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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 



1 4 0  |   S O I L  M I C RO B I A L  I N VA S I O N S

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 
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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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