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Abstract | There is increasing evidence for the existence of unique ecosystems that
are dominated by locally adapted microbiota which harbour distinct lineages and
biological capabilities, much like the macrobiota of Darwin’s Galapagos Islands. As
a primary example of such a system, we highlight key discoveries from the Cuatro
Ciénegas basin in Mexico. We argue that high microbial endemism requires a
combination of geographical isolation, long-term continuity and mechanisms for
reducing the intensity of horizontal gene transfer (HGT). We also propose that

strong phosphorus limitation has an important role in microbial diversification by

reducing the intensity of HGT.

Some of Charles Darwin’s most important
observations in formulating his theory of
evolution were of the Galapagos finches,
which were broadly similar to the finches on
the mainland but had somehow diversified
locally to become adapted to their own way
of life according to the conditions on each
particular island. Darwin’s insights into the
dynamic tensions between geographical
dispersal and local adaptation set the stage
for 150 years of studying the evolutionary
ecology of macrobiota. In microbiology,
developing an understanding of microbial
speciation has been challenged by historical
difficulties in producing a natural history of
microorganisms. However, the molecular
revolution changed the playing field, and we
might now be able to produce a first sketch
of the rules that determine the microbial
origin of species'™. In this Opinion article,
we propose that, just as for the finches in
Darwins isolated archipelago, the micro-
biota in geographically isolated habitats
vividly display how evolution has played its
most astounding tricks.

Endemism in microbial systems

For microbiologists, the concept of geo-
graphical isolation is a recent development.
For nearly a century, microbiology has
operated under the general paradigm that
‘everything is everywhere and the environ-
ment selects’ (REFS 4,5); in other words, most
taxa have extremely broad biogeographical
distributions and high levels of gene flow
owing to broad dispersal that overwhelms
local adaptation. However, this paradigm is
coming under sharp scrutiny?, as increasingly

sensitive tools are being more widely used in
microbial ecology.

As with the macrobiota, the diversity and
development of local endemism highlight
the roles of isolation and natural selection in
microbial speciation. On first consideration,
the issue of speciation in microorganisms is
paradoxical, as microorganisms reproduce
by binary fission and therefore are ‘natural
cloners’. Thus, every new microbial lineage
would seem to be a new ‘species’. However,
because of the widespread occurrence of
horizontal gene transfer (HGT), this is not the
case”. Although HGT provides an important
mechanism for adaptation to local conditions
by introducing novel capabilities into evolv-
ing lineages, it also potentially homogenizes
genes among various populations, and even
taxa, that share an environment.

Given the occurrence of HGT, we can
begin to think of microbial speciation in
the same way as we do for the macrobiota.
For high levels of locally unique diversity to
arise, there is a requirement for geographical
isolation (so that local populations are not
swamped by gene flow from large, outside
sources), temporal continuity (so that local
adaptations can accumulate) and strong
selection (so that localized adaptations are
environment specific). However, as with
the island-specific finches of the Galapagos
Islands, high levels of local microbial ende-
mism can also arise through sympatric
speciation — in which the populations that
are undergoing speciation are not geographi-
cally isolated — if conditions arise that can
limit gene flow through HGT. Therefore,
as for the macrobiota, there remains a
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dynamic tension between the promotion of
local adaptation (by introducing potentially
valuable variations) and its obliteration (by
homogenizing the gene pool).

Is there any evidence for local endemism
in microbial systems? Although in this article
we focus on a particular example in the
Cuatro Ciénegas Basin (CCB) in Mexico,
other researchers have offered compelling
evidence for locally unique microbiota®. For
example, Demergasso et al.” used 16S ribos-
omal DNA (rDNA) libraries and denaturing
gradient gel electrophoresis (DGGE) to
document various highly divergent halophilic
bacterial and archaeal taxa from saline ponds
in the Atacama Desert, South America. In
cryptoendolithic samples from Antarctic dry
valleys, 51 groups of bacteria and archaea
were described with high levels of local
patchiness and strong divergence from known
taxa®. Whitaker ef al.” documented strong bio-
geographical structures in hyperthermophilic
archaea from Iceland, North America and
eastern Asia. Another example comes from a
global study of 16S ribosomal RNA (rRNA)
and 23S internal transcribed spacer sequences
of hot-spring cyanobacteria'®, which showed
strong regional and local diversification.

Such examples continue to accumulate in

the microbiology literature, highlighting the
increasing realization that geographical isola-
tion is an important, but generally overlooked,
aspect of microbial evolution. Therefore, as for
the macrobiota, strong geographical isolation
that is maintained for long and continuous
periods is expected to increase levels of
microbial endemic diversity.

However, although geographical isolation
is necessary; it is not sufficient to produce
high local endemic biodiversity. Imagine
if Darwin had come upon only a single
Galapagos Island: without dispersal barriers
between the populations that were isolated
on different islands, he would probably have
found only one or two finch species, not the
remarkable number of species that he did.

Genetic diversity and genetic novelty arise
in all organisms by various forms of mutation.
The role of recombination through HGT is to
distribute non-deleterious, new alleles,
mainly within a population but also, on
occasion, to other taxa that share the same
environment. Natural selection will then
operate on this new genetic background and
environmental context, fixing or deleting this
new information. This process acts in a
similar way to migration in homogenizing
gene pools''? and thus slows sympatric
speciation”. HGT occurs by three main
mechanisms: transformation (uptake of
free DNA sequences); transduction (viral
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Figure 1| The influence of phosphorus (P) limitation on horizontal gene transfer (HGT). This
conceptual diagram illustrates our proposal for how strong ecosystem P limitation can not only
promote local adaptation to increase P competitive ability (blue shading) but, importantly, also
reduce gene flow by reducing the intensity of HGT (green shading). Thus, a scarcity of P not only
drives major evolutionary change, but also enhances microbial diversification and results in clonal
structure and strong local endemism in isolated, P-limited environments. Although some of these
mechanisms (for example, low biomass that leads to reduced encounter frequencies) might also
operate generally in most oligotrophic ecosystems, we propose that P is of special importance
because of its important effects on viral proliferation and nucleotide turnover.

transfer of DNA sequences); and conjugation
(cell-cell DNA exchange). What mechanisms
might limit the local intensity of HGT
such that local endemism can develop in
geographically isolated systems?
Unfortunately, the factors that affect the
intensity of HGT in particular systems are not
well studied. Here, we propose that nutrient
limitation, especially by phosphorus (P),
plays an essential part in limiting HGT in
isolated systems (FIC. 1). It seems clear that the
overall densities of microbial cells will prob-
ably have major impacts on the intensity of
HGT by altering the encounter rates between
cells (conjugation) with free DNA (trans-
formation) and with viruses (transduction).
Therefore, it would generally be expected that
low-nutrient, low-productivity systems would
have reduced intensities of HGT, although
this effect might be counteracted if the micro-
bial cells become increasingly ‘competent’
(susceptible) for natural transformation as
nutrients become more limiting. However,
nutrient limitation probably also reduces
HGT in other, less obvious, ways (FIC. 1). For
example, virus production from P-limited
cells can be greatly reduced’. Also, under
severe P limitation, the turnover rates of labile
pools of dissolved organic P (such as free
DNA) are extremely high owing to microbial
production of phosphatases'. Thus, the likeli-
hood of HGT through transformation would
be lower. Finally, strong P limitation probably
places a premium on efficient cellular
handling of P and therefore could restrict

the accumulation of ‘extra’ P-rich DNA
into the genome by HGT (FIG. 1). Although
such effects could also be manifested by other
kinds of resource limitation (for example, by
N or C) simply by affecting encounter rates
under oligotrophic conditions, we argue that
the P-rich nature of nucleic acids®, along
with the obvious intimate involvement of
nucleic acids in gene exchange, make condi-
tions of severe P limitation particularly likely
to reduce the intensity of HGT.

This leads us to propose that the occur-
rence of strong ecosystem nutrient limitation,
especially by P, is important in encouraging
local microbial endemism, as it reduces gene
flow among locally adapting microbial line-
ages. For the microbiota in the CCB, resource
limitation has the role of the oceanic barriers
between Darwin’s Galapagos Islands.

CCB: an archipelago of microbial diversity
The CCB (FIC. 2) is located in the Chihuahuan
Desert of Coahuila in north central Mexico.
The high mountains that surround the basin
expose upper-Jurassic to lower-Cretaceous
limestone, sulphate-rich evaporites, sand-
stones and conglomerates of the San Marcos
and Cupido formations'®". The geological
history of the basin can be traced to the end of
the Palaeozoic era, when the supercontinent
Pangaea fragmented to form two great land
masses, Laurasia (north) and Gondwanaland
(south). With the separation of Laurentia
(North America) from Eurasia during the
Jurassic period, the North Atlantic and the

Gulf of Mexico began to open, eventually
connecting to the ancient Tethys Sea through
the Mediterranean to the Pacific.

In the CCB, a regional uplift that is called
Coahuila Island was present throughout the
late Jurassic (Tithonan) to early Cretaceous
(Neocomian) periods. The sedimentary
sequences that were exposed in the surround-
ing mountains represent fluvial and shallow
marine sediments that accumulated along the
margins of Coahuila Island and were depos-
ited on older (pre-Jurassic period) igneous
and metamorphic basement rocks, entrap-
ping interstitial marine waters'®. The relation-
ship between the microorganisms in this area
and the history of the marine connections will
be discussed below, but the geological history
of the basin suggests that aquatic habitats
have had a long and continuous history in this
region'.

Although a substantial, 60-year literature
exists on the natural history of the CCB
and its environs®, it largely emphasizes the
macrobiota. The CCB is thought to have “the
highest level of endemic biodiversity in all
of North America” (REF. 21), at least on the
basis of macroscopic organisms (70 endemic
species within 500 km?). As described below,
“this high biodiversity appears to extend
also to the microbiota” (REF. 18). As a result
of the high degree of endemism and unique
desert aquatic habitats, the CCB has been
designated an area of protection of flora and
fauna (Area de Proteccién de Flora y Fauna)
and is administered by the Mexican Ministry
for the Environment and Natural Resources
(SEMARNAT; Secretaria de Medio
Ambiente y Recursos Naturales). The basin
has also been designated a high priority site
for conservation by Nature Conservancy, the
World Wildlife Fund and UNESCO (United
Nations Educational, Scientific and Cultural
Organization), and has been listed as a
Wetland of International Importance within
the international Ramsar Convention.

Within the basin, a large number of
highly diverse springs (>300), spring-fed
streams and terminal evaporitic ponds form
an inverse archipelago (FIC. 2), in which
aquatic systems are separated by sparse desert
vegetation, microbial crusts and salty soils.
Geothermal waters are associated with a
major north-south active fault that bisects
the basin. Spring heads vary in size (surface
areas range from <1.0 m* to >1.0 ha) and
discharge (seepage can occur at up to ~1.0 m*
per second), temperatures range from 24 to
~40°C, total dissolved solids range from 0.3
to 2.0 mg per litre and the chemistry varies
from being CaSO, to Ca(HCO,), dominated.
Older travertine hot-spring deposits and
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lower-temperature tufa mounds are found in
association with some active springs, but also
occur in the older, dry portions of the basin
floor, suggesting the long-term persistence of
aquatic habitats in the basin*. Within these
chemically and thermally heterogeneous
habitats, complex microbial communi-

ties are found, many of which form thick,
often laminated, mats that are composed of
cyanobacteria, diatoms, bacteria and archaea.
Indeed, the complex morphometries, both
microscopic and macroscopic, of these mats
(FIC. 2) allow them to be characterized as
‘microbialites’, similar to those that gave rise
to stromatolites, the laminated microbial
remains that dominate much of the Earth’s
early fossil record®.

We have begun to characterize the diverse
head-spring, pond, stream, sediment, soil and
subterranean sub-habitats in the basin. The
results obtained so far suggest that the CCB
is an isolated desert oasis of diverse microbial
life that is subject to a range of major envi-
ronmental stresses, but especially severe P
limitation. Below, we review these findings
in light of our proposed mechanism for how
ecosystem conditions enhance microbial
speciation in isolated ecosystems.

Evidence for isolation and continuity
We have already highlighted emerging
data from a range of habitats that indicate
strong biogeographical structure and thus
evolutionary isolation in various groups of

microorganisms. The microbiota of the CCB
offer another particularly striking example.
We have studied the community composition
of cultivable?* and non-cultivable bacteria®*
in the water column at different scales using
16S rDNAY (FIG. 3). At the 168 level, all our
studies at various scales and in contrasting
environments show low dominance, with an
equitable distribution of microbial species
within communities and the widespread
presence of new and locally endemic
phylotypes®. Even viral communities exhibit
strong patterns of endemism in the CCB%,

in contrast to previous studies that suggested
cosmopolitan distributions of viral taxa®.
These data suggest that isolation by distance
and discontinuous distribution is the rule in
the CCB, despite the frequent occurrence of
high winds that can disperse microorganisms
among neighbouring spring-fed pools or
‘pozas’ (the pozas range from a few metres to
hundreds of metres in diameter). Our data are
consistent with those of Noguez et al.* and
Horner-Devine et al.*, who have shown that
microbial communities demonstrate non-
random patterns of co-occurrence that are
broadly similar to those found in assemblages
of macroorganisms. In the CCB, therefore, we
have found strong evidence of evolutionary
isolation and local adaptation.

But how long has this isolation been in
place? Answering this question is difficult, but
our molecular data suggest an ancient origin
that is connected to the marine ancestry of the
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Figure 2 | The microorganism-dominated
ecosystems of the Cuatro Ciénegas basin,
Coahuila, Mexico. a| The spring pool at Poza
Azul. b | The Rio Mesquites river. ¢ | The small
salterns at Poza Roja. d | Archaea-dominated
microbial mats in Poza Roja. e | Large stromatolite
reefs at Poza Azules Ranch.

basin. As we were documenting the distribu-
tion and abundance of microorganisms in the
CCB, we found a large assemblage of 16S data
with marine affinity both in cultivable bacteria
and in clone libraries from the water column,
microbial mats'®**! and soils. This surprising
result has been confirmed by different studies
from different research groups, including a
phylogenetic analysis of diatoms from the
CCB¥, genomic sequencing of a new species
of Bacillus from the CCB* and a viral metage-
nomic study?, all of which identify a strong
marine affiliation among the CCB microbiota.
Based on this, we suggest that the biota has
kept its marine ancestry despite geological
indications that marine waters left the valley at
the end of the formation of the proto-Gulf of
Mexico 90 million years ago. Thus, the CCB
has two of the ingredients for hyper-diverse
microbial endemism: isolation and long-term
continuity. But what about local selection?

Evidence for strong local selection

We have argued that high levels of microbial
endemism arise in ecosystems that are
geographically isolated for extended periods,
as seems to be the case in the CCB. As with
macroorganisms, we would also expect to
observe extensive development of unique
microbiota if local environmental conditions
impose strong selection pressures that drive
established lineages to develop specialized
adaptations to particular sub-habitats. There
is abundant evidence in the CCB for a range
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Figure 3 | Microbial diversity and endemism at the Cuatro Ciénegas basin. a| 16S ribosomal
RNA (rRNA) identifications of non-cultivable microorganisms obtained in a clone library (160 total
clones) from the Cuatro Ciénegas Basin. It can be seen that 50% of the clones are most closely affiliated
with marine taxa in GenBank®®. b | Phylogenetic analysis based on all sequenced genes in known
genomes of Bacillus spp. The extreme divergence of B. coahuilensis, as well as its small genome

compared with other bacilli, is shown.

of strong selection factors, including extreme
temperature and desiccation in soil crusts
(E. Lopez, unpublished data) and hyper-
salinity in small evaporative salterns and
larger evaporative lagoons**'. Intriguingly,
as discussed below, despite the strong level
of microbial endemism that we have docu-
mented, HGT seems to have been the source
of at least some of the novel adaptive features
of the microorganisms in the CCB.

Of particular interest with respect to
our proposal regarding the development of
barriers to HGT, our sampling and experi-
mentation in the CCB has shown that the
ecosystems at this site are severely limited
by P, having high concentrations of inorganic
nitrogen (as NO,) but low concentrations
of available P (both inorganic and organic
forms of P, including phosphonates)*.
Thus, the N-to-P ratios of total nutrients in
these systems are extremely high (>100:1),
and are higher than generally observed in
other ecosystems for which comparable

data are available”. This scarcity of P is
reflected in the biomass of the stromatolitic
microorganisms: their C-to-P and N-to-P
ratios are extremely high (>1000:1 and 100:1,
respectively) and greatly exceed the values that
have been observed for autotrophs in other
aquatic ecosystems”. P limitation was directly
demonstrated in a series of field experiments
in which ambient PO, levels were enriched in
stream-side microcosms that contain oncoid
stromatolites (ovoid, irregularly laminated
concretions formed by carbonate deposi-
tion) from the Rio Mesquites (FIG. 2). After
3-5 weeks of fertilization, stromatolites had
greatly decreased C-to-P and N-to-P ratios
along with increased rates of primary produc-
tion and net calcification**. P enrichment
produced massive changes in the surficial
microbial community: DGGE analysis based
on 16S rRNA sequences for photoautotrophic
microorganisms showed massive increases in
the ribotypes associated with diatom taxa but
much weaker responses among cyanobacteria,

suggesting that P availability particularly
restricts eukaryotic proliferation in the Rio
Mesquites and, perhaps, elsewhere in the
basin. Overall, P enrichment reduced species
diversity in the stromatolites (as indicated by
Simpson’s diversity index), as the community
became dominated by one or two diatom taxa.

Our data indicating strong P limitation of
oncoid microbialites are similar to those
of Haegele et al.*®, who studied microbialites
in a stream in Germany. Their oncoids bear
a striking morphological similarity to those
in the Rio Mesquites, yet with a different set
of cyanobacteria and diatom species in the
photoautotrophic community. Intriguingly,
ambient N-to-P ratios in the stream were
>115:1, which is similar to that in the Rio
Mesquites. We therefore suggest that oncoid
stromatolites could be an example of a
convergent ecological structure that is driven
by severe P limitation. This would also be
consistent with the argument of Elser and
colleagues' for an important role for P limita-
tion during the Precambrian period, when life
on the Earth was dominated by stromatolitic
microbial mats.

Several lines of evidence from recent
molecular studies indicate that the low
P conditions in the CCB have resulted
in an evolutionary response in its
endemic microorganisms. The genome
of Bacillus coahuilensis has recently been
sequenced® using a hybrid strategy of
high-coverage (29 X) pyrosequencing and
low-coverage (6 X) Sanger sequencing.
At 3.35 Mb, the B. coahuilensis genome is
the smallest Bacillus genome sequenced to
date (including Oceanobacillus iheyensis
and Geobacillus kaustophilus). The reduced
genome of B. coahuilensis can be interpreted
as a response to chronically low P supplies, as
nucleic acids are rich in P*. Genome reduc-
tion as a P-sparing mechanism has been
proposed for autotrophs®, and we argue here
that it is also of importance for heterotrophs.

The genomic analysis revealed additional
signs of adaptation of B. coahuilensis to its
environment®. One of the most striking of
these is its ability to produce sulpholipids
rather than phospholipids, as it lacks genes
for the production of P-rich teichoic acids and
the polyanionic teichuronic acids. Facultative
production of sulpholipids in place of
phospholipids has been observed extensively
in a globally important marine clade of
cyanobacteria® in response to environmental
P limitation. Our data represent the first
reported evidence of sulpholipid substitution
in a heterotroph. Furthermore, our data
indicate that sulpholipid production is ‘hard-
wired’ in the B. coahuilensis genome. Finally,
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it is interesting that, although B. coahuilensis
has the smallest and most divergent Bacillus
genome yet reported, it nevertheless
contains nine rRNA operons (Escherichia
coli contains just seven) and various inser-
tion-sequence families. Therefore, it might
be the case that B. coahuilensis is conserving
P from membranes and DNA for investment
in ribosomes to maintain a capacity for rapid
growth (FIC. 1). In summary, B. coahuilensis
seems to have developed niche specialization
to a P-limited, oligotrophic environment.

The involvement of HGT

We have now reviewed data showing that the
CCB combines geographical isolation, long-
term continuity and strong local selection
pressures (especially from P limitation), all of
which are important in the development of
high levels of endemic biodiversity. Extensive
HGT provides a means for evolutionary
innovation and adaptation, but can obliterate
local diversification and inhibit sympatric
speciation. We have argued here, however,
that strong P limitation can reduce the inten-
sity of HGT through a range of mechanisms.
So, what is the role of HGT in evolution in
the CCB? How clonal are the microorganisms
from the CCB? How large are their popula-
tions? And is there periodic selection of clonal
ecotypes or natural selection in dynamic
genotypes?

Our data demonstrate both the operation
of HGT in microbial evolution in the CCB
and its ineffectiveness in homogenizing gene
pools in locally adapting microbiota. In the
genome of B. coahuilensis, we have provided
strong evidence that key genes involved in its
local adaptation have originated from several
independent HGT events. For example, the
B. coahuilensis genome contains genomic
islands with a G+C content that is similar
to regions found in distant Bacillus taxa
(Bacillus subtilis and Bacillus halodurans),
which is indicative of HGT among members
of the same genus. HGT from more distantly
related taxa is also evident. For example, the
sulphoquinovose synthesis operon is absent
in all known Bacillus taxa, but is present in
B. coahuilensis with a structure that is identi-
cal to that found in the unicellular cyanobac-
terium Synechococcus. Additional evidence
for HGT comes from the presence of a gene
that encodes rhodopsin and can be traced to
the filamentous cyanobacterium Anabaena.
The mechanisms behind these HGT events
are not known. However, B. coahuilensis has
the genetic machinery for transformation,
and viral metagenomic data indicate that viral
transduction is in operation in the CCB, as a
number of specialization genes (for example,

those involved in nucleotide recycling,
phosphate starvation, photosynthesis and sul-
pholipid biosynthesis) have been identified in
purified viral fractions from CCB microbial-
ites (M. Breitbart, D. Hollander, A. Hoare, A.
Nitti, M. Haynes, L. Dinsdale, R. Edwards, F.
Rohwer, ].S. and V.S., unpublished data). This
suggests that viruses are vectors for the move-
ment of genes that are crucial for adaptation
to the unique environment of the CCB.
These results indicate that HGT is active
in microbial evolution in the CCB. But is
HGT strong enough to break linkage dis-
equilibrium and therefore prevent microbial
speciation? In contrast to data emerging from
metagenomic analysis, which show extensive
genetic homogenization through HGT in an
acid-mine drainage site*, our emerging data
indicate that the answer is no. The contrast
between an extreme environment where
nutrients are not limiting and an environment
that seems to be less harsh but has extreme
P limitation can explain these differences. We
have completed a population genetic analysis
for six Bacillus species and five Pseudomonas
species from the CCB that focused on five
core genes (acnB, gyrB, recA, rpoD and 16S
rRNA). All of the data indicate that each
species is highly clonal, has been subjected
to strong purifying selection and exhibits a
genetic structure that indicates recent popula-
tion expansion and diversification after a
bottleneck. Our data for the CCB therefore
resemble those reported for endosymbiotic
bacteria®, Mycobacterium tuberculosis®,
Yersinia pestis* and some pseudomonad
lineages from soil*®. However, our data for
Bacillus spp. are unique in that strong local
endemism has not been previously reported
for this taxon. Importantly, our data reveal
that the microbiota of the CCB, much like
the finches, tortoises and other macrobiota
of the Galapagos Islands, are weaving a rich
and diverse web of unique local diversity in
response to the particular circumstances of
this desert valley. Everything is not every-
where. In some places, everything is special.

The future

Work at the CCB has just begun to unravel
the full microbial diversity at this site, but
much more work is required both in the
CCB and in other isolated microbial ecosys-
tems to fully understand the processes that
drive microbial speciation. At the CCB, we
are in the process of obtaining more genome
sequences for Bacillus spp. (similar to
Bacillus horikoshii) and other taxa (includ-
ing Exiguobacterium, a new Calothrix-like
genus, and other cyanobacteria) from
which we can evaluate the generality of the
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evolutionary responses discussed above.
We are also developing metagenomic
analyses of a microbial mat from a saltern
and a stromatolite and are in the process of
assessing the timescale of these events by
calibrating a set of molecular clocks for five
taxa (B. coahuilensis, the new B. horikoshii-
like taxon, two pseudomonads and the new
Calothrix-like genus) by several methods*.
These are being coupled to isotopic dating
of sediment cores to allow us to assess the
temporal stability of particular habitats.
Similar studies in other isolated microbial
ecosystems are also required.

We need comprehensive biogeographical
data to identify the conditions under which
local endemism develops. For example, the
CCB seems to be isolated and severely P
limited. To understand if this is indeed a
general phenomenon, we need data from
contrasting habitats in terms of geographical
isolation and/or biogeochemical templates.
The oncoid stromatolites of Germany* arise
in a biogeographically homogenous region
and therefore would be particularly interest-
ing to contrast with the oncoid microbiota
of the CCB. Studying geographically iso-
lated systems that do not experience severe
P limitation would also be informative; our
hypothesis predicts that such systems would
not present high endemism owing to strong
gene flow from HGT.

However, the most conclusive data that
are relevant to the ideas we propose in this
Opinion would come from controlled field
and laboratory experiments” that manipulate
the key factors associated with HGT, such as
isolation, physical proximity, viral abundance
and P supply. For example, we predict that
P fertilization should greatly increase the
frequency of physical contact among micro-
organisms, increase the lifespan of free DNA
and increase the proliferation of viruses, all of
which should increase the frequency of HGT.
Furthermore, after P fertilization, genomes
should be more receptive to new DNA
sequences by HGT because of weakened selec-
tion against increased P costs, which would
further increase the likelihood of HGT. We
are in the process of developing such experi-
ments at the CCB, but other similar studies are
needed in other isolated ecosystems.

Worldwide, unique microbial ecosystems
are under increasing pressure'®. Although
some systems are under effective protection,
such as the hydrothermal systems of the
Yellowstone basin, elsewhere population
expansion, agricultural intensification,
poorly planned ecotourism, climate change
and groundwater extraction are increasingly
placing unique microbiota in jeopardy.
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PERSPECTIVES

Several of these pressures, including ground-
water pumping in support of alfalfa produc-
tion and unregulated ecotourism, have
combined to threaten the unique ecosystems
of the CCB. However, increased attention to
CCB conservation has allowed an increase
in scientific knowledge, and a range of

more effective conservation measures are
slowly being put into place. Similar efforts
are needed elsewhere; for example, in the
geyser valleys of Kamchatka, eastern Russia,
where only limited scientific data are avail-
able but increasing levels of tourist visitation
are degrading local habitats. Only sustained
efforts in such places will allow us to continue
to discover such microbial Galapagos.

Valeria Souza and Luis E. Eguiarte are at the Department
of Ecologia Evolutiva, Instituto de Ecologia, Universidad
Nacional Autonoma de México, CU, AP 70-275,
Coyoacan, 04510 México DF, Mexico.

Janet Siefert is at the Department of Statistics, Rice
University, Houston, Texas 77251, USA.

James J. Elser is at the School of Life Sciences, Arizona
State University, Tempe, Arizona 85287, USA.

Correspondence to V.S.
e-mail: souza@servidor.unam.mx

doi:10.1038/nrmicro1917
Published online 3 June 2008

1. Ostrowski, E. A., Woods, R. J. & Lenski, R. E.
The genetic basis of parallel and divergent
phenotypic responses in evolving populations of
Escherichia coli. Proc. Biol. Sci. 275, 277-284 (2008).

2. Retchless, A. C. & Lawrence, J. G. Temporal
fragmentation of speciation in bacteria. Science 317,
1093-1096 (2007).

3 Dykhuizen, D. E. Santa Rosalia revisited: why are
there so many species of bacteria? Antonie Van
Leeuwenhoek 13, 25-33 (1998).

4. Bass-Becking, L. G. M. Giobiologie of Inleiding Tot de
Milieukunde (The Hague, The Netherlands, 1934).

5. Finlay, B. J. Global dispersal of free-living microbial
eukaryote species. Science 296, 1061-1063 (2002).

6 Hughes, J. B. et al. Microbial biogeography: putting
microorganisms on the map. Nature Rev. Microbiol.
4,102-112 (2006).

7. Demergasso, C. et al. Distribution of prokaryotic
genetic diversity in athalassohaline lakes of the
Atacama Desert, Northern Chile. FEMS Microbiol.
Ecol. 48, 57-69 (2004).

8 de la Torre, J. R. et al. Proteorhodopsin genes are
distributed among divergent marine bacterial taxa.
Proc. Natl Acad. Sci. USA 100, 12830—-12835 (2003).

9. Whitaker, R. J., Grogan, D. W. & Taylor, J. W.
Geographic barriers isolate endemic populations of
hyperthermophilic archaea. Science 301, 976-978
(2003).

10. Papke, R. T., Ramsing, N. B., Bateson, M. M. & Ward,
D. M. Geographical isolation in hot spring
cyanobacteria. Environ. Microbiol. 5, 650-659 (2003).

11. Souza, V., Nguyen, T. T., Hudson, R. R., Pinero, D. &
Lenski, R. E. Hierarchical analysis of linkage
disequilibrium in Rhizobium populations: evidence for
sex? Proc. Natl Acad. Sci. USA 89, 8389-8393 (1992).

12. Souza, V. & Eguiarte, L. E. Bacteria gone native vs.
bacteria gone awry?: plasmidic transfer and bacterial
evolution. Proc. Natl Acad. Sci. USA 94, 5501-5503
(1997).

13. Clasen, J. L. & Elser, J. J. The effect of host Chlorella
NC64a carbon:phosphorus ratio on production of
Paramecium Chlorella virus-1. Freshw. Biol. 52,
112-122 (2007).

14. Zubkov, M. V. et al. Microbial control of phosphate in
the nutrient-depleted North Atlantic subtropical gyre.
Environ. Microbiol. 9, 2079-2089 (2007).

15. Elser, J. J., Watts, J., Schampel, J. H. & Farmer, J. D.
Early Cambrian food webs on a trophic knife-edge? A
hypothesis and preliminary data from a modern
stromatolite-based ecosystem. Ecol. Lett. 9,
295-303 (2006).

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

Minckley, W. L. Three decades near Cuatro Ciénegas,
Mexico: photographic documentation and a plea for
area conservation. J. Arizona—Nevada Acad. Sci. 26,
89-118(1992).

McKee, J. W., Jones, N. W. & Long, L. E. Stratigraphy
and provenance of strata along the San Marcos Fault,
central Coahuila, Mexico. Geol. Soc. Am. Bull. 102,
593-614 (1990).

Souza, V. et al. An endangered oasis of aquatic
microbial biodiversity in the Chihuahuan desert.
Proc. Natl Acad. Sci. USA 103, 6565-6570 (2006).
Minckley, T. A. & Jackson, S. T. Ecological stability in
a changing world? Reassessment of the
palaeoenvironmental history of Cuatrocienegas,
Mexico. J. Biogeogr. 35, 188—190 (2008).
Minckley, W. L. in Proc. Desert Fishes Council

Vol. XXV (ed. Hendrickson, D. A.) 47—64 (Desert
Fishes Council, California,1994).

Stein, B. A., Kutner, L. S. & Adams, J. S. Precious
Heritage: the Status of Biodiversity in the United
States (Oxford Univ. Press, 2000).

Minckley, W. L. Environments of the Bolson of Cuatro
Cienegas, Coahuila, Mexico (Texas Western Press,

El Paso,1969).

Grotzinger, J. P. & Knoll, A. H. Stromatolites in
Precambrian carbonates: evolutionary mileposts or
environmental dipsticks? Annu. Rev. Earth Planet.
Sci. 27, 313-358 (1999).

Cerritos, R., Eguiarte, L., Avitia, M., Siefert, J. &
Souza, V. High diversity of previously unknown
cultivable species in an oasis of biodiversity in Cuatro
Ciénegas, Coahuila, Mexico. FEMS Microbiol. Ecol.
(in the press).

Espinosa-Asuar, L. Estructura de las Comunidades de
Clonas Ambientales en Cuatro Ciénegas Coahuila. Thesis,
Maestria en Ciencias Biomédicas (2005).

Escalante, A. et al. Diversity of aquatic prokaryotic
communities in the Cuatro Cienegas basin. FEMS
Microbiol. Ecol. (in the press).

Desnues, C. M. et al. Diversity and evolution of
viruses in modern stromatolites and thrombolites.
Nature 452, 340-342 (2008).

Breitbart, M. & Rohwer, F. Here a virus, there a virus,
everywhere the same virus? Trends Microbiol. 13,
278-284 (2005).

Noguez, A. M. et al. Microbial macroecology: highly
structured prokaryotic soil assemblages in a tropical
deciduous forest. Glob. Ecol. Biogeogr. 14, 241-248
(2005).

Horner-Devine, M. C. et al. A comparison of taxon
co-occurrence patterns for macro- and
microorganisms. Ecology 88, 1345-1353 (2007).
Cerritos, R. et al. Bacillus coahuilensis sp. nov. a new
moderately halophilic species from different pozas in
the Cuatro Ciénegas Valley in Coahuila, México.

Int. J. Syst. Bacteriol. 58, 919-923 (2008).
Winsborough, B. in Taxonomy, Phylogeny, and
Ecology: Partners in Forwarding our Understanding of
Freshwater Diatom Evolution and Ecology (eds
Kociolek, P., Theriot, E. & Stevenson, J.) (in the press).
Alcaraz, L. D. et al. The genome of Bacillus
coahuilensis reveals adaptations essential for survival
in the relic of an ancient marine environment. Proc.
Natl Acad. Sci. USA 105, 5803-5808 (2008).

Elser, J. J. et al. Response of grazing snails on
microbial communities in an ecosystem with living
stromatolites. Freshw. Biol. 50, 1826—1835

(2005).

35. Elser, J. J. et al. Effects of phosphorus enrichment
and grazing snails on modern stromatolitic microbial
communities. Freshw. Biol. 50, 1808-1835 (2005).

36. Sterner, R. W. & Elser, J. J. Ecological
Stoichiometry: the Biology of Elements from
Molecules to the Biosphere (Princeton Univ. Press,
New Jersey, 2002).

37. Elser, J. J. et al. Biological stoichiometry from genes
to ecosystems. Ecol. Lett. 3, 540-550 (2000).

38. Haegele, D., Keinfelder, R., Grau, J., Burmeister, E.-G.
& Struck, U. Oncoids from the river Alz (southern
Germany): tiny ecosystems in a phosphorus-limited
environment. Palaeogeogr. Palaeoclimatol.
Palaeoecol. 237, 378-395 (2006).

39. Lewis, W. M. Nutrient scarcity as an evolutionary
cause of haploidy. Am. Nat. 125, 692-701 (1985).

40. Van Mooy, B. A. S., Rocap, G., Fredricks, H. F., Evans,
C. T. & Devol, A. H. Sulfolipids dramatically decrease
phosphorus demand by picocyanobacteria in
oligotrophic marine environments. Proc. Natl Acad.
Sci. USA 103, 8607-8612 (2006).

41. Allen, E. E. et al. Genome dynamics in a natural
archaeal population. Proc. Natl Acad. Sci. USA 104,
1883-1888 (2007).

42. Wernegreen, J. J. Genome evolution in bacterial
endosymbionts of insects. Nature Rev. Genet. 3,
850-861 (2002).

43. Pym, A. S. & Small, P. M. in Evolution of Microbial
Pathogens (ed. Siefert, S.) 301-326 (ASM,
Washington DC, 2006).

44, Achtman, M. et al. Microevolution and history of the
plague bacillus, Yersinia pestis. Proc. Natl Acad. Sci.
USA 101, 17837-17842 (2004).

45, Spiers, A. J., Buckling, A. & Rainey, P. B. The causes
of Pseudomonas diversity. Microbiology 146,
2345-2350 (2000).

46. Good-Avila, S. V., Souza, V., Gaut, B. S. & Eguiarte,
L. E. Timing and rate of speciation in Agave
(Agavaceae). Proc. Natl Acad. Sci. USA 103,
9124-9129 (2006).

47. Travisano, M. & Rainey, P. B. Studies of adaptive
radiation using model microbial systems. Am. Nat.
156, S25-544 (2000).

Acknowledgements

We acknowledge M. Breitbart, M. Travisano, L. Falcon, A.
Escalante and G. Olmedo who worked with us on the concep-
tual framework of this paper. This work has been supported by
NASA, SEMARNAT/CONACYT CO1-0237, CONACYT 44673Q,
CONABIO and AEO15. We thank A. Cruz, L. Espinosa-Asuar
and M. Kyle for expert technical assistance. The cooperation,
logistics and support of CONAP/APFF Cuatro Cienegas, The
Nature Conservancy and Pronatura Noreste were paramount
for this research.

DATABASES
Entrez Genome Project: http://www.ncbi.nlm.nih.gov/sites/

entrez?db=genomeprj
Bacillus coahuilensis | Bacillus halodurans | Bacillus subtilis |

Escherichia coli | Geobacillus kaustophilus | Mycobacterium
tuberculosis | Oceanobacillus iheyensis | Yersinia pestis
FURTHER INFORMATION

Valeria Souza’s homepage: http://www.ecologia.unam.mx/
academicos/souza/souza_contacto.htm

ALL LINKS ARE ACTIVE IN THE ONLINE PDF

564 [ JULY 2008 [ VOLUME 6

www.nature.com/reviews/micro

© 2008 Macmillan Publishers Limited. All rights reserved.


mailto:souza@servidor.unam.mx
http://www.ncbi.nlm.nih.gov/sites/entrez?db=genomeprj
http://www.ncbi.nlm.nih.gov/sites/entrez?db=genomeprj
http://www.ncbi.nlm.nih.gov/sites/entrez?db=genomeprj&cmd=search&term=Bacillus coahuilensis
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=genomeprj&cmd=ShowDetailView&TermToSearch=235
http://www.ncbi.nlm.nih.gov/sites/entrez?db=genomeprj&cmd=Retrieve&dopt=Overview&list_uids=17579
http://www.ncbi.nlm.nih.gov/sites/entrez?db=genomeprj&cmd=Retrieve&dopt=Overview&list_uids=12319
http://www.ncbi.nlm.nih.gov/sites/entrez?db=genomeprj&cmd=search&term=Geobacillus kaustophilus
http://www.ncbi.nlm.nih.gov/sites/entrez?db=genomeprj&cmd=Retrieve&dopt=Overview&list_uids=12318
http://www.ncbi.nlm.nih.gov/sites/entrez?db=genomeprj&cmd=Retrieve&dopt=Overview&list_uids=12318
http://www.ncbi.nlm.nih.gov/sites/entrez?db=genomeprj&cmd=search&term=Oceanobacillus iheyensis 
http://www.ncbi.nlm.nih.gov/sites/entrez?db=genomeprj&cmd=Retrieve&dopt=Overview&list_uids=12303
http://www.ecologia.unam.mx/academicos/souza/souza_contacto.htm
http://www.ecologia.unam.mx/academicos/souza/souza_contacto.htm

	Abstract | There is increasing evidence for the existence of unique ecosystems that are dominated by locally adapted microbiota which harbour distinct lineages and biological capabilities, much like the macrobiota of Darwin’s Galapagos Islands. As a primar
	Endemism in microbial systems
	Figure 1 | The influence of phosphorus (P) limitation on horizontal gene transfer (HGT). This conceptual diagram illustrates our proposal for how strong ecosystem P limitation can not only promote local adaptation to increase P competitive ability (blue sh
	CCB: an archipelago of microbial diversity
	Evidence for isolation and continuity
	Evidence for strong local selection
	Figure 2 | The microorganism-dominated ecosystems of the Cuatro Ciénegas basin, Coahuila, Mexico. a | The spring pool at Poza Azul. b | The Rio Mesquites river. c | The small salterns at Poza Roja. d | Archaea-dominated microbial mats in Poza Roja. e | Large stromatolite reefs at Poza Azules Ranch.
	Figure 3 | Microbial diversity and endemism at the Cuatro Ciénegas basin. a | 16S ribosomal RNA (rRNA) identifications of non-cultivable microorganisms obtained in a clone library (160 total clones) from the Cuatro Ciénegas Basin. It can be seen that 50% ocompared with other bacilli, is shown.
	The involvement of HGT
	The future



