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The emerging fields of microbial population genetics and genomics provide an avenue to
study the ecological rules that govern how communities form, function, and evolve. Our
struggle to understand the causes and consequences of microbial diversity stems from
our inability to define ecologically and evolutionarily meaningful units of diversity. The 16S
rRNA-based tools that have been so useful in charting microbial diversity may lack sufficient
sensitivity to answer many questions about the ecology and evolution of microbes. Examin-
ing genetic diversity with increased resolution is vital to understanding the forces shaping
community structure. Population genetic analyses enabled by whole genome sequenc-
ing, multilocus sequence analyses, or single-nucleotide polymorphism analyses permit the
testing of hypotheses pertaining to the geographic distribution, migration, and habitat pref-
erence of specific microbial lineages. Furthermore, these approaches can reveal patterns
of gene exchange within and between populations and communities. Tools from micro-
bial population genetics and population genomics can be used to increase the resolution
with which we measure microbial diversity, enabling a focus on the scale of genetic diver-
sity at which ecological processes impact evolutionary events. This tighter focus promises
to improve our understanding of the causes and consequences of microbial community
structure.
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INTRODUCTION
According to Greek mythology, Proteus knew of all things past,
present, and future, but only shared this knowledge if captured.
When pursued he would change shape, and the closer his pursuer
the more quickly he changed, his knowledge just beyond grasp.
Our efforts to define the causes and consequences of microbial
community structure are like grappling with Proteus. A rigor-
ous framework for understanding microbial community structure
remains beyond our grasp because our concepts of what consti-
tutes a community, a species, or a population are ill-developed
and fungible. We argue that our comprehension of microbial
communities is severely hampered by our inability to recog-
nize ecologically and evolutionarily meaningful units of diversity.
We believe observations from microbial population genetics and
genomics promise to change the manner in which we define micro-
bial diversity. Population genetics and population genomics both
focus on the evolutionary dynamics of populations. While these
approaches employ different analytical techniques, conceptually
they represent points along a continuum, the differences being the
amount and type of genetic information used to make evolution-
ary inference. Population-based approaches represent a powerful
new paradigm for exploring the fundamental units of community
structure.

The ribosomal RNA (rRNA) paradigm has been invaluable in
charting the diversity of the microbial world by providing both
a phylogenetic framework for understanding microbial diversity
and tools for characterizing microbial communities without the
biases imposed by cultivation. The remarkable conservation of

rRNA gene sequences makes them excellent for determining phy-
logenetic relationships between diverse microbial assemblages.
However, as a result of their high conservation these molecules
are insensitive to evolutionary changes that occur in response to
ecological dynamics. As the field of microbial ecology matures, we
increasingly seek to understand the ecological rules that govern
how communities assemble, function, and evolve. The rRNA-
based tools that have fueled the growth and development of our
field may be poorly suited to answering many of the ecological
questions we now face.

The most common unit of diversity employed in analyses of
microbial community structure is the operational taxonomic unit
(OTU) based on the 16S rRNA gene. An OTU is generally defined
as a group of sequences that differ by less than 3% of nucleotide
positions in the 16S rRNA gene (OTU0.03; Hughes et al., 2001).
This cutoff is based on current criteria for defining microbial
species (Wayne et al., 1987). In other fields of biology, a “species”
is considered a distinct and coherent evolutionary unit in terms
of ancestry, range, or ecological function (Coyne and Orr, 2004).
The current microbial species concept, however, is primarily based
on the needs of taxonomic analysis. This taxonomic species con-
cept was established before the use of molecular sequence data
and before phylogenetic analysis of microorganisms was possible.
Sequence data was applied to the microbial species framework in
a post hoc manner as a way of supporting the pre-existing species
definition. Hence, the foundation that underpins the OTU0.03

does not have a firm ecological basis and we should consider
carefully the range of ecological and evolutionary hypotheses
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that can be addressed effectively on the basis of this unit of
diversity.

The nascent field of microbial biogeography provides a com-
pelling example of the limitations that the current microbial
species concept imposes on our understanding of microbial diver-
sity. As demonstrated by Escherichia coli and Salmonella enterica,
2.8% divergence of 16S rRNA between species can take approxi-
mately 63–120 million years (Ochman et al., 1999). Hence, strains
within an OTU0.03 may have shared a most recent common ances-
tor during the early Cretaceous, a period when many of the Earth’s
continents were still joined. Consider for a moment the conse-
quences if this unit of diversity were employed in the study of
plants and animals. For example, all species in the tortoise family
have diverged in the last 50 million years, and thus, if studied using
units of diversity that have the same sensitivity as the OTU0.03,
would represent a single globally distributed taxonomic unit. Were
Darwin to have used this definition of diversity, he would have
observed only one type of tortoise in the Galapagos, and we would
all be the poorer for it. It should not surprise us that this unit of
diversity is poorly suited to resolve current patterns of microbial
biogeography.

The use of rRNA-based OTUs obscures the recent evolutionary
history of microbial lineages. We know that organisms with exactly
the same 16S rRNA gene sequence can share as few as 38% of the
genes in their genomes (Welch et al., 2002; Tettelin et al., 2005; Hall
et al., 2010), and that organisms with the same 16S rRNA gene
sequence can have different ecological characteristics (Jaspers and
Overmann, 2004). Units of diversity defined by rRNA genes are
valuable in terms of discovering and characterizing new lineages,
charting the scope of microbial diversity, and resolving evolution-
ary relationships at temporal scales ranging approximately from
107 to 109 years. However this unit of diversity is not well suited
to addressing ecological and evolutionary processes, such as dis-
persal and speciation, which operate at timescales of less than
106 years.

A focus on genetic diversity at a smaller phylogenetic scale
than the OTU0.03 is vital to understanding the forces that gov-
ern community structure. Rather than attempting to define the
appropriate units for studying microbial diversity a priori, we
should currently be making observations of the patterns of genetic
diversity that exist in nature. This can be achieved by focus-
ing on groups of closely related strains and adopting a flexible
and methods-free concept of microbial populations: a group of
organisms characterized by a genetic, spatial, temporal, or eco-
logical boundary. Populations of isolates can be studied through
multilocus analyses which provide greater phylogenetic resolution
than 16S rRNA sequence analyses and which allow for estima-
tion of recombination rates. Genomic analyses, including analyses
of single-nucleotide polymorphisms (SNPs) or whole genome
sequences, provide even greater phylogenetic resolution and the
ability to explore patterns of gene exchange and signatures of
selection. Population genetics and genomics now provide a solid
foundation to study evolutionary dynamics at the sale of ecologi-
cal interactions and a framework for addressing specific questions
such as: (1) How are microbial lineages distributed spatially, and
what are the roles of migration and local adaptation in defin-
ing the genetic and functional characteristics of communities?

(2) How do patterns of gene flow vary with respect to the genetic
and geographic distance between strains? (3) How do population
dynamics influence community dynamics and ecological pro-
cesses? The following is a brief overview of how our understanding
of microbial ecology may be enhanced by taking a population
genomics approach.

IMPLEMENTING POPULATION-LEVEL APPROACHES
The forces governing microbial biogeography can be best evalu-
ated at fine scales of genetic diversity (Pearson et al., 2009; Vogler
et al., 2009), and Bacillus anthracis provides a case study to demon-
strate this point (Kenefic et al., 2009). The potential use of Bacillus
anthracis in terror attacks created a need to distinguish natu-
rally occurring strains from those used as biological weapons and
to understand the genetic diversity within this species. Multiple
Bacillus anthracis genome sequences were used to identify canon-
ical SNPs that resolve branching points in the phylogeny of the
species, and these SNPs were subsequently used to explore the ori-
gins of Bacillus anthracis in North America (Kenefic et al., 2009).
The introduction of anthrax to North America was hypothesized
to have occurred along the US Gulf Coast by infected European
cattle during the colonial period of American history. However,
analysis of SNPs in 285 geographically diverse isolates from North
America indicates a Eurasian ancestor originating from the north,
likely entering the continent along the Bering land bridge and
introduced by ungulate migrations during the last ice age (Kenefic
et al., 2009). Through this approach, we see that discernible pat-
terns of microbial biogeography were established as a result of
dispersal at a temporal scale of thousands of years. These patterns
could only be observed through genome-level analyses.

In another example, Pearson et al. (2009) reconstructed the
evolutionary history of Burkholderia pseudomallei and Burkholde-
ria mallei using >14,000 orthologous SNPs from 33 whole genome
sequences of Burkholderia pseudomallei and Burkholderia mallei
sampled across Australia, Southeast Asia, and the rest of the world.
This phylogeny was supplemented with data from multilocus
sequence analysis (MLSA) of >1,700 global Burkholderia isolates.
Population structure of these isolates supports the existence of
two geographically distinct Burkholderia pseudomallei subpopu-
lations, originating in Australia and Southeast Asia and separated
by the Wallace Line, a geographical pattern well-documented in
macroorganisms. The deeply branching Australian Burkholderia
pseudomallei group was determined to be the most genetically
diverse lineage, thus, representative of the ancestral gene pool.
Molecular clock estimates suggest these Burkholderia pseudoma-
llei populations diverged between 16,000 and 225,000 years ago
(Pearson et al., 2009). The biogeographical patterns observed in
Burkholderia underlie patterns of genome differentiation and ulti-
mately govern the origins of diversity within the genus. These
genetic boundaries would be overlooked if sequence analyses were
restricted to rRNA genes.

Helicobacter pylori inhabits the stomachs of over half the world’s
human population and provides another useful case study. MLSA
of 769 H. pylori isolates representing 51 distinct human popu-
lations identified six extant subpopulations of H. pylori. These
ancestral populations correlate well with geographical regions at
a global scale. Extant strains of H. pylori demonstrate distinct
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patterns of ancestral admixture influenced by the geographic ori-
gin and mixing of hosts (Linz et al., 2007). There is an inverse
relationship between genetic diversity and geographic distance
from East Africa in both H. pylori and its human host, and thus
H. pylori dispersal patterns are believed to mirror human migra-
tion patterns from East Africa approximately 58,000 years ago
(Linz et al., 2007).

These studies demonstrate that patterns of microbial biogeog-
raphy, veiled in analysis of 16S rRNA genes, become evident
through more sensitive genetic analyses. In the case of Bacillus
anthracis, we learn that European strains did not routinely colo-
nize and persist in North America, despite multiple introductions
over hundreds of years during the time of European settlement
(Kenefic et al., 2009). This raises interesting new questions about
the factors that govern the competitive fitness of strains intro-
duced to new habitats. Issues of dispersal and colonization are
critical for understanding constraints on community structure.
An advantage of population genetics and genomics is that they
provide a route for investigating microbial biogeography and also
provide data that can be used to explore the ecological adaptations
that impact colonization success and ultimately the environmental
distribution of species.

Analyses of strain collections spanning discrete sites make it
possible to determine how ecological traits map onto the evo-
lutionary history of a lineage (Connor et al., 2010; Becraft et al.,
2011; Preheim et al., 2011). For example, using an approach to
map habitat traits onto microbial phylogeny, ecological popu-
lations within coastal Vibrio isolates can be predicted based on
seasonal occurrence and particulate size fractionation (Hunt et al.,
2008; Preheim et al., 2011). Populations adapted to a free-living
lifestyle can be distinguished from those adapted to living on the
surface of organic matter particulates, or on the surface of phy-
toplankton (Preheim et al., 2011). This approach has also been
used to identify ecological populations in Bacillus (Connor et al.,
2010) and Synechococcus (Becraft et al., 2011). Both solar exposure
and soil texture are important predictors of ecological populations
among the Bacillus subtilis–Bacillus licheniformis clade (Connor
et al., 2010), while ecological populations of Synechococcus corre-
spond with gradients of temperature and depth in microbial mats
(Becraft et al., 2011). Recognizing the existence of meaningful eco-
logical units is the first step to understanding both the ecological
factors that govern the spatial and temporal dynamics of micro-
bial communities and the evolutionary dynamics that govern the
origins and maintenance of microbial diversity.

An advantage of using population genomics over single or mul-
tilocus methods is the ability to evaluate the impact of horizontal
gene transfers (HGTs) on microbial evolution and ecology. HGT
can blur the lines of ancestry between lineages, shuffling adap-
tive genes, and HGT may prevent the development of genetically
and ecologically cohesive populations (Fraser et al., 2009; Shapiro
et al., 2012). Genomic studies provide evidence that patterns of
gene exchange may be controlled by propinquity, with local adap-
tation facilitated by sampling genes from the environment. For
example, environmental co-localization governs exchange of inte-
gron cassettes in Vibrio species regardless of species boundaries
(Boucher et al., 2011), while, interspecies exchange of core genes
is not observed (Boucher et al., 2011). Likewise, Caro-Quintero

et al. (2011) demonstrated that Shewanella baltica isolates in the
Baltic Sea exchange genes more frequently with isolates found at
similar depths than with isolates at different depths. Lastly, gene
flow in the thermoacidophilic crenarchaeon Sulfolobus islandicus
is influenced by geographical isolation, driving patterns of specia-
tion (Whitaker et al., 2003; Reno et al., 2009). These observations
suggest that evolutionary processes may vary between microbial
lineages and even between core and auxiliary genes (Riley and
Lizotte-Waniewski, 2009; Léfebure et al., 2010). In the case of
Shewanella baltica, as much as 20% of the genome was inherited
from co-localized strains (Caro-Quintero et al., 2011), suggesting
that ecological interactions can have strong impacts on genome
dynamics.

At a gross level, it is clear that the composition of a microbial
community has strong impacts on environmental biogeochem-
istry, though the biotic and abiotic mechanisms that link com-
munity structure and function remain poorly described. If we
want to understand community structure–function relationships
at a fundamental level, we need to start with measurements of
diversity that capture adaptive differences within and between lin-
eages. We need to understand how the genomic diversity within
a lineage impacts ecological function and is distributed in the
environment, how evolutionary and ecological forces regulate
gene exchange, and how patterns of gene exchange within and
between lineages impact community function. These inquiries can
be enabled by studying populations as the fundamental units from
which communities are constructed.

WHERE DO WE GO FROM HERE?
Microbial population genetics and genomics are opening avenues
for understanding the ecological and evolutionary mechanisms
governing microbial diversity. However, a focus on the dynamics
of populations and species still faces several formidable obstacles.
Foremost is the current lack of coherent and pragmatic definitions
for populations and species. Without such criteria it is difficult to
objectively compare results between studies. As our understanding
of microbial populations improves, it will be important to develop
objective criteria for defining lineages that will be relevant and
applicable across a wide range of microorganisms.

Another challenge to the application of microbial population
genomics is a lack of information about how to properly sample
the genetic diversity of microbial populations, both in terms of
spatial scale and numbers of strains. Rigorous population studies
require robust genetic sampling across appropriate spatial, tem-
poral, or habitat scales in order to achieve the ultimate goal of
accurately depicting patterns of biodiversity existing in nature.
Sufficient individuals must be sampled to represent the breadth
of genetic diversity across an organism’s geographic range and to
capture genetically informative loci that reflect its evolutionary
history. What spatial scales best capture the genomic diversity of
microbial populations? Over what spatial and temporal scales does
a microbial cell sample genetic material from its environment?
What scales are most suitable for inferring adaptive traits from an
organism’s habitat distribution? How do we define a microhabitat,
or an ecological niche? What environmental parameters should be
measured as part of the sampling design? All of these questions
are fundamental and must be addressed as we move forward.
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An obvious limitation to population genomic approaches is
the need for strains to be cultivated in isolation. While most
microorganisms have yet to be cultivated, much progress can
still be made with organisms that we can cultivate now. Model
systems can be developed and used to explore the evolutionary
and ecological mechanisms that regulate microbial diversity. Once
revealed, these mechanisms can be used to make predictions rel-
evant to organisms more recalcitrant to cultivation. In addition,
a solution to the cultivation problem is available through appli-
cation of single-cell genomics. Single-cell methods of genome
analysis can be used to perform genome sequencing or multi-
locus analysis on individual microbial cells without the need for
cultivation (Stepanauskas and Sieracki, 2007; Swan et al., 2011;
Tadmor et al., 2011; Martinez-Garcia et al., 2012). Metagenomics
offers another avenue through which theory developed through
microbial population genetics and genomics may be applied to
more complex communities without the need for cultivation
(Allen and Banfield, 2005; Simmons et al., 2008; Dick et al., 2009;
Morowitz et al., 2011; Denef and Banfield, 2012; Narasingarao
et al., 2012).

The ongoing exponential decline in sequencing costs has made
population genomics a reality, but the computational tools and
theory for understanding these data still lag. While a wide vari-
ety of computational population genetics tools exist, many are
based on theory developed for eukaryotic organisms. There are
fundamental differences between macroorganisms and microor-
ganisms that may impact assumptions implicit in population
genetic models. In addition, not all models can equally cap-
ture the range of ecological and evolutionary dynamics that
operate in the microbial world. For example, the algorithm
eBURST determines founding genotypes of clonal complexes
from MLSA and has been used to describe evolutionary pat-
terns in many microbial lineages (Feil et al., 2004). However, in
populations with high allelic diversity or recombination rates,
like H. pylori, eBURST may not be appropriate (Turner et al.,
2007). The program STRUCTURE uses multilocus data to
infer population structure and gene exchange (Pritchard et al.,
2000) and has been applied to a number of bacteria includ-
ing Moraxella catarrhalis (Wirth et al., 2007), H. pylori (Falush

et al., 2003), and Streptomyces (Doroghazi and Buckley, 2010).
However, it remains challenging to estimate accurately the true
number of ancestral populations contributing to a collection of
strains. The program LDhat (McVean et al., 2002) is based on
coalescent theory and estimates recombination rates from pop-
ulation genetic data. However, LDhat assumes an unstructured
population in equilibrium and will misestimate recombination
when these assumptions are not met. An alternative to this
approach is the program ClonalFrame (Didelot and Falush, 2007),
which maps recombination events onto a phylogenetic pattern
of clonal ancestry. However, ClonalFrame can have difficulty
modeling populations with very high rates of recombination.
While each of these tools may be applicable to certain micro-
bial lineages, they can give incorrect results if applied to lineages
that violate model assumptions. There is a continuing need to
develop computational strategies that focus on microbial popu-
lation genomics and to test the assumptions that underlie these
analyses.

Ultimately, population-level approaches promise to shed light
on the forces that govern microbial diversification and evolution.
By providing evidence to interpret adaptive traits and identify
selective habitats, these approaches will inform our understand-
ing of the competitive interactions within and between lineages,
laying the framework for an understanding of community-level
interactions. These approaches should also provide insight on the
genetic and ecological forces that govern gene exchange. We should
focus now on making empirical observations to inform our under-
standing of the vertical and horizontal components of ancestry
and whether and how microbial lineages form ecologically and
genetically cohesive units. A better grasp of the relevant units
with which to measure microbial diversity is essential for progress
in microbial ecology. Insights from microbial population studies
promise to improve our understanding of microbial diversity, pro-
viding access to knowledge about the causes and consequences of
microbial community structure.

ACKNOWLEDGMENT
This material is based upon work supported by the National
Science Foundation under Grant No. DEB-1050475.

REFERENCES
Allen, E. E., and Banfield, J. F. (2005).

Community genomics in microbial
ecology and evolution. Nat. Rev.
Microbiol. 3, 489–498.

Becraft, E. D., Cohan, F. M., Kühl,
M., Jensen, S. I., and Ward, D.
M. (2011). Fine-scale distribution
patterns of Synechococcus ecological
diversity in microbial mats of Mush-
room Spring, Yellowstone National
Park. Appl. Environ. Microbiol. 77,
7689–7697.

Boucher, Y., Cordero, O. X., Takemura,
A., Hunt, D. E., Schliep, K., Bapteste,
E., Lopez, P., Tarr, C. L., and Polz,
M. F. (2011). Local mobile gene pools
rapidly cross species boundaries
to create endemicity within global
Vibrio cholerae populations. MBio

2, e00335-10. doi: 10.1128/mBio.
00335-10

Caro-Quintero, A., Deng, J., Auchtung,
J., Brettar, I., Höfle, M. G., Klap-
penbach, J., and Konstantinidis, K.
T. (2011). Unprecedented levels of
horizontal gene transfer among spa-
tially co-occurring Shewanella bacte-
ria from the Baltic Sea. ISME J. 5,
131–140.

Connor, N., Sikorski, J., Rooney, A. P.,
Kopac, S., Koeppel, A. F., Burger, A.,
Cole, S. G., Perry, E. B., Krizanc, D.,
Field, N. C., Slaton, M., and Cohan,
F. M. (2010). Ecology of speciation
in the genus Bacillus. Appl. Environ.
Microbiol. 76, 1349–1358.

Coyne, J. A., and Orr, H. A. (2004).
Speciation. Sunderland, MA: Sinauer
Associates.

Denef, V. J., and Banfield, J. F. (2012). In
situ evolutionary rate measurements
show ecological success of recently
emerged bacterial hybrids. Science
336, 462–466.

Dick, G. J., Andersson, A. F., Baker,
B. J., Simmons, S. L., Thomas, B.
C., Yelton, A. P., and Banfield, J.
F. (2009). Community-wide analy-
sis of microbial genome sequence
signatures. Genome Biol. 10, R85.

Didelot, X., and Falush, D. (2007).
Inference of bacterial microevolu-
tion using multilocus sequence data.
Genetics 175, 1251–1266.

Doroghazi, J. R., and Buckley, D.
H. (2010). Widespread homologous
recombination within and between
Streptomyces species. ISME J. 4,
1136–1143.

Falush, D., Stephens, M., and Pritchard,
J. K. (2003). Inference of population
structure using multilocus geno-
type data: linked loci and corre-
lated allele frequencies. Genetics 164,
1567–1587.

Feil, E. J., Li, B. C., Aanensen, D.
M., Hanage, W. P., and Spratt, B.
G. (2004). eBURST: inferring pat-
terns of evolutionary descent among
clusters of related bacterial geno-
types from multilocus sequence typ-
ing data. J. Bacteriol. 186, 1518–1530.

Fraser, C., Alm, E. J., Polz, M. F., Spratt,
B. G., and Hanage, W. P. (2009).
The bacterial species challenge: mak-
ing sense of genetic and ecological
diversity. Science 323, 741–746.

Hall, B. G., Ehrlich, G. D., and
Hu, F. Z. (2010). Pan-genome

Frontiers in Microbiology | Aquatic Microbiology September 2012 | Volume 3 | Article 336 | 4

http://www.frontiersin.org/Aquatic_Microbiology/
http://www.frontiersin.org/Aquatic_Microbiology/archive


“fmicb-03-00336” — 2012/9/9 — 18:16 — page 5 — #5

Choudoir et al. Population insights into microbial diversity

analysis provides much higher strain
typing resolution than multi-locus
sequence typing. Microbiology 156,
1060–1068.

Hughes, J. B., Hellmann, J. J., Ricketts,
T. H., and Bohannan, B. J. M. (2001).
Counting the uncountable: statistical
approaches to estimating microbial
diversity. Appl. Environ. Microbiol.
67, 4399–4406.

Hunt, D. E., David, L. A., Gevers, D.,
Preheim, S. P., Alm, E. J., and Polz,
M. F. (2008). Resource partitioning
and sympatric differentiation among
closely related bacterioplankton. Sci-
ence 320, 1081–1085.

Jaspers, E., and Overmann, J. (2004).
Ecological significance of microdi-
versity: identical 16S rRNA gene
sequences can be found in bacte-
ria with highly divergent genomes
and ecophysiologies. Appl. Environ.
Microbiol. 70, 4831–4839.

Kenefic, L. J., Pearson, T., Okinaka, R. T.,
Schupp, J. M., Wagner, D. M., Ravel,
J., Hoffmaster, A. R., Trim, C. P.,
Chung, W., Beaudry, J. A., Foster, J. T.,
Mead, J. I., and Keim, P. (2009). Pre-
Columbian origins for North Ameri-
can anthrax. PLoS ONE 4, e4813. doi:
10.1371/journal.pone.0004813

Léfebure, T., Bitar, P. D., Suzuki, H., and
Stanhope, M. J. (2010). Evolutionary
dynamics of complete Campylobac-
ter pan-genomes and the bacterial
species concept. Genome Biol. Evol.
2, 646–655.

Linz, B., Balloux, F., Moodley, Y., Man-
ica, A., Liu, H., Roumagnac, P.,
Falush, D., Stamer, C., Prugnolle,
F., van der Merwe, S. W., Yamaoka,
Y., Graham, D. Y., Perez-Trallero, E.,
Wadstrom, T., Suerbaum, S., and
Achtman, M. (2007). An African
origin for the intimate association
between humans and Helicobacter
pylori. Nature 445, 915–918.

Martinez-Garcia, M., Swan, B. K., Poul-
ton, N. J., Gomez, M. L., Masland,
D., Sieracki, M. E., and Stepanauskas,
R. (2012). High-throughput single-
cell sequencing identifies photo-
heterotrophs and chemoautotrophs
in freshwater bacterioplankton. ISME
J. 6, 113–123.

McVean, G., Awadalla, P., and Fearn-
head, P. (2002). A coalescent-based
method for detecting and estimating
recombination from gene sequences.
Genetics 160, 1231–1241.

Morowitz, M. J., Denef, V. J., Costello,
E. K., Thomas, B. C., and Poroyko, V.
(2011). Strain-resolved community

genomic analysis of gut microbial
colonization in a premature infant.
Proc. Natl. Acad. Sci. U.S.A. 108,
1128–1133.

Narasingarao, P., Podell, S., Ugalde,
J. A., Brochier-Armanet, C., Emer-
son, J. B., Brocks, J. J., Heidel-
berg, K. B., Banfield, J. F., and
Allen, E. E. (2012). De novo metage-
nomic assembly reveals abundant
novel major lineage of Archaea in
hypersaline microbial communities.
ISME J. 6, 81–93.

Ochman, H., Elwyn, S., and Moran, N.
A. (1999). Calibrating bacterial evo-
lution. Proc. Natl. Acad. Sci. U.S.A.
96, 12638–12643.

Pearson, T., Giffard, P., Beckstrom-
Sternberg, S., Auerbach, R., Hornstra,
H., Tuanyok, A., Price, E., Glass, M.
B., Leadem, B., Beckstrom-Sternberg,
J. S., Allan, G. J., Foster, J. T., Wag-
ner, D. M., Okinaka, R. T., Sim, S.
H., Pearson, O., Wu, Z., Chang, J.,
Kaul, R., Hoffmaster, A. R., Brettin, T.
S., Robison, R. A., Mayo, M., Gee, J.
E., Tan, P., Currie, B. J., and Keim, P.
(2009). Phylogeographic reconstruc-
tion of a bacterial species with high
levels of lateral gene transfer. BMC
Biol. 7, 78. doi: 10.1186/1741-7007-
7-78

Preheim, S., Timberlake, S., and Polz,
M. (2011). Merging taxonomy with
ecological population prediction in
a case study of Vibrionaceae. Appl.
Environ. Microbiol. 77, 7195–7206.

Pritchard, J. K., Stephens, M., and
Donnelly, P. (2000). Inference of
population structure using multi-
locus genotype data. Genetics 155,
945–959.

Reno, M. L., Held, N. L., Fields,
C. J., Burke, P. V., and Whitaker,
R. J. (2009). Biogeography of the
Sulfolobus pan-genome. Proc. Natl.
Acad. Sci. U.S.A. 106, 8605–8610.

Riley, M. A., and Lizotte-Waniewski,
M. (2009). Population genomics and
the bacterial species concept. Methods
Mol. Biol. 532, 367–377.

Shapiro, B., Friedman, J., Cordero, O.,
Preheim, S., Timberlake, S., Szabo, G.,
Polz, M., and Alm, E. J. (2012). Popu-
lation genomics of early events in the
ecological differentiation of bacteria.
Science 336, 48–51.

Simmons, S. L., Dibartolo, G., Denef,
V. J., Goltsman, D. S., Thelen, M. P.,
and Banfield, J. F. (2008). Population
genomic analysis of strain variation
in Leptospirillum group II bacteria
involved in acid mine drainage

formation. PLoS Biol. 6, e177. doi:
10.1371/journal.pbio.0060177

Stepanauskas, R., and Sieracki, M.
E. (2007). Matching phylogeny and
metabolism in the uncultured marine
bacteria, one cell at a time. Proc. Natl.
Acad. Sci. U.S.A. 104, 9052–9057.

Swan, B. K., Martinez-Garcia, M., Pre-
ston, C. M., Sczyrba, A., Woyke, T.,
Lamy, D., Reinthaler, T., Poulton, N.
J., Masland, E. D. P., Gomez, M.
L., Sieracki, M. E., DeLong, E. F.,
Herndl, G. J., and Stepanauskas, R.
(2011). Potential for chemolithoau-
totrophy among ubiquitous bacteria
lineages in the dark ocean. Science
333, 1296–1300.

Tadmor, A. D., Ottesen, E. A., Lead-
better, J. R., and Phillips, R.
(2011). Probing individual environ-
mental bacteria for viruses by using
microfluidic digital PCR. Science 333,
58–62.

Tettelin, H., Masignani, V., Cieslewicz,
M. J., Donati, C., Medini, D., Ward, N.
L., Angiuoli, S. V., Crabtree, J., Jones,
A. L., Durkin, A. S., Deboy, R. T.,
Davidsen, T. M., Mora, M., Scarselli,
M., Margarit y Ros, I., Peterson, J. D.,
Hauser, C. R., Sundaram, J. P., Nel-
son, W. C., Madupu, R., Brinkac, L.
M., Dodson, R. J., Rosovitz, M. J., Sul-
livan, S. A., Daugherty, S. C., Haft, D,
H., Selengut, J., Gwinn, M. L., Zhou,
L., Zafar, N., Khouri, H., Radune, D.,
Dimitrov, G., Watkins, K., O’Connor,
K. J., Smith, S., Utterback, T. R.,
White, O., Rubens, C. E., Grandi, G.,
Madoff, L. C., Kasper, D. L., Telford, J.
L., Wessels, M. R., Rappuoli, R., and
Fraser, C. M. (2005). Genome anal-
ysis of multiple pathogenic isolates
of Streptococcus agalactiae: implica-
tions for the microbial“pan-genome”.
Proc. Natl. Acad. Sci. U.S.A. 102,
13950–13955.

Turner, K. M. E., Hanage, W. P., Fraser,
C., Connor, T. R., and Spratt, B.
G. (2007). Assessing the reliability of
eBURST using simulated populations
with known ancestry. BMC Microbiol.
7, 30. doi: 10.1186/1471-2180-7-30

Vogler, A., Birdsell, D., Price, L., Bowers,
J., Beckstrom-Sternberg, S., Auer-
bach, R., Beckstrom-Sternberg, J.,
Johansson, A., Clare, A., Buchhagen,
J. L., Petersen, J. M., Pearson, T., Vais-
saire, J., Dempsey, M. P., Foxall, P.,
Engelthaler, D. M., Wagner, D. M.,
and Keim, P. (2009). Phylogeogra-
phy of Francisella tularensis: global
expansion of a highly fit clone. J.
Bacteriol. 191, 2474–2484.

Wayne, L. G., Brenner, D. J., Colwell,
R. R., Grimont, P. A. D., Kandler,
O., Krichevsky, M. I., Moore, L.
H., Moore, W. E. C.,Murray, R. G.
E., Stackebrandt, E., Starr, M. P.,
and Truper, H. G. (1987). Report of
the Ad Hoc Committee on Recon-
ciliation of Approaches to Bacterial
Systematics. Int. J. Syst. Bacteriol. 37,
463–464.

Welch, R. A., Burland, V., Plunkett, G.
III, Redford, P., Roesch, P., Rasko, D.,
Buckles, E. L., Liou, S. R., Boutin,
A., Hackett, J., Stroud, D., May-
hew, G. F., Rose, D. J., Zhou, S.,
Schwartz, D. C., Perna, N. T., Mobley,
H. L., Donnenberg, M. S., and Blat-
tner, F. R. (2002). Extensive mosaic
structure revealed by the complete
genome sequence of uropathogenic
Escherichia coli. Proc. Natl. Acad. Sci.
U.S.A. 99, 17020–17024.

Whitaker, R. J., Grogan, D. W., and
Taylor, J. W. (2003). Geographic bar-
riers isolate endemic populations of
hyperthermophilic archaea. Science
301, 976–978.

Wirth, T., Morelli, G., Kusecek, B.,
Belkum, A. V., Schee, C. V. D., Meyer,
A., and Achtman, M. (2007). The rise
and spread of a new pathogen: serore-
sistant Moraxella catarrhalis. Genome
Res. 17, 1647–1656.

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential con-
flict of interest.

Received: 31 May 2012; accepted: 29
August 2012; published online: 11
September 2012.
Citation: Choudoir MJ, Campbell AN
and Buckley DH (2012) Grappling with
Proteus: population-level approaches to
understanding microbial diversity. Front.
Microbio. 3:336. doi: 10.3389/fmicb.
2012.00336
This article was submitted to Frontiers
in Aquatic Microbiology, a specialty of
Frontiers in Microbiology.
Copyright © 2012 Choudoir, Campbell
and Buckley. This is an open-access arti-
cle distributed under the terms of the
Creative Commons Attribution License,
which permits use, distribution and
reproduction in other forums, provided
the original authors and source are cred-
ited and subject to any copyright notices
concerning any third-party graphics etc.

www.frontiersin.org September 2012 | Volume 3 | Article 336 | 5

http://dx.doi.org/10.3389/fmicb.2012.00336
http://dx.doi.org/10.3389/fmicb.2012.00336
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/
http://www.frontiersin.org/Aquatic_Microbiology/archive

	Grappling with Proteus: population-level approaches to understanding microbial diversity
	Introduction
	Implementing population-level approaches
	Where do we go from here?
	Acknowledgment
	References


