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Abstract

Although the number of studies on invasive plants and animals has risen exponentially,

little is known about invasive microbes, especially non-pathogenic ones. Microbial

invasions by viruses, bacteria, fungi and protists occur worldwide but are much harder to

detect than invasions by macroorganisms. Invasive microbes have the potential to

significantly alter community structure and ecosystem functioning in diverse terrestrial

and aquatic ecosystems. Consequently, increased attention is needed on non-pathogenic

invasive microbes, both free-living and symbiotic, and their impacts on communities and

ecosystems. Major unknowns include the characteristics that make microbes invasive and

properties of the resident communities and the environment that facilitate invasions.

A comparison of microbial invasions with invasions of macroorganisms should provide

valuable insights into general principles that apply to invasions across all domains of life

and to taxon-specific invasion patterns. Invasive microbes appear to possess traits

thought to be common in many invasive macroorganisms: high growth rate and resource

utilization efficiency, and superior competitive abilities. Invading microorganisms are

often similar to native species, but with enhanced performance traits, and tend to spread

in lower diversity communities. Global change can exacerbate microbial invasions;

therefore, they will likely increase in the future.
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I N T R O D U C T I O N

Microbes play key roles in all ecosystems on Earth,

contributing almost half of global primary productivity

and driving major biogeochemical cycles (Field et al. 1998).

Understanding microbial community structure and function

will help us understand how diverse ecosystems function

and might re-organize in the face of global environmental

change. The rapidly evolving field of microbial ecology

investigates and applies general ecological principles to

microbial systems and is a cornerstone for studying

microbes in ecosystems. Ecological studies of microbes

cover many exciting topics such as the general patterns of

microbial diversity and distribution, interactions of microbes

with other taxa, such as plant-microbe interactions, micro-

bial competition and coexistence, and the effects of global

environmental change on microbial communities. One

aspect of microbial ecology that has not yet received much

attention is microbial invasions, especially by non-patho-

genic free-living and symbiotic microbes, including bacteria,

fungi and protists. Although there are excellent syntheses

discussing invasive pathogenic microbes and the effects of

plant invasions on microbes (Parker & Gilbert 2004; van der

Putten et al. 2007; Randolph & Rogers 2010), the general

problem of invasive non-pathogenic microbes in both

aquatic and terrestrial ecosystems has not been thoroughly

addressed, despite an increasing number of reported

invasions. In this review, I assess the current knowledge

of invasive non-pathogenic, i.e. free-living and symbiotic

(mostly mycorrhizal and rhizobial) microbes in freshwater,

marine and terrestrial ecosystems, examine published studies

to identify general patterns in non-pathogenic microbial

invasions and outline major challenges and research

directions in the field.

Ecology Letters, (2010) 13: 1560–1572 doi: 10.1111/j.1461-0248.2010.01544.x

� 2010 Blackwell Publishing Ltd/CNRS



Invasions by organisms from all major microbial domains

of life, such as viruses (although it is debated whether

viruses are true life forms), bacteria, protists and fungi, have

been reported (Briand et al. 2004; Reid et al. 2007; Allan et al.

2009; Pringle et al. 2009a). Among the invasive microbes,

pathogens of plants, animals and humans are much better

studied than the free-living or symbiotic microbial invaders,

because they are easier to detect by their impact on

macroscopic species and often have more obvious conse-

quences for communities and ecosystems (Desprez-Loustau

et al. 2007). However, non-pathogenic microbes are also

spreading, with significant impacts on communities and

ecosystems. Moreover, various genetically engineered

microbes are being introduced into the environment for

bioremediation, agricultural and other purposes and may

have a significant invasive potential (Pieper & Reineke

2000). It may seem a remote possibility now, but invasive

microbes may potentially pose a risk not only for the

ecosystems on Earth but also for other planets, as humans

explore the solar system (Nicholson et al. 2009).

Microbial invasions present unique challenges for inva-

sion biology and deserve more attention and research.

Given the increase in the spread of invasive microbes, a

general framework is required for the emerging field of

microbial invasion ecology to help synthesize individual

studies on a variety of invasive microorganisms, guide

current and future research and advance our understanding

of microbial invasions. This emerging field would benefit

from defining microbial invasions broadly and, conse-

quently, including invasions by pathogenic, as well as non-

pathogenic microbes from diverse taxa.

There are multiple definitions of invasive species and

most of them emphasize rapid spread and ⁄ or negative

impact of introduced species on local ecosystems (Ricciardi

& Cohen 2007). Here, I define invasive microbes as

microorganisms (viruses, archaea, bacteria, protists and

fungi) that proliferate in a new range and impact local

communities or ecosystems. The notion of invasive

microbial species is complicated because of the difficulties

associated with establishing the �non-nativeness� of

microbes and with applying the very concept of �species�
in many microbial taxa (Staley 2006). Too few morpholog-

ical characteristics, frequent horizontal gene transfer and

the dependence of species identification on the methods

used often make defining microbial species challenging

(Hanage et al. 2005; Konstantinidis et al. 2006). Shifting

species concepts for microbes may also obscure the

invasive nature of a species considered (Pringle & Vellinga

2006). Despite these challenges, the number of documented

invasions by non-pathogenic free-living or symbiotic

microbes is growing. A number of key questions (Box 1)

need to be answered to elucidate general patterns and

relationships in the current and forthcoming studies of

invasive microbes, if we are to successfully detect, forecast

and mitigate past, present and future microbial invasions.

Although some of these questions can be addressed using

existing data, many remain largely uncharted territory. The

goal of this review is to summarize what is currently known

about invasive non-pathogenic microbes and to, hopefully,

stimulate more research efforts to find answers to these key

questions.

B o x 1 K e y q u e s t i o n s o n m i c r o b i a l i n v a s i o n s

• How can we detect microbial invasions?

• What are the similarities and differences between

invasions by microorganisms vs. macroorganisms?

• Are invasion patterns similar among free-living,

symbiotic or pathogenic microorganisms,

prokaryotes vs. eukaryotes?

• What are key traits associated with high invasive

potential? Are these traits universal across microbial

taxa or depend on taxonomic affiliation

(e.g. eukaryotes vs. prokaryotes or viruses)?

• Are there trade-offs between a microorganism�s
invasiveness and other life history traits?

• What are community and ecosystem characteristics

that facilitate microbial invasions? Are these

characteristics universally important across

microbial domains and between microbes

and macroorganisms?

• How does global environmental change affect

microbial invasions?

• How do invasive microbes change resident

communities of both micro- and macroorganisms

and ecosystem functioning?

• How can microbial invasions be prevented

or mitigated?

D I S P E R S A L P A T T E R N S A N D D E T E C T I O N

C H A L L E N G E S – C A N T H E R E B E I N V A S I V E

M I C R O B E S ?

Baas Becking�s view of microbial distributions (�everything

is everywhere, but the environment selects�; de Wit &

Bouvier 2006) has been an influential paradigm in microbial

ecology but does not apply to all microbes (Martiny et al.

2006; Pringle et al. 2009b). Recent studies have shown that

many microbial species exhibit geographic patterns in their

distributions at different scales and that many microbes

have clearly restricted ranges, similar to macroorganisms

(Whitaker et al. 2003; Martiny et al. 2006; Telford et al.

2006). These restricted ranges may result both from

environment filtering and dispersal limitation (Martiny et al.

2006). Non-cosmopolitan distribution patterns create the
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potential for invasive microbes to arise, when non-native

microbes invade and spread into new habitats. Understand-

ing what makes certain microbes invasive (i.e. spread and

proliferate in a new range), both with respect to the

microorganisms� traits and the community and ecosystem

properties is a key unanswered question (Box 1).

Microorganisms, due to their small sizes, fast growth

and large populations, are thought to disperse faster and

over longer distances than most macroorganisms (Shurin

et al. 2009); however, direct evidence for this idea is not

readily available (Jenkins et al. 2007). Although the ease of

dispersal can lead to a frequent cosmopolitanism among

microbes (Finlay 2002), many microbes remain dispersal-

limited (Whitaker et al. 2003; Winsborough et al. 2009).

Breakdown of dispersal barriers can accelerate invasions of

new habitats by a wide spectrum of pathogenic as well as

free-living and symbiotic microorganisms (Ramette &

Tiedje 2007). Many microbial invasions proceed by means

of macroscopic vectors, including invasive plants, insects,

birds, etc. (Anagnostakis 1987; Vellinga et al. 2009). The

well-documented existence of invasive microbial patho-

gens, i.e. pathogens that have not been present or detected

at a given location before, supports the notion that

dispersal barriers exist for microbes and suggests that

microbes may be qualitatively, if not quantitatively, similar

to macroorganisms in their dispersal patterns. Similarly, the

existence of non-pathogenic endemic microbes may be

possible in part because of these dispersal barriers

(Winsborough et al. 2009). At least eukaryotic microbes,

such as protists (e.g. diatoms) and fungi, include endemic

species (Taylor et al. 2006; Vanormelingen et al. 2008;

Winsborough et al. 2009). Given the diversity of dispersal

ranges in prokaryotes, there should also be endemic,

cosmopolitan and invasive bacteria and archaea. Some

cases have already been documented: several cyanobacteria

have invaded lakes across Europe and North America

from the tropics (Dyble et al. 2002; Wiedner et al. 2007)

and nitrogen-fixing bradyrhizobia from Australia have been

found in Portugal, possibly introduced recently with exotic

plants but already associated with native vegetation

(Rodriguez-Echeverria 2010).

As mentioned earlier, the relative lack of attention to

microbial invasions by non-pathogenic microbes compared

with invasions by macroorganisms or pathogenic microbes

is, in part, due to the cryptic nature and difficult detection of

such invasions (Wyatt & Carlton 2002; Desprez-Loustau

et al. 2007). Pathogenic invasive microbes often have

dramatic and easily observable impacts on macroscopic

species. For example, chestnut blight, an invasive parasitic

fungus, almost completely decimated the American chest-

nut, dramatically altering forest ecosystems (Paillet 2002).

The spread of West Nile virus in Western Hemisphere is

associated with significant bird die-offs and human mortality

(Rappole et al. 2000). Currently, there are no published

examples of the impacts of non-pathogenic microbes of a

similar scale. However, there is growing evidence that the

effects could be significant: for instance, invasive mycor-

rhizal fungi may be replacing native fungal species in several

ecosystems (Zachow et al. 2009; Wolfe et al. 2010).

Determining if a species is invasive requires knowledge of

the prior and current community composition, which is

challenging for many microbial, especially bacterial, archaeal

and viral, communities. Molecular fingerprinting methods,

such as DGGE (denaturing gradient gel electrophoresis),

T-RFLP (terminal restriction fragment length polymor-

phisms) and ARISA (automated ribosomal intergenic spacer

analysis), enable establishing community profiles, and the

phylogenetic affiliations of the detected species can be

established in cases where DNA fragments can be

sequenced. However, fingerprinting methods capture only

a small fraction of all microbial species present in natural

environments and most methods are semi-quantitative at

best (Ramette 2009). Thus, unless invaders become dom-

inant community members, they can easily go undetected

(Bent & Forney 2008), even when samples are repeatedly

taken at a given location to account for natural seasonal and

longer-term variability in microbial communities. However,

to some extent this is also true for macroorganisms, since

potentially invasive species present at low densities early in

the invasion cannot be reliably detected, which leads to a

systematic underestimation of invasion risk (Taylor &

Hastings 2005). Real-time quantitative PCR and similar

techniques have the potential to overcome the problem of

quantification and are just beginning to be applied to highly

diverse microbial communities (Rousk et al. 2010). The

future holds great promise, however, as high-throughput

sequencing such as 454 pyrosequencing, Illumina sequenc-

ing, and similar techniques are becoming widespread and

could overcome many of the problems associated with the

classical molecular methods used to describe microbial

community composition (Qin et al. 2010).

In some instances, indirect methods can be used to

determine whether a microbe is invasive. For example,

Pringle et al. (2009a) inferred the invasive nature of an

ectomycorrhizal fungus by analysing its haplotype networks

and comparing genetic diversity for several loci in European

and North American populations. North American popu-

lations had a much lower genetic diversity for all the loci

analysed, despite having twice as many individuals sampled.

The data also indicate multiple introductions of the fungus

to North America (Pringle et al. 2009a).

T R A I T S T H A T C A N M A K E A M I C R O B E I N V A S I V E

Many studies of macroscopic invaders have tried to define

traits common to many invasive species in an effort to
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assess the likelihood that a given species becomes invasive.

Trait-based characterizations of species and communities

are becoming widespread (McGill et al. 2006), including

characterization of traits of invasive species (Funk &

Vitousek 2007; van Kleunen et al. 2010) and application of

trait-based approaches to microbes (Green et al. 2008;

Litchman & Klausmeier 2008). Identifying the traits of

microorganisms affecting their invasive potential should be

extremely useful for forecasting and mitigating microbial

invasions (Table 1 and Fig. 1).

A recent increase in studies comparing general ecological

patterns found in macro- and microorganisms suggest that

microbes might be similar to macroorganisms in many

respects. For example, microbes show evidence of dispersal

limitation (Taylor et al. 2006; Martiny et al. 2006) and

exhibit broad diversity patterns consistent with the trends

found for many groups of macroorganisms (Green &

Bohannan 2006; Vyverman et al. 2007). Given these

similarities, one can hypothesize that some invasive

characteristics may be similar across multiple domains of

life, from archaea and bacteria to micro- and macro-

metazoans. Among the traits frequently cited as increasing

the probability of invasiveness in macroorganisms are being

an r-strategist and a generalist, high phenotypic plasticity,

having good dispersal capabilities and a high genetic

diversity enabling rapid adaptation to novel environments

(Sakai et al. 2001). Higher values of traits associated with

performance (e.g. growth rate, resource acquisition capabil-

ity) are also a characteristic of invasive species, at least in

plants (van Kleunen et al. 2010). Are these traits character-

istic of invasive microbes?

Many groups of microbes have high growth rates

compared with macroorganisms, because of the allometric

scaling of growth rate with body size. However, within

microorganisms, there is a wide range of maximum growth

rates that may depend not only on cell size but also on

phylogenetic position (Šimek et al. 2006) and metabolic type

as well, with some microorganisms growing exceptionally

slow. Results of at least two studies suggest that invasive

free-living protists and cyanobacteria have growth rates that

are relatively high compared with those of native micro-

organisms occupying a similar niche (Istvanovics et al. 2000;

Spaulding & Elwell 2007).

Invasive species establishing in low-resource environ-

ments may have a high resource use efficiency or possess

traits allowing them to gain access to resources unavailable

to other species, such as the capacity to fix molecular

nitrogen (Funk & Vitousek 2007). Published studies suggest

that these characteristics apply to invasive microbes as well.

An invasive protist, the diatom Didymosphenia geminata

Table 1 Traits that might increase invasiveness, hypothesized to be important in macroorganisms, as well as more microbe-specific traits

Evidence available for invasions by various microbial groups

Trait hypothesized to increase invasiveness in macroorganisms

High growth rate Cyanobacteria1, protists2

High non-assisted dispersal capability Most microbes

Vector-assisted dispersal, including via humans Cyanobacteria3, fungi4, protists5

Dormant stages such as spores Cyanobacteria6, fungi4, protists5, 7

Generalist strategy or low host specificity for symbiotic forms Cyanobacteria6,8, fungi9)11

High competitive ability Cyanobacteria8, fungi12,13, protists5

High resource use efficiency Cyanobacteria8, fungi, protists2

High or low similarity to native species Cyanobacteria8, rhizobial bacteria14, fungi10 (high similarity)

Toxicity (negative allelopathy) Cyanobacteria3, fungi9, protists15, pathogenic bacteria16

Phenotypic plasticity Fungi17

Traits hypothesized specifically for invasive microbes

Specific metabolic pathways or modes of nutrition Protists18

Large genome size Helpful for adapting to new environmental conditions outside

the original distribution range

High genetic diversity Fungi12

Frequent gene transfer Helpful for adapting to new environmental conditions outside

the original distribution range

Significance of some of these traits for microbial invasions are supported by existing studies, others are hypothetical and await empirical

validation.

(1) Padisak (1997), (2) Spaulding & Elwell (2007), (3) Neilan et al. (2003), (4) Schwartz et al. (2006), (5) Whitton et al. (2009), (6) Wiedner et al.

(2007), (7) Wyatt & Carlton (2002), (8) Istvanovics et al. (2000), (9) Pringle et al. (2009a), (10) Pringle et al. (2009b), (11) Migheli et al. (2009),

(12) Murat et al. (2008), (13) Zachow et al. (2009), (14) Rodriguez-Echeverria (2010), (15) Chambouvet et al. (2008), (16) Sekirov & Finlay

(2009), (17) Desprez-Loustau et al. (2007), (18) Rengefors et al. (2008).
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(Lyngbye) M. Schmidt, spreading in low-nutrient streams

worldwide has the ability to efficiently utilize organic

phosphorus, giving it a competitive advantage in low-

nutrient conditions (Whitton et al. 2009). Another invasive

freshwater protist, Gonyostomum semen (Ehrenberg) Diesing,

spreading in Scandinavian lakes, is a superior competitor for

nutrients and light, able to assimilate dissolved organic

carbon and to access resources both in surface and deep

water by migrating vertically in the water column (Salonen &

Rosenberg 2000; Rengefors et al. 2008). A cyanobacterial

invader of temperate lakes, Cylindrospermopsis raciborskii

(Woloszynska) Seenaya & Subba Raju, can fix atmospheric

nitrogen, which allows it to escape N limitation (Briand et al.

2004). This species may also utilize other limiting resources,

such as phosphorus, more efficiently than resident cyano-

bacteria (Istvanovics et al. 2000) and, thus, be a superior

nutrient competitor. An invasive fungus of the genus

Trichoderma on the island of Tenerife also appears to be a

strong competitor compared with the native fungi (Zachow

et al. 2009). The same genus is invasive on another island

(Sardinia) and has displaced native fungi in most environ-

ments there; it is hypothesized to have broader niches

compared with native fungi (Migheli et al. 2009). Taken

together, the above examples suggest that invasive

microorganisms, although generally similar to resident

microorganisms of the same functional group, are more

efficient at a given function, may have wider ecological

niches and exhibit a generalist strategy (Parker & Gilbert

2004).

As in macroorganisms, the invasive potential of microbes

should depend on their abilities to disperse. Microbial

species even of similar size can have drastically different

dispersal patterns shaping their distribution ranges from

endemic to regional to cosmopolitan. Perhaps somewhat

differently from macroorganisms, microbes with the highest

dispersal capabilities may not have the highest invasive

potential as they might already be distributed worldwide,

having colonized many ecosystems in the past and, thus,

would be less likely to become invasive in the future.

Microbes with very low dispersal potential are also unlikely

to become invasive, suggesting that microbes with interme-

diate dispersal capabilities may have the highest invasive

potential. Different phylogenetic microbial groups may

cluster at different parts of the dispersal capability axis.

For example, viruses might have higher average dispersal

capabilities than other microbial groups and, consequently,

appear to exhibit low global diversity (Breitbart & Rohwer

2005). Among fungi, species with open fruiting bodies

(sporocarps) may have a higher dispersal and invasion

potential than species with closed sporocarps (Schwartz

et al. 2006). Vector-assisted dispersal, including human-

mediated dispersal, likely alters the hypothesized relation-

ships between dispersal capability and invasive potential,

often increasing microbial invasion probability (Anderson

et al. 2004; Spaulding & Elwell 2007).

The ability to disperse and successfully establish may be

correlated with the type of environment favoured by a

microbe and with its metabolic characteristics. If a microbial

species occupies a unique environment or has a narrow

ecological niche, its establishment probability is expected to

be low. For example, archaea occupying hot springs that are

interspersed in a drastically different landscape matrix may

have a low probability of surviving in the surrounding

landscape unless they reach another suitable habitat patch.

However, many microbes can survive in hostile environ-

ments in inactive states (Ramette & Tiedje 2007) and resume

growth once they reach suitable habitats; this ability could

potentially increase their invasive potential.

Other life-history characteristics can also influence the

rate of spread of invasive microbes. Free-living microbes

might be spreading faster than the obligate symbionts or

parasites because their spread is not limited by the

availability of hosts. For example, an invasive free-living

saprotrophic fungus that invaded Europe from Australasia

is estimated to spread at least twice as fast as an

ectomycorrhizal fungus (obligate symbiont) invading North

America from Europe (Pringle et al. 2009a).

Certain genetic characteristics of microbes may also

increase the potential for being invasive. Horizontal gene

transfer is commonplace in prokaryotes, and frequently

gives rise to evolutionary innovations that help microbes

adapt to novel environments (Ochman et al. 2000; Breitbart

& Rohwer 2005). Horizontal gene transfer also occurs in

eukaryotic microbes (both prokaryote–eukaryote and

eukaryote–eukaryote), although perhaps less frequently than

in prokaryotes, and may aid adaptation as well (Keeling &

Palmer 2008). Frequent gene transfer and high genetic

diversity in some microbes might allow colonizing novel

habitats more easily (Hunt et al. 2008). For example, a more

genetically diverse Chinese truffle (symbiotic fungus) may be

displacing the native, closely related but less diverse, truffle

in Italy (Murat et al. 2008). A large genome size tends to

enable greater metabolic versatility and, consequently, more

efficient exploitation of multiple ecological niches (Kon-

stantinidis et al. 2006). Overall, it is plausible that several

genetic characteristics (i.e. frequent gene exchange, large

genome size and high allelic diversity) increase the invasion

probability of introduced microbes and facilitate their

adaptation to novel environments.

Some invasive microbes can produce toxins negatively

affecting various species, including humans. For example,

several species of invasive cyanobacteria spreading into

temperate zone in Europe and North America can produce

potent hepatotoxins that affect invertebrates, birds and

mammals (Fastner et al. 2007). Invasive protists, such as

marine dinoflagellates, can be toxic as well (Wyatt & Carlton
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2002; Chambouvet et al. 2008). Invasive symbiotic fungi of

the genus Amanita invading North America and New

Zealand are also poisonous, at least to insects and mammals

(Dickie & Johnston 2008; Pringle et al. 2009a). Microbial

pathogens of plants, animals and humans produce various

toxins as well. Investigating whether toxic metabolites aid in

invasion success, similar to invasive plants (Callaway &

Aschehoug 2000), could help predict invasions by a broad

range of toxic microorganisms.

It appears that trait differences play an important role in

determining the invasive potential of a microbe and,

therefore, neutral framework may not be relevant for

microbial invasions. An open question with respect to traits

facilitating the invasion of both microbes and macroorgan-

isms is whether trade-offs exist between traits that increase

invasiveness and others. Knowledge of such trade-offs

might aid control of invasive species.

C O M M U N I T Y A N D E N V I R O N M E N T A L

C H A R A C T E R I S T I C S T H A T C O U L D F A C I L I T A T E

M I C R O B I A L I N V A S I O N S

The other half of the equation determining invasion success

is the community and environmental characteristics

enabling establishment and invasive spread. What makes a

particular community and ecosystem more susceptible to

invasions? A common property of communities hypothe-

sized to increase their susceptibility to invasions is low

species or functional-group diversity, with the extreme

examples of low-diversity islands lacking whole functional

groups or guilds and plagued by invasive species (Dukes

2002). Low-diversity ecosystems are more likely to have

ecological niches that can be occupied by invaders (Fridley

et al. 2007), although this explanation is somewhat contro-

versial. Little is known on whether invasive microbes spread

preferentially in low diversity microbial communities, but

published studies appear to support this hypothesis

(Table 2). An invasive toxic cyanobacterium, C. raciborskii,

tends to invade lakes with very high nutrient concentrations

(Padisak 1997), which often have low phytoplankton

diversity. Similarly, the invasive protist D. geminata spreads

in low-nutrient streams that might also have a reduced

diversity (Spaulding & Elwell 2007). In humans, lowered

diversity of gut microbes can increase susceptibility to

microbial pathogens because distinct functional types of

resident microbiota are responsible for different aspects of

immunity (Sekirov & Finlay 2009). In contrast to the

microbial examples above, there is also evidence from some

plant communities that more diverse vegetation can be

more frequently invaded than low-diversity communities

(Levine & D�Antonio 1999). The patterns may be scale-

dependent, with a negative relationship between diversity

and invasibility at fine scales and a positive relationship at

larger scales (Fridley et al. 2007). It may be that microbial

invaders are successful in both low- and high-diversity

communities and that invasion success is primarily depen-

dent on factors other than diversity per se.

An important question is whether it is the diversity of a

microbial community versus the macroorganism community

that has a stronger effect on microbial invasiveness. For

symbiotic microbes, similar to pathogenic ones, the diversity

of host communities is likely a key determinant of invasion

success. For specialist symbionts, low host diversity may

correspond to a high density of the host species and, thus,

Table 2 Community and environmental characteristics with potential to facilitate microbial invasions

Evidence available for invasions by

various microbial groups

Community or environment characteristic hypothesized to facilitate invasions by macroorganism

Low diversity (taxonomic, functional, genetic) Cyanobacteria1, pathogenic bacteria2, fungi3

High isolation (island ecosystems) Fungi4

High disturbance level Protists5, bacteria6

High or fluctuating resource supply Cyanobacteria7

High anthropogenic impact Cyanobacteria1, protists5

High host density (for symbiotic or pathogenic forms) Mycorrhizal fungi8, bacteria9

Absence of predators and pathogens (�enemy release� hypothesis) Protists10

Presence of other invasive species (�invasional meltdown�) Rhizobial bacteria9

Characteristics specific to microbial invasions

Low metabolic diversity of resident microbial community Unknown

Resource forms not fully or less efficiently utilized by resident community Nitrogen-fixing cyanobacteria11, protists12

(1) Padisak (1997), (2) Sekirov & Finlay (2009), (3) Murat et al. (2008), (4) Dickie & Johnston (2008), (5) Spaulding & Elwell (2007), (6)

Andrew et al. (2000), (7) Wiedner et al. (2007), (8) Pringle et al. (2009b), (9) Rodriguez-Echeverria (2010), (10) Chambouvet et al. (2008), (11)

Briand et al. (2004), (12) Rengefors et al. (2008).
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may aid transmission and establishment (Allan et al. 2009).

Another aspect of diversity that could be important for the

establishment and spread of invasive microbes is the

diversity of metabolic types in a resident microbial

community, with low metabolic diversity possibly encour-

aging invasions. It may be that microbial species possessing

metabolic pathways not represented in the resident com-

munity are more likely to invade where the corresponding

resources are not fully utilized or less efficiently utilized.

The structure and dynamics of biotic interactions in a

newly invaded range may be an important determinant of

the success of exotic species (Mitchell et al. 2006). For

example, the absence of pathogens in a recently invaded

range was shown to contribute to the invasive success of

many plants (Mitchell et al. 2006). Subsequently, invasive

species may acquire more pathogens and parasites in the

invaded range that can control their densities (Mitchell

et al. 2006). The �enemy release� mechanisms and the

changes in other biotic interactions may also play a role

in the spread and subsequent control of invasive micro-

organisms. For example, when a toxic protist, dinoflagellate

Alexandrium minutum Halim, invaded the Atlantic coastal

waters off France, it developed excessive blooms; two

decades later, it became effectively controlled by a parasitic

dinoflagellate and the blooms disappeared (Chambouvet

et al. 2008).

Frequently, plant invasions are associated with disturbed

ecosystems (D�Antonio et al. 1999). Evidence that microbial

invasions can also be favoured by disturbances are found in

invasions by human pathogens: microbial gut flora resists

invasions by pathogenic microorganisms, but when natural

gut communities are disturbed, for example, by antibiotics,

pathogen invasions are more likely (Andrew et al. 2000).

Non-pathogenic microbes may also be aided by distur-

bances, as suggested by the finding that changes in flow

regimes corresponded with the invasive spread of a

freshwater diatom in streams (Kirkwood et al. 2007).

Highly variable environment may increase chances of

invasive species establishment, with invasions more likely

when resource levels are high (Davis et al. 2000). Fluctua-

tions in environmental factors may also create windows of

opportunity for the establishment of invasive microorgan-

isms. For instance, extreme weather fluctuations could

stimulate the spread of emerging plant pathogens (Anderson

et al. 2004).

The type of environment or region might also influence

the success of microbial invasions. Island communities with

a high proportion of endemic species have been shown to

be particularly vulnerable to invasions by macroorganisms

(Berglund et al. 2009), and this principle may apply to

microbes as well. There are several reports of islands (e.g.

New Zealand and islands in the Mediterranean Sea) being

invaded by numerous exotic microorganisms, including

fungi and protists (Spaulding & Elwell 2007; Dickie &

Johnston 2008; Migheli et al. 2009; Zachow et al. 2009).

G L O B A L C H A N G E E F F E C T S O N M I C R O B I A L

I N V A S I O N S

Global climate change and other anthropogenic stressors,

such as increased nutrient inputs and land-use changes,

could act synergistically to promote microbial invasions,

similar to invasions by macroorganisms (Walther et al.

2009). Because of the fewer dispersal barriers for microbes,

compared with macroorganisms, environmental change

might play a disproportionately large role in allowing

microbial spread. Global warming could stimulate invasions

by tropical and subtropical microbes into temperate

latitudes. Increasing air temperatures have been implicated

in the spread of malaria and other pathogenic microbes

into higher altitudes and latitudes on several continents

(Pascual et al. 2006). Free-living tropical toxic cyanobacteria

are currently spreading into temperate latitudes where water

temperatures are rising; heat waves appear to stimulate

their emergence from dormant cysts and, consequently,

may facilitate invasion (Wiedner et al. 2007). Predicted

increases in frequency of extreme events such as heat

waves (Walther et al. 2009) may thus promote microbial

invasions.

The decline in N : P ratios in lakes (Weyhenmeyer et al.

2007), caused by anthropogenic P loading, might also

contribute to the invasion success of invasive N-fixing

cyanobacteria. Furthermore, anthropogenic changes in both

concentrations and ratios of elements could create niches

suitable for microbes with metabolic pathways not previ-

ously present in a given ecosystem. For example, a recent

increase in conductivity in the Laurentian Great Lakes may

have allowed the invasion by a brackish diatom, Pleurosira

laevis (Ehrenberg) Compère, which is now the largest diatom

in these lakes (R. Lowe, pers. comm.). Likewise, a recent

invasion of the Baltic Sea by a toxic dinoflagellate,

Prorocentrum minimum (Pavillard) Schiller, has been attributed

to increased nitrogen inputs and decreasing Si : N ratios

(Pertola et al. 2005). Climate-driven changes in ocean

circulation might have enabled a marine diatom, Coscinodiscus

wailesii Gran & Angst, from the Pacific Ocean to invade

European shelf seas in the late 20th century (Edwards et al.

2001).

Land-use changes and changes in farming techniques,

in particular, are one of the important drivers behind the

spread of fungal and bacterial plant pathogens (Anderson

et al. 2004) and are likely to promote non-pathogenic

microbial invasions as well. Human-driven alterations in

resident plant or animal community structure may also

stimulate microbial spread. Anthropogenic decrease in

bird diversity appears to have a positive feedback on the
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prevalence of West Nile virus (Allan et al. 2009). Current

agricultural practices focusing on growing monocultures

often lead to a rapid spread of novel microbial

plant pathogens (Anderson et al. 2004) and could also

promote invasions by symbiotic microbes with high host

specificity.

Human-assisted breakdown of dispersal barriers is a

major cause of invasive species spread. Inadvertent or

deliberate species introductions by humans are still on the

rise, including potential microbial introductions. For exam-

ple, programmes to transport mycorrhizal fungal species

globally for agricultural purposes are likely to lead to further

spread of invasive fungi and other associated microbes

(Schwartz et al. 2006; Dickie & Johnston 2008). Recreational

fishing may have promoted the spread of an invasive

diatom, D. geminata, in pristine streams in New Zealand and

North America (Spaulding & Elwell 2007), and an invasive

toxic cyanobacterium, C. raciborskii may have spread from

Australia to Europe through a transfer of scientific samples

(Neilan et al. 2003). Several marine diatoms and dinoflagel-

lates were introduced into European coastal waters most

likely via ship traffic (Wyatt & Carlton 2002).

E C O L O G I C A L A N D E V O L U T I O N A R Y

C O N S E Q U E N C E S O F M I C R O B I A L I N V A S I O N S

Similar to invasive macroorganisms, invasive microbes likely

have a number of significant ecological and evolutionary

impacts on resident communities and ecosystems. These

effects can be both short term and long term, with both

microbial and macroorganism resident communities

affected. One of the most conspicuous effects of invasive

microbes is the decline or elimination of native species by

exotic plant and animal pathogens (Anagnostakis 1987). The

alterations of species abundances can profoundly change

both community composition and, directly or indirectly,

ecosystem functioning. Effects are not restricted to patho-

gens. Non-pathogenic microbes can also cause shifts in

community composition and alter various aspects of

ecosystem functioning. A freshwater invasive protist,

D. geminata, for example, has been shown to significantly

alter the benthic macroinvertebrate community, possibly by

growing extensively on substrates occupied by macroinver-

tebrates (Gillis & Chalifour 2010). Once established,

invasive microbes may impact resident community dynamics

and succession. Several incidences have been documented.

An exotic endophytic fungus associated with an invasive

grass, tall fescue, deters herbivores and redirects herbivore

pressure on woody plants, thus slowing a successional

transition from grassland to forest (Rudgers et al. 2007).

An invasive mycorrhizal fungus originating in the western

USA has become a novel symbiont of endemic plants in

California (Pringle et al. 2009a), and this novel association

could affect not only the success of the plant species, but

also nutrient cycling and other ecosystem properties (Pringle

et al. 2009b). Nitrogen-fixing invasive cyanobacteria can

significantly alter nitrogen budgets of the aquatic ecosystems

they invade. Microbes with metabolic capabilities not

previously present in an ecosystem can shift the balance

between different forms of elements such as nitrogen,

phosphorus and microelements, and thus influence major

biogeochemical cycles.

Successful microbial invasions may pave the way for

invasive macroorganisms associated with these microbes.

For example, invasions by ectomycorrhizal fungi may help

invasions by plants relying on such mutualists (Collier &

Bidartondo 2009), thus contributing to the invasional

meltdown, i.e. when earlier invasions facilitate the subse-

quent invasions. Exotic nitrogen-fixing rhizobia from

Australia were shown to facilitate invasion by a non-native

legume in Portugal (Rodriguez-Echeverria 2010). Invasive

microbes also have the potential to facilitate future invasions

by other microbes, similar to macroorganisms (Mitchell et al.

2006). It is also possible that not only single species, but also

whole microbial consortia may invade new environments.

Given their potential for rapid adaptation, microorganisms

might be successful invaders not only in regions with

environmental conditions similar to those in their native

distribution range, but also in environments with different

characteristics, both in their native and new geographic

ranges.

Invasive species also have numerous direct and indirect

evolutionary impacts on native communities (Mooney &

Cleland 2001). Evolutionary processes involving invasive

species not only change the native communities but can also

aid in invasive spread. Hybridization of exotic species with

native relatives has been shown to increase the invasive

potential (Lambrinos 2004). Interspecific hybridization was

also shown to cause rapid evolution of introduced fungal

pathogens on plants and increase their invasiveness, with

a possibility of a �superpathogen� evolving (Brasier 2001).

It is quite likely that hybridization encourages invasions by

non-pathogenic microbes as well. Invasive microbes may

also provide new genes for resident microbial communities

through horizontal gene transfer, thus potentially increasing

the resident community�s genetic diversity.

D I S C U S S I O N

Based on the extensive literature search conducted for this

review, only a few free-living and symbiotic microbial

invaders have been studied so far. Inevitably, the number of

known invasive microbes will increase and we need to

consider invasive microbes within the discipline of invasion

biology to tackle microbial invasions more effectively

(Box 2). We can use already known invasive microbes as
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model organisms to seek generalities in microbial invasions

and their community‘ and ecosystem impacts, and develop

new ways of control. For example, it appears that invasive

non-pathogenic microbes may share many traits of invasive

macroorganisms. They often have high growth rates,

superior competitive abilities and adaptations to utilize

unique resources (Table 1). Moreover, as in invasive plants

and animals, enemy release may play a role in the successful

spread of invasive non-pathogenic microbes; subsequent

acquisition of parasites and pathogens may then control

them at a later stage (Table 2). Low-diversity communities

and island ecosystems may be highly susceptible to invasions

by microorganisms. Further synthesizing studies on various

invasive microbes and comparing them with patterns

observed in macroorganisms should help advance not only

the emerging field of microbial invasion ecology but also the

invasion biology in general.

B o x 2 N e x t s t e p s i n r e s e a r c h o n i n v a s i v e

m i c r o b e s

• Formulate general questions on the detection,

ecology and spread of invasive microbes, and seek

answers by both theoretical and empirical

approaches.

• Use known microbial invaders (pathogenic,

free-living and symbiotic) as model organisms to

address key questions.

• Adapt existing and develop new molecular and

statistical methods to detect microbial invasions.

• Develop models with enough realism to successfully

assess and predict the dynamics of microbial

invasions.

• Develop databases of microbial invasions. For some

microbes, such as plant pathogens and

ectomycorrhizae, such databases are already being

assembled (Anderson et al. 2004; Vellinga

et al. 2009).

• Devise ways to prevent and mitigate the

proliferation of invasive microbes that take into

account patterns of spread.

Links with other disciplines

Microbial invasion ecology needs to encompass physiolog-

ical, population and community ecology as well as ecosystem

science, because microbes connect multiple levels of

biological organization, from cellular to ecosystem level.

Microbial biogeography should form a cornerstone

of microbial invasion ecology. Currently studies of microbial

biogeography are on the rise (Martiny et al. 2006;

Horner-Devine et al. 2007; Caron 2009), partly because

powerful methods for characterizing microbial distributions

have become available (Ramette & Tiedje 2007). A natural

next step is to go beyond documenting distributional patterns

of microbial communities and to focus on the appearance of

microorganisms in communities where they were previously

not detected. For some microbial taxa with distinct mor-

phological characteristics (e.g. some cyanobacteria, protists

or fungi), the identification of invasive species may be easier

than for others, and that explains, in part why most known

invasive microbes belong to these taxa. In the future,

however, with further development of tools to characterize

microbial communities and extensive sampling, distinguish-

ing between native and invasive microbes should become

increasingly feasible even for the most challenging groups.

Dispersal studies

Microbial biogeography would benefit from more studies on

microbial dispersal, both in terrestrial and aquatic environ-

ments. Different microbes, either within or across taxonomic

groups, have vastly different rates and ranges of dispersal that

would influence their likelihood of becoming invasive.

Developing a quantitative theoretical framework, including

models of invasive spread, would aid in predicting the

invasive potential of a given microbe. Can invasive microbial

spread be modelled using approaches developed for macro-

organisms? Models with competition and diffusion-advec-

tion in heterogeneous environments have been used to

predict the spread of genetically engineered microbes

(Kareiva et al. 1996; Lewis et al. 1996). Although invasive

Figure 1 Conceptual diagram showing the influence of multiple

factors determining invasion probability for microbes.
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microbes might spread faster than macroorganisms, the

qualitative patterns appear to be similar. Pringle et al. (2009a),

using a model of spread for invasive macroorganisms,

estimated the rate of spread of a fungus invading the West

Coast of North America and found it to be up to fivefold

faster that the rate of spread of some invasive plants.

Because of the cryptic nature of invasive microbes,

patterns of spread are harder to describe, even qualitatively,

than those of macroorganisms. Therefore, both reliable

molecular and statistical methods need to be adapted and

developed to detect the spread of microbial invaders, and

mathematical models of spread are needed that include

relevant microbial biology such as information on ecological

strategies and metabolism types.

Connections with medical research

Applying ecological principles to studying microbial inva-

sions and drawing parallels from invasion biology of

macroorganisms may also be helpful to medical researchers

for understanding the dynamics of human infectious

diseases. Principles developed for microbes invading terres-

trial and aquatic ecosystems can be applicable to the

microbial communities associated with humans, i.e. human

microbiomes (Hattori & Taylor 2009). Ecological under-

standing of both the characteristics of microbial species that

make these species invasive and the properties of the

resident communities may help develop new methods for

preventing and treating infectious diseases (Kuehl et al.

2005). Conversely, placing studies on invasions of humans

by microbial pathogens in a general ecological context might

yield novel insights into invasions by non-pathogenic

microbes in terrestrial and aquatic ecosystems. Thus, there

is potential for synergy in studying microbial invasions by

ecologists and medical researchers.

Control measures

Preventing moving plants or animals across regions and

applying quarantine measures might be effective in reducing

the spread of some microbial taxa, such as agricultural

pathogens (Palm 2001). Treating ship ballast water can

prevent not only the spread of alien macroorganisms but

also the spread of microbes as well (Drake et al. 2007).

However, many microbes, especially free-living forms, have

a multitude of dispersal pathways that are poorly known

and, therefore, virtually impossible to control at present

(Vellinga et al. 2009). However, as we learn more about

ecological traits and the patterns of spread of invasive

microbes, new approaches for controlling the proliferation

of invasive microbes will likely be developed. In addition,

microbial invaders already known can be used as models to

devise and test control measures.

In conclusion, invasions by non-pathogenic free-living

and symbiotic microbes have been documented for diverse

aquatic and terrestrial ecosystems. These invasions may

significantly alter resident microbial and macroorganismal

community structure and ecosystem functioning and may be

accelerated by global environmental change. An increased

attention to microbial invasions and developing the field of

microbial invasion ecology should help address numerous

challenges associated with such invasions. New studies

should be based on the knowledge acquired in microbial

ecology, biogeography and general invasion biology. A

combined effort from a broad range of microbial ecologists,

invasion biologists and, possibly, medical researchers will

help move this emerging field forward.
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