradients, E. coli survival is indicative of the oft-cited “diver-
sity-invasion effect,” whereby invader survival is higher in lower diverse 
communities and vice versa.

These observed patterns are well predicted by the novel metrics: “com-
munity niche” and “remaining niche available to the invader.” These 
quantifications are a unique way to measure resource use based on the com-
petitive abilities of all individuals in the community (in the case of community 
niche) and the level of competition between the invader and residents (in the 
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case of the remaining niche available to the invader). As community niche 
increases, invasion decreases. At the same time, the remaining niche available 
to the invader will also decrease, indicating that competition for resources is 
a major mechanism promoting invasion resistance. Nonetheless, a linchpin 
of the diversity-invasion relationship is a low availability of resources, and 
resource pulses into select communities from the assembled gradient cause 
E. coli to rebound to near inoculation levels, even in when diversity is high.

Beyond the mechanism of resistance, the question remains whether—and, 
if so, how—an invasion impacts the resident microbial community. Using the 
dilution-to-extinction approach, these questions are answered by measuring 
four bacterial- and community-associated parameters before and after invasion: 
(i) alpha diversity, (ii) taxonomic structure, (iii) niche breadth, and (iv) niche 
structure. Despite the fact that E. coli’s invasion is never successful, impacts 
still occur. Invasion slightly increases alpha diversity and significantly shifts 
taxonomic structure. In a similar fashion, the niche breadth and niche structure 
within communities also shift. Interestingly, these alterations of taxonomic and 
niche structure are linked, and the emergence of previously rare or subordinate 
taxa that appear upon invasion account for the emergence of newly utilized 
niches. This behavior underscores the dynamic and unique nature of micro-
bial invasions, which future experiments may also show modifies the invasion 
resistance mechanism and community functioning.

In an attempt to better understand why some communities use resources 
more efficiently than others, the experimental portion of this thesis con-
cludes with examining resource use. The particular focus is examining the 
growth of several pure and isolated soil bacteria, each grown alone or in 
co-culture with E. coli. These experiments reveal that E. coli forms syner-
gistic and emergent relationships with several bacterial species, including 
Microbacterium foliorum and Collimonas arenae whose relationships with E. 
coli were tested in detail. These associations can improve the performance 
of both strains together (synergism) or trigger the activation of a particular 
function that neither strain could perform alone (emergence).

Besides helping to reveal the patterns, mechanisms, and general prin-
ciples of a phenomenon that has long existed but only recently discovered, 
these discoveries have the potential to aid many practical applications where 
the manipulations of microbial invasions are key. Such scenarios include 
the treatment of human pathogens, the effectiveness of probiotics, and the 
survival of biocontrol and biofertilizing agents.





NEDERLANDSE 
SAMENVATTING



2 0 2  |   S O I L  M I C RO B I A L  I N VA S I O N S

Tot voor kort werden biologische invasies alleen verbonden met macro-or-
ganismen. Dit omdat men in de overtuiging verkeerde dat alles dat kleiner 
dan 1 millimeter homogeen over de aarde verspreid was en geen natuurlijk 
territorium had. De komst van zogenaamde ‘deep sequencing’ technieken, 
die het DNA grondiger in kaart brengen, en de daarop volgende karakter-
isatie van microben uit verschillende omgevingen heeft hier verandering in 
gebracht. Het is nu duidelijk geworden dat voor het blote oog niet zichtbare 
organismen wel degelijk biogeographische patronen vertonen en dat hun 
verspreiding begrensd wordt door zowel biotische factoren (met een biol-
ogische oorsprong, bijvoorbeeld andere micro-organismen) als abiotische 
factoren (zonder biologische oorsprong, bijvoorbeeld de temperatuur of 
pH-waarde). Het verdwijnen van deze conceptuele barrière, gecombineerd 
met een toenemend aantal observaties van uitheemse micro-organismen 
buiten hun natuurlijke omgeving, geeft een nieuw perspectief op het leven 
op kleine schaal: microbiële invasies.

Dit proefschrift begint met een samenvatting van de huidige kennis van 
microbiële invasies. Met invasietheorie voor hogere organismen als leidraad, 
wordt een simpel maar krachtig raamwerk gevormd dat stelt dat het proces 
van microbiële invasies is in te delen in: (i) introductie, (ii) vestiging, (iii) 
verspreiding en (iv) impact. Hierin blijkt microbio-stase, de inherente bio-
tische weerstand van microbiële kolonies, een barrière te zijn tussen de 
vestigings- en verspreidingsfase. Verdere synthese laat ook zien dat de kracht 
van dit biotische mechanisme afhangt van de diversiteit van de microbiële 
samenleving (cultuur)en de hoeveelheid beschikbare grondstoffen.

De hierop volgende hoofdstukken beschrijven een gedetailleerd onder-
zoek naar de patronen en mechanismen van microbiële invasies. Hierbij 
wordt er gebruik gemaakt van een model systeem waarbij een invasie 
van een niet ziekteverwekkende afgeleide van de bacterie Escherichia coli 
O157:H7 in een grond cultuur wordt gebracht. In dit model systeem wordt 
de microbiële diversiteit gemanipuleerd door de dilution-to-extinction 
methode (een verwijderingsmethode) of de assemblage methode. Bij de 
dilution-to-extinction methode wordt een verdunningen van natuurlijke 
aarde ingebracht in een matrix van steriele aarde om een verloop in diversi-
teit te maken die de hoge verscheidenheid van natuurlijke culturen nabootst 
. Bij de assemblage methode worden pure bacteriële stammen samengesteld 
in verschillende dichtheden en samenstellingen. Hiermee wordt een minder 
diverse, maar beter gecontroleerde en gecalculeerde, gradiënt verkregen. Bij 
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beide methoden is de overleving van de indringer negatief gerelateerd aan 
de mate van diversiteit van de cultuur , wat wijst op het vaak geciteerde 
“diversiteits-invasie effect”. Daarbij zijn de effecten van diversiteit in dich-
theid sterker door de tijd. Dit resulteert in een progressieve afname van E. 
coli in verdunde en samengestelde culturen.

De gevonden patronen kunnen goed voorspeld worden door de 
nieuwe grootheden: “cultuur niche” en “overblijvende beschikbare niche 
voor de indringer.” Deze kwantitatieve grootheden vormen een unieke 
manier om het gebruik van grondstoffen te meten, gebaseerd op de com-
petitieve vaardigheden van alle individuen in de cultuur (in het geval van 
cultuur niche) en de mate van competitie tussen de indringer en origi-
nele bewoners (in het geval van overblijvende beschikbare niche voor de 
indringer). Met het toenemen van de cultuur niche neemt de invasie af. 
Gelijktijdig neemt ook de overblijvende niche die beschikbaar is voor 
de indringer af. Dit geeft aan dat de strijd voor grondstoffen een belan-
grijk mechanisme is dat weerstand tegen invasie bevordert. Niettemin is 
het belangrijkste deel van de relatie tussen diversiteit en invasie een lage 
beschikbaarheid van grondstoffen, en het injecteren van grondstoffen in 
specifieke microcosmossen van de samengestelde gradiënt zorgen ervoor 
dat de hoeveelheid E. coli terugkeert tot bijna het startniveau, zelfs wan-
neer de diversiteit hoog is.

Het blijft de vraag of, en, zo ja, hoe een invasie impact heeft op de 
bestaande microbiële cultuur. In dit proefschrift worden met behulp van de 
“dilution-to-extinction”methode deze vragen beantwoord door het meten 
van vier bacteriële- en cultuur-gerelateerde parameters voor en na de invasie: 
(i) alpha diversiteit, (ii) taxonomische structuur, (iii) niche breedte, en (iv) 
niche structuur. Ondanks het feit dat een invasie van E. coli nooit succes-
vol is, zijn de gevolgen ervan wel meetbaar. De invasie verhoogt de alpha 
diversiteit licht en verandert de taxonomische structuur significant. Op 
gelijke wijze veranderen ook de niche breedte en structuur binnen culturen. 
Opmerkelijk is dat deze veranderingen van taxonomie en niche structuur 
gerelateerd zijn. Ook is de opkomst van voorheen zeldzame of onderges-
chikte soorten, die te voorschijn komen na invasie, verantwoordelijk voor de 
opkomst van nieuw gebruikte niches. Dit gedrag benadrukt de dynamische 
en unieke aard van microbiële invasies, waarvan in toekomstige experi-
menten wellicht zal blijken dat ze de invasie weerstand en het functioneren 
van de cultuur beïnvloeden.
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Het experimentele deel van dit proefschrift sluit af met onderzoek naar 
het gebruik van grondstoffen, met als doel beter te begrijpen waarom som-
mige culturen grondstoffen efficiënter gebruiken dan anderen.. De focus 
ligt hierbij op het onderzoeken van de groei van diverse pure en geïsoleerde 
bodembacteriën, die elk alleen of in een cultuur met E. coli groeien. Deze 
experimenten laten zien dat E. coli synergistische en opkomende relaties 
vormt met verschillende bacteriële stammen, waaronder Microbacterium 
foliorum and Collimonas arenae waarvan de relatie met E.coli in detail werd 
bestudeerd. Deze relaties kunnen de prestaties van beide stammen samen 
(synergie) verbeteren of bepaalde functies activeren die geen van beide stam-
men alleen kan uitvoeren (emergence).

Deze bevindingen helpen met het onthullen van de patronen, mechanis-
men en algemene principes van een fenomeen dat al lang bestaat maar recent 
is ontdekt. Daarnaast hebben deze ontdekkingen de potentie om van nut 
te zijn bij veel praktische toepassingen waarbij de manipulaties van micro-
biële invasies essentieel is. Hieronder vallen de behandeling van menselijke 
ziekteverwekkers, het verhogen van de effectiviteit van probiotica, en het 
vergroten van de overleving van biocontrole- en biobemestingsorganismen.
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