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Preface

In 1898, an Austrian microbiologist Heinrich Winterberg made a curious observation:
the number of microbial cells in his samples did not match the number of colonies
formed on nutrient media (Winterberg 1898). About a decade later, J. Amann quan-
tified this mismatch, which turned out to be surprisingly large, with non-growing
cells outnumbering the cultivable ones almost 150 times (Amann 1911). These
papers signify some of the earliest steps towards the discovery of an important
phenomenon known today as the Great Plate Count Anomaly (Staley and Konopka
1985). Note how early in the history of microbiology these steps were taken.
Detecting the Anomaly almost certainly required the Plate. If so, then the period
from 1881 to 1887, the years when Robert Koch and Petri introduced their key
inventions (Koch 1881; Petri 1887), sets the earliest boundary for the discovery,
which is remarkably close to the 1898 observations by H. Winterberg. Celebrating
its 111th anniversary, the Great Plate Count Anomaly today is arguably the oldest
unresolved microbiological phenomenon.

In the years to follow, the Anomaly was repeatedly confirmed by all microbio-
logists who cared to compare the cell count in the inoculum to the colony count in
the Petri dish (¢f, Cholodny 1929; Butkevich 1932; Butkevich and Butkevich
1936). By mid-century, the remarkable difference between the two counts became
a universally recognized phenomenon, acknowledged by several classics of the time
(Waksman and Hotchkiss 1937; ZoBell 1946; Jannasch and Jones 1959).

Surely the “missing” microbial diversity was as large then as it is now. However,
reading the earlier papers leaves an impression that throughout most of the 20™
century the “missing” aspect was not viewed as a particularly important problem or
as an exciting opportunity. A casual mention was typical of many publications.
“Missing” cells were not necessarily considered missing species let alone signs of
novel classes of microbes. Besides, the unexplored microbial biodiversity was a
purely academic issue; the hunt for novel species as a resource for biotechnology
had not yet begun. It is also important that the reasons for the Anomaly appeared
rather simple at the time. Counting errors, dead cells, and later damaged cells were
continuously considered significant components of the disparity. Also, it had been
obvious at least since Koch’s time that no single nutrient medium could possibly
satisfy all microorganisms (Koch 1881), and so the finger was always pointing to
media deficiencies. Indeed, imperfections in media design was such a simple and
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intuitive explanation for the refusal of the microbial majority to grow in vitro that
many microbiologists began viewing it as sufficient. The triviality of the explana-
tion generated a perception of the Anomaly as a purely technical issue that could be
resolved by bettering the media compositions and incubation conditions.

This view began to change towards the end of the 20th century. Cultivation
efforts during the preceding decades did produce success stories; yet even as the
manuals for media recipes grew into thick volumes, the overwhelming majority of
microorganisms still eschewed the Petri dish. The progress in recovering missing
species was rather incremental and did not change the overall picture. And, it was
going to get worse.

The rRNA approach (Olsen et al. 1986) was a truly spectacular development: it
provided insight into the microbial world missed by traditional cultivation. Novel
microbial divisions were discovered by the dozen (Giovannoni et al. 1990; Ward
et al. 1990; DeLong 1992; Fuhrman et al. 1992; Liesack and Stackebrandt 1992;
Barns et al. 1994; Hugenholtz et al. 1998; Ravenschlag et al. 1999; Dojka et al.
2000). From the molecular surveys of the 1990s emerged an image of the biosphere
with millions of novel microbial species waiting to be discovered (Tiedje 1994;
Allsopp et al. 1995). What microbiologists had been able to cultivate and catalogue
throughout the entire history of microbiological exploration (Staley et al. 1989)
appeared to be an insignificant portion of the total. Successes in cultivation not-
withstanding, the gap between microbial richness in nature and that of culture col-
lections just would not close. Even today, most of the known microbial divisions
have no single cultivable representative (Rappe and Giovannoni 2003; Schloss and
Handelsman 2004). This gap was called “extraordinary” in 1932 just as it was
called in 2000 (Butkevich 1932; Colwell 2000), as if the countless cultivation
studies during these seventy years never existed. But, the realities of our age are
different from the 1930s, and the Great Plate Count Anomaly is no longer “just” an
academic observation. The need to close the gap is an urgent practical issue, as
biotech and pharmaceutical industries appear to have exhausted what the limited
number of cultivable species have to offer (Osburne et al. 2000). Today, the resolu-
tion of the phenomenon of microbial uncultivability is recognized as a top research
priority for microbial biology (Young 1997; Hurst 2005). The principal challenges
are to understand why uncultivated microorganisms are uncultivated, and to
describe, access, and utilize their seemingly infinite diversity.

Microbiologists answered the call using two different strategies. One represents
a group of clever approaches that bypass cultivation altogether. These go straight to
the genes of the “missing” species to mine them for the information and products
they encode, or employ isotopes and miniature electrodes to measure the activities
of these species in situ. It is truly exciting to see how, today, cultivation-independent
studies can be done at a single cell level. The other is a head-on strategy, and con-
sists of a multitude of innovations in cultivation, principally aiming at mimicking
natural conditions. The two strategies have their specific advantages and disadvan-
tages, but few microbiologists think it is a battle of two competing products.
Instead, the likely solution to the Anomaly is in a symbiosis between the two. What
form and shape this symbiosis will take, it is too early to say, but the good news is
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that both the authors and the readers of this book will likely witness, and witness
soon, the process and the conclusion of this evolution.

Furthering this unification is the main goal of this volume. The contributions
center around three themes. The first theme groups together several chapters that
focus on what can be learned about the microbial world without cultivating
it. John Bunge opens the volume by describing how to statistically estimate the
size of microbial diversity using gene sequence data. Chapters by Mitchell Sogin
and Terry Gentry et al. provide an account of the state of the art in recovering the
sequence data from environmental samples. Antje Boetius et al. offer a perspective
on studying microbes in nature by measuring their biogeochemical activities.
Mircea Podar et al. explore how much information modern genomics tools can
recover from single cells of uncultivated species. The second theme is the nature of
uncultivated microorganisms, why so many species remain uncultivated, and how
to domesticate them in the lab. Thomas Schmidt and Allan Konopka dissect the
nature of slow growing species. Rita Colwell describes cells that are viable but
nonculturable. Slava Epstein attempts to build a general model of the Great Plate
Count Anomaly. The third theme builds connections between the Anomaly and
practice. Vivian Miao and Julian Davies explore how metagenomics approaches
could help to provide access to bioactive compounds produced by uncultivated
species. Kim Lewis advocates a connection between the phenomemon of microbial
uncultivability and antimicrobial tolerance of biofilms and persister cells. Ken
Nealson’s chapter concludes the volume by discussing the application of unculti-
vated cells to the search of life outside our planet, so as to outline the wide spectrum
of subjects connected to the Great Plate Count Anomaly.

There is something else that this volume intends to convey. Working in the field of
uncultivated microorganisms today involves both luck and privilege. Not everyone has
the fortune to study a phenomenon that has endured for a century, is of unquestionable
importance, and yet remains unresolved. It is fascinating to think that “our” phenom-
enon predates the model of the atom, the theory of the Big Bang, cracking the genetic
code... It is humbling to think of the great minds who have contributed over the past
century to its resolution. And it is sensational to think how enormously beneficial this
resolution may be by providing unimpeded access to the missing microbial diversity,
and the treasures therein. As to the luck ... the luck is in the timing, for the right of
entry into the world of uncultivated microbes seems to be just round the corner.

Boston MA Slava S. Epstein
January 2009
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Abstract The full microbial richness of a community, or even of an environmental
sample, usually cannot be observed completely, but only estimated statistically. This
estimation is typically based on observed count data, that is, the counts of the repre-
sentatives of each species (or other taxonomic units) appearing in the sample or sam-
ples. “Abundance” data consists of counts of the numbers of individuals from various
species in a single sample, while “incidence” (or multiple recapture) data consists
of lists of species appearing in several or many samples. In this chapter we consider
statistical estimation of the total richness, i.e., the total number of species, observed
+ unobserved, based on abundance or on incidence data. We discuss parametric and
nonparametric methods, their underlying assumptions, and their advantages and dis-
advantages; computational implementations and software; and larger scientific issues
such as the scope of applicability of the results of a given analysis. Some real-world
examples from microbial studies are presented. Our discussion is intended to serve as
an overview and an introduction to the literature and available software.

J. Bunge
Department of Statistical Science, Cornell University, Ithaca, NY 14853, USA
e-mail: jabl8@cornell.edu

Microbiol Monogr, doi:10.1007/7171_2008_3 1
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2 J. Bunge

1 Introduction

Recent research has shown that microbial communities are astonishingly diverse;
in fact many studies only capture a small fraction of the diversity of a given com-
munity, despite intensive sampling efforts (Huber et al. 2007). In such cases we
must estimate the total diversity — observed plus unobserved — by statistical
extrapolation from the available data. This is a nontrivial and indeed not entirely
solved problem in statistics; it is a topic of considerable interest and activity among
theoretical (mathematical) statisticians, and its literature continues to evolve at a
rapid rate (Bunge and Barger 2008). Some of these statistical developments have
entered the mainstream of microbial diversity research, but some have not. In this
chapter we give an overview of the area from an applied, data-analytic perspective,
with the goal of providing the practitioner with a conceptual framework for the
diversity estimation problem; the types of data typically encountered; and the
relevant statistical procedures that are applicable to such datasets.

First we require a definition of “diversity.” This in turn requires that the com-
munity or population in question be classified in a clear and unambiguous manner,
i.e., that it be subdivided into mutually exclusive subsets which, together, comprise
the entire population. For statistical purposes any well-defined classification system
will do, but in a biological population it is natural to classify individual organisms
according to the Linnaean hierarchy, in particular by “species.” However, there is
currently no consensus regarding the concept of “species” for microorganisms, and
instead microbiologists often group environmental microorganisms into operational
taxonomic units (OTUs) based on their rRNA gene sequence similarity (Stackebrandt
and Goebel 1994). A species is then provisionally defined to be a group (OTU) of
cells sharing a certain percentage identity of their 16s rRNA gene sequences.
Values from 97 to 99% are typically used.

Given a classification system, several indices of diversity have been defined
(Magurran 2004), but the simplest is the number of OTUs, or “species richness’ in a
given community. This quantity has a clear physical meaning and in principle could
be determined exactly, given unlimited sampling effort. However, species richness,
while relatively straightforward to define, is difficult to ascertain in practice, because
biological communities often comprise a few large and many small species, and it is
precisely the small species that elude sampling efforts. That is, the unobserved part
of the community may be subdivided into many small groups unbeknown to us, yet
we are required to estimate the number of these unobserved species. This is why the
statistical problem of estimating species richness does not at present have an optimal,
universal solution. Indeed, some authors have argued (mathematically) that no such
global solution is possible, and that under the most general, nonparametric formula-
tion of the problem one can at best provide a lower bound for the species richness of
a given population (Mao and Lindsay 2007). On the other hand, if one is willing to
impose certain structural constraints, richness estimation becomes possible, although
subject to the validity of the assumed structure. For this and other reasons it is advis-
able to use and compare several existing methods, which make different assumptions
about the (unknown) structure of the population.
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The goal of this chapter is not to comprehensively review the current literature
or practice (statistical or biological), but to describe the scope and applicability of
the major statistical methods from a synoptic, and somewhat idealized, perspective.
(In particular, the references given here are intended as entry points to the literature
not definitive historical summaries.) This is because the status of current theory and
practice are, to a certain degree, fragmented and incomplete. The various methods
have not yet been unified in a single mathematical framework, and in particular
there is no comprehensive expository textbook, at the theoretical or applied level.
More importantly from the practitioner’s point of view, there is no unified and
comprehensive software program for species richness estimation. Some methods
have been implemented in software that can be readily used by the applied practi-
tioner, others in software that requires a statistical computing specialist, while for
others no software exists at all. In this chapter we seek to give an overview of the
state of the art. We take a broad perspective, attempting to look beyond the present
limitations of the literature or software resources (which at any rate are being con-
tinually improved), while referring the reader to current and relevant existing
resources where possible. We focus on those methods for which the mathematical
foundations have been studied in depth.

Generally speaking, two types of data are encountered in species richness
estimation: first, abundance or frequency count data, usually from a single sam-
ple; and second, incidence or occurrence data, usually from multiple samples
(from the same community). In the next two sections we discuss statistical methods
for each of these data types, and connections between them. In the final section,
we discuss certain scientific issues (not purely statistical) and potential future
directions.

2 Abundance Data

In this scenario we collect a sample of organisms, sort them into species, and count
how many of each kind we have in the sample. Such a description hides the com-
plications of the data-collection process, which may have several stages, each with
its own biases (as in the case of clone library construction), and it hides the some-
what arbitrary decisions underlying the operative definition of species or OTU.
However, the procedure is at least conceptually clear, and we will relegate its uncer-
tainties to the background for now, in order to focus on the statistical methods.
Given such a sample, then, how can we interpret it statistically? Since the total
species list is unknown (otherwise there would be no estimation problem), there is
no obvious ordering of the species observed in the sample. We therefore organize
the data by simply counting the number of species observed once (the “single-
tons”), twice, three times, and so on. For example, in the dataset (1,25), (2,7), (3,7),
4.4), (5,1), (6,2), (8,1), (11,1), (13,1), (14,1), (16,1), (27,1), (31,1), and (37,1);
there were 25 species observed once (each), seven observed twice, seven
observed three times, ..., and 1 observed 37 times (example data from Behnke
et al. (2008); OTUs defined at 98% sequence similarity level). Thus there were
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25 +7 + 7 + 4+...+1 = 54 species observed altogether in this sample, and there
were 1 Xx25+2x7+3x7+...+37x1 =250 individuals.

If we denote such a dataset in general by {(i,ﬁ),i =1,2,...}, then i is the frequency
(of sample occurrence) and f is the frequency of the frequency i (in the sample), an
unwieldy phrase which we may replace by frequency count, and we call this frequency
count data. It has a simple and intuitive graphical display with frequency on the hori-
zontal axis and count on the vertical axis, as shown for our example data in Fig. 1.

The left-hand side of the graph represents the less-abundant or rare species
(at least in terms of their representation in the observed sample), and the right-hand
side represents the abundant or frequent species (in the sample). Note that the structure
shown in Fig. 1 is typical of microbial diversity studies: almost half of the observed
species (25/54) were represented by singletons in the sample, but at the same time
there were three highly abundant species (with frequencies 27, 31, and 37), each
accounting for more than 10% of the sampled individuals (27/250, 31/250, 37/250).
This structure reflects the statement noted in the Introduction, that the unobserved
portion of the population may be subdivided to an almost arbitrary degree, rendering
species-richness estimation difficult, or at least prone to statistical error. Nevertheless,
it is remarkable that statistical methods can often achieve usable and credible
results in such situations, although they must be interpreted with care. There are
two main families of methods for abundance data, and we discuss these next.

2.1 Parametric Abundance Models

In this approach we assume that each species has a certain propensity to enter
the sample. (This propensity is not identical to its literal abundance in the popula-
tion, because the production of the ultimate sample may not transparently represent
the underlying population.) We call this the “sampling intensity” of the species: it
is the number of representatives of the species expected to enter the sample during
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one unit of sampling effort. The simplest possible assumption is that all sampling
intensities are equal; however, this almost invariably results in underestimating the
true species richness, often severely. It is more realistic to assume that the sampling
intensities differ across species, some larger and some smaller. We then model the
distribution of the intensities using a probability distribution which in turn is deter-
mined by a small number of parameters (for example, its mean and variance). This
is a parametric stochastic abundance model.

If we suppose that each species independently contributes a random number of
representatives to the sample according to the Poisson distribution, with mean equal
to the species’ sampling intensity, we have a mixed-Poisson model for the frequency
counts (the “mixing” distribution is the distribution of the sampling intensities). We
then fit the mixed-Poisson model to the observed frequency counts, generally via
the method of maximum likelihood. (For an outline of the mathematical theory see
Chao and Bunge 2002 and Bunge and Barger 2008). This amounts to fitting a
“curve” to the data; the curve is projected upward and to the left to obtain an esti-
mate of fo, the number of unobserved species (i.e., observed zero times in the sam-
ple), and f; is added to the observed number of species to obtain a final estimate of
the total richness. The same mathematical structure yields a standard error (SE) for
the estimate, goodness-of-fit assessments, and so forth. Figure 2 shows such a
model fitted to our example data. Here the estimate of f0 is 67, for a total richness
estimate of 54 + 67 = 121 species; the associated SE is 39, and the model fit is
excellent. (Note that the curve is only fitted to the data up to frequency = 16; we
discuss this later.)

Several questions arise immediately. First, how do we choose the parametric
model, or stochastic abundance distribution, to use? It would be ideal if basic ecologi-
cal theory would provide such a model, and it could be confirmed to fit data in a large
number of cases. However, while there has been considerable work both in the math-
ematical and biological literature on the derivation of such models, no consensus has
emerged (Williamson and Gaston 2005). Furthermore, it is not clear that a single
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model would apply across different types of organisms, or at different levels of the
taxonomic hierarchy. Even if such a model could be found for the abundances of
microbial species in a specific habitat, under specific conditions, it is not obvious that
the model would remain unchanged under the various sampling, molecular biology
and bioinformatic procedures that are used to construct a clone library, which is often
the final source of data for analysis. One can envision a seamless theory that would
mathematically describe environmental abundances, sampling, and the production of
the clone library, resulting in a final model for the library as a representation of the
underlying population; however, no such theory has yet been attempted. Hence at
present the choice of model must generally be empirical, based on apparent fit to the
data. We return to this question below.

Second, we typically fit models only to the observed frequency count data up to
some maximum frequency, which is called the “right truncation point” or “tuning
parameter,” denoted by T. Given an analysis based on the truncated data, we simply add
the number of species with frequencies greater than T to obtain the final richness esti-
mate. (In the example above, T = 16.) The reason for this is that it may be impossible to
find a parametric model (from any known family) that fits a given complete frequency-
count dataset. Some researchers justify this truncation heuristically by noting that much
of the information relevant to estimation of f; may be found in the lower frequencies
(more rarely observed species), since these strongly influence the trajectory of the fitted
curve, upward and to the left. However, the statistical foundation of this statement is
uncertain, and in fact the richness estimate (and its SE) will typically vary with t.

Nevertheless it is usually necessary to select a value for 7, and there are several
possible approaches to this choice. First, we can look for an apparent gap in the
data, and use that to subdivide it into “rare” (low-frequency) and “abundant” (high-
frequency) species. In the example, such a gap occurs between 16 and 27, so T =16
is not unreasonable. This approach requires expert judgment in each case, and
furthermore there may be no such gap, or there may be many. Second, we can set
T at a heuristically-selected fixed value, say T = 10. But if T can be taken much
higher than 10 while still obtaining a good fit, potentially important data points will
be omitted unnecessarily. Third, we can set T to be the maximum value that will
allow a good fit of a given parametric model; however, this value (and hence the
results of the analysis) will vary depending on the model. Finally, we can take T to
be the maximum observed frequency in the data, and then select the model that
gives the best fit to the entire dataset — although no (available) model may be
entirely satisfactory. This simple approach tends to be conservative; that is, it tends
to produce somewhat lower richness estimates.

As the above considerations show, the choice of model and tuning parameter
interact, in a manner that does not currently have a direct statistical resolution. For
a fixed value of T, we can select a model using standard statistical criteria such as
the Akaike Information Criterion (AIC). Given a variety of models, each fitted at
several possible values of T, one can examine the Pearson chi-square goodness-of-
fit statistic, but at present the final choice of analysis must to some extent rely on
expert judgment, pending further research. Fortunately, expansion of the set of
available models (based on mathematical research) generally allows T to increase,
as the models become more flexible (Bunge and Barger 2008).
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In summary, the advantages of the parametric stochastic abundance model
approach are ease of interpretation, clear visual representation, and often excellent
fit to a large proportion of the frequency count data. The disadvantages are: empirical
selection of tuning parameter and model.

2.2 Nonparametric Abundance Models

In this approach, the basic structure is the same as above: each species is assumed
to independently contribute a Poisson-distributed number of representatives to the
sample, and the species’ sampling intensities are assumed to follow some underly-
ing “abundance” or “latent” distribution. However, here this distribution is not
restricted to be a member of a parametric family (such as the lognormal), but rather
is allowed to range over the entire set of possible distributions. Rather than fitting
a parametric maximum likelihood estimate of total richness, this method computes
a nonparametric maximum likelihood estimate or NPMLE (Wang and Lindsay
2005). There are several differences from the parametric approach.

e The final fitted abundance (sampling intensity) distribution is constructed by the
procedure for each dataset, rather than being selected from a parametric family.
(In fact the nonparametrically fitted distribution is discrete, essentially defining
a small number of categories of species abundances.) This has the advantage of
great flexibility, but gives no indication as to the suitability of well-known para-
metric models; essentially it builds a model de novo for each analysis.

e Since the method selects, or rather constructs an approximation to, a single
model among the entire class of possible models (not just within a specific para-
metric family), the question of model selection among different parametric fami-
lies does not arise.

» The NPMLE is relatively insensitive to the truncation point T, so the question of 7, and
its problematic interaction with model selection, does not arise, or is less important.

e There is not (at present) a direct variance (SE) formula for the NPMLE; instead
the SE must be computed by some form of resampling such as the bootstrap.
However, the bootstrap must be carried out very carefully, because the species
richness estimation problem exhibits certain pathologies which may render
bootstrap variance estimates inaccurate.

e There are several possible NPMLE’s. All are based on the Poisson sampling
model; the differences arise because of the various ways of stabilizing (reducing
the variance of) the estimators, and in the approximations and algorithms used
for computing them. Because the NPMLE approach is fairly recent, not enough
experience has accumulated to make a definitive selection among these.

e It has been argued mathematically in a certain nonparametric theoretical frame-
work that only lower bounds for the total richness can be regarded as reasonable
(Mao and Lindsay 2007). Intuitively, this is because the nonparametric approach
attempts to make minimal assumptions about the population structure (the
underlying abundance distribution), and consequently one must always allow for
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an arbitrary number of arbitrarily small species. Some versions of the NPMLE
incorporate a “penalty parameter’” or other devices to reduce this possibility.

As of this writing software to compute the NPMLE (and its variants) is not readily
accessible, and therefore we do not compute the estimate for our example data. However,
we expect software for this approach to enter the mainstream in the near future.

2.3 Coverage-Based Estimation

The coverage of the sample is the proportion of the population represented by the
species that have been observed. For example, suppose there are four species in the
population, say A, B, C, D, with proportional abundances 75%, 20%, 4% and 1%,
respectively. If species A and C (only) appear in the sample then the coverage is
79%. (There is a statistical subtlety here: the actual coverage is random and
depends on the particular sample observed, while the expected coverage is the long-
term average coverage produced by the sampling procedure. Some methods address
one version, some the other.) Estimation of coverage may be an easier statistical
problem than richness estimation, and has its own literature (Mao 2004). The canoni-
cal example of a richness estimator based on this concept is the Abundance-based
Coverage Estimator or ACE (Chao 2005). This estimator first inflates the observed
number of species in inverse proportion to a nonparametric coverage estimate (the
smaller the coverage, the greater the inflation), and then further adjusts nonpara-
metrically according to the variability of the observed frequency counts. Many vari-
ations of ACE have been studied, including ACE1 for (apparently) higher-diversity
populations (Chao and Lee 1992).
ACE and its variants:

e Are nonparametric and hence do not require model selection

e Admit direct variance estimation (SE), without resampling

* Are sensitive to the choice of T — typically both the richness estimate and its SE
increase with T

* Provide a sequence of related estimators, typically assuming higher degrees of
diversity in the population

* Are known to underestimate total richness in high-diversity populations (i.e., are
downwardly biased in such cases)

e Can be theoretically (mathematically) related both to certain families of para-
metric models (such as the gamma-mixed Poisson/negative binomial), and to the
NPMLE framework (Chao and Bunge 2002; Mao and Lindsay 2007)

In our example above, the preferred coverage-based estimator at T = 10 is ACE,
which gives an estimate of 86 with SE of 14, and at T = 16 (the value selected by
the parametric procedure) the preferred estimator is ACE1, which gives 152 with
SE of 50. In some datasets the possible values of T may vary by one or more orders
of magnitude, with corresponding variation in the coverage-based estimates.
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2.4 Discussion

Given the variety of approaches to estimation of species richness, which method
should we use in a given case, and how should we select a final analysis to report?
There are several principal considerations. First, the method used should correctly
represent the researcher’s operative assumptions about the underlying (target)
population, sampling procedure, and biochemical system for production of the final
frequency count data. All of the methods described above share the same funda-
mental framework: they assume that each species has a given sampling intensity,
the intensities vary in such a way that they can be described by a probability distri-
bution, and members of each species enter the sample independently according to
their sampling intensities. If the data can be assumed to have been generated
according to this framework, then all of the methods above are equally applicable.
(We consider different data structures in Sect. 3).

The simplest and (in our view) best approach would be to compute all estimates
and associated statistics such as SE’s, goodness-of-fit assessments (where applica-
ble), graphical representations, etc., and examine them all, because each method
will illuminate a different aspect of the data. In the best-case scenario all methods
will agree (approximately), leading to good confidence in the results. If there is
strong divergence between the various analyses, this too is informative, and indi-
cates that a more conservative approach should be preferred until further (or auxiliary)
data becomes available. However, as of this writing there is no comprehensive and
easy-to-use software package to carry out such a multimethod, parallel analysis.
The coverage-based methods do not present major programming challenges and
have been widely implemented in software. The parametric and nonparametric
maximum likelihood methods require nontrivial algorithm and program develop-
ment, and in some cases entail significant computing time, especially when many
analyses are requested simultaneously, e.g., for multiple values of T. At present, the
existing software for these methods is not comprehensive or integrated, and the
applied user will still need expert guidance, which may be available from the soft-
ware authors. However, software for all methods is undergoing rapid development,
and some software with reasonable user interfaces is beginning to appear, even for
the computationally-intensive methods.

We recommend that the applied researcher make every effort not to be limited
by easy-to-use, readily available software. Instead, we recommend that the
researcher seek expert advice, which is available in most institutions from a statis-
tics department or group, and analyze his or her data using as many of the above
methods as is feasible, and in particular to compare the results of more than one
parametric model (for example, the gamma-mixed Poisson or negative binomial
model is usually too inflexible to accommodate the high-diversity data often
encountered in microbial diversity research). The combined judgment of the biological
and statistical experts can then be brought to bear on the results of the analyses.
Such an approach will yield a range of results under slightly different model
assumptions, and will tend to guard against over-optimistic acceptance of any single
result, which may be biased downward or upward, unbeknown to the researcher.
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Table 1 Comparison of abundance-based methods

Method Advantages Disadvantages

Parametric maximum Well-understood properties; Model selection not obvious;

likelihood

Nonparametric maximum
likelihood

represents data via smooth
distribution; responds stably
to T; natural visualization;
tests suitability of specific
abundance

distributions

Does not require model

results depend on

(and model selection
interacts with) T; computa-
tionally intensive; patchy
implementation in existing
software

Procedure not yet thoroughly

studied; standard error

selection; robust across a
wide range of abundance
distributions; apparently

insensitive to T

must be obtained by resa-
mpling; computationally
intensive, and software not
yet readily available
Tends to be biased downward
in high-diversity situations;
sensitive to T; little diag-
nostic information for
choice of T and specific
estimator; no graphical
representation

Nonparametric
coverage-based

Well-understood properties;
does not require model
selection; robust across a
range of abundance distribu-
tions; several user-friendly
software implementations

Table 1 summarizes the salient pros and cons of the various methods at the
present time.

We emphasize that while this is the current state of the art, progress is rapid and
we expect many of the disadvantages listed above (for all methods) to be amelio-
rated in the near future, especially in terms of computation.

3 Incidence Data

In this scenario we collect species occurrence or incidence data on several different
sampling “occasions,” or from several different lists; this is also known as capture—
recapture, multiple recapture, or multiple list data. For example, the Table 2 shows
10 different samples or lists, which yielded a combined total of 15 observed species.
(This is a subset of a larger dataset with 46 samples and 3,717 observed species,
extracted from GenBank at the 90% similarity level (Epstein and Bunge 2008).)
Each row represents the “capture history” of a particular species (arbitrary species
ID numbers are assigned), and each column represents the list of species observed
on a given sampling occasion. Note that on each occasion, the only presence or
absence — the “incidence” — of each species is recorded, where 1 indicates that the
given species was observed on the given occasion (0 otherwise). The right-most
column gives the total number of observations for each (observed) species. Analysis
of such data has a long history and immense literature, dating back at least as far as
the eighteenth century (Borchers et al. 2002, Chao and Huggins 2005); here we
attempt only a sketch from a particular point of view.
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Table 2 Example multiple recapture data
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We note that in some cases the actual “abundance” or number of observations of
a given species on a given occasion may be recorded, leading to integer entries
greater than 1; this may be called “multiple abundance data,” although there is no
standard terminology in this case. Clearly multiple incidence data can be derived
from multiple abundance data, but not the reverse. Note also that frequency-count
data can be derived from the marginal totals, but the full table cannot be recovered
from the frequency-count data. In this example, the latter is (1,8), (2,3), (3,1), (4,2),
(5,1). Here the maximum possible frequency is equal to the number of samples. It
is possible to apply frequency-count methods to such data if the number of samples
is large enough; we return to this issue below.

Multiple incidence data is more highly structured than frequency-count data, and
its statistical analysis admits more variations; here we only attempt an outline of the
areas we see as especially relevant to microbial ecology. Much of the literature in this
area originated with population size estimation for macro-fauna — birds, mammals, fish
—and in this application a row in the table represents the capture history for a particular
animal. A certain taxonomy of models has emerged from this literature (Borchers et al.
2002). It is not ideally adapted to microbial ecology applications but it has become a
de facto standard, and (at least) the first four models are noteworthy here.

* M,: Global homogeneity. Each species is equally likely to occur, on each occa-
sion, i.e., each species has the same sampling intensity or abundance, and the
“sampling effort” is the same on each occasion.

e M, “Time” (7) effect. All species have the same sampling intensity or abun-
dance, but sampling effort varies with occasion or time. Thus all species have
the same probability of occurrence on a given occasion (within a given column
of the table), but this probability varies across occasions (columns).

* M,: Heterogeneity (h) effect. The species have different (heterogeneous) sam-
pling intensities or abundances, but sampling effort is the same on each occasion.
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Thus a given species’ probability of occurrence is the same on every sampling
occasion: the probability of occurrence is the same within a given row of the
table, but varies from row to row.

e M, Time and heterogeneity effects. The species have different sampling inten-
sities, and sampling effort varies across occasions. Thus the occurrence proba-
bilities vary both across rows and across columns.

Further models involving behavioral (b) effects have been studied in the literature.
These were originally intended to account for individual animals’ responses to
being captured (e.g., becoming “trap-happy” or “trap-shy”), and while the statistical
models for such effects may have an alternative interpretation in the microbial ecology
setting, we do not discuss them here. In the following discussion we assume that
the sampling occasions or lists are (statistically) independent. There are many situations
in which this assumption may be false, but we will retain it here for simplicity, and
because it is often reasonable in microbial ecology.

The models M, and M, which assume equal species abundances, admit straight-
forward maximum likelihood estimates and can be dealt with in a reasonably
uncomplicated manner, statistically and computationally. Unfortunately, the equal-
abundance assumption is rarely if ever realistic, and causes severe downward bias
when the true population is heterogeneous. Thus the models of interest here are M,
and M,. The more general of these is of course M ,; however, it may possible for
the researcher to specify, on substantive grounds, whether the “time” effect should
be assumed to be present or not, that is, whether sampling effort can be assumed to
be constant across occasions. Thus both M, and M, are potentially useful.

The same three classes of estimators — parametric maximum likelihood, non-
parametric coverage-based, and nonparametric maximum likelihood — exist for
incidence data as well as abundance data. If we restrict our attention to models M,
and M, this gives six potential families of statistical procedures to consider. We
will briefly consider each of the six possibilities. In addition, there is (at least one)
alternative approach based on “estimating equations,” which has both parametric
and nonparametric aspects, and admits an elegant extension even to the most general
model M, , (Chao et al. 2001). However, in its present form this method depends on
the “time” order of the samples, i.e., it is not invariant to permutation of the lists.
Since this assumption appears to be more adapted to certain kinds of animal-trapping
surveys, we do not delve into it in detail here.

3.1 Parametric Incidence Models

3.1.1 Model M,

In this case, the row totals of the data, that is, the number of times each species is
observed, are binomial random variables, where the binomial “success probability”
(the probability that a given species is observed on a given occasion) varies from
row to row. A parametric mixture model, analogous (and in some ways equivalent)
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to the mixture models for frequency data discussed above, asserts that the success
probabilities vary according to some “mixing” (probability) distribution. This gives
rise to a “mixed binomial” model. While there is an unlimited spectrum of possible
mixing distributions, only a few are commonly used at present. The most common
is the beta-mixed binomial or beta-binomial. This distribution is mathematically
tractable, and its computation is often feasible (though nontrivial), but it does not
seem to have a convincing justification otherwise. In addition, it may fail to fit a given
dataset, or readily available computational algorithms may fail to converge, yielding
no results. A second family of candidates consists of finite mixtures (Pledger 2005),
which essentially model the population using a small number of ‘“abundance
classes”: for example, a two-component finite mixture postulates the existence of a
group of low-abundance species and a group of high-abundance species (approxi-
mately). These models appear to show promise in terms of empirical applicability
even when only two or three components are used. In the example above, the beta-
binomial analysis yields an estimate of 25 species, and the two-component mixture
yields 26 (both with SE > 3), with the latter fitting much better than the former.

312 Model M,

Here the success probability varies both with species and with sampling occasion, i.e.,
both with row and column. In order for species richness estimation to be feasible
some structure must be imposed. Again there is an infinite spectrum of possible mod-
els, but the “Rasch” model is at least conceptually simple, potentially applicable, and
reasonably well-studied in a variety of contexts (Fienberg et al. 1999). Let p; denote
the probability that species i appears on occasion j; then one simple version of the
Rasch model asserts that log(p /(1-p,)) = . + B so that o, is the species heterogene-
ity (row) effect, and B is the samphng occasion (column) ‘effect. Further structure is
still required for richness estimation, and it can be imposed in various ways. Often the
effects o, and [.’)j are taken to be random variables with some parametric distribution
(in terms of the o this again leads to a mixture model for the species abundances);
the model can then be fitted by maximum likelihood, or by various levels of hierarchi-
cal Bayesian procedures, which are beyond our scope here. However, at present there
is no readily available, easy-to-use software for any version of the Rasch model for
species-richness estimation. Existing software is specific to particular model assump-
tions, and requires a statistical expert for use and interpretation.

3.2 Nonparametric Incidence Models

For model M,, typically a mixing distribution is assumed for the species’ detection
probabilities, as described above. It is possible to specify this distribution nonpara-
metrically. That is, rather than estimating the parameters of a fixed family of
distributions such as the beta-binomial, these statistical procedures attempt to
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approximate the mixing distribution without making any particular restrictions on
its form. Such a nonparametric maximum likelihood procedure was first put for-
ward for this model by Norris and Pollock (1996) (see also Tardella 2002 and
Huggins and Yip 2001), and in principle shares the advantages of the NPMLEs
discussed above, but again software has not yet become generally available. We
have not found an NPMLE method for model M, in the literature to date.

3.3 Nonparametric Coverage-Based Incidence Methods

As with abundance data, these procedures inflate the observed number of species by
the reciprocal of a nonparametric estimate of the sample’s coverage, and then adapt
nonparametrically to the apparent heterogeneity in the data (assessed via an estimate
of the coefficient of variation). Again, the methods are primarily due to Chao and
co-authors (Lee and Chao 1994). The procedure for model M, is known as ICE, or
Incidence-based Coverage Estimator, and it also has a high-diversity variant ICE1;
there also exist moderate- and high-diversity procedures for model M, although
these do not have specific conventional acronyms. As was true for abundance data,
these methods require a user-selected maximum frequency 7, and the results are
sensitive to T, although little guidance is available for its choice apart from selecting
the default value of T = 10. These methods are (computationally) relatively straight-
forward and have been implemented in several readily-available and usable software
packages. For our example above (which is not highly heterogeneous), ICE gives an
estimate of 24 with SE 3, and the M ,-based estimate is 25 with SE 8. For this example
the various procedures agree reasonably well, but as with abundance data, careful
comparison of models and estimators is generally required.

3.4 Models with Covariates

There is a substantial amount of research on statistical models for incidence data
that can accommodate covariates, i.e., “external” information about the nature of
the various sampling occasions or situations, or even about some or all of the
observed species themselves. For example, some measure of (or proxy for) “sam-
pling effort” might have been recorded on each occasion, and we might seek to
incorporate this information into the analysis. Such methods vary widely and tend
to be adapted to fairly particular situations, and hence we do not attempt to describe
them here; see, e.g., Zwane and Van der Heijden (2005).

4 Remarks

Given the results of a statistical analysis, to what larger population do they apply?
This question is especially pressing in ecological problems of species-richness or
animal abundance estimation, because it can be difficult to precisely define the
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population from which the sample emanated. In the case of species richness estima-
tion in microbial ecology, there are often two levels of sampling: first, a sample of
material is taken from some natural environment, say, 5 L of ocean water from a
bay. Then a subsample of water is taken from this sample, an rRNA gene clone
library is generated from this subsample, species are identified using rRNA gene
sequences, and finally species frequency count data is obtained. The statistical
projections based on the frequency count data can only strictly be said to apply to
the 5-L sample, not to the entire bay.

In this connection the concept of “homogeneous mixing” may be of some value
(here the term “mixing” is used in the ordinary sense rather than the technical sense
above). The mathematical model for generation of abundance data states that there
are multiple simultaneous independent homogeneous Poisson processes, one for
each species, and that the members of a given species appear in the sample accord-
ing to the rate of the process; the sampling intensity is the expected number of
members of that species expected to appear during one unit of sampling effort.
From an applied statistical perspective, this means in particular that the results of a
statistical inference based on frequency-count (abundance) data can be extended to
a stationary, fixed population. That is, the sampling model is valid if the population
does not change during the sampling period, and the population is “homogeneously
mixed” — the organisms in question are uniformly dispersed throughout the sam-
pled environment. This clarifies why, in the example above, the projections apply
to the 5-L sample but not to the ocean environment from which the sample was
drawn; the 5 L sample can be reasonably considered to be homogeneously mixed,
but the surrounding ocean cannot.

Similar considerations arise in the case of incidence samples. In particular the
models and procedures discussed herein are all for “closed” populations, which
again are assumed to be fixed, without migration, birth or death, at least during the
sampling period. Extensions to nonclosed populations exist; see Borchers et al.
(2002) for an introduction.

A related issue is that of statistical independence within the sample. For abun-
dance samples, we assume that the individuals of the various species enter the
sample independently. At present little theoretical work has been done to weaken
this assumption to (various forms of) dependence, and statistical tests for independ-
ence are not (yet) available in this problem. It is not known how sensitive the analy-
ses are to violations of this assumption. For incidence sampling the picture is a little
clearer. While most incidence models assume independence within columns, i.e.,
the species (or animals) enter the sample independently on a given occasion, and
(as for abundance data) this assumption is difficult to assess, the models have been
extended to admit dependence between columns. Such models originated in the
animal population estimation literature, where an animal may become “trap-happy”
or “trap-shy” resulting in dependence between its behavior on successive sampling
occasions. Hence the taxonomy has been extended to allow a subscript b for behav-
ior, with correspondingly more complex models M,.M,, and so on. However, in
microbial ecology the assumption of independent columns (samples) is often plau-
sible, so we do not enter into the dependent models here; see, e.g., Chao and
Huggins (2005).
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Finally, suppose that we have arrived at a provisionally satisfactory probabil-
istic model to describe the generation of our data (at least approximately). As
discussed above, for a given model there are several valid statistical procedures
that may be used to analyze the data and make inference about the population,
i.e., about the true species richness. Which should the researcher choose? We
recommend that several competing procedures be computed, and the results be
compared. This is because the process of interpreting the differences between the
analyses will illuminate the data (and the particular problem at hand) from new
angles. Indeed it is in the comparison of results, taking into account the differing
assumptions and structural properties of the statistical procedures, that the most
valuable insights may in some cases be gained. Ultimately a single estimate of
species richness must be reported, along with a corresponding standard error and
(possibly) confidence interval. The point is, however, that this choice should be
made after evaluating the competitors in view of their advantages and disadvan-
tages, rather than a priori for reasons of simplicity, ease of use of software, etc.
As the theoretical study of these methods progresses, and software becomes more
readily available, such a comparative approach will become more accessible to
the applied researcher.

APPENDIX: Software

Here is a list of some computer software that is available as of this writing.
Documentation is available at the websites listed. The collection of such software
continues to expand, and for new applications and data analyses the reader should
check recent developments via expert advice and Internet searching.

¢ Abundance data

— Code written in MAPLE (www.maplesoft.com) for various parametric models,
http://www.stat.cornell.edu/~bunge/(Hong et al. 2006)

¢ Abundance or incidence data

— SPADE, http://chao.stat.nthu.edu.tw/softwareCE.html(Shen et al. 2003)
— EstimateS, http://viceroy.eeb.uconn.edu/EstimateS(Colwell 2005)

¢ Incidence data

— DENSITY, http://www.landcareresearch.co.nz/(Efford et al. 2004)

— CARE-2, http://chao.stat.nthu.edu.tw/softwareCE.html(Chao et al. 2001)

— CAPTURE, http://www.mbr-pwrc.usgs.gov/software.html(Rexstad and Burnham
1991)

— M-SURGE, http://www.cefe.cnrs.fr/(Choquet et al. 2004)
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Abstract Rank abundance plots of microbial populations are long-tailed distributions
in which a few highly abundant populations account for most of the organisms in
a community, whereas lower-abundance taxa represent a large number of different
phylotypes. New massively parallel DNA pyrosequencing techniques that routinely
sample many hundreds of thousands of homologous genes permit the detection
of lower abundance taxa even in the presence of overwhelming levels of domi-
nant microbial populations. The technology provides estimates of both richness
(diversity) and evenness (relative abundance of different kinds of microbes). When
applied to studies of marine and soil microbial populations, the massively parallel
sequencing of many thousands of rapidly evolving regions in ribosomal RNA genes
reveals that microbial diversity is 1-2 orders greater than all previously published
estimates from traditional capillary DNA sequencing methodologies. Most of the
diversity is accounted for by low-abundance phylotypes that constitute the rare
biosphere. These taxa might represent “seed” organisms that under shifts in
ecological conditions can become more abundant, or they might be persistently rare
over large temporal and spatial scales.
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1 Microbial Diversity and Habitability

Microbes are the most abundant cellular life forms on Earth. Their cell numbers in
terrestrial and aquatic environments exceed 5 x 10° organisms (Whitman et al.
1998), which eclipses the total number of plant and animal cells by at least 2-3
orders of magnitude. They live inside of us, inhabit our food and water, disperse in
our air, and grow on surfaces that we contact every day. Microbes are mostly innocuous
and many are essential for our very existence. Without bacteria, archaea, and protists,
multicellular life on earth would not have evolved and would not be sustainable.
From the time of their origins, microscopic factories — initially anaerobic and later
aerobic — have served as essential catalysts for all of the chemical reactions within
biogeochemical cycles that shape planetary change and habitability. Microbial carbon
remineralization, with and without oxygen, maintains the carbon cycle. Microorganisms
control global utilization of nitrogen through nitrogen fixation, nitrification, and
nitrate reduction. They drive the bulk of sulfur, iron, and manganese biogeochemical
cycles (Atlas and Bartha 1993) and regulate the composition of the atmosphere, influence
climates, impact water quality, recycle nutrients, and decompose pollutants. They
exert a significant economic impact in agriculture, fisheries, animal husbandry, a
vast array of fermentation processes, and in the biotechnology industry including the
production of pharmaceuticals. Yet some microbes in the environment have the
potential to cause disease in humans and in macrobiota.

2 The Molecular Influence on Microbial Taxonomy
and Ecology

We are just beginning to discover what promises to be an extraordinarily vast number
of heretofore-unknown microbes and microbial activities. Microbial ecologists seek
to understand “Who is there? What are they doing? Where did they come from? How
do microbial populations shape earth’s habitability?” Answers to these questions
require detailed descriptions of microbial population structures that include measures
of richness (diversity) and evenness (relative abundance of different kinds of microbes
in a community). During the first 100 years of microbiology, the lack of agreement
about which phenotypic features were most valuable for defining microbial systematics
led to conflicting views of their natural relationships and gross underestimates of
diversity that encompassed a mere 5,000 bacterial “species” (Guerrero 2001). Thirty-
five years ago, Woese pioneered the use of ribosomal RNA (rRNA) sequence com-
parisons for charting the evolutionary history of microorganisms (Sogin et al. 1971;
Woese and Fox 1977; Woese et al. 1974). The prokaryote—eukaryote dichotomy soon
gave way to the three domain system, which includes Bacteria, Archaea, and Eukarya
(Woese et al. 1990). With the introduction of improved sequencing technology, Pace
developed culture-independent molecular tools for assessing the diversity and ecology
of microorganisms (Pace 1997; Pace et al. 1985). He demonstrated that the sequence
of an rRNA gene isolated from environmental DNA extracts could serve as proxies
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for the presence of a microbe in a sample. Several technical advances accelerated
progress. The first was the demonstration by Medlin et al. (Medlin et al. 1988) that
polymerase chain reaction (PCR) technology could efficiently amplify ribosomal
rRNA genes from the primary domains and thereby eliminate the requirement to
screen recombinant genome libraries. The second was the development of automated
DNA sequencing technology (Smith et al. 1986). The third was the introduction of
powerful tools for aligning DNA sequences and inferring phylogenetic frameworks
(Felsenstein 1989; Higgins 1994; Swofford 2001).

Sequence analyses of clones containing rRNA sequences from shot-gun genome
libraries or PCR amplicon libraries of environmental rRNA genes have become the
“gold standard” for assessing species richness in microbial communities. Current
databases contain more than 500,000 rRNA sequences that correspond to phylotypes
(Table 1) from diverse microbes (http://www.arb-silva.de,, http://bioinformatics.psb.
ugent.be/webtools/rRNA/,http://www.ncbi.nlm.nih.gov/http://www.rdp.cme.msu.
edu). The number of bacterial phyla has increased from Woese’s description of a
dozen lineages to more than 100 major phyla (Fig. 1) — most of which do not include
cultured representatives (Ley et al. 2006). On the basis of surveys of environmental
rRNA gene sequences, microbial diversity is at least 100—1,000 times greater than
estimates based upon cultivation-dependent surveys (Pace 1997). Yet, the molecular
assays have only captured a fraction of microbial diversity and they rarely provide
estimates of relative abundance for different kinds of microbes or operational taxonomic
units (OTUs) (Pedros-Alio 2006).

The expense of sequencing full-length rRNA genes has constrained the size of most
molecular surveys. Determining a full-length rRNA gene sequence typically requires

1987 1997
12 divisions: 12 cultured/ 36 divisions: 24 cultured/
0 candidate 12 candidate
Cultured
Uncultured
2003 2007
53 divisions: 26 cultured/ .
27 candidate ~100 divisions: 30 cultured/

~70 candidate

Fig. 1 Bacterial rRNA diversity from cultivars and environmental DNA samples
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4-8 reads on an automated platform. Early automated DNA sequencing systems
employed slab electrophoresis that generated fewer than 100 sequences per day at a cost
of $5-30 per read. The introduction of capillary-array electrophoresis (CAE) sequencing
increased read accuracy and reduced costs to less than $1 per read on Molecular
Dynamics or ABI platforms that could process >1,000 templates per day. The promise
of discovering new phylotypes fostered experimental designs where low-resolution pro-
cedures, e.g., restriction fragment length polymorphisms, identify putatively distinct
clones for DNA sequencing. This binning procedure allows for more cost-efficient surveys
of microbial diversity (since high frequency clones with identical sequences are excluded,
fewer clone sequences are required to discover novel taxa), but it comes at the expense
of minimizing information about the relative abundance of distinct phylotypes. Despite
the increased efficiency of CAE, few molecular microbial diversity surveys collect more
than 1,000 full-length sequences. This modest amount of data can detect only a small
fraction of the 10%-~10° microbes per liter commonly found in aquatic environments or
the 10° microbial cells in a gram of soil (less than one per million cells). Such studies
detect sequences from high-abundance organisms that likely represent rapidly growing
populations. They fail to report sequences from most of the low-abundance taxa, and
some of these may be the most interesting for predicting shifts in microbial population
structures in response to ecological change. The occurrence and distribution of the low-
abundance taxa remain undersampled and uncharted (Pedros-Alio 2006).

The undersampling problem is even more severe for metagenomic studies, where the
sequencing effort is distributed across the entire genome rather than targeted to a single
gene. Metagenomic investigations usually seek to characterize the metabolic properties
of microbial communities that define ecosystem function. These surveys commonly
collect 100-200 MB (mega base pairs) of sequence data or approximately 100x cover-
age for the average 2 MB microbial genome. A threefold coverage of any particular
genome will statistically describe 90% of its functional genes, but knowing the genomic
context of any annotated gene will require 8—15-fold genome coverage in order to
assemble reasonable size contigs. In a typical 100-200 MB genome study, descriptions
of metabolic diversity will be successful only for microbes that account for 5% of the
genomes in a sample and assembly will be possible only for genomes that represent at
least 15% of the genomes in a sample. This agrees with the general observation that
despite deep sampling of sequence space, the rate of new protein-family discovery in
metagenomic surveys remains linear (Yooseph et al. 2007). Yet microbial communities
are far more complex with richness estimates in the many thousands of taxa.

3 Massively Parallel DNA Pyrosequencing
and Microbial Diversity

As an alternative to molecular analyses of cloned PCR amplicons, several “Next gen-
eration” DNA sequencing technologies (Illumina’s Solexa, Applied Biosystems’
SOLID, and 454 Pyrosequencing technology implemented on Roche’s Genome
Sequencers) reduce the costs of DNA sequencing by 2 or more orders of magnitude
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through the use of massively parallel strategies that circumvent the requirement to clone
DNA templates. Despite their short 25-35 base pair (bp) read lengths, the enormous
capacity (60-200 million reads/run for Solexa and SOLiD systems, respectively) allows
for cost-effective sequencing of microbial genomes from cultivars through the assembly
of large numbers of overlapping reads (Butler et al. 2008). However, for analyses of
environmental DNAs, 25-35 bp read lengths are not sufficient for identifying or anno-
tating homologous coding regions. Since each sequence read can theoretically represent
DNA from a distinct gene from a complex mixture of microbial genes, their assembly
into longer contigs risks the formation of sequence chimeras. As a compromise, the
massively parallel capability of 454 Life Science’s pyrosequencing technology
(Margulies et al. 2005) implemented on the Roche Genome Sequencer (GS) can generate
300,000-450,000 sequences in a single run. The original GS20 produced sequences that
contained ~100 bp, but the read length has increased on the GSFLXto 230 bp with
expectations of achieving one million 400 bp reads/run in the near future.

For the analyses of PCR amplicon libraries from environmental DNA samples, the
primer design must include the 454 Life Science A primer fused to the conserved 5
region and a reverse 3’ primer that flanks the targeted genomic sequence. The Life
Science A primer sequence on each fragment in the amplicon library anneals to com-
plementary oligonucleotides that are tethered onto micron-size beads. The annealing
conditions favor one fragment per bead. The beads are emulsified in a PCR mixture in
oil, and PCR amplification (emPCR) occurs in a microreactor generating approximately
ten million copies of a unique DNA template. After breaking the emulsion, the DNA
strands are denatured and beads carrying single-stranded DNA clones are deposited into
wells on one of the two regions of the PicoTiterPlate for pyrosequencing on a Roche
Genome Sequencer. Each PicoTiterPlate contains 1.6 million wells that can hold a bead
and additional reagents including polymerase, luciferase, and ATP sulfurylase.
Microfluidics cycle each of the four nucleotide triphosphates over the PicoTiterPlate,
and incorporation of a nucleotide releases pyrophosphate, the substrate for a lumines-
cence reaction (Ronaghi et al. 1998). A cooled charge-coupled device (CCD) camera
records the luminescence reaction that produces a signal proportionate to the amount of
released pyrophosphate. The record of intensity of each flow of a nucleotide is a flow-
gram, analogous to a chromatogram, that reports the order of A, C, G, and T residues
from a DNA sequencing template. Flowgram values correspond to the homopolymer
length for that base. On average, 300,000—450,000 of the wells produce usable reads.

This new methodology brings with it different sources of error than traditional
CAE sequencing. For example, it is sometimes difficult to resolve the intensity of
luminescence produced when a homopolymer is encountered. The result can be
ambiguity of homopolymer length, particularly for longer homopolymers. In addi-
tion, insufficient flushing between flows can cause single base insertions (carry for-
ward events) usually near but not adjacent to homopolymers. Finally, low nucleotide
concentrations within a flow can cause incomplete extension within homopolymers.
Margulies et al. (Margulies et al. 2005) found that an excess of intermediate flowgram
values indicates a poor-quality read. For genome sequencing, the error rate for single
reads can be as high as 5 or 6%, but the assembly of many overlapping reads can
produce accurate consensus sequences (Goldberg et al. 2006; Moore et al. 2006) with
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error rates as low as 0.03%. However, the generation of consensus sequences to
improve accuracy is not appropriate for studies that seek information about natural
variation from every read. For example, in metagenomic (Edwards et al. 2006) or
PCR amplicon (Sogin et al. 2006) libraries from environmental DNA samples, each
sequence read can theoretically represent DNA from a distinct gene from a complex
mixture of microbial genes. Using a model system that compared tags from a set of
clones of known sequence, Huse et al. demonstrated an error rate (incorrect bases/
total number of expected nucleotides) of 0.49% on the original GS20, and identified
several factors that can be used to remove low-quality reads, improving the accuracy
t0 99.75% or better (Huse et al. 2007). By using objective criteria to eliminate low-
quality data (elimination of reads with one or more N’s or reads that were shorter than
50 nt or longer than 100 nt), the quality of individual GS20 sequence reads in molecular
ecological applications can surpass the accuracy of traditional CAE methods.

The 454 pyrosequencing technology is particularly adept at describing microbial
population structures through the analyses of short “tag” sequences (Sogin et al. 2006)
from one or more rRNA hypervariable regions (Fig. 2). Each tag serves as a proxy for
the occurrence of an rRNA coding region in an environmental DNA sample.
Enumerating the frequency of individual tags will provide a first-order description of
the relative abundance of different microbes in a community. Rarefaction of clusters
of closely related sequence tag sequences and nonparametric estimators such as Chaol
(Chao 1984) and the abundance-based coverage estimator ACE provide estimates of
species richness (Chao 1992; Chao et al. 1993). The highly variable nature of the tag
sequences and paucity of positions do not allow direct inference of phylogenetic
frameworks; however, when tag sequences serve as a query against a reference data-
base of hypervariable regions from full-length rRNA sequences of known phylotypes,
it is possible to extract information about taxonomic identity, microbial diversity, and
relative abundance (Huber et al. 2007; Sogin et al. 2006). Matches of each tag sequence
to hypervariable regions from known phylotypes (using a reference data base of
~500,000 entries that span a targeted hypervariable region) provide information about
taxonomic identity. The frequency of individual tags provides an estimate of the rela-
tive abundance of specific microbes in a population. The reproducibility is excellent
and PCR bias minimally impacts the differential amplification of these very short
rRNA regions from complex microbial populations. The major constraint is the taxo-
nomic resolution inferred for longer environmental rRNA sequences that currently
dominate the molecular databases. In some cases, the taxonomic assignments of envi-
ronmental sequences map to genus; others resolve only to class or phylum.

4 Bioinformatic Interpretation of Pyrosequences
from rRNA Hypervirable Regions

The first application of this strategy (Sogin et al. 2006) targeted the rRNA V6 region
(E. coli positions 967-1,046), which ranges in size from 60-80 bp. The V6 informa-
tion content is analogous to the use of hypervariable regions in DNA microarray
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Fig. 2 V6 Region of SSU rRNA. Conserved sequences flank the hypervariable V6 regions of
bacterial rRNAs and serve as primer sites to generate PCR amplicon

experiments that survey the presence of gene sequences from specific microbes
(DeSantis et al. 2007; DeSantis et al. 2005). Both technologies use 60-80 bp DNA
sequences to measure the presence of specific fRNA genes in a DNA sample.
The principle difference is that the range of taxa detected by tag sequencing is not
constrained by OTU-specific probe sequences in a DNA microarray. With the capacity
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to generate >240 bp reads on the GSFLX, it is now possible to target longer hypervari-
able regions (Gutell et al. 1985; Van de Peer et al. 1996), e.g., the ~130 bp V3 and V9,
or a combination of hypervariable regions such as V2 plus V3. The reproducibility is
excellent, and PCR bias minimally impacts the differential amplification of these very
short rRNA regions from complex microbial populations (Huber et al., manuscript
in preparation). Other attributes include (1) ~100-fold lower cost than traditional
sequencing of rRNA amplicons (reagent costs ~$0.01 per GS-FLX read versus $1-2
per capillary read), (2) the ability to detect minor members in a microbial population,
and (3) fewer CPU cycles to infer phylogeny; the analyses rely upon identification of
best matches with rRNAs from precomputed phylogenies.

For most surveys, the collection of 25,000-50,000 tags will adequately describe
microbial population structures for a microbial community. Multiplexing or “bar
coding” strategies allow the concurrent collection of thousands of tags from multiple
samples in a single 4-h sequencing run without use of partitioning gaskets that
reduce the number of sequencing wells on the PicoTiterPlate. By incorporating a
unique 5-bp “key” between the 454 Life Sciences A-primer and the 5" flanking
rRNA primer (Fig. 3), each PCR reaction produces products that contain a discrete
5-bp “key”. After combining multiple PCR amplicon libraries for pyrosequencing,
the 5-bp “key” identifies the sample source for each tag sequence. The use of a 5-bp
“key” allows for the synthesis of as many as 81 oligonucleotides that differ at a
minimum of two sites. To capture the full diversity of rRNA sequences represented
in molecular databases, it is necessary to use a cocktail of five primers at the 5" end
and four primers at the 3" end of the V6 region. The preparation of at least three
independent PCR cocktails containing as little as 5 ng of DNA from each sample
will minimize the impact of potential early-round PCR errors.

The bioinformatics analysis of tag sequences includes deconvolution of sequences
according to bar coded primers, removal of low-quality sequences, assignments of
taxonomic identities to tag sequences, and rarefaction analyses of assigned taxo-
nomic units or sequence-based OTUs. Bioinformatics searches use the 5-nt keys to
deconvolute the sequence reads into separate sample bins. Quality control routines

5' Primers

1454 Primer A | | 5’ rRNA Primer |
gecteectegegecatcag NNNN NCNACGCGAAGAACCTTANC
gccteectegegecatcag NNNN NCAACGCGAAAAACCTTACC
gccteectegegecatcag NNNN NCAACGCGCAGAACCTTACC
gccteectegegecatcag NNNN NATACGCGARGAACCTTACC
gecteectegegecatcag NNNN NCTAACCGANGAACCTYACC

3’ Primers

CGACAGCCATGCANCACCT
CGACAACCATGCANCACCT
CGACGGCCATGCANCACCT
CGACGACCATGCANCACCT

Fig. 3 Fused 5 Primer with 5 bp linker for distinguishing products of different PCR libraries and
3 amplification primers
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remove sequences with mismatches to 5" proximal amplification primers, sequences
containing one or more N’s within the V6-tag, sequences with fewer than 50 bases
after the proximal primer, and sequences that extend more than 100 bp beyond the
proximal primers. BLASTN (Altschul et al. 1990) (with nondefault parameters -q -1
and -G 1) and the EMBOSS program fuzznuc (Rice et al. 2000) (with nondefault
parameter — mismatch = 3) identify complete, mismatched, and partial distal primers
that arise from early sequence termination. Both the proximal and distal primers are
trimmed from high-quality reads prior to database searches and similarity calcula-
tions. The 99.75% accuracy of V6 tag sequencing (Huse et al. 2007) is more than
adequate to identify best matches to sequences in a reference database.

The tag sequences lack sufficient evolutionary information for the inference of
phylogenetic trees, and the size of the data sets from a single run of the GSFLX
exceeds the computational limitations of sequence alignment and tree-building
algorithms. The reads are also too short for current implementations of Bayesian
classifiers such as the Ribosomal Database Project (RDP) Classifier (Cole et al.
2005). As an alternative, a Global Assignment of Sequence Taxonomy (GAST)
algorithm compares the tag sequences with a reference database of hypervariable
homologs extracted from ~500,000 nearly full-length rRNA sequences. The tag
sequence data sets are initially collapsed to unique sequences, and the number of
times each sequence occurs is recorded. In the case of V6, each unique tag sequence
serves as a BLAST query against a reference database of 59,830 nonidentical V6
sequences extracted from 195,344 nearly full-length bacterial rRNAs derived from
multiple sources (Cole et al. 2005; Ludwig et al. 2004; Wheeler et al. 2006) and
unannotated environmental RNA sequences, which are assigned taxonomic ranks
using the Ribosomal Database Project II's Classifier (Cole et al. 2005). The classi-
fier employs a “bootstrap” score, which is a measure of confidence in the taxon
assignment. GAST nominally accepts taxonomic assignments for bootstrap values
of 80%. If the bootstrap value is <80%, the taxonomic assignment moves to a
higher classification level until an 80% or better bootstrap value is achieved.
For example, if the genus assignment has a bootstrap value of 70%, but the family
had a value of 85%, that sequence would be assigned only as far as family and not
to genus. The RDP Classifier does not classify sequences below the genus level.
Failure of the RDP classifier to make taxonomic assignments at any rank usually
reflects the absence of an appropriate reference sequence in its training set.

Since BLAST uses a local alignment algorithm that does not ensure the identi-
fication of the most similar sequence in a reference data base, GAST collects the
top BLAST hits (to a maximum of 150) and aligns the best matching sequences
with the query sequence using the program MUSCLE (Edgar 2004) (with para-
meters -diags and -maxiters 2). GAST calculates the global distance from the sam-
ple tag to each of the aligned sequence tags by summing the number of insertions,
deletions, and mismatches divided by the length of the tag. The nearly full-length
sequence or sequences with the minimal global distance relative to the query is the
top GAST match(es). The top BLAST hit generally agrees with the best GAST
match(es); however, for 5-25% of tags the best GAST match is to a reference
sequence with a lower BLAST score (Huse, manuscript in review). This process is
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more computationally intensive than BLAST score ratios (Rasko et al. 2005) but
results in a better match than BLASTN alone in 5-10% of comparisons, depending
on how many tag sequences are highly divergent from any reference sequence.

Each tag sequence query is assigned a taxonomy on the basis of its top GAST
match(es). In the limited cases where a tag reference sequence has multiple taxono-
mies due to mapping to more than one nearly full-length rRNA sequence with differ-
ent taxonomies, it is necessary to compile the taxonomy for all of these corresponding
16S sequences (with RDP bootstrap values +80). Starting at the genus level, if a con-
sensus (defined as a two-thirds majority) of the full-length taxonomies has valid taxo-
nomic assignments that agree to the genus level, that taxonomy is not assigned to the
tag. If there is no consensus, the taxonomic assignment moves up one level to family.
If there is no consensus at the family level, the assignment of taxonomy to the tag
continues to proceed up the tree. Occasionally, a tag cannot be assigned a taxonomic
descriptor at the domain level. This is most often due to RDP not assigning taxonomy
with an adequate bootstrap value, rather than a tag mapping to full-length sequences
from different domains. Tags that do not have any BLAST hits whatsoever are not
assigned a taxonomic name. GAST uses a 66% majority, although other values or a
distributional vs. strict percentage approach can be implemented.

5 Expanded Perspective of Microbial Diversity
and the “Rare Biosphere”

The first massively parallel pyrosequencing studies of hypervariable sequences in
rRNA genes targeted the V6 region. A total of ~120,000 tag sequences represented
microbial population structures for six paired samples (sample pairs collected at the
same coordinates but from different depths) from the meso- and bathypelagic realms
at different locations in the North Atlantic Deep Water (NADW) loop of the ocean
conveyor belt, and two samples of basalt-hosted diffuse hydrothermal vent fluids
collected from the 1998 eruption zone of Axial Seamount, an active submarine vol-
cano located on the Juan de Fuca Ridge in the northeast Pacific Ocean (Sogin et al.
2006). The rarefaction analyses (Fig. 4) of best GAST matches describe unprece-
dented levels of bacterial complexity for the eight marine samples, yet none has
reached the curvilinear or plateau phase (Sogin et al. 2006). Furthermore, Table 1
shows there are as many 3,290 distinct OTUs (Site FS396) according to their best
matches in GAST analyses but the tags report 8,699 unique sequences from the
same sample. Many of these unique tags display imperfect matches to the same V6
sequences from nearly full-length rRNA sequences in the reference data base.

A viable alternative is to assess diversity independent of taxonomy. For example,
the program DOTUR (Schloss and Handelsman 2005) identifies clusters of related
sequences that equate to OTUs according to user-defined levels of similarity. These
clusters represent evolutionary units, or phylotypes. The number of sequences that join
a cluster defines that group’s relative abundance. Microbial ecologists often employ
a cluster of Small Subunit Ribosomal RNA (SSU) sequences that differ by no more
than 3% as a first approximation of an ecologically or evolutionarily relevant phylotype,
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Fig. 4 Rarefaction analysis for each sample based upon best matches against the vérefdb. The
frequency of observed best matches to the vérefdb (OTUs) for each site was used to calculate rar-
efaction curves with the program Analytic Rarefaction 1.3 (http://www.uga.edu/~strata/software/)

Table 1 Data summary and Phylotype OTUs
Sample ID 53R S55R 112R 115R 137 138 FS312  FS396

Total reads 6,505 18,439 12916 14,731 18,137 18451 6,605 22,994
Trimmed tags® 5,000 13902 9,282 11,005 13,907 14,374 4,835 17,666
Unique tags® 2,656 7,187 57752 5777 6,752 7,168 2,769 8,699
OTUs® 1,184 2,555 2,135 2,049 2480 2,550 1,362 3,290
“Number of reads remaining after removal of primers and low quality data

*Distinct sequences within set of trimmed tags

“Calculated by comparing each tag to reference V6 dataset, combining tags with same nearest
reference combination

understanding that this is an oversimplification but that it is as likely to overesti-
mate as to underestimate species diversity. The clustering of V6 regions according
to the criteria of 3% sequence diversity performs very similarly to 3% clustering
of the entire gene (unpublished). The original implementation of DOTUR does not
accommodate tens of thousands of tag sequences. Similarly, no programs exist that
can compute an alignment of hundreds of thousands of sequences, and the resulting
distance matrix would be more than a terabyte in size. Using relational database tools,
it is possible to compress tag sequence data to unique sequences prior to alignment
and clustering, then to expand these clusters to contain all tags so that the cluster sizes
can be used for calculating diversity and rarefaction. However, the limit of these
analyses is still on the order of 37,000 unique tag sequences from a total data set of
725,000 sequences. Table 2 presents a DOTUR analysis of the NADW and Axial Sea
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Mount tags. The diversity estimates for each of the samples exceeds all prior esti-
mates of marine microbial diversity, with FS396 containing more than 25,000 OTUs
in a liter of sea water.

More recently, this observation of microbial diversity was extended by attempting
an exhaustive description of bacterial and archaeal population structures in the deep
marine biosphere (Huber et al. 2007). Nearly one million tags were collected at the
two low-temperature diffuse flow vents, Marker 52 (FS312) and Bag City (FS396),
which are less than 3 km apart on Axial Seamount. These sites have significantly
different chemical compositions and appearance. Figure 5 shows that we have
almost exhaustively sampled the archaeal populations, which have a total diversity
of just over 27,000 kinds of microbes. In contrast, bacterial population diversity is
far from reaching a plateau. Nonparametric analysis indicates that there are more
than 40,000 different kinds of bacteria. Microbial diversity is much greater than

Table 2 Similarity-based OTUs and species richness estimators?

Dist 0.03 0.05 0.10
Sample Reads OTU ACE Chaol OTU ACE Chaol OTU ACE Chaol
53R 5,000 1,946 7,247 6,997 1,732 5,616 5,288 1,316 3,351 3,018

55R 13,902 5266 19,235 18,191 4,673 14,959 142209 3,644 9,618 9,080
112R 9,282 4241 16,002 13,772 3,770 12,341 10,870 2,958 8,011 7,108
115R 11,005 4,000 12,767 11,296 3,413 9,189 8,585 2457 5,553 5,448
137 13,907 4,554 13,698 11,991 3,866 9,734 8,705 2,708 5,353 5,181
138 14,374 5,136 18,656 16,600 4,508 13,852 12,424 3,293 7,596 6,941
FS312 4,835 1,941 5,599 5,482 1,681 4,233 4,080 1,227 2,466 2,346
FS396 17,666 6,326 23,315 20,949 5,573 18,003 16,889 4,291 11,520 10,567

“Determined by DOTUR

20,000 -
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Fig. 5 Rarefaction curves for total bacterial and archaeal communities at the two sampling sites
Marker 52 (FS312) and Bag city (FS396) at 3 and 6% difference levels



Characterizing Microbial Population Structures 31

previous estimates from conventional molecular techniques. In traditional molecular
studies, dominant populations have masked the detection of low-abundance organ-
isms, their overwhelming diversity, and their individual distribution patterns in both
terrestrial and aquatic environments. The relative abundance of different OTUs in the
tag sequence data set varied by more than 3 orders of magnitude.

A relatively small number of tag sequences represented dominant bacterial popu-
lations in samples from the diffuse flow and deep waters of the North Atlantic. The
vast majority (75%) of the tag sequences are very similar one another and to entries
in the reference database. Underlying the major populations is a broad distribution of
distinct bacterial taxa that represent extraordinary diversity. Approximately 25% of
the “total tags™ are identical to a sequence in our reference database, 40% are no more
than 3% different and ~75% are no more than 10% different from any entry in the
reference database. On the other hand, analyses of “unique reads” reveal that 80% are
more than 10% different from a closest match in the reference database and, as indicated
by the distribution of “all tags”, the most divergent tag sequences represent very low
abundance OTUs. These highly divergent low-abundance organisms constitute a
“rare biosphere” that is largely unexplored. Some of its members might serve as key-
stone species within complex consortia, others might simply be the products of his-
torical ecological change with the potential to become dominant in response to shifts
in environmental conditions that favor their growth. Because we know so little about
the global distribution of members of the rare biosphere, it is not yet possible to know
whether they represent specific biogeographical distributions of bacterial taxa, func-
tional selection by particular marine environments, or cosmopolitan distribution of all
microbial taxa — the “everything is everywhere” hypothesis.

6 Massively Parallel DNA Sequencing and Future Surveys
of Microbial Population Structures

In traditional molecular studies, dominant populations have masked the detection
of the vast majority of low-abundance OTUs that make up the long tail of taxon-
rank distribution curves, their overwhelming genetic diversity, and their individual
distribution patterns. The sum of all different kinds of organisms in the rare bio-
sphere represents a significant fraction of complete microbial communities.
Massively parallel, high-throughput DNA sequencing provides a tool for detecting
the presence of these organisms in different environmental contexts and monitoring
shifts in relative abundance of minor populations. If microbial ecologists were to
survey a sufficient number of distinct sites, it will be possible to identify popula-
tions that might be persistently rare, to detect low-abundance microbial taxa that
reflect biogeographical distribution patterns from endemic sites, and to monitor the
relative abundance of “seed” populations that respond to ecological change. These
measurements afforded by new sequencing technology will be essential for devel-
oping a comprehensive understanding of how microbial communities shift and
evolve over different spatial and temporal scales.
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Abstract Microarrays have unprecedented potential for the high-throughput
detection and characterization of uncultivated microorganisms. Several different
types of arrays have been developed or adapted for the interrogation of microbial
genomes and monitoring microbial population dynamics and/or activity in relation
to various microbial processes such as bioremediation and biogeochemical cycling.
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Even though the number of such microarray studies has increased dramatically over
the last few years, microarray analysis of uncultivated microorganisms still poses
several challenges including a lack of sequence information for many organisms
and related issues regarding the sensitivity and specificity of detection. As research
continues to address these difficulties, and with further technological advances,
microarrays will undoubtedly find even broader application to the investigation
of uncultivated microorganisms, thus greatly increasing our understanding of the
genetics, physiology, and distribution of these heretofore largely uncharacterized
microorganisms.

1 Introduction

Research over the last few years has begun to reveal the incredible diversity of
microorganisms that inhabit many environments, with one study suggesting as
many as a million distinct genomes per gram of soil (Gans et al. 2005). While
there is some debate over the accuracy of that specific estimation (Bunge et al.
2006; Volkov et al. 2006), it is now well established that there are enormous num-
bers and diversity of environmental microorganisms that we know little to nothing
about — largely because the inability to cultivate these organisms has precluded
their phenotypic characterization (Handelsman 2004). The development of molecular
methods (e.g., polymerase chain reaction, PCR) has reduced the need for cultivation
as a prerequisite for microbial characterization and has resulted in the discovery of
many novel organisms; however, most of these methods are relatively of low
throughput and reveal only limited information, usually phylogenetic, about the
organisms they detect. Other methods such as metagenomic sequencing can reveal
enormous amounts of information about uncultivated microorganisms or commu-
nities but are typically only used on a small number of samples. Microarray-based
analyses have the potential to bridge this analytical gap.

Microarrays have unprecedented capability as a specific, sensitive, quantitative,
and high-throughput technology for the detection and characterization of uncultivated
microorganisms. Microarrays are currently available that can simultaneously detect
thousands of different target organisms or genes, and this capacity continues to
increase as the technology rapidly progresses (Brodie et al. 2006; He et al. 2007).
Novel types of microarrays are continually being developed, but most arrays can be
classified in one of five groups on the basis of the design and targets of the array:
phylogenetic oligonucleotide arrays (POAs), functional gene arrays (FGAs),
community genome arrays (CGAs), metagenomic arrays (MGA), and whole-genome
open reading frame arrays (WGA). These microarrays are rapidly being developed
and/or adapted to environmental microbiology-related research with nearly 40 such
papers being published in 2006 alone (Wagner et al. 2007). Researchers have used
different approaches for microarray-based analyses (Fig. 1) to investigate pertinent
topics ranging from the elucidation of microorganisms involved in bioremediation
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Fig. 1 Possible approaches for microarray analysis of uncultivated microorganisms (*SIP Stable
isotope probing, FACS Fluorescence-activated cell sorting)

and biogeochemical cycling processes to the detection of potential bioterrorism
agents. The use of microarrays for studying uncultivated microorganisms still poses
several challenges with respect to target sequence information, sensitivity, specificity,
and data analysis, but applications will undoubtedly continue to increase as advances
in microarray technology are made.

2 Types of Microarrays

2.1 Phylogenetic Oligonucleotide Arrays

Most POAs are based on specific regions of the ssu-rRNA (i.e., 16S rRNA) gene
(Table 1). The rRNA gene has several characteristics that make it useful as a phylo-
genetic marker: e.g., (1) it exists in all organisms; (2) it appears to be rarely transferred
between organisms; (3) it contains both conserved and variable regions of sequence;
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Table 1 Microarrays for characterization of uncultivated microorganisms?

Type of Array

Property POA FGA CGA MGA WGA
Probe tem- Ribosomal Functional genes Whole Environmental Open read-
plate rRNA genes genome DNA or ing frames
RNA in whole
genome
Probe target rRNA or IDNA mRNA or DNA DNA DNA or RNA DNA or mRNA
Probe ~18-25 nt ~50-70 nt oligos Whole ~1,000 nt ~25 nt oligos or
length or ~200- genome ~200-3,000 nt
1,000 nt PCR PCR products
products
Information Phylogenetic Phylogenetic and Phylo- Functional Phylogenetic and
provided functional genetic functional
Specificity  Species level < 80-90% Species —  >Strain Strain or single
or single sequence strain nucleotide
nucleotide homology difference
difference
Sensitivity  ~500 ~1-8 (~0.01%) ~0.2 Undetermined ~0.1 (~0.04%)
(ng of (~0.1°%) [PCR-based
DNA) probes]

POA Phylogenetic oligonucleotide array, FGA Functional gene array, CGA Community genome array,
MGA Metagenomic array, WGA Whole genome open reading frame array

Change Poa, fga, cga, mga, and wga to all caps like the table header and the Figure 1 caption.
*Adapted from (Zhou 2003)

"Quantitative detection limits using whole-community genome amplification methods are indi-
cated in parentheses (Wu et al. 2006)

and (4) a vast amount of sequences exist in public databases such as the Ribosomal
Database Project (RDP) (Cole et al. 2007).

One challenge for POAs targeting rRNA; (or DNA) is the formation of secondary
structures in the target, which could result in decreased binding to the arrayed
probes and thus reduce detection sensitivity. Several software programs exist that
can identify self-complementarity in oligonucleotide probes, but it is difficult to
predict the effects of target secondary structure on hybridization efficiency. Since
the secondary structure of rRNA occurs in specific regions, it is possible to reduce
the problem of target accessibility by designing probes complementary to regions
less likely to form secondary structures. However, in contrast to the nonspecific
binding of oligonucleotide probes to rRNA targets (false positives), which may be
eliminated by stringent hybridization conditions, it is more difficult to eliminate
instances where the probe and target cannot bind as a consequence of secondary
structure in the target molecule (false negatives) (Peplies et al. 2003). One potential
option to reduce this problem is to fragment or shear the target prior to hybridiza-
tion (Chandler et al. 2003; Liu et al. 2007). Another potential option is the use of
oligonucleotide helper probes designed to disrupt local secondary structure in the
target by binding the target adjacent to the probe binding site (Peplies et al. 2003).
This approach, however, can potentially be problematic if the helper probe binds
too closely to either end of the capture probe binding site (Chandler et al. 2003).
Furthermore, reduction of secondary structure in one region may result in the
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formation of secondary structure(s) in other regions of the target, potentially affect-
ing the binding sites of other probes (Peplies et al. 2003). It is also difficult to use
the helper probe approach with high-density arrays since the helper probes also
need to have a level of specificity similar to the capture probes. Recent research
suggests that it may be possible to overcome the limitations imposed on probe
design by the secondary structure of the rRNA target as long as the thermodynamic
affinity of the probe for the target is sufficient and the incubation period of the
hybridization is extended to optimize the kinetics of target unfolding and probe
binding (Yilmaz and Noguera 2004; Yilmaz et al. 2006).

The conserved nature of rRNA genes may necessitate the use of short oligonucle-
otides (~20-mers) as POA probes, especially for high density arrays, in order to
achieve the required level of specificity. A common POA format for high-density
arrays consists of using multiple probes that perfectly match a specific target along
with corresponding probes containing a single mismatch, usually at the central position
(Wilson et al. 2002; El Fantroussi et al. 2003; Peplies et al. 2003; Urakawa et al. 2003;
Brodie et al. 2006; Brodie et al. 2007). Larger signal intensity for a perfectly matched
probe relative to the mismatched probe indicates detection of the target sequence.

The POAs are among the most commonly used microarrays owing to the well-
established use of rRNA as a tool for characterizing microbial communities.
Researchers have used POAs to examined microbial populations in a diverse set of
environments including air (Brodie et al. 2007), lake water and sediments (Rudi et al.
2000; Castiglioni et al. 2004), estuary sediments (El Fantroussi et al. 2003) and enrich-
ments (Koizumi et al. 2002), soil (Brodie et al. 2006), activated sludge (Adamczyk
et al. 2003), and hypersaline cyanobacterial mats (Loy et al. 2002). The largest POA
developed to date, dubbed the PhyloChip, used the perfect match/mismatch approach
and contained over half million 25-mer oligonucleotide probes (Brodie et al. 2006).
Approximately 300,000 of the probes were perfect match/mismatch probes targeting
16S rRNA genes and the rest were for image orientation, controls, or other purposes.
The PhyloChip was designed on the basis of >30,000 16S rRNA gene sequences.
These sequences were grouped into ~9,000 operational taxonomic units (OTUs). The
researchers attempted to design a set of 11 or more probes specific to each OTU, which
were then screened for potential cross-hybridization. Detection was considered posi-
tive if (1) the perfect match probe signal was >1.3 times the mismatch probe signal and
(2) the difference in the signal between the two probes (perfect match — mismatch) was
at least 500 times greater than the squared noise value. The PhyloChip has been
successfully used to characterize microbial communities in urban aerosols and to
monitor subsurface microbial populations during in situ reduction of uranium
(discussed in more detail in a later section) (Brodie et al. 2006, 2007).

2.2 Functional Gene Arrays (GeoChips)

In contrast to POAs, which are primarily designed on the basis of phylogenetic
genes (e.g., rRNA), FGAs are based on genes that encode for specific functional
processes or phenotypic characteristics. (While rRNA genes are technically functional
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genes critical to microbial growth, the term functional gene in this context has tra-
ditionally been used to indicate genes that encode proteins that directly impact
some externally measurable process besides cell growth.) This enables FGAs to
both provide information on the genetic capacity for and/or activity of a specific
microbial process and also provide a level of phylogenetic classification. However,
FGAs are not as well suited as POAs for the design of broad-group and universal
probes because of the variability of many functional genes. Therefore, individual
FGA probes are typically designed to detect only specific or small groups of
organisms.

Several different groups of genes encoding key enzymes in various metabolic
processes have been used for FGAs, including those involved in biogeochemical
cycles (Wu et al. 2001; Cho and Tiedje 2002; Bodrossy et al. 2003; Taroncher-
Oldenburg et al. 2003; Jenkins et al. 2004; Rhee et al. 2004; Steward et al. 2004;
Stralis-Pavese et al. 2004; Tiquia et al. 2004; He et al. 2007), contaminant remedia-
tion (Cho and Tiedje 2002; Denef et al. 2003; Dennis et al. 2003; Rhee et al. 2004;
He et al. 2007), and pathogen detection/characterization (Call et al. 2003; Grimm
et al. 2004; Korczak et al. 2005; Perreten et al. 2005). Important characteristics that
any gene should possess in order to be potentially be included in an FGA include
that (1) it encodes an important enzyme or protein in the process of interest; (2) it
is evolutionarily conserved yet has enough sequence divergence in different organisms
to allow probe design for individual species; and (3) it has substantial sequence data
from various isolates and environmental samples available in public databases.
Because of enormous environmental sequence variability, it may be beneficial in
many instances to initially do clone libraries for the gene and environment of inter-
est in order to verify that the sequences used for FGA design adequately represent
sequence diversity in a specific set of samples. Caution should be exercised when
attempting to link FGA results based on “key” genes with the capacity for a specific
function since the presence of a particular gene may not indicate the presence of all
the genes necessary to complete the process of interest.

The FGA probes can be either PCR amplicons of various functional genes
(Wu et al. 2001; Cho and Tiedje 2002) or synthesized oligonucleotides (Denef
et al. 2003; Rhee et al. 2004). One advantage of PCR amplicon probes is that they
can be constructed using conserved primers designed from known sequence data in
other organisms and therefore do not require prior sequence information for the
specific target organism/sample. It can, however, be practically impossible to obtain
all the requisite isolates and environmental clones from their divergent sources in
order to produce a comprehensive PCR amplicon FGA. In contrast, synthesized,
oligonucleotide probes can be designed directly from available sequence data
thereby eliminating the need to physically obtain (and maintain) the original iso-
lates or clones. Oligonucleotide probes are also usually much shorter, being
designed on the basis of only a portion of a particular gene. This potentially enables
the design of better probes by allowing the avoidance of highly conserved regions
or problematic regions of a gene. Additional probe design criteria also impact the
specificity and sensitivity of both PCR amplicon and oligonucleotide probes as
discussed in subsequent sections.
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The development of comprehensive FGAs is currently limited only by the avail-
ability of essential isolates and/or sequence data and the capital resources needed
for array construction. The largest FGA constructed to date, dubbed the GeoChip,
contains over twenty-four thousand 50-mer oligonucleotide probes representing
>10,000 genes involved in the C, N, and S cycles; organic contaminant degradation;
and metals resistance and reduction (He et al. 2007). The GeoChip has been already
been used in a variety of studies that delineated the microbial populations involved
in bioremediation of uranium (He et al. 2007) and polychlorinated biphenyls (Leigh
et al. 2007), examined the diversity of C and N cycling genes across an Antarctic
transect (Yergeau et al. 2007), and interrogated the genomes of nickel-resistant
bacteria (Van Nostrand et al. 2007).

2.3 Community Genome Arrays

The community genome array(CGA) is similar to membrane-based reverse sample
genome probing (Greene and Voordouw 2003), but instead uses a nonporous
hybridization surface and fluorescence-based detection. These features enable
high throughput analyses but reduce the sensitivity of detection. Wu et al. (2004)
developed a CGA which contained the genomic DNA of 67 different bacteria
including o-, B-, and y-Proteobacteria and Gram-positive bacteria. The array con-
tained one species’ genome per spot and could achieve species- to-strain-level
differentiation depending on the hybridization conditions. The primary disadvan-
tage of the CGAs designed so far is that only cultivated microorganisms have been
included. However, with recent advances in the creation of large-insert, metagen-
omic libraries, it may also be possible to use DNA from uncultivated organisms
for microarray construction.

2.4 Metagenomic Arrays

As evidenced by the publication of this book, the vast majority of environmental
microorganisms are yet to be, and possibly cannot be, isolated using current tech-
niques. This has led to recent development of the field of metagenomics (see Miao
and Davies (2008)) (Handelsman 2004). Metagenomic approaches have been used
to sequence entire communities in an acid mine drainage site (Tyson et al. 2004)
and a portion of a more complex community from the Sargasso Sea (Venter et al.
2004). While it is currently difficult to assemble even the dominant genomes from
microbially diverse sites such as surface soils and sediments (Torsvik and Ovreas
2002; Venter et al. 2004; Tringe et al. 2005), the combination of microarray and
metagenomic technologies has the potential to reveal considerable information on
these yet-uncultivated microorganisms.
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MGA:s are still in the early stages of development but have enormous potential
for characterizing both the genetic capacity and activity of microbial communities.
One of the few MGAs published so far was based on ~1-kb inserts amplified from
672 cosmids derived from a groundwater enrichment and was used as a high-
throughput method to screen groundwater isolates and community DNA (Sebat
et al. 2003). While the above array contained probes that were only ~1 kb, larger
fragments from fosmid or bacterial artificial chromosome libraries could poten-
tially be used to provide higher genomic throughput (Berry et al. 2003; Wu et al.
2004). Furthermore, it may be possible to create MGAs for measuring microbial
activity if enough mRNA can be obtained to generate a cDNA library from which
probes could be designed. The use of MGAs has great promise for the study of
uncultivated microorganisms since one of the major current limitations for microar-
ray analysis is the lack of sequence information.

2.5 Whole-Genome Open Reading Frame Arrays

WGAS contain probes for all (or at least many) of the open reading frames (ORFs) in
a genome. Like FGAs, MGAs can be either based on PCR amplicon or oligonucle-
otide probes. One application of WGAs is to study the environmental transcriptomics
of relatively simple systems — containing a single or few different types of organisms
(Barnett et al. 2004). These arrays can also be used for comparative genomics with
specific potential for studying lateral gene transfer and microevolution (Behr et al.
1999; Salama et al. 2000; Dong et al. 2001; Murray et al. 2001; Dziejman et al. 2002;
Ochman et al. 2005; Ochman and Santos 2005). Custom WGAs can be designed,
based only on sequence data, through companies such as NimbleGen Systems Inc.
(http://www.nimblegen.com/products/cgr/index.html) for rapidly surveying microbial
genomes through comparative genome sequencing via microarrays.

2.6 Isotope Arrays

While microarrays have unprecedented power for the high-throughput detection and
characterization of microorganisms, their greatest utility lies perhaps in combined use
with other complementary methods (Wagner et al. 2007). This approach can be used
not only to validate microarray results but also to produce robust, synergistic tools for
investigating microbial processes. One of the potentially most powerful combined
approaches is the use of microarrays in conjunction with isotope techniques. By using
labeled substrates (e.g., *C or *C), this system can achieve high-throughput differen-
tiation between microorganisms which are actively involved in a process of interest
and those that are not, based on incorporation of the labeled substrate by the active
organisms. Both radioisotopes (e.g., C) and stable isotopes (e.g., '*C) have been
successfully used for these purposes (Radajewski et al. 2000; Adamczyk et al. 2003;
Polz et al. 2003; Wagner et al. 2006; Cebron et al. 2007; Leigh et al. 2007). One
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distinction between radioisotopes and stable isotopes is that methods are currently
available to detect radioisotopes directly on an array. The use of the stable isotopes
requires separation of labeled and unlabeled nucleic acids, usually by centrifugation,
prior to microarray hybridization, which can limit the sensitivity of stable isotope
detection. However, this limitation may be eliminated in the future if methods are
developed for directly detecting *C on arrays.

2.7 Other Types of Arrays

Numerous other types of microarrays have been used for microbial characterization
— primarily of cultivated isolates. Random or digested genomic fragments have
been used as probes on arrays for applications where the genome sequences of the
target organisms were unknown (Cho and Tiedje 2001; Parro and Moreno-Paz
2003; Kim et al. 2004). For some applications, mixed-genome arrays containing
random gene fragments from multiple organisms may enable greater discrimination
(Wan et al. 2007). Likewise, randomly selected oligonucleotide arrays (consisting
of 47 nonamer probes randomly generated based on the E. coli K-12 genome) have
been used to fingerprint bacteria (Kingsley et al. 2002). In another approach
researchers generated an array based on a library of 9,600 rRNA clones (Bent et al.
2006). The rRNA inserts were PCR amplified, arrayed, and then hybridized with a
series of different oligonucleotide probes to generate a fingerprint for each clone.
These fingerprints were then used to classify new, unidentified clones.

As the technology continues to progress, new array formats will undoubtedly
expand the utility of microarrays for analysis of uncultivated microorganisms.
While advances in extraction and amplification methods are making microarray
analysis of environmental RNA more practical, this is only an indirect measure of
microbial activity. The development and adaption of protein arrays would poten-
tially allow direct measurement of enzymatic expression in environmental samples
(Duburcq et al. 2004; Ro et al. 2005; Bjornstad et al. 2006; Gregson et al. 2006).
Additional research may ultimately improve microarray automation and make it
possible to construct microarrays that are field-deployable and can achieve real-
time characterization of microbial communities (Chandler and Jarrell 2004; Liu
et al. 2004; Liu and Zhu 2005).

3 Applications of Microarrays

3.1 Microbial Detection

The high-throughput potential of microarrays can be advantageous for several
applications where it is necessary to simultaneously detect many different microor-
ganisms, such as assessing microbial diversity and/or biogeography or screening
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for potential bioterrorism agents (Table 2). In one of the most descriptive ecological
applications of POAs to date, a POA containing 132 probes (18-mer) was used to
characterize sulfate-reducing bacteria at four depths (ranging from 0 to 30 cm) in
two acidic, low-sulfate fens (wetland soils) in Germany (Loy et al. 2004). The POA
consisted of probes specific to the rRNAs of individual and groups of organisms,
covering all known lineages of sulfate-reducing bacteria. The fens differed in iron
content, vegetation, acidity, and to some degree, seasonal water saturation. The
POA results indicated that stable sulfate-reducing populations varied little with
depth within each of the two sites but were different between the sites. Members of
the Syntrophobacteraceae were detected in the upper 30 cm of both sites, but
Desulfomonile spp. were only found in one soil which also contained a more
diverse sulfate-reducing community. These results were confirmed by direct PCR
amplification with the appropriate group-specific rRNA primers and by the detec-
tion of the corresponding dsrAB genes from the samples. The same research group
also developed a POA targeting all of the cultured and uncultured members of the
Rhodocyclales (Loy et al. 2005). The array detected Rhodocyclales populations
representing <1% of the total community, following Rhodocyclales-selective PCR
amplification. The POA indicated the presence of several uncultured Zoogloea-,
Ferribacterium/Dechloromonas-, and Sterolibacterium-like organisms in the acti-
vated sludge from an industrial wastewater treatment plant, which was corroborated
by the results from a 16S rRNA gene clone library. The results also demonstrated
that the Rhodocyclales community in the reactor, thought to represent the major
denitrifiers in the system, had dramatically changed, possibly as a result of alterations
in treatment plant operations.

One of the most comprehensive POAs developed so far contained 31,179 per-
fectly matched hierarchical 20-mer probes (with a corresponding number of sin-
gle mismatch probes as negative, mismatch controls) targeting 1,945 prokaryotic
and 431 eukaryotic sequences (Wilson et al. 2002). The array was used to inves-
tigate microorganisms collected from a 1.4 million liter air sample. The POA
results generally agreed with those from an rRNA gene clone library, but could
only resolve differences to the third level of phylogenetic rank, as defined by
RDP, and could not identify individual species. Eight of 10 phylogenetic clusters
detected by the array were represented in the rRNA gene clone libraries, and the
organisms not detected had relatively low signals on the array. Approximately 7%
of the clones were not detected by the POA, but these were from novel organisms
not represented in the RDP or on the array. In contrast, there was no good correla-
tion between the relative numbers of clones in each group and the signal intensity
of that group detected by the array, indicating a potential limitation with respect
to microbial quantitation with this system. Subsequent research has indicated that
this array format does enable quantitative detection and may actually reveal more
diversity than a normal-sized clone library (Desantis et al. 2005, 2007). A larger,
more recent version of the array was used to monitor urban aerosols in two U.S.
cities over a 17-week period (Brodie et al. 2007). The POA analysis indicated that
the aerosols contained at least 1,800 diverse bacterial types including several
organisms related to known pathogens and potential bioterrorism agents.
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3.2 Microbial Population Dynamics and Activity

Several studies have used FGAs to investigate microbial involvement in biogeo-
chemical processes including nitrogen fixation, nitrification, denitrification, sulfate
reduction (Wu et al. 2001; Taroncher-Oldenburg et al. 2003; Jenkins et al. 2004;
Steward et al. 2004; Tiquia et al. 2004), methane oxidation (Bodrossy et al. 2003;
Stralis-Pavese et al. 2004), and remediation of organic and metal contaminants
(Denef et al. 2003; Rhee et al. 2004; He et al. 2007; Leigh et al. 2007). In one of the
largest-scale FGA applications to date, Stralis-Pavese et al. (2004) used an array
containing 68 different 17- to 27-mer probes, primarily targeting the particulate
methane monooxygenase (pmoA) genes of several methanotrophs, to investigate the
impact of five different plant covers on methanotrophic activity in lysimeters under
landfill-simulating conditions. The authors linked the methanotrophic community
structure in the vegetated lysimeters, in which type II methanotrophs had a competi-
tive advantage over type Ia methanotrophs, with increased methane oxidation rela-
tive to the nonvegetated lysimeters. Furthermore, the relative abundances of
methanotrophs were lower in the lysimeters that did not receive biogas.

One of the first applications of the GeoChip FGA was to monitor groundwater
microbial populations during in situ uranium reduction (He et al. 2007). The array
detected several different c-type cytochrome and dsrAB (dissimilatory sulfite
reductase) genes that were significantly correlated with uranium reduction. This
included genes from Geobacter-type iron-reducing bacteria and Desulfovibrio-type
sulfate-reducing bacteria, suggesting that these organisms actively or indirectly
played a role in uranium reduction. Demonstrating the potential for biogeographi-
cal applications, Yergeau et al. (2007) used the GeoChip to examine soil microbial
communities across an Antarctic latitudinal transect. The GeoChip revealed that
cellulose degradation and denitrification genes were correlated with soil tempera-
ture, and N-fixation genes were linked to plots mainly vegetated by lichens. The
GeoChip has also been used to detect biphenyl-degrading organisms in polychlo-
rinated biphenyl-contaminated soil (Leigh et al. 2007).

One of the major potential benefits of FGAs is that they can also potentially be
used to determine environmental gene expression by measuring mRNA. However,
only a handful of studies have used FGAs for mRNA analysis to date (Dennis
et al. 2003; Rhee et al. 2004; Bodrossy et al. 2006; Gao et al. 2007). Dennis et al.
(2003) constructed a PCR amplicon FGA (271-1,300 bp fragments) containing
probes for 64 genes including several from the 2,4-dichlorophenoxyacetic acid
(2,4-D)-degradation pathway of Ralstonia eutropha JMP134 and related organisms.
The FGA was used to test mixed cultures consisting of four isolates from a batch
reactor treating pulp mill effluent and varying concentrations of R. eutropha
JMP134. The cultures were amended with 2 mM of 2,4-D and incubated 6 h prior
to mRNA extraction. Significant induction of 2,4-D degradation genes was detected
from populations as low as 0.0037% (3.7 x 10° cells in 10® total community) to
3.7%, depending on the specific genes detected and sequence similarity of the
probes that were used.
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Rhee et al. (2004) used a 50-mer oligonucleotide FGA (a predecessor to the
GeoChip that contained 1,662 probes) to determine both the presence and expres-
sion of naphthalene-degradation genes in soil enrichments. Previously contami-
nated soil was enriched with naphthalene. Four different naphthalene-degradation
genes, three of which were from Rhodococcus spp., were detected at higher levels
in the naphthalene-amended enrichment, based on DNA analysis. Likewise, FGA
analysis of mRNA detected three different Rhodococcus sp. genes involved in
naphthalene degradation that were upregulated (40- to 100-fold) in the naphtha-
lene-amended enrichment, including two of the genes detected by DNA analysis.
The results also indicated that other potential naphthalene-degrading organisms,
whose genes were detected in the enrichments by the DNA hybridizations, were not
the primary naphthalene degrading organisms under the tested conditions. An FGA
has also been used to detect active methanotrophs in lysimeters simulating landfill
covers (Bodrossy et al. 2006).

Most of the above studies that analyzed mRNA were relatively simple systems
— mixed cultures or enrichments. In many cases, it remains challenging to use
FGAs to analyze mRNAs from more complex environmental samples because of
difficulties in extracting sufficient quantities of high-quality mRNA (Saleh-Lakha
et al. 2005). While advances in extraction techniques (Hurt et al. 2001; Sessitsch
et al. 2002; Burgmann et al. 2003) and newly available commercial kits (e.g.,
TruRNA from Atom Sciences, Inc. and FastRNA from Qbiogene) are helping with
this process, it may be necessary to further purify many samples which may
decrease mRNA yields. This can be especially problematic for low-biomass envi-
ronments that already do not contain sufficient mRNA for FGA analysis. New
approaches such as (1) the addition of a poly(A) tail to bacterial RNA for subse-
quent amplification (Botero et al. 2005) or (2) the amplification of whole commu-
nity mRNAs using random primers with an attached T7 promoter sequence for
subsequent amplification (Bodrossy et al. 2006; Moreno-Paz and Parro 2006; Gao
et al. 2007) will likely expand the applications of microarray analyses for determi-
nations of microbial activity in environmental samples.

Besides FGAs, other types of arrays also can be used to study different microbial
processes. The PhyloChip POA containing >500,000 probes based on 16S rRNA gene
sequences was used to examine microbial populations in subsurface material during
uranium remediation (Brodie et al. 2006). PhyloChip analysis revealed that popula-
tions of metal-reducing bacteria (e.g., Geobacteraceae) were abundant during uranium
reduction (induced by lactate biostimulation) and did not decrease during subsequent
uranium re-oxidation. These results indicated that decreases in the populations of
uranium-reducing bacteria were likely not responsible for the re-oxidation.

3.3 Microbial Characterization

Several different types of arrays (e.g., CGAs, FGAs, and WGAs) have been used
to characterize microbial genomes. While many of the examples below are for
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isolated microorganisms, similar analyses could be done for large insert metagen-
omic DNA. The main use of CGAs is to determine the genomic relatedness of
isolated bacteria (or metagenomic DNA) to each other and also the organisms
represented on the array. A CGA that contained the entire genomic DNA of 67
different bacteria (one species’ genome per spot) including o-, B-, and y-Proteo-
bacteria and Gram-positive bacteria — most being Azoarcus, Pseudomonas, or
Shewanella spp. — was designed as a tool for detecting specific microorganisms
within a natural microbial community (Wu et al. 2004). The CGA could achieve
species- to strain-level differentiation depending on the hybridization temperature
used. The CGA was also capable of correlating differences in microbial communi-
ties in different environmental samples with differences in biogeochemical and
physical properties between the sites.

Similarly, WGAs can be used to characterize microbial isolates or metagenomic
DNA. Dong et al. (2001) used a WGA containing 96% of the annotated ORFs in
Escherichia coli K-12 to comparatively interrogate the genome of a related bacte-
rium, Klebsiella pneumoniae 342. Only 70% of E. coli K-12 ORFs were found in
K. pneumoniae 342. Both bacteria shared many highly conserved genes including
those for energy, amino acid, and fatty acid metabolism along with cofactor synthe-
sis, cell division, DNA replication, transcription, translation, transport, and regula-
tory proteins. In contrast, many E. coli K-12 hypothetical and putative regulatory
proteins, chaperones, and enzymes, in addition to genes thought to have been
acquired from phage, plasmids, or transposons via lateral transfer, were not found
in K. pneumoniae. Other researchers have used a WGA to find evidence for hori-
zontal gene transfer in Shewanella spp. (Murray et al. 2001).

Van Nostrand et al. (2007) used the GeoChip FGA to characterize the genomes
of four nickel-tolerant bacteria isolated from contaminated sediment at the U.S.
Department of Energy Savannah River Site in Aiken, SC. Phenotypic assays had
indicated that the bacteria were resistant to several metals and antibiotics.
Subsequent GeoChip analysis detected between 20 and 86 metal-related genes,
including some for arsenic, chromium, copper, mercury, and nickel in the genomes
of the different isolates.

4 Challenges and Limitations of Microarray Analysis

4.1 Reliance on Cultivated Organisms and/or Known Sequences

Many types of microarrays require isolated organisms or prior knowledge of target
sequences for the construction of probes. This represents one of the greatest chal-
lenges for the analysis of environmental samples given the vast number of unknown
DNA sequences in many samples. Microorganisms critical to the process of interest
may be completely overlooked if they do not have corresponding probes on the
array. Furthermore, probes that are designed to be specific to known sequences can
also cross-hybridize to similar, unknown sequences from related or unrelated genes.
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This can potentially result in either an underestimated signal due to weak binding
of a slightly divergent sequence or a completely misleading signal due to binding
of a nontarget sequence. In any case, microarray data from environmental samples
should be cautiously interpreted.

4.2 Sensitivity

Another challenge for microarray analysis is the limited sensitivity of detection,
with usually only dominant organisms being identified. Most microarrays are
printed on nonporous, planar glass slide platforms because this enables high-density
printing. However, this reduces detection sensitivity several orders of magnitude as
compared to membrane-based hybridizations, most likely due to less probe being
attached to the nonporous surfaces (Cho and Tiedje 2002). New slide chemistries,
such as ultra thin or three-dimensional platforms, may ultimately help to increase
detection sensitivity while maintaining the capacity for high-throughput printing
(Guschin et al. 1997; Urakawa et al. 2003; Zhou et al. 2004; Hesse et al. 2006;
Sunkara et al. 2007).

The choice of probe format can also impact sensitivity. Oligonucleotide probes
have several advantages for probe design, but they are typically ~10- to 100-fold
less sensitive than longer PCR amplicon or CGA probes (Wu et al. 2001; Denef
et al. 2003; Rhee et al. 2004; Wu et al. 2004). For example, detection limits of
0.2 ng of target genomic DNA for a CGA (Wu et al. 2004), 1 ng for a PCR ampli-
con FGA (Wu et al. 2001), and 5-8 ng for a 50-mer oligonucleotide FGA (Rhee
et al. 2004) have been reported for hybridization in the absence of background
DNA. In the presence of background DNA, sensitivity is further reduced about
10-fold (Rhee et al. 2004; Tiquia et al. 2004; Wu et al. 2004). For one 50-mer
FGA, this detection limit corresponded to ~107 cells or 5% of the total community,
which is similar to other published studies (Cho and Tiedje 2002). One study
recently directly compared the detection sensitivity of 50-, 60-, and 70-mer oligo-
nucleotide probes with PCR amplicon probes (He et al. 2005a). The oligonucle-
otide probes had detection limits of 25-100 ng of genomic DNA, while the PCR
amplicon probes had a detection limit of 5 ng of genomic DNA. These limits
roughly corresponded to 107 and 10° gene copies for the oligonucleotide and PCR
amplicon probes, respectively. The 70-mer probes produced results most similar
to the PCR amplicons. The detection sensitivities of other arrays (MGAs and
WGAs) will depend on the specific probe design.

Advances in nucleic acid labeling methods may also help to increase sensitivity
(Denef et al. 2003; Steward et al. 2004; Zhou and Zhou 2004). One study reported
that tyramide signal amplification labeling increased the signal intensity of a
70-mer FGA ~10-fold compared to commonly used Cy dye-labeling techniques
(Denef et al. 2003). Use of new labels such as nanoparticles (Zhou and Zhou 2004)
or even the development of label-free arrays may ultimately further enhance detec-
tion sensitivity (Thompson et al. 2005; Liu and Bazan 2006).
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While the approaches discussed above may help to detect dominant members of
relatively high biomass communities, improved methods are needed for detecting
less abundant microorganisms. Potential approaches for selectively enriching spe-
cific targets include (1) PCR amplification of specific genes using conserved primers
(Bodrossy et al. 2003), (2) use of capture techniques such as magnetic beads (Tsai
et al. 2003), and (3) directed cell separation using fluorescence in situ hybridization
and flow cytometry (Podar et al. 2007). For low-biomass samples, or small numbers
of sorted cells, nonspecific amplification of whole community DNA can be used to
generate sufficient material for microarray analysis (see Podar et al. 2008).

A whole-community genome amplification (WCGA) procedure has been
developed, based on phi 29 DNA polymerase, that can amplify nanogram quanti-
ties of DNA to microgram quantities with a linear relationship between the starting
template and the final product (Wu et al. 2006). The method was capable of
quantitatively detecting 0.04—125 ng (* = 0.65-0.99) of pure culture DNA using
a WGA, 0.1-1,000 ng (# = 0.91) of genomic DNA using a CGA, and 0.01-250 ng
(r = 0.96-0.98) of environmental DNA using a 50-mer FGA. The approach
allowed representative detection of individual genes from 1 to 500 ng of initial
environmental (groundwater) DNA template. Smaller amounts of template, as low
as 10 fg, could be detected via WCGA, but this affected the representativeness of
amplification.

4.3 Specificity

The specificity of microarray probes is governed by several factors including
probe design and hybridization conditions. While probes can be designed to meet
specific binding characteristics, at least theoretically, there is always potential for
cross-hybridization if used with environmental samples that contain unsequenced
microbial populations (Chandler and Jarrell 2004). This issue can be reduced by
obtaining more sequence data (i.e., clone libraries) for specific samples prior to
microarray analysis, but will likely remain a concern for most environments.

It is, however, possible to improve probe specificity for specific targets. This is
especially true for oligonucleotide probes that can be designed to avoid conserved
regions of genes or those producing stable secondary structures. Arrays can dif-
ferentiate a single mismatch in a probe—target hybridization using shorter oligonu-
cleotide probes (~20-mers) (Wilson et al. 2002; Urakawa et al. 2003; Zhou et al.
2004). One of the more common formats for POAs uses at least one probe for a
given target that perfectly matches a target sequence and a corresponding probe(s)
that contains one mismatched nucleotide, usually at a central position (Brodie
et al. 2006). Detection of the target sequence is usually determined on the basis of
greater signal intensity (using some predetermined level) for the perfectly matched
probe relative to the mismatched probe. Owing to the potential for unexpected
probe behavior (higher signal for the mismatched probe), several different sets of
probes are commonly included on these arrays for each target sequence. Thermal
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dissociation curves for individual probe—target duplexes have been used to further
improve the discriminating power of these arrays (Liu et al. 2001; EIl Fantroussi
et al. 2003; Urakawa et al. 2003; Li et al. 2004; Eyers et al. 2006).

While short oligonucleotide probes are often preferred for POAs in order to
achieve the desired level of specificity, it is possible to use longer oligonucleotide
probes (~40- to 70-mers) for FGAs owing to the more variable nature of most
functional genes. This allows for an increase in detection sensitivity while still
achieving species-level specificity. Different FGAs have been reported to be capa-
ble of differentiating sequences with less than 87-94% sequence identity using
oligonucleotide probes (50 or 70-mers). This is slightly higher than the 80-85%
reported for a PCR amplicon FGA (Wu et al. 2001; Taroncher-Oldenburg et al.
2003; Rhee et al. 2004). Besides percent sequence identity, other factors including
long stretches of a probe that perfectly match a nontarget sequence (Kane et al.
2000; Chen et al. 2006), the position of mismatches (Letowski et al. 2004), and the
free energy of probe-target duplexes can also affect specificity (Li and Stormo
2001; Held et al. 2003). While it may be difficult to design probes that optimally
match all these criteria using a sequential test and select process for each factor, it
may be possible to use more relaxed criteria but yet produce specific probes if the
factors are simultaneously considered during probe design (Liebich et al. 2006).
This would increase the number of probes that can be designed for a given target
and could be very important when designing probes from very similar sequence
data (i.e., clone libraries) for which only a limited number of specific probes can
be designed.

Several different software programs are currently available for the design of
oligonucleotide microarray probes; however, many of these were developed for
use with individual genomes and may design nonspecific probes when used with
environmental sequence data (Li et al. 2005). A relatively new software program,
called CommOligo, is now available that is capable of designing specific probes
from orthologous gene sequences such as those produced by clone libraries (Li
et al. 2005). CommOligo can design single or multiple unique probes for each
sequence using multiple, user-specified criteria, including maximal sequence
identity, maximal length of continuous perfectly matched nucleotides, free energy,
self-binding, melting temperature, and GC content. Another feature of CommOligo
is the ability to design group-specific probes for clusters of sequences whose
sequence identities are too similar to each other to allow the design of unique
probes for each sequence.

The specificity of microarray hybridizations can also be affected by increasing
or decreasing the stringency of the hybridization conditions (e.g., temperature,
formamide concentration, etc.) (Wu et al. 2001; Letowski et al. 2004; He et al.
2005b). For example, the specificity of one CGA could be increased from species-
level to strain-level detection by increasing the hybridization temperature from 55
to 65 or 75°C (Wu et al. 2004). This may be useful for some applications in order
to achieve more or less specificity depending on the research objective, but it also
illustrates the need for careful use of microarrays in order to achieve the appropriate
level of hybridization stringency for which the array was designed.
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4.4 Quantitation

Several studies have indicated that microarrays can quantitatively detect target
sequences in environmental samples (Wu et al. 2001, 2004; Rhee et al. 2004;
Desantis et al. 2005). It has been demonstrated that short oligonucleotide arrays
(e.g., POAs, WGAs) based on perfect match/mismatch probes pairs can quan-
titatively detect targets (» = 0.917) in the presence of background DNA
(Desantis et al. 2005). However, POAs of this format are commonly used with
PCR-amplified nucleic acids, which may complicate quantitative detection.
Another study reported a good linear relationship (7 = 0.94) between a mixture
of 11 different genes, varying in concentration from 1 pg to 1 ng, that were
hybridized to a PCR amplicon FGA (Wu et al. 2001). Similarly, Rhee et al.
(2004) found a linear relationship (2 = 0.95-0.99) for multiple genes, over a
range of 75-1,000 ng genomic DNA, detected by a 50-mer FGA in the presence
of background DNA. This study also demonstrated that FGA detection of
mRNA was linear (#* = 0.96-0.99) over a range of 5.0 x 10’-1.6 x 10° cells in
the presence of background RNA. Linear detection (r? = 0.98), from 25 to 1,000
ng of DNA, has been reported for at least one CGA (Wu et al. 2004). Even with
these examples of successful quantitative detection by microarrays, caution
should be used when conducting experiments and interpreting data because of
the potential variability introduced by multiple analytical steps including DNA
extraction, amplification, labeling, hybridization, and analysis.

4.5 Data Analysis and Standardization

Another challenge for microarray analysis of uncultivated microbial communities is the
availability and standardization of methods for data analysis. Many researchers cur-
rently adapt statistical methods that were initially developed for functional genomics of
pure cultures. In some cases, it may be possible to use traditional statistical methods to
analyze data, but these methods may not be adequate for analyzing the complex data
sets that are frequently generated from environmental samples (Eyers et al. 2006).
These problems will only be magnified as more comprehensive arrays are developed
that will require more involved methods such as artificial neural networks in order to
interpret the results (Pozhitkov et al. 2005). Furthermore, researchers commonly use
different analytical methods for microarray construction, labeling, and hybridization,
which can make it difficult to compare data between experiments and laboratories
(Wilkes et al. 2007). The development and consistent use of universal standards for
microarray experiments would help address these issues. One approach that appears
promising is the use of labeled oligonucleotides or DNA fragments, spiked into the
hybridization solution, as a control (Cho and Tiedje 2002; Dudley et al. 2002). This
allows microarray results to be normalized on the basis of the signal intensity resulting
from hybridization of these controls with corresponding control probes on the array.
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5 Concluding Remarks

Comprehensive microarrays are now available for the study of uncultivated micro-
organisms. As the technology continues to progress rapidly, new advances will
undoubtedly expand the potential of microarrays for microbial characterization
even further. However, the true power of these arrays will begin to be realized only
as they are used to investigate complex microbial communities and interactions in
a variety of environments.
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Abstract The anaerobic oxidation of methane (AOM) by archaeal methanotrophs
(ANME) functions as a major sink in oceanic methane geochemistry, and is a key
biogeochemial process in the anoxic seabed. Unfortunately, demonstration of the
biochemical pathway of AOM has not been possible because of the lack of pure
cultures of ANME and their partner sulfate-reducing bacteria. The main reason for
failing to isolate these microorganisms by cultivation is their slow growth, which
is most likely a consequence of the low energy yield of the AOM reaction. This
chapter discusses how in situ biogeochemical and microbiological observations of
natural seabed communities and in vitro enrichments contribute to understanding of
the ecology and physiology of these “uncultivables”. Successful in vitro enrichment
strategies include selecting seabed inoculates with abundant ANME populations,
increasing the availability of dissolved methane and sulfate by flow through
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reactors and hydrostatic pressure, and maintaining the apparent temperature, pH,
and salinity optima of AOM, the energy delivering process.

1 Introduction

Molecular analyses of DNA from seabed samples have revealed a vast diversity of
microbial organisms, most of which have resisted cultivation. For microbes, the
habitable zone in the seabed is huge and most of it is anoxic. It reaches down to 2—4
km below the seafloor, and ends only where temperatures exceed 120°C. At any
depth, seabed sediments contain 10 to 1,000-fold more cells per volume than sea-
water, despite of their remoteness from the productive sea surface. Whitman et al.
(1998) concluded that due to its tremendous size, the marine deep biosphere con-
stitutes a “hidden majority” of all microbial cells on earth, equivalent to 50-80% of
the global microbial biomass. From this it can be concluded that the average yet
uncultivated microorganism on earth is a benthic marine anaerobe adapted to life at
low energy.

Representing a major challenge for today’s geomicrobiologists, these “uncul-
tivables” include some of the globally most abundant and biogeochemically rel-
evantmicroorganisms. Famous examples of anaerobic uncultivated microorganisms
in the seabed are various sulfate-reducing Deltaproteobacteria, which inhabit
cold marine sediments but escape isolation (Ravenschlag et al. 2000), benthic
Crenarchaeota of unknown metabolism, which dominate 16S rRNA gene librar-
ies of marine subsurface sediments (Biddle et al. 2006; Inagaki et al. 2006b),
deep subsurface methanogens for which biogeochemical signatures are found,
but no 16S rRNA gene sequences (Teske 2006), and the anaerobic methano-
trophic Euryarchaeota (Hinrichs and Boetius 2002), which control methane emis-
sion from the ocean and are the focus of this chapter. Revealing the identity,
functioning, and environmental role of such uncultivated microorganisms is para-
mount in understanding global element cycles and the diversity and genetic
capacity of life on earth.

Many different approaches have been developed to overcome the problems associ-
ated with cultivation of marine anaerobes of the seabed, including carefully composed
seawater media, laboratory techniques avoiding traces of oxygen penetrating the cul-
tures, incubations at optimal pressure and temperature, and the use of sediment
extracts, helper strains and various metabolites (Batzke et al. 2007). Targeted cultiva-
tion approaches are hampered by the uncertainties with regard to representative energy
sources, biological and chemical interactions, and other in situ habitat characteristics.
It is possible that unknown types of metabolisms prevail among the many uncultivated
microorganisms of the seabed. The organic material buried at depths >1 m is thousands
to millions of years old, and it remains unknown which fractions thereof can be used
as electron donors. Assuming the absence of electron acceptors other than CO, and
H,O in deep sediments, it was proposed that methanogens and acetogens could be
dominant groups in subsurface sediments, but these have rarely been detected at depth
(Biddle et al. 2006; Inagaki et al. 2006a; Teske 2006).
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Despite these uncertainties, the worst problem for cultivation of microorganisms could
simply be the slow pace of microbial processes in the seabed. On the basis of the extremely
low energy flux available to individual cells, theoretical generation times calculated for
seabed microorganisms range from years to thousands of years (reviewed in Jgrgensen
and Boetius 2007). Generation times >2 months pose a problem to the isolation of
microbial populations by competitive enrichment strategies, and often lead to a classification
of the microbe as “uncultivable”, simply because the time needed for cultivation exceeds
the duration of PhD theses and project funding. Not much is known about the causes and
controls of such extremely slow growth rates. Generally, anaerobes operate at much lower
energy yields compared with aerobes. Some anaerobes are able to use energy for growth
from reactions yielding less than —20 kJ mol~, which is often assumed as a threshold for
microbial metabolism (Schink 1997; Jackson and Mclnerney 2002). The exact relation
between energy availability, ATP synthesis, and growth remains unclear. Nauhaus et al.
(2007) suggested that in microbial metabolisms at or below a certain threshold AG-value
for ATP synthesis, substrate turnover, and growth could decouple, especially when a lot
of activation energy is needed to channel the substrate into a metabolic pathway, as in
anaerobic oxidation of methane (AOM). Consequently, most energy derived from such a
reaction would be used for maintenance, i.e. replacement biosynthesis without net cell
mass production, resulting in extremely low carbon assimilation efficiencies. However,
in permanently anoxic habitats, where grazing pressure from eukaryotes is absent, the
resulting slow growth may not be a problem for the survival of a microbial species, espe-
cially not if the microbe exploits a noncompetitive substrate.

In this regard, a special form of adaptation is found in syntrophic associations of
microbes, which utilize the smallest energy yields known to be exploitable by any form of
life (Jackson and McInerney 2002). In syntrophic associations, two species cooperate in a
way that the degradation of a substrate by one species becomes thermodynamically pos-
sible via the removal of the product by another species. A variety of cooperations between
sulfate-reducing Deltaproteobacteria and methanogens are known to function via an inter-
species hydrogen transfer, which allows both organisms to grow from the smallest energy
yields (Rabus et al. 2000). Syntrophic cooperation adds an extra problem to cultivation and
isolation of microorganisms, as growth of one microorganism may depend on the partner.

This chapter focuses on uncultivated anaerobic methanotrophs (ANME) inhabiting
the ocean floor and controlling methane fluxes from the seabed. Anaerobic meth-
anotrophs are a presumably syntrophic consortium of uncultivated relatives of
methanogenic archaea and sulfate-reducing bacteria (SRB). They have become an
icon in the world of “uncultivables”, highlighting how the lack of an axenic culture
slows down progress in understanding of a climate-relevant process, despite the use
of the most modern tools of molecular biology (Oremland et al. 2005).

2 The Discovery of Anaerobic Methanotrophs

In marine systems, anaerobic methanotrophs (ANME) appear to exclusively gain energy
from the AOM with sulfate as the final electron acceptor according to the net reaction (1)

CH, + SO>” — HCO; +HS™ +H,0 (1)
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This process was observed in marine sediments already in the seventies, but for
decades the responsible microorganisms could not be identified. First evidence for
AOM came from geochemical studies in marine sediments, which found that meth-
ane diffusing upwards from deeper sediment horizons disappeared in the same zone
as sulfate, before any contact with oxygen (Martens and Berner 1974; Barnes and
Goldberg 1976; Reeburgh 1976). Radioactive tracer incubations with “C-labeled
methane and *S-labeled sulfate showed that methane oxidation coincided with
increased sulfate reduction (Reeburgh 1980; Iversen and Jgrgensen 1985). Zehnder
and Brock (1979, 1980) investigated AOM in vitro by incubating a variety of
methanogenic enrichments, and found evidence for degradation of methane at a
small percentage of methane production. They proposed a cooperation between a
methanogen responsible for the activation of methane together with a syntrophic
partner acting as electron sink. On the basis of further investigations using coastal
marine sediments, Hoehler et al. (1994) suggested that AOM could be performed
by methanogenic archaea and SRB by interspecies hydrogen transfer. However,
microbiologists still believed that because of its low energy yield, this reaction
could not support life: The free energy change of AOM according to (1) under
standard conditions at room temperature is only AG = —16 kJ mol~!, which would
have to be shared by the two partners involved in AOM.

Intrigued by the growing geochemical evidence for AOM as a main process
controlling methane emission from the seabed (reviewed in Reeburgh 2007), many
microbiologists attempted to isolate a “reversible” methanogen using methane as
the sole energy and carbon source for growth (Valentine and Reeburgh 2000) —
unfortunately in vain. First, direct evidence for the existence of anaerobic methano-
trophs came from Hinrichs et al. (1999) who extracted archaea-specific lipid
biomarkers from a site on the continental slope off California (Eel River Basin)
known to emit methane to the water column — a so called “cold seep”. The archaeal
lipids retrieved from Eel River Basin and from other sites such as Eastern
Mediterranean mud volcanoes (Pancost et al. 2000) and gas hydrate bearing sedi-
ments from “Hydrate Ridge” (Elvert et al. 1999) were known from cultivated
methanogens of the order Methanosarcinales, but here they were conspicuously
depleted in the carbon isotope *C (8 < —100 %0 vs. PDB), indicating that methane
was the carbon source for the organisms that synthesized the lipids. Interestingly,
the rRNA gene library from Eel River Basin yielded new archaeal phylogenetic
groups, one of which was a novel clade related to methanogens — and proposed by
the authors to represent the anaerobic methanotrophs (Hinrichs et al. 1999).

The next step in the discovery of the ANME organisms was the visual identification
of the methanotrophs via microscopy of cells hybridized with fluorochrome-labeled
specific oligonucleotide probes (Boetius et al. 2000). Surprisingly, in sediments
from Eel River Basin, Hydrate Ridge, and the Black Sea, conspicuous aggregates
of archaea and SRB were highly abundant, representing >90% of the total micro-
bial community. This finding supported the hypothesis of Hoehler et al. (1994) that
methane could be used as substrate source via the cooperation of archaea able to
activate methane, and sulfate-reducing bacteria providing an electron sink. The first
in vitro experiment utilizing such sediments naturally enriched in ANME then
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successfully demonstrated that AOM coupled to sulfate reduction, according to the
predicted net reaction (Nauhaus et al. 2002). The direct proof of anaerobic meth-
anotrophy was provided by ion microprobe mass spectrometry confirming the
extreme *C depletion of the aggregate biomass as predicted from the biomarker
extractions (Orphan et al. 2002). Today it is known that anaerobic methanotrophic
consortia are present wherever methane and sulfate cooccur, at a wide range of
environmental conditions (Knittel et al. 2005). In fact, AOM consortia can form
some of the densest and largest cell accumulations known to exist in nature
(Michaelis et al. 2002). Three main clades of ANME (ANME-1, ANME-2, ANME-
3) (Fig. 1) have been identified in ocean sediments and waters, and also in terrestrial
habitats (Eller et al. 2005; Alain et al. 2006; Schubert et al. 2006). A fourth clade,
(ANME-N) was found in a freshwater habitat and proposed to be involved in AOM
utilizing nitrite as final electron acceptor (Raghoebarsing et al. 2006). The ANME-N
associated nitrite-reducing bacteria, however, were recently shown to couple AOM
without the involvement of the archaea (Ettwig et al. 2008).

It is interesting to note that AOM is associated with the slowest growth and low-
est growth yield established so far for the microbial oxidation of an organic sub-
strate with sulfate (Nauhaus et al. 2007). Growth yields of SRB utilizing various
organic substrates mostly range between 4 and 18 g dry mass per mol sulfate
(Widdel 1988; Rabus et al. 2000), depending on the “energy content” of the elec-
tron donor, but with methane it is less than 1 g (Nauhaus et al. 2007).

a

ANME-1a ANME-1b
Methanomicrobiales ANME-2¢
Ferromonas/ ANME2a/b
Thermoplasma

Methanosarcina
ANME-3

Methanococcoides
methylutens

ANME-N
Archaeoglobus

Crenarchaeota

Methanobacteriales
Halobacteriales

10%

Fig. 1 Anaerobic methanotrophic archaea (ANME) (a) 16S rRNA gene based phylogeny of
ANME-1, ANME-2, and ANME-3 clades; (b) micrographs of fluorescence in situ hybridization
of ANME cells (red), from top to bottom: ANME-1, ANME-2a, ANME-2c, ANME-3. The part-
ner SRB is shown in green. For specific probes see Table 1. (Source: project MUMM, K. Knittel,
MPI)
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This may explain why so far all attempts to enrich ANME populations “from
scratch”, on the basis of the idea that everything is everywhere (and just needs some
methane), have failed. ANME sequences have rarely been retrieved from methane
or sulfate-depleted sediments, so they cannot be grown from all types of seabed
sample. Using naturally enriched communities, the process of AOM has been main-
tained in vitro in the laboratory and investigated with respect to substrate—product
stoichiometry and dependence on pressure, temperature, and a variety of other
environmental factors (Girguis et al. 2003, 2005; Nauhaus et al. 2002, 2005, 2007).
Still, little is known about basic physiological parameters such as enzyme kinetics
and growth yields of AOM under various conditions. Also the underlying biochem-
istry, the functional genes involved in AOM, and the nature of the interaction
between both partners remain a matter of speculation.

3 Identification and Quantification of Anaerobic
Methanotrophs in the Seabed

More than 1,500 ANME 16S rRNA gene sequences have been obtained from seabed
samples around the world. These show that globally, the two most abundant and diverse
phylogenetic groups of methane-oxidizing archaea are the ANME-1 and ANME-2
clades (Fig. 1). Both groups are usually associated with SRB of the SEEP-SRB I branch
of the Desulfosarcina/Desulfococcus group (Knittel et al. 2003). A third phylogenetic
group of archaea, (ANME-3) is associated with SRB of the Desulfobulbus group and
has been mostly found at submarine mud volcanoes (Losekann et al. 2007; Omoregie
et al. in review) but also at other cold seeps (Orphan et al. 2001; Inagaki et al. 2004;
Kanittel et al. 2005) and recently in subsurface sediments (Parkes et al. 2007).

The ANME-2 and ANME-3 clades belong to the order Methanosarcinales, and
the ANME-1 are more distantly related to the orders Methanosarcinales and
Methanomicrobiales (Fig. 1, Knittel et al. 2005). The phylogenetic similarity
between the three ANME clades is relatively low: the 16S rRNA gene sequences
are only 75-92% related to each other, and the clusters of ANME-1 and ANME-2
are deeply branching. ANME-1 and ANME-2 as well as their sulfate-reducing
partner bacteria share less than 92% 16S rRNA gene sequence similarity with any
cultivated archaea and bacteria. The ANME-3 clade contains sequences, which are
95% similar to those of the Methanococcoides spp. Recent investigations have
shown that the three ANME clades can also be distinguished on the basis of their
mcrA genes (encoding the alpha subunit of the enzyme methyl coenzyme M reduct-
ase (MCR)), which appear to be phylogenetically congruent to the 16S rRNA gene
(Hallam et al. 2003; Nunoura et al. 2006; Losekann et al. 2007).

Today, most quantitative investigations of the distribution of ANME cells and
their partner bacteria have relied on microscopical analyses using fluorescence in
situ hybridization (FISH), with the exceptions of a few studies using slot blot
hybridization (Treude et al. 2005), quantitative PCR of 16S rRNA genes (Girguis
et al. 2003, 2005) or mcrA genes (Nunoura et al. 2006). Diverse forms of associations
between ANME and their partner bacteria have been found (Fig. 1, Table 1), but
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Table 1 Molecular identification of ANME consortia

Clade ANME-1 ANME-2 ANME-3

16S rDNA Probe ANME-1-350 ANME-2-538 ANME-3-1249

Sequence (5'-3") AGT TTT CGC GCC GGC TAC CACTCG TCG GAG TAG GGA
TGA TGC GGC CGC CCC ATT

Formamid conc. 40% 50% 20%

Reference Boetius et al. 2000 Treude et al. 2005 Losekann et al. 2007

Alpha subunit of mcrA groups a-b mcrA groups c-e mcrA groups f

methyl-coenzyme
M-reductase

Reference Hallam et al. 2003 Hallam et al. 2003 Losekann et al. 2007
Typical morphology Mat type ANME2a/b: mixed type Shell type
(single cells) ANMEZ2c: shell type (single cells)
Common SRB Desulfococcus/ Desulfococcus/ Desulfobulbus
partner group Desulfosarcina Desulfosarcina
Reference Michaelis et al. 2002~ Orphan et al. 2001 Losekann et al. 2007
Lipid biomarker
Archaeol ++ + +
Hydroxyarchaeol (+) ++ ++
Crocetane + ++ -
PMI + (0-5) +(0-4) + (4-5)
GDGT ++ (+) -
Reference Blumenberg et al. 2004 Nauhaus et al. 2007 Niemann et al. 2006

usually one phylogenetic group and one morphological type of consortium domi-
nate a certain habitat (Knittel et al. 2005; Widdel et al. 2007). In the “shell-type”
associations, an inner core of densely-packed archaeal cells is partially or fully sur-
rounded by the bacterial partners. In the “mixed-type” consortia, archaeal and
bacterial cells are more homogeneously distributed with neighboring archaeal and
bacterial cells throughout the consortia. The “mat-type” is characterized by colo-
nies of ANME and partners forming microbial mats. Single cells of ANME-1 and
ANME-3 have also been found in situ as well as in in vitro enrichments, indicat-
ing that the physical association is not obligate, but the typical life mode of the
anaerobic methanotrophs. Microscopical analysis of a growing ANME-2 popula-
tion showed that population growth occurred as an increase in the number and size
of the shell-type consortia (Nauhaus et al. 2007).

Another molecular method, which has been crucial in the investigation of the
natural distribution of ANME populations, is the identification of specific lipid
biomarkers and their stable carbon isotope signatures (Niemann and Elvert 2008).
This method can integrate phylogenetic information with function (**C signatures
indicating methane assimilation) and can be used for comparative analyses of com-
munity biomass. All three ANME groups and their partner bacteria incorporate
light (*C-depleted) methane-derived carbon into their membrane lipids (Orphan
et al. 2001; Niemann et al. 2006; Wegener et al. 2008). Using either naturally *C-
depleted methane (Nauhaus et al. 2007), or *C-labeled methane as substrate
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(Blumenberg et al. 2004; Wegener et al. 2008), experiments with environmental
samples containing active populations of ANME have helped to identify typical
membrane lipid profiles (Table 1). Crocetane is the only biomarker lipid specific
for ANME-1 and ANME-2, i.e. not found in methanogenic cultures. The use of
glycerol dibiphytanyl glycerol tetracther (GDGT) profiles as indicator of ANME
distribution is difficult (Schouten et al. 2003), as the ANME GDGTs appear to
overlap with those of benthic Crenarchaeota, which often share the same niche in
the seabed (Knittel et al. 2005; Teske and Sorensen 2008). Because of the lack of
cultures, the specificity of lipid biomarkers for ANME and the quantitative relation
between cell abundances and lipid mass remains unknown.

An interesting question is the identity of yet uncultivated methanotrophs respon-
sible for methane oxidation in low energy, diffusion driven sulfate-methane transi-
tion zones (SMTZ) of the deep biosphere. Recent investigations of subsurface
SMTZ below 10 m sediment depth have not found evidence for the presence of
ANME populations (Biddle et al. 2006; Inagaki et al. 2006b; Sorensen and Teske
2006). Hence, it has been proposed that other types of methanotrophs are responsi-
ble for AOM in such habitats (Biddle et al. 2006), e.g., members of the
Crenarchaeota, which were found to be abundant and active in deep biosphere
SMTZ (Sorensen and Teske 2006). Deep biosphere SMTZ are characterized by
very low methane and sulfur fluxes of 1 wmol m= yr! (Biddle et al. 2006) and
AOM rates of <1 nmol cm™ d~' (Hoehler et al. 2000). Such low rates could be
associated with very low densities of methanotrophs, of considerably less than 10°
cells cm=. For biomarker extractions, the detection limit is as low as 1-10 ng of
specific lipid cm= sediment. Hence, it is also possible that known ANME groups
are present but not detected because of the very low population densities sustained
at the respective low energy yields.

4 From In Situ Observations to In Vitro Enrichments

Studying the occurrence and distribution of natural ANME populations in the field
has helped to choose seabed samples for further enrichment in the laboratory, for
selecting enrichment conditions and for improving enrichment strategies. The fol-
lowing assumptions currently used to harvest and further enrich environmental
ANME populations include:

1. High rates of methane oxidation concurrent with sulfate reduction and sulfide
production indicate high densities of ANME populations.

2. Continuous high fluxes of both AOM substrates methane and sulfate at millimo-
lar concentrations sustain high ANME biomasses of >10° cells cm™.

3. With regard to salinity, pH, and temperature, the apparent optima of AOM match
the habitat settings within a relatively broad range. AOM (and probably growth)
rates tend to be highest at 5-10°C degrees above the in situ temperature.

4. Oxygen is toxic for ANME, they do not occur in oxygen-penetrated sediments.
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5. The full marine medium for sulfate-reducers, including ammonium as nitrogen
source, meets the growth requirements of ANME.

6. The presence of the other partner is an essential factor in methane oxidation and
growth.

4.1 Finding AOM Hotspots

The most common ANME habitat on earth is the so-called “sulfate-methane transi-
tion zone” (SMTZ) in the seabed (Thomsen et al. 2001; Niemann et al. 2006; Parkes
et al. 2007). SMTZ are found in all seabed horizons where the diffusive transport of
methane from below and sulfate from above leads to a zone of AOM (Reeburgh
2007 and references therein). Methane is completely consumed in the SMTZ, which
may be found at decimeters to tens of meters below the seafloor (D’Hondt et al.
2004), depending on the depth of the methane production zone, the transport veloc-
ity of methane and sulfate, and their consumption rates. In diffusive seabed systems,
the distribution of ANME is restricted to SMTZ. The SMTZ between 1 and 10 m
sediment depth usually measure only a few centimeter to decimeter in vertical
dimension, and are generally dominated by ANME 16S rRNA gene sequences.
Population densities of ANME are low with <10° cells cm= (Niemann et al. 2005)
and associated AOM rates are below 10 nmol cm™ d! (<0.04 mol m~2 yr!). 16S
rRNA gene libraries of ANME populations associated with the ubiquitous SMTZ
zones are very similar to those of deep-water cold seeps. Most likely, the SMTZ-
ANME represent the seed populations for cold seep communities. It remains
unknown whether SMTZ-ANME possess special physiological adaptations to their
energetically less favorable habitat compared with those at cold seeps.

Cold seeps form where tectonic or gravitational forces advect free gas, methane-
rich porewater and/or muds upward into the sulfate-penetrated surface sediments
and sometimes into the hydrosphere (Judd and Hovland 2007). Consequently, this
higher energy availability leads to a natural enrichment of ANME populations and
high AOM rates. The products of AOM, sulfide, and carbonate accumulate in the
seabed, forming the typical features of cold seep ecosystems such as carbonate
precipitates and high sulfide fluxes. The sulfide is oxidized chemically and micro-
bially with oxygen, nitrate or iron close to the seafloor surface (de Beer et al. 2006).
One of the most striking visual features of submarine cold seep ecosystems are
mats of thiotrophic bacteria covering the seafloor. These mats are usually associ-
ated with high AOM rates and dense ANME communities inhabiting in the under-
lying sediments (Sahling et al. 2002; Treude et al. 2003; Joye et al. 2004; Niemann
et al. 2006). Also, a variety of thiotrophic microbe-animal symbioses profit from
AOM, such as siboglinid tubeworms, mytilid as well as vesicomyid bivalves
(Sibuet and Olu 1998). Thiotrophic mats and invertebrate symbioses may enhance
the growth of ANME populations by rapidly removing the toxic endproduct sulfide,
and by replenishing sulfate in the sediments (Treude et al. 2003; Cordes et al. 2005;
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Niemann et al. 2006). These specialized communities can thus be used as indicators
to video-guided sampling of highly active sediments with high biomasses of
ANME and their partner SRB (Fig. 2). Hence, the sedimentary environments of
cold seeps appear to be ideal ANME habitats, providing a filter against oxygen and
nitrate, and protecting the community against erosion by bottom water currents. In
active cold seep sediments, AOM rates of 500-5,000 nmol CH . cm™ d™' (>2 mol
m~2 yr!) are reached, associated with very dense ANME populations of >10° cells
cm™. However, the active AOM zone at seeps can be very small, depending on
sulfate depletion or purging by sulfate free subsurface fluids rising with high
velocities (de Beer et al. 2006).

High methane fluxes are also found at hydrothermal vents of mid ocean ridges,
but these ecosystems do not offer many niches for ANME populations. The seafloor
of mid ocean ridges consists of basalts and lacks a sediment cover; hence, the habi-
tats for ANME organisms are limited to small anoxic zones within vent chimneys
(Schrenk et al. 2004). Furthermore, the fluids of most hydrothermal vents are sulfate
free, and the seawater, which could provide sulfate, is oxygen rich — and hence toxic
for ANME organisms (see Sect. 4.4). In contrast, sedimentary hydrothermal systems
such as the Guaymas basin offer suitable habitats within the surface seafloor similar
as the cold seep systems (Teske et al. 2002; Schouten et al. 2003).

Fig. 2 Video guided coring and in situ measurement of methane fuelled sulfate reduction and
sulfide production. (a) Sampling of a small mat of giant sulfide oxidizing bacteria, (b) in situ
microsensor profiling in a microbial mat, (¢) in situ measurements of sulfate reduction rates, (d)
benthic chamber is placed by the ROV on microbial mat
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Tools to retrieve ANME-inhabited environmental samples are TV-guided multiple
corer, or push corer manipulated by ROV’s or submersibles (Fig. 2). Undisturbed
sediment samples can be used to analyze geochemical gradients in the seafloor (Fig. 3),
to identify the peaks in methane oxidation, sulfate reduction, as well as sulfide and
bicarbonate production, which coincide with the highest biomass of AOM consortia
(Treude et al. 2003; Niemann et al. 2005; Losekann et al. 2007). Most recently, we
have used in situ microsensor profiling of sulfide concentrations at the seafloor, to
identify the AOM hot spot before perturbation by recovery procedures (Niemann
et al. 2006). In situ microsensor measurements allow characterizing the geochemical
zonation of such habitats at a high vertical resolution (>50 wm) of different compo-
nents (pH, T, HZS, COZ, OZ, Ca*) (Wenzhofer et al. 2000, 2001; Wenzhofer and
Glud 2002; de Beer et al. 2006).

To quantify AOM or methane-fueled SR, intact seafloor sediments can be sub-
sampled vertically with push cores for measurements of AOM and sulfate reduction
(SR) using the whole core injection method (Jgrgensen 1978; Treude et al. 2003).
Radioactive tracers, i.e. “CH, and **SO,*", are injected at centimeter resolution, and
AOM and SR rates are calculated by multiplying the methane or sulfate reservoir
with the percentage of '“CO, or H,S formed per time interval from the total tracer
injected. Figure 3 shows the relation between AOM and SR as well as process-
related chemical species in hydrate bearing sediments characterized by excess
methane concentrations (Luff and Wallmann 2003). Active cold seep sediments
show this peak directly below the surface, depending on the sulfate supply from
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Fig. 3 Scheme of biogeochemical gradients in the AOM zone above hydrates
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downward diffusing seawater. Identifying the usually very narrow zones of meth-
anotrophic activity by their geochemical signatures is important for selecting the
sediment horizons naturally enriched in AOM consortia.

4.2 Energetic Constraints: Supply of Methane and Sulfate,
and Removal of End Products

In principle, cultivation of anaerobic methanotrophs should be possible if particular
growth demands are known and used to design appropriate cultivation conditions
in vitro. Most knowledge about the physiology and growth of ANME populations
comes from incubations using methane seep sediments as inoculates, because they
are naturally enriched in ANME biomass. To date, the most striking accumulations
of ANME biomass have been found at highly active gas seeps on the anoxic
Northwestern Black Sea shelf (Fig. 4, Michaelis et al. 2002; Kanittel et al. 2005;
Treude et al. 2007). Here, giant masses of microorganisms develop from subsurface
aggregations into reef-forming microbial mats through which streams of gas bub-
bles emanate (Treude et al. 2005). These mats have been carefully harvested using
submersible manipulators to obtain ANME-1 and ANME-2 biomass for physiol-
ogy, genomics, and proteomics (Kriiger et al. 2003; Meyerdierks et al. 2005).
Interestingly, a high diversity of other bacteria and archaea has been found in the
mats, apparently profiting from the methane-fueled biomass production, despite its
slowness (Blumenberg et al. 2004; Reitner et al. 2005; Stadnitskaia et al. 2005).
Three key factors appear to facilitate the development of such enormous methano-
trophic biomasses — the continuous release of methane gas, the inward advection of
sulfate by volume replacement, and the permanent anoxic conditions in the Black
Sea water. However, due to the high microbial diversity and extremely low growth
rate of the Black Sea microbial mats (Blumenberg et al. 2004; Treude et al. 2007),
they represent a difficult inoculate for cultivation and isolation of ANME popula-
tions. Other types of well-investigated habitats hosting dense accumulations of
ANME biomass are gas hydrate-laden surface seafloor of the NE Pacific margin
(Eel River Basin and Hydrate Ridge; Orphan et al. 2001; Knittel et al. 2003; Treude
et al. 2003) and the SE Atlantic margin (Pockmarks of the Congo fan; Olu-Le Roy
et al. 2007), as well as mud volcano sediments of the Norwegian margin, Eastern
Mediterranean, and Black Sea percolated with warm, methane-rich subsurface
porewater at medium fluid flow velocities of 0.1-1 m yr~' (Stadnitskaia et al. 2005;
de Beer et al. 2006; Losekann et al. 2007; Omoregie et al. 2008).

The solubility of methane depends on hydrostatic pressure, which increases with
increasing water depth. Methane is essentially insoluble at atmospheric pressure
(0.1 MPa) with a molar solubility of only 1.8 mM in seawater at 4°C. When meth-
ane builds up in the seabed and porewater gets oversaturated with methane, free gas
bubbles form and may precipitate as gas hydrate at high pressures and cold tem-
peratures. Gas hydrate is an ice-like solid formed by water crystals encaging large
volumes of natural gas. The physicochemical stability zone of gas hydrates in the
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Fig. 4 Methanotrophic mats of the Black Sea. (a) A methanotrophic microbial reef of the Crimea
Area (Source: MARUM, M70/2 BIONIL), (b) Nodular mats on top of a reef structure, the nodules
are about 10 cm in diameter (Source: JAGO, METROL project), (¢) A nodule opened, consisting
of pinkish mat below the black surface (Source: METROL project), (d) Scientists subsampling the
mat for lipid biomarker and mineralogical analyses (Source: METROL project), (e) *CH, incor-
poration into a mat section (top surface, bottom inside mat) visualized by beta-imaging. Red
indicates high uptake. The FISH sections show that the most active methanotrophic zone in
the mat coincides with the densest ANME population (red). Other zones of the mat show a high
bacterial diversity (source: Treude et al. 2007)

seabed lies within water depths >500 m and temperatures <6°C. As the gas is in
equilibrium with the surrounding porewater, the in situ methane concentrations
reach tens to hundred millimolar in the vicinity of hydrates. However, the chemical
energy stored in methane is only accessible to the anaerobic methanotrophs in the
presence of sulfate. Hence, the most favorable natural enrichment conditions for
ANME are to be expected around gas hydrates that lie within sulfate penetrated
surface sediments (Boetius et al. 2000; Treude et al. 2003); or in the top surface
sediments of active methane-emitting mud volcanoes (de Beer et al. 2006;
Wallmann et al. 2006). In most methane-rich environments, sulfate is depleted
rapidly, because the flux of methane from subsurface sediments often exceeds the
flux of sulfate from the bottom waters. Accordingly, the highest densities of ANME
populations can be expected where diffusion limitation is overcome, and sulfate
gets advected into the seafloor e.g. in zones of gas ebullition, and below mats of
motile Beggiatoa filaments (Sahling et al. 2002; Niemann et al. 2006) or burrowing
animals such as the mud dwelling bivalve Calyptogena and siboglinid tubeworms,
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which may actively release sulfate through their roots (Sahling et al. 2002; Cordes
et al. 2005; Niemann et al. 2006). Enrichment experiments with samples from such
active cold seep sites have proven to be the most promising for in vitro enrichment
of ANME populations (Girguis et al. 2003, 2005, Nauhaus et al. 2007, Holler et al.
unpublished).

Obviously, one strategy for the enrichment of ANME is to simulate as closely
as possible conditions prevailing in those marine habitats known to host high
population densities. Using sediment from the Monterey Canyon seeps (East
Pacific), Girguis and colleagues (2003, 2005) could stimulate an increase in 16S
rRNA gene copies belonging to ANME groups with methane in a continuous
medium flow system, and Wegener et al. (2008) achieved a significant uptake of
BC-labeled methane into AOM consortia with another type of flow through reac-
tor. The advantage of such flow through systems is that they provide a steady
source of the electron donor methane and the electron acceptor sulfate, and at the
same time remove the end products sulfide and bicarbonate. However, as long as
such systems are operated under atmospheric pressures, the energy yield from
AOM remains low (<25 kJ mol™') because of the insolubility of methane. A high-
pressure flow-through bioreactor is under development, which is operated in a
two-phase mode: high-pressure gas saturation of anoxic seawater medium is
applied in the first phase, and long-term high-pressure flow-through incubation of
ANME inoculate in the second phase for biomass generation (Deusner, unpub-
lished data). However, semicontinuous slurry enrichments in tubes or bottles at
intermediate methane pressures remain a helpful low-tech solution.

To provide methane to enrichment slurries kept in tubes or bottles, the gaseous
methane can be injected through stoppers to the oxygen-free slurry headspace by
syringes with hypodermic needles. At room temperature and ambient pressure, a
volume of 24 ml of pure methane (101 kPa) is approximately 1 mmol. Nauhaus and
colleagues (2002) could show that an increase of the methane partial pressure to 1.1
MPa (approximately 15 mM dissolved methane) clearly stimulated the rate of
AOM in vitro by fivefold, indicating a very high saturation concentration for AOM.
To apply such high partial pressures, a special incubation device has to be used
(Fig. 5, Nauhaus et al. 2002). Thermodynamic calculations confirm that concentra-
tions of methane of 60 mM will at least double the energy yield available for the
methanotrophs, which could make a significant difference for the growth yield
(Nauhaus et al. 2007).

However, even at high pressure, the principle techniques of isolation via selec-
tive enrichment of the targeted population, and outcompetition/dilution of others do
not work with the anaerobic methanotrophs due to their slow growth (generation
time of 2—7 months, Girguis et al. 2005; Nauhaus et al. 2007). Hence, to start
enrichment cultures from seabed samples, it is relevant to obtain an estimate of the
AOM activity and population density in the sediment sample to be used as inocu-
lum. The dilution of the sediment with medium should be tailored to the AOM
activity of the starter population in the original sediment — so that the consumption
of methane and sulfate in the slurry can be monitored at reasonable time intervals.
In AOM, the consumption of dissolved methane leads to a simultaneous production
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Fig. 5 Device for incubation of sediment (Sed) in seawater medium with methane of high partial
pressure (high concentration). Slow increase of the surrounding water (W) pressure in the steel
cylinder (SC) by means of a hydrostatic pump (HP) forces medium (M) from the syringe (S) by
means of the piston (P) into the culture tube (T). The culture tube (total volume 20 ml) contains a
methane headspace (CH,). The volume of the medium in the syringe is slightly larger (approxi-
mately 1.2-fold) than the initial gas volume in the tube. This set-up allows complete dissolution
of the gas phase and avoids implosion of the tube because the inner pressure (p,) can equilibrate
with any external hydrostatic pressure (p_) applied (from Nauhaus et al 2002)

of sulfide at a molar ratio of 1:1 (Nauhaus et al. 2002). Hence, the simplest way of
monitoring the ANME activity is measuring the increase in sulfide over time, if
methane is the sole carbon source in the medium. For naturally enriched cold seep
sediments with ANME densities of 10° cm™, inocula of > 20% volume are recom-
mendable to obtain a significant increase in sulfide within days to weeks. Further
dilutions should only be carried out when an exponential increase in methane-based
sulfide production is observed as an indication for growth of the methanotrophic
population.

It is important to overcome possible diffusion limitations of methane and sulfate
in the enrichment cultures, for example by increasing the exchange area between
headspace and medium, by using rotary tables, shaking of incubation vessels, etc.
A slow but steady enrichment can be achieved via a semicontinuous culture tech-
nique, by letting the sediment settle in cultivation bottles, followed by a careful
exchange of the medium under strict anoxic conditions, to replenish the substrates
and get rid of the products, especially sulfide. Nauhaus et al. (2007) exchanged the
medium when 10 mM concentrations of sulfide were reached, to avoid repression
of AOM by end product accumulation. However, in nature, higher sulfide concen-
trations are often found.

4.3 Temperature and pH Optima

The temperature and pH optima for growth of specific ANME populations are
not known. However, assuming that energy availability from AOM is the rate-
limiting step in ANME growth, the apparent temperature and pH optimum of the
energy delivering reaction (methane oxidation) may represent favorable growth
conditions. For the free energy yield of the AOM reaction, the difference
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between the standard condition (25°C) and in situ conditions (e.g. 5°C) is negligible
(Nauhaus et al. 2002). However, the effect of temperature on thermodynamic
equilibrium concentrations of intermediates could be significant. In vitro experi-
ments with a variety of naturally enriched seep sediments show that the apparent
temperature optimum for AOM is usually found at 5-10°C above the in situ
temperature (Table 2).

High resolution in situ pH measurements in marine sediments with high AOM
activities indicate only small variations of pH between 7.7 and 7.9 in the AOM
zone, and no substantial deviation of pH from the habitat appears to be caused by
AOM (de Beer et al. 2006). In vitro experiments on the pH optimum of AOM with
different ANME populations also showed a maximum within a range of pH 7-8,
which is the typical pH range for marine sediments (Nauhaus et al. 2005). However,
ANME populations have also been found in extreme environments: for example at
temperatures of up to 95°C in the hydrothermal sediments of the Guaymas basin
(Teske et al. 2002; Schouten et al. 2003), in the CO2 vented sediments of the
Yonaguni Knoll with in situ pH of probably as low as 4 (Inagaki et al. 2006b); in
alkaline fluids of carbonate chimneys at Lost City at pH of 9-11 and temperatures
of 55-75°C (Schrenk et al. 2004), and at high salt concentrations (Lloyd et al.
2006). Unfortunately, the physiological characteristics of such extremophilic
anaerobic methanotrophs have not been studied yet.

So far, it remains unknown, which environmental factors select for which
ANME groups and no direct relation between pH, temperature, and the presence of
specific ANME groups has been found (Kanittel et al. 2005; Kriiger et al. 2005). It
has been speculated that ANME-1 populations are better adapted to low energy
environments (Blumenberg et al. 2004; but also see Girguis et al. 2005), and
ANME-2 to high energy environments (Knittel et al. 2005), but usually a mixture
of both or all three ANME clades are found in the environment, with one clade
dominating the total archaeal biomass. However, it seems unlikely that specific

Table 2 Apparent temperature optima of AOM in vitro

Dominating In situ tem-  Optimum
ANME perature of  temperature
Sampling site population the habitat of AOM Reference
Haakon Mosby Mud ~ ANME-3/DBB  -1.5 4-8 Kriiger et al. 2005
Volcano
Hydrate Ridge ANME-2/DSS 4 10-15 Nauhaus et al. 2005
Gulf of Mexico ANME-2/DSS 6 16-20 Kriiger et al. 2005
Black Sea ANME-1/DSS 8 16-25 Nauhaus et al. 2005
Eastern ANME-2/DSS 14 20 Holler et al.
Mediterranean unpublished
Baltic Sea: ANME-2/DSS 520 20 Kriiger et al. 2005;
Eckernforde Bay Treude et al. 2005
Baltic Sea: Kattegat ANME-2/DSS, 5-20 20-25 Kriiger et al. 2005

DBB
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environmental adaptations can be found on the level of the known clades, consider-
ing the relatively high phylogenetic distance of their members. Of the few investi-
gations describing enrichments of ANME, it appears that the mixture of populations
in the starter inoculum is also maintained in the growing biomass (Girguis et al.
2003, 2005, Blumenberg et al. 2004, Nauhaus et al. 2007). Hence, to obtain an
enrichment of a specific group of ANME, it remains the best strategy to select an
environmental sample dominated by this group.

4.4 Avoiding Oxygen

Both partner organisms — the ANME and the various sulfate-reducing bacteria
associated with them — do not tolerate oxygen. Neither the ANME nor their
sulfate-reducing partner bacteria have been detected in oxygen-penetrated sedi-
ments. The exact cause has not been investigated, but it is well known that
methanogens are highly intolerant of oxygen because of the redox sensitivity of
their enzyme cofactors (Jarrell 1985). This is most likely also true for their
ANME relatives. Hence, determining the penetration depth of oxygen into the
seafloor is important for identifying the ANME habitat. Most of the seafloor at
continental margins consists of fine-grained clay sediments where oxygen pen-
etration is restricted to a few centimeter to decimeter (Fig. 3). However, at fluid
flow impacted cold seeps, oxygen penetration is limited to a few millimeter or
less, because of the upward advection of anoxic porewaters. Furthermore, in
organicrich settings, or at methane-laden seep sites, high amounts of sulfide are
produced by sulfate reduction, causing rapid oxygen depletion, for example by
mats of sulfideoxidizing bacteria (de Beer et al. 2006). At fluid flow impacted
sites, a high spatial and temporal heterogeneity is observed, due to varying
advective mass-transfer rates and due to bioturbation by macro and megafauna
(Sahling et al. 2002; Niemann et al. 2006). With 1 and 2D measurements of the
oxygen concentration in marine sediments by microsensor profiling and planar
optode imaging (Fig. 2, Wenzhofer and Glud 2004; Glud et al. 2005), vertical as
well as horizontal distribution patterns of oxygen in sediments can be obtained.
These techniques allow continuous quantification of the O, distribution across
the sediment—water interface at high spatial (~10-100 um) and temporal resolu-
tion (seconds). Cold seep sediments show very high oxygen consumption,
mostly driven by the methane, sulfide, and ammonium fluxes to the oxygenated
surface sediments (Fig. 3).

After seafloor samples have been taken with cores or grabs, avoidance of oxygen
penetration to AOM samples is a critical next step. In highly active sediments, the
concentration of sulfide is elevated and represents a buffer against the toxic oxygen.
Without problem, intact methane-rich sediment cores, which have not lost their
bottom water, can be kept closed in the cold room at the environmental temperature
before they are further processed. Subsampling in an anoxic glove box is not
required for enrichment studies, but maybe essential for some types of porewater



76 A. Boetius et al.

analyses. After filling the bottle with sediment, the headspace should be filled up
with anoxic, sulfate-rich medium (Rabus et al. 2000) or purged with nitrogen,
argon, or methane. Such samples can be stored for long, to be used for enrichments
experiments even years after sampling (Nauhaus et al. 2002).

For the enrichment itself, it is essential to keep the sample anoxic during all
handling steps. Removal of oxygen is most important in the preparation of the cul-
tivation medium. Availability of an anoxic glove box is helpful, but with appropri-
ate lab ware as for the cultivation of sulfate-reducing bacteria (Widdel and Bak
1992), all steps can be done at a normal laboratory bench. To prevent problems with
oxygen leakage to the enrichment culture, addition of reducing agents (reductants)
to the medium can be helpful at high dilution of the inoculate (e.g., <1:5 sediment
to medium). However, in less diluted sediment slurries with active ANME popula-
tions, the sulfide production from methane oxidation will be high enough to prevent
oxidation of the medium. Reductants that have often been used for the cultivation
of methanogens or SRB are sulfide, dithionite, or cysteine (Widdel and Bak 1992).
As a visual indicator of reducing conditions, resazurine may be added at a final
concentration of 1 mg 1.

4.5 Other Growth Requirements

When methane — the most reduced form of organic carbon — is added as sole
organic compound for cell synthesis to enrichment cultures, formation of the less
reduced cell biomass, according to the bulk formula C 4H802N (Harder and van
Dijken 1975) requires a “biosynthetic net oxidation”, which can be achieved by
incorporation of CO, as the most oxidized form of carbon. Nauhaus et al. (2007)
formulated the assimilation of methane as

17CH, + 15CO, + 8NH} — 8C,H,0,N + 14H,0 + 8H" )

However, not much is known about the nitrogen requirement of the ANME
populations. Nitrate and nitrite are absent from anoxic sediments, and regarding the
low free energy yield of AOM, the uptake of ammonium seems more likely than
nitrogen fixation. Anoxic marine sediments usually show relatively high concentra-
tions of ammonium in the micromolar to millimolar range, hence sufficient reduced
nitrogen should be available to support consortia growth. However, very recently
nitrogen fixation has been suggested for methanotrophic consortia on the basis of
the finding of the responsible genes in the metagenome and '*N-enrichment in cel-
lular nitrogen after °N, incubation (Pernthaler et al. 2008).

Other salts, vitamins, and trace elements required for growth can be provided
with the medium used for long-term enrichment. We are working with the full
marine medium for SRB as described in Widdel et al. (2004), including the vitamin
and trace element mixtures.
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4.6 Inhibiting or Decoupling the Enrichment of ANME
and Partner Bacteria

By addition of inhibitors, electron shuttles, or potential intermediates, it has been
attempted to decouple the growth of one partner from the other (Nauhaus et al.
2002, 2005). The association of ANME with a sulfatereducing partner is most com-
monly interpreted as obligate syntrophic interaction in which the methanotrophic
archaeon activates and metabolizes methane, leading to an intermediate that is
scavenged as electron donor by the sulfate-reducing partner. However, the addition
of a variety of electron-capturing shuttles such as phenazines and humic acids did
not lead to decoupling of the ANME from the SRB (Nauhaus et al. 2005). Vice
versa, in vitro “feeding” attempts with the conventional methanogenic substrates,
H,, formate, acetate, or methanol, did not succeed to decouple the SRB from the
ANME, and no sulfide was formed by the partner SRB in the absence of methane
(Nauhaus et al. 2002). The transfer of reducing equivalents from methane utiliza-
tion into sulfate reduction could occur via an intermediate that is not a typical
methanogenic growth substrate. It may occur by a transfer of reducing equivalents
via an unknown organic compound, electron shuttles, or hydrogen shuttles other
than free H,, but so far, the nature of this presumed intermediate remains unknown.
It has been proposed that permanent structures called “nanowires” can be estab-
lished between microbial cells (Gorby et al. 2006), but this model is not favored by
the finding that some ANME cells are not closely associated with bacterial partners
(Orphan et al. 2002; Kanittel et al. 2005).

5 Outlook: Other Isolation Techniques

If axenic cultures of the ANME cannot be obtained due to their slow growth and
potentially obligate association with partner bacteria, an alternative strategy could
be the mechanical isolation and enrichment of ANME cells. To obtain large frag-
ments of DNA and proteins in high quality, it is important to isolate the microbial
biomass from sediments and organic detritus. Important questions to the genome of
both partners include for example if the ANME themselves may possess the genes
for sulfate reduction, and what carbon and energy sources the sulfate reducers could
utilize. Answering such questions requires the full genome sequence of ANME
representatives and their partner bacteria. Metagenomic analyses of sediment com-
munities have so far not arrived at closing genomes of the targeted organisms
(Hallam et al. 2003; Meyerdierks et al. 2005; Pernthaler et al. 2008), and protein
isolation and purification from sediments is extremely difficult and requires very
dense biomasses (Kriiger et al. 2003). First, successful application of an enrichment
technique for ANME consortia included density gradient centrifugation with sub-
sequent size selection; however, this did not result in pure biomass of a specific
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ANME population (Orphan et al. 2001; Hallam et al. 2003; Pernthaler et al. 2008).
New technologies such as single cell genome sequencing (Raghunathan et al.
2005), and single cell secondary ion mass spectrometry (SIMS) coupled to their
phylogenetic identification (Kuypers and Jorgensen 2007) may allow a better
understanding of AOM biochemistry, circumventing the need for an axenic cell
culture. Methods that have recently been successfully combined with single cell or
low biomass genome sequencing include laser forceps sorting of cells (Mitchell
et al. 1993), fluorescence-activated cell sorting by flow cytometry (Stepanauskas
and Sieracki 2007), microfluidics (Marcy et al. 2007), and magnetic bead sorting
(Pernthaler et al. 2008). These, and other new technologies, combined with further
physiological studies of selected environmental samples and in vitro enrichments
will help to solve the enigmatic process of the AOM.
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Abstract Whole genome amplification of single cells is emerging as a powerful
technique for accessing the genomes of individual members of microbial communi-
ties without the complication of identifying the source of sequence data posed by
shotgun sequencing of environmental samples (metagenomics). This method holds
particular promise for the molecular unveiling of uncultivated organisms that com-
prise the bulk of the microbial diversity and functionality on our planet.

1 Introduction

Over the last two decades, it has become increasingly apparent that microbial diversity
is massively undersampled by culture collections, and consequently coverage of the
tree of life by reference genome sequences is also highly incomplete (Hugenholtz
2002; Rappe and Giovannoni 2003). This limitation greatly impedes our understanding
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of microbial evolution and ecology. Directed or fortuitous culturing efforts have
managed to provide axenic or enriched cultures for some major phylogenetic gaps
(Preston et al. 1996; Zhang et al. 2003; Zoetendal et al. 2003; Cho et al. 2004;
Konneke et al. 2005), most of which immediately become the focus of genome
sequencing projects (Liolios et al. 2006). To really accelerate genomic coverage of
microbial diversity, however, methods not involving cultivation will need to be used.
Metagenomics, the application of high-throughput sequencing to DNA extracted
directly from environmental samples (Riesenfeld et al. 2004; Tringe and Rubin
2005), is a promising route to bypass the cultivation bottleneck, but has the draw-
back that multiple genomes are being sequenced simultaneously, often at very low
coverage, which must be subsequently deconvoluted in silico. Therefore, metagen-
omic studies rarely result in complete or near-complete genomes, with the exception
of communities highly enriched in one or more populations (Tyson et al. 2004;
Garcia Martin et al. 2006; Strous et al. 2006). Whole genome amplification and
sequencing of single cells has recently been demonstrated as a viable approach
(Zhang et al. 2006), providing direct access to the full spectrum of microbial diver-
sity without the multispecies complications of metagenomics. This opens the pos-
sibility for genomic characterization of any microbial member of a community that
can be selected on the basis of taxonomic, morphological, or physiological criteria.
As a result, acquiring genomic data for lineages encompassing the entire microbial
tree of life appears feasible for the first time, regardless of cultivation success or
abundance in the community for any specific type of organism.

Single cell genomics opens exciting opportunities to study a variety of aspects of
microbial ecology and evolution. Understanding the degree of genomic variation
between cells in natural populations not related by direct clonal descent will be
important for defining the core genome vs. the accessory genes and ultimately get-
ting better metrics for defining and distinguishing ecotypes, populations, and species
or their equivalents. Since a coherent theoretical framework for microbial ecology is
still lacking and important issues such as the definition or existence of bacterial spe-
cies, and the extent and impact of horizontal gene transfer in microbial communities,
genomic data from as many microbial lineages as possible will provide a better
picture of the genetic and functional diversity in the microbial world and the evolu-
tionary and environmental forces that shape genomes and communities.

In this chapter, we discuss the pros and cons of single cell genomics with par-
ticular reference to its recent application to members of candidate phylum TM7,
a major lineage of the bacterial domain thus far lacking any pure-culture repre-
sentatives and genome sequences.

2 Cell Isolation Methods

In most cases, a prerequisite to microbiological characterization of an organism has
been the clonal expansion in the laboratory of a single cell, isolated from an environmental
source. The resulting population, genetically uniform, serves for formal taxonomic
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description and further characterization of its physiology, genomics, and other biological
aspects. Traditionally, obtaining that initial cell progenitor has involved techniques as
simple as streaking on solid media or dilution to extinction. Such approaches are not
broadly applicable to single cell genomics, as they offer little control over the types of
organisms that are isolated and require active growth and formation of (micro)colonies
or cultures. More discriminatory techniques such as micromanipulation with micro-
capillaries or optical tweezers allow separation of specific cells based on morphology
or, in some cases, certain physiological characteristics (e.g., autofluorescence) but have
a low throughput and relatively restricted use. Such isolation techniques are the only
viable options for subsequent genomic characterization if cells can grow at least to low
densities on defined media in the laboratory.

2.1 Microdroplet Capture

A promising new approach to isolate microbial cells from the environment and test
cultivation conditions in the laboratory involves encapsulation of individual cells
into agarose microdroplets (Zengler et al. 2005). The microdroplets are then incu-
bated under defined conditions that may allow formation of microcolonies, which
can be detected microscopically or, using a higher throughput, by flow cytometry.
If an appropriate selection can be designed (morphology, physiological property, or
taxonomic staining by fluorescence in situ hybridization, see below), microdroplets
containing microcolonies of interest can be isolated. When the cells are viable and
dividing, a fraction of the microcolony can be further propagated in culture, while
a reduced number of cells can be used directly for genomic characterization.

The above approaches, while suitable for cells that can be cultured in the labora-
tory, cannot be used for the isolation and genomic characterization of microbes that
will not divide and establish a clonal population. The vast majority of microbes,
while likely not intrinsically “unculturable” in the laboratory, fall into this category.
Many major bacterial and archaeal lineages (phyla or divisions) still have no
cultured representatives (Hugenholtz 2002) and all other phyla contain lower level
taxa that are known solely on the basis of ribosomal RNA sequences obtained by
culture-independent molecular surveys. Single cell genomics has great potential for
characterizing such uncultured groups. In general, the most straightforward
approach to identify and isolate single cells relies on the unique information
available for those organisms, their ribosomal RNA sequences.

2.2  Micromanipulation

Antisense probes (oligonucleotides labeled with fluorescent small molecules) have
been used for many years to detect and quantify specific microorganisms in environ-
mental samples (Amann et al. 2001). The procedure, known as FISH (fluorescence in
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situ hybridization) involves the design of the antisense probe to target a region (usually
18-24 nt) of the ribosomal RNA sequence (usually the small subunit) that can confer
the desired specificity (from species specificity to phylum or even domain) followed
by chemical synthesis of the oligonucleotide and end labeling with a fluorophore that
can be detected using UV, lasers, and specific filters. Software such as ARB (Ludwig
et al. 2004) have probe design algorithms that facilitate the process and identify
potential problems in terms of specificity, probe dimerization, and other artifacts that
may occur. Studies on the in situ accessibility of ribosomal RNAs to FISH probes
over the length of the rRNA molecule provide an additional guideline for probe
design (Amann et al. 2001). Databases such as probeBase (Loy et al. 2007) catalog
the sequences and characteristics of optimized probes, providing a valuable resource
to the community. A large number of fluorophores emitting at different wavelengths
are available commercially, which enable application of multiple probes with different
specificities to be resolved on the basis of color combinations.

One of the limitations of FISH-directed cell isolation is that cells must be fixed and
permeabilized and therefore are not viable and cannot potentially be used for estab-
lishing cultures. A variety of cell fixation protocols have been used, not all compatible
with subsequent extraction and use of the nucleic acids for further characterizations.
Formaldehyde, in particular, crosslinks DNA to protein (Speit et al. 2000), which
severely impairs downstream applications. Milder fixation reagents such as ethanol
have been used successfully and are compatible with enzymatic steps in DNA extrac-
tion protocols. Even so, fixation, hybridization conditions, probe specificity, and fluo-
rescent signal strength are parameters that require optimization on a case-by-case
basis. Once fluorescently labeled, the simplest approach to identify and isolate spe-
cific cells involves an epifluorescence microscope and a micromanipulator fitted with
a microinjector. The main difficulty is contamination with nontarget cells and the
tedious, low-throughput process. Nevertheless, this approach has been used success-
fully to isolate Methanothermobacter thermoautotrophicus as a test organism,
followed by the isolation of a soil crenarchaeote (Kvist et al. 2007).

2.3 Fluorescence Activated Cell Sorting (FACS)

Another approach widely used to separate microorganism is flow cytometry,
a fluorescence-based cell characterization technique that enables rapid analysis of
entire cell populations on the basis of single cell characteristics (size, shape, cell
count) as the individual cells are passed in front of an intense light source (laser or
laser diode). When coupled with cell sorting based on specific fluorescent signal
(FACS), a large number of cells from complex environmental samples can be rap-
idly analyzed and the ones containing the FISH probe can be isolated. A difficulty
in using this approach is ensuring the sterility of the procedure and avoiding con-
tamination of the separated cells with nontarget organisms and DNA. A secondary
limitation is the low phylogenetic resolution of ribosomal RNAs due to their strong
evolutionary conservation (Woese 1987); for example, 16S rRNA cannot typically
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resolve strains (genotypes). Therefore, if more than one cell is sorted, multiple
genotypes may well be represented, complicating assembly of subsequent shotgun
data. Using this approach, we have recently tested the feasibility of isolating from
soil samples individual cells as well as small cell batches (5-100 cells) representing
the uncultured TM7 phylum, after labeling with fluorescent oligonucleotides
broadly specific for that group of bacteria (Podar et al. 2007). When sorting multi-
ple cells, the different batches contained a varying degree of contamination with
nontarget organisms or exogenous DNA; however, the TM7 cells appeared phylo-
genetically coherent (same species at least; Fig. 1) despite the broad specificity of
the 16S rRNA-targeted FISH probe used. For example, a Pseudomonas cell was
coisolated with four TM7 cells, resulting in significant contamination of the target
TM7 genomes. The low frequency of the target cells in the soil community that
served for that experiment (0.02%) indicates that the approach can be used to iden-
tify and isolate minor representatives of the community, “invisible” to other com-
munity genomic approaches. Obvious objectives for further improving the
technique are finding ways to reduce the instances of contamination.

2.4 Microfluidics

Rapid developments in laser technology and nanotechnology have led to the miniaturi-
zation of flow cytometry and the development of an integrated microfabricated cell
sorter using multilayer soft lithography (Fu et al. 2002). The integrated cell sorter is
incorporated with various microfluidic functionalities, including peristaltic pumps,
dampers, switch valves, and input and output wells, to perform cell sorting in a coor-
dinated and automated fashion with extremely low fluidic volumes. Owing to the
simple fabrication process and inexpensive materials, these devices can be disposable,
thereby eliminating any cross-contamination from previous runs, which make them
attractive for further downstream molecular methods requiring extreme sterility to
avoid contaminating DNA. This benefit might compensate for the much lower sorting
speed compared to conventional FACS machines; however, in practice it appears that
removal of exogenous DNA entrained with the target cell is difficult even after
repeated flushing of the microfluidic chamber perhaps because of the high surface
tension in nanoliter volumes (Marcy et al. 2007). The cell sorting device can be
directly combined with chemical or enzymatic reactions, such as cell lysis and DNA
amplification. This approach has recently been used to characterize a different ecotype
of TM7 phylum bacteria from the human subgingival microbiota ((Marcy et al. 2007);
Fig. 1). Large rod-shaped cells, resembling oral TM7 previously characterized by
FISH (Ouverney et al. 2003), were separated and lyzed in the microchamber, followed
by DNA amplification in nanoliter scale volume to confirm identity and provide access
to the genome of the isolated cell. Cross-contamination with exogenous DNA from
other cell types present in the community still needs to be addressed; however, this
approach allows selective isolation of viable cells based on morphology, which can
then be analyzed genomically or transferred to culture media for propagation.
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Fig. 1 A 16S rRNA gene tree of the bacterial phylum TM7 currently only comprising sequences
obtained directly from the environment. Because of the large number of such environmental clone
sequences, much of these data have been compressed into clusters named after the oldest clone
representative, with the number indicating the number of clones in a given cluster. The habitats
from which the clones were derived are listed and color-coded. The phylogenetic locations of
amplified TM7 cells from soil (Podar et al. 2007) and the human oral cavity (Marcy et al. 2007)
are indicated by red dots. The two ribotypes are ~9% divergent from each other. Data was obtained
from the greengenes database (DeSantis et al. 2006)
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3 DNA Isolation and Amplification from Single Cells

The amount of DNA present in a bacterial cell (~107"° g) is presently well below
the minimum amount necessary for cloning or direct sequencing. Amplification by
factors of 10°~10° is therefore required in order to generate nanogram to microgram
quantities that can be used in standard genomic characterization protocols.
Additional difficulties also arise because of handling of a single or a few chromo-
some copies. Very large DNA molecules are unstable when released from cells into
solution and subject to single and double stranded breaks due to hydrodynamic
shearing, nucleases, and chemical breakdown. While embedding of cells in gels,
gentle lysis and handling, and inclusion of nuclease inhibitors can minimize such
processes, they still occur but are averaged out in large DNA molecule populations
that are obtained from bacterial cultures containing a large number of cells. When
dealing with one or a few molecules, however, every single breakage event will
result in the loss of information around that break point since the amplification
enzymes may not be able to process them. Additional research will be required to
understand the stability of whole chromosomes during cell lysis and enzymatic
amplification and to determine whether genome sequencing to closure from a single
molecule is feasible on a routine basis.

The current methods for DNA isolation from single bacterial cells include a cell
treatment with lysozyme followed by alkaline denaturation (Zhang et al. 2006).
Because the resulting DNA amount is very low, maintaining the volumes to a
minimum is important in order to increase effective template concentration. Using
conventional pipetting systems, reactions in several hundred nanoliters have been
performed, which has resulted in amplification of single molecules to levels that
allowed product visualization after gel electrophoresis (Hutchison and Venter
2006). Recent developments in the field of microfluidics allow, however, cell lysis
and DNA amplification in much smaller volumes (tens of nanoliters) and therefore
achieve an effective concentration of the template several orders of magnitude
higher than using conventional pipetting (Hong et al. 2004). Such microfluidic
chips that allow selection of target cell in addressable chambers followed by lysis
and DNA amplification have been successfully used to generate sufficient DNA for
partial genomic sequencing of uncultured TM7 bacteria from the human subgingi-
val crevice (Marcy et al. 2007). The number of reports documenting the amplifica-
tion of single molecules from uncultured organisms in small volumes is still
small, and therefore factors such as efficient cell lysis and contamination minimi-
zation have to be investigated further.

Several different techniques have been published for random amplification
across the whole genome, earlier work being done with Tag DNA polymerase
(Hawkins et al. 2002). Multiple displacement amplification (MDA) is the approach
that has been most successfully used for microbial genomic amplification and is
based on using a highly processive phage polymerase with strand displacement
capability, the phi29 DNA polymerase. Initial experiments using random hexamer
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oligonucleotides, circular phage genomic DNA, or plasmids as templates have
resulted in 10,000-fold amplification by a multiple-primed rolling circle (RCA)
mechanism (Dean et al. 2002). Sufficient DNA to perform cloning and sequencing
was obtained in several hours at 30°C starting with a bacterial colony or a phage
plaque. Commercial versions of the enzyme and optimized kits and protocols for
MDA are available (e.g., GenomePlex by Sigma-Aldrich, REPLI-g by Qiagen,
GenomiPhy by Amersham, RepliPHI by Epicentre), and are valuable for a wide
range of medical, forensic, and microbiological applications in which the biological
material is very limited. A recent study (Pinard et al. 2006) compared the available
methods to evaluate the bias introduced during bacterial whole genome amplifica-
tion, starting with 25 ng template DNA. The MDA reaction with phi29 polymerase
vastly surpassed the amplification with Taq in both yield and absence of bias.
However, it should be noted that the starting material was still much higher than
that normally available when the reaction is performed using one or a few cells as
DNA source.

There are several major difficulties when amplifying a single DNA molecule
that have to be overcome before the technique can be robustly used to sequence
whole microbial genomes. First, while phi29 is highly processive, it will still dis-
sociate from the template on average after 10-20 kb (Blanco et al. 1989). Therefore,
multiple primers hybridized to random positions along the chromosome can ensure
broad amplification. However, because only a limited number of such primers can
be positioned on the chromosome without affecting the reaction, a limited number
of regions will be amplified from each individual chromosome, introducing a bias
that is manifested when only one or a few initial templates are used, but averaged
out in nanogram-amount template reactions. In the case of microbes for which
clonal populations are available, a solution can be to perform multiple separate
amplifications using single cells followed by pooling of the individual products
prior to further characterization. When analyzing uncultured microbes from natural
communities, however, populations are usually not clonal and therefore individual
cells likely contain genomic differences. Reactions on multiple, separately
collected cells could therefore allow the retrieval of a larger amount of “pangenomic”
information for a given species, which can be valuable from ecological and evolu-
tionary perspectives. However, if the goal is to assemble a complete genome, such
heterogeneity may hinder genome finishing efforts, particularly if cells have been
identified using 16S rRNA-targeting probes which may result in pooled cells with
large amounts of genomic divergence due to the extreme conservation of the 16S
rRNA molecule. Collecting cells that occur together in filaments or microcolonies
will have a higher likelihood of being clonal copies. In analyzing an uncultured soil
TM7 bacterium, we pooled five cells that were genetically related (identical small
subunit ribosomal RNA sequence) and used them as template for a two-stage MDA
in an effort to minimize the bias (Podar et al. 2007). On the basis of the assembled
contigs, there did not appear to be a high frequency of single nucleotide polymor-
phisms; however, because the amplification was still biased and we retrieved only
a relatively small fraction of the genome (~20%), evaluation of gene order and
overall chromosomal conservation was difficult.
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3.1 Chimerism

Another current limitation of MDA is the formation of chimeric structures, which
result in fragmented genes, and difficulties in assembling large genomic contigs.
Published data (Zhang et al. 2006) indicate that hyperbranched structures generated
during the strand displacement amplification are resolved after ligation into vectors
and cloning in E.coli as chimeric, rearranged sequences. To remove hyperbranched
structures, Zhang and colleagues used an S1 nuclease to cut the junctions of
branched DNA molecules, and constructed a 3-kb sequencing library. This library
showed a significant improvement in comparison to the library constructed without
S1 nuclease treatment (Zhang et al. 2006). However, the remaining chimeras still
limited the quality of genome assemblies. An improved assembly with longer con-
tigs was obtained by computationally splitting these chimeric sequences at their
junction points based on a reference genome (Zhang et al. 2006). A new study
(Lasken and Stockwell 2007) suggests, however, that most rearrangements are
caused during the amplification step and that sequencing methods that would
bypass the need for cloning may not necessarily avoid this problem. Computational
tools and extensive sequence analysis appear effective in detecting and eliminating
or flagging such rearrangements and, while not ideal, they will be a useful compro-
mise until a biochemical solution is found.

A final difficulty in amplifying single bacterial chromosomes that should be
mentioned is the high risk of contamination. Separating and handling single bacte-
rial cells is technically challenging and there are numerous sources of potential
contamination throughout the process, not to mention that when working with
complex communities, avoiding isolation of more than one type of cell is very dif-
ficult. Not only are other cells potential contaminants but free DNA can be present
in the sample, attached to cells, as well as in the reagents. For example, we have
noted that Delftia, a common contaminant of laboratory reagents, appears to be
present in some batches of MDA kits. Since any DNA present can be amplified,
special precautions have to be taken to prevent introducing it into the reaction by
ultraclean procedures and reagents. Even then, contamination usually occurs and
can only be dealt with by recognizing and computationally removing the sequences
that belong to the unwanted organism, using phylogenetics and other sequence
characteristics (Marcy et al. 2007; Podar et al. 2007). For example, we used GC
content binning to separate sequences that belong to a Pseudomonas contaminant
from the bulk of the data representing the soil TM7 bacterium. The high GC content
sequences contain genes with very high similarity values to other Pseudomonas
genes and phylogenetically distant from organisms that appear to be more related
to TM7 than Proteobacteria (Cyanobacteria, Chloroflexi, Firmicutes). As more
refined methods to bin sequences from organisms based on sequence composition
appear (McHardy et al. 2007), such computational approaches should improve the
efficiency of filtering single cell genomic datasets for contaminant sequences.

In addition to single cell genome amplification, MDA has been used also to
amplify environmental genomic DNA for shotgun sequencing. Low-biomass
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samples from highly contaminated soils yield DNA amounts that have limited use
for direct, native analysis and screening. Using MDA, Abulencia and colleagues
(Abulencia et al. 2006) recovered sufficient DNA from several low-biomass com-
munities, which allowed diversity analysis as well as construction of genomic
libraries for shotgun sequencing. While bias is difficult to control and evaluate in
such cases, simply getting access to the genomes of uncultured organisms that
inhabit such extreme environments should provide valuable information from both
fundamental (ecological, physiological, and evolutionary) and practical (bioreme-
diation) perspectives.

4 Sequencing and Genome Assembly

The strategy that has been applied almost exclusively so far for sequencing microbial
genomes has been shotgun end sequencing of genomic DNA libraries using end
chain terminator chemistry (“Sanger sequencing’). Over the last decade or so, tre-
mendous improvements in this approach have been made, from long reads that
approach 1,000 nucleotides, reduced cost associated with high-throughput platforms
in specialized sequencing centers to efficient algorithms that allow assembly of the
individual reads. Nevertheless, the time and effort to complete a genome project is
still too long, primarily because of steps prior to the actual sequencing (e.g., genomic
library construction, plasmid preps), and still too expensive ($8-$10k) to apply to
more than a few organisms at a time in a standard laboratory or project. In the last
several years a number of novel sequencing strategies have been explored that have
the potential to trigger a new revolution in microbial genomic sequencing. One such
approach, pyrosequencing, based on detection of the pyrophosphate released by the
polymerase during copying of the sequencing template, was proposed two decades
ago, but has only recently reached the stage of being applicable to genomic sequenc-
ing, primarily through an efficient parallel bead array—based technology developed
by 454 Life Sciences (Ronaghi 2001). While the throughput of 454 sequencing is
much higher than that of the traditional capillary Sanger sequencing (~100 Mbp vs.
3—4 Mbp per day per machine), the sequence reads are significantly shorter (~0.2 kbp
vs. 1 kbp). The shorter reads present challenges for genome assembly, particularly
in repetitive regions; however, a higher read depth coverage can address some of the
limitations, and special assembly algorithms have been developed for the short
sequence reads (Sundquist et al. 2007). An advantage of 454 sequencing is that
genomic libraries do not need to be constructed, an important factor in sequencing
genomes that have unusual sequence composition and are hard to clone into E. coli,
or when the amount of starting DNA is limited such as in single cell genomics.
Bypassing the cloning step in the latter case can avoid some of the recombinants that
form in E. coli and are responsible for chimerism. However, it has been recently
shown that a significant proportion of those chimeras form during amplification and
not necessarily during cloning (Lasken and Stockwell 2007). Shorter reads will, in
turn, make it more difficult to identify recombination points in the sequence. No
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direct comparisons have yet been made in sequencing genomes starting from one or
a few cells using Sanger and pyrosequencing.

While not yet widely used as a prime approach for de novo sequencing of microbial
genomes, 454 can be used efficiently in combination with Sanger sequencing
(Goldberg et al. 2006) as well as for genome resequencing or sequencing of closely
related strains. We have used both sequencing approaches separately in sequencing the
two different members of the TM7 phylum. For the soil TM7, ~20,000 Sanger
sequence reads were generated from a small insert genomic clone library, resulting in
combined a contiguous sequence (contig) length of ~1.8 Mbp after initial assembly.
Using an additional chimera detection strategy followed by annotation, taxonomic
binning, and a second round of contig analysis, we eliminated sequences likely belonging
to a Pseudomonas coisolate and further reduced the presence of recombinant chimeric
sequences. The total length of the contigs assigned to the TM7 bacterium was
~0.6 Mbp, encoding approximately 600 genes. On the basis of functional gene catego-
ries accumulation curves as well as inferences based on universally present genes in
bacterial genomes, the coverage of the soil TM7 was estimated to be of ~0.2x, which
suggests a genome size of at least 3 Mbp. Using a sliding window analysis we detected
sharp fluctuations in the coverage depth along the contigs, reflecting the known bias
in amplifying the genomes of single cells as a result of the limited number of primer
annealing events. However, analysis of the frequency of different types of functional
gene categories represented in the soil TM7 genomic data suggested that the bias is not
related to preferential amplification of certain types of genes.

Pyrosequencing using the 454 technology was applied in the case of three indi-
vidual TM7 cells isolated from the human oral microbial community by microchip
fluidics (Marcy et al. 2007). As is the case with other single cell separation tech-
niques including flow cytometry, contamination is still a problem and manifested
in the microfluidic chips separation by the presence of small amounts of hitch-
hiking DNA from Leptotrichia, a recognized member of the oral community. While
no cloning was involved, genomic sequence analysis revealed, as with the soil
TM7, chimeric sequences and bias in genome coverage. A different assembly strat-
egy had to by used, specifically designed to handle the short reads generated during
pyrosequencing, namely the 454 Newbler assembler and the Forge whole genome
shotgun assembler (D. Platt, unpublished). Overall, from the cell that yielded the
highest quality sequence, 1,474 genes on 288 contigs were obtained. The gene
prediction software, Fgenesb (http://www.softberry.com/) was used to predict
genes, and has been shown to be perform relatively well on simulated metagenomic
datasets (Mavromatis et al. 2007), followed by analysis using the IMG/M database
platform (Markowitz et al. 2008).

The two described projects aimed at genomic analysis of organisms from the
TM7 phylum employed different samples and different experimental and computa-
tional strategies. While overall the two studies encompass the same concepts of
single cell isolation, genome amplification, and sequencing, it will be important in
future to do side-by-side comparisons of contamination likelihood, amplification
efficiency, and the quality of the resulting DNA sequences when applying flow
cytometry and chip microfluidics to the same environmental sample.
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S From Genomes to Biology

While traditionally selection of microorganisms for genome sequencing is based on
prior knowledge of an organism’s physiology, ecology, or other biological aspects,
the TM7 phylum was targeted because of its novel phylogenetic position and lack
of cultivated representatives. Not surprisingly, little is known about the numerous
uncultured bacterial phyla highlighted by culture-independent surveys (Hugenholtz
2002); however, TM7 has received somewhat more attention, providing a small
amount of physiological and ultrastructural data with which to compare genome
data. TM7 bacteria are known to inhabit a wide range of environments, from soils,
water, and activated sludge, to termite guts ((Hugenholtz et al. 1998), Fig. 1). They
have also been found in the human oral cavity and positively correlated with mild
periodontitis (Brinig et al. 2003; Kumar et al. 2003). There is microscopic evidence
that members of the TM7 phylum are morphologically diverse, and large conspicu-
ous sheathed TM7 filaments often have epiflora (Hugenholtz et al. 2001; Thomsen
et al. 2002; Xia et al. 2008). Electron microscopy also revealed that the cell enve-
lope of a sheathed filament TM7 morphotype from activated sludge is ultrastructur-
ally indistinguishable from Gram-positive bacteria, raising the possibility that TM7
represents a third Gram-positive bacterial phylum (Hugenholtz et al. 2001). If correct,
TM7 may be able to help shed light on the evolutionary origins of the Gram-
positive cell envelope (i.e., monophyletic vs. paraphyletic origin). There has been a
sustained effort to obtain a glimpse into the physiology of TM7 bacteria in the
absence of pure cultures, revealing that bacteria belonging to the TM7 phylum are
capable of protein hydrolysis (Xia et al. 2007) and can uptake a number of carbon
substrates under aerobic and anaerobic conditions (Thomsen et al. 2002). TM7
bacteria from soil have been shown to form microcolonies on a membrane support
(Ferrari et al. 2005), although formal species description and continuous cultivation
have not yet been reported for any member of this phylum. Genomic information
may in fact facilitate cultivation attempts as has been recently demonstrated for
bacteria from an acidophilic community (Tyson et al. 2005).

As is usually the case when genomic information first becomes available for
members of a microbial phylum, it provides an opportunity to analyze evolutionary
relationships with other organisms using sequence data other than the traditional
ribosomal RNA. While rRNA trees are remarkably consistent with genome trees
(Wolf et al. 2002), the latter can provide greater resolution because they incorporate
a larger amount of phyogenetically informative data. For example, on the basis of
comparative analysis of concatenated conserved marker genes, the bacterial phy-
lum Acidobacteria appears to be specifically related to the Deltaproteobacteria
(Ciccarelli et al. 2006), a relationship that was not detected by 16S rRNA gene
comparisons. Previous analyses of environmental rRNA sequences have shown no
specific affiliation of TM7 to any other bacterial phylum; indeed, this was the basis
for classifying TM7 as a candidate phylum in the first place (Hugenholtz et al.
1998). Using concatenated ribosomal protein sequences, we were able to show that
TM7 is most likely a sister group of the Chloroflexi (green nonsulfur bacteria,
Fig. 2). This may indicate that the Gram-positive cell envelope has arisen more than
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Fig. 2 Phylogenetic reconstruction of the relationships between bacterial phyla (divisions) based
on concatenated ribosomal protein sequences. Numbers indicate bootstrap support, and branch-
points with less than 70% bootstrap support were collapsed. Note the apparent relationship
between TM7 and the Chloroflexi. Note also that the oral TM7 could not be added to this tree

owing to an absence of many of the ribosomal proteins used in the analysis. Figure adapted from
(Podar et al. 2007)

once since TM7 is not monophyletic with the Gram-positive phyla, the
Actinobacteria, and Firmicutes, although further sequenced representatives of TM7
will be required to verify this inference. The Chloroflexi have unusual cell mem-
branes (Hugenholtz and Stackebrandt 2004), and it will be interesting to further
investigate the putative relationship to TM7 in this light when more genomic data
become available. However, as it is often the case in reconstruction of the interphyla

relationships within bacteria, the use of other phylogenetic markers leads to a relatively
unresolved tree (Fig. 3).
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Fig. 3 Consensus dendrogram of the relationships between bacterial phyla (divisions) based on a
concatenation of two conserved single copy marker genes: DNA gyrase (subunit A) and recA.
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of the two genomes beyond the 16S rRNA gene (Fig. 1). Branchpoints with less than 50% boot-
strap support were collapsed. Note the monophyly of the TM7 genotypes but lower inter and
intraphylum resolution as compared to the ribosomal proteins tree (Fig. 2), including loss of a
specific relationship between TM7 and the Chloroflexi

Since we did not recover complete genomic sequences for either the soil or the
human oral TM7 species, comprehensive metabolic reconstructions were not feasi-
ble. Nevertheless, there are certain aspects of the physiology and ecology of these
organisms that can be inferred with reasonable confidence. Both TM7 genotypes
contain genes involved in type IV pilus assembly, which has been implicated in
twitching motility and biofilm formation, behavior that is important in colonizing
either soil interstitial spaces or the tooth surface. A distinctive feature of the soil
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TMT7 appears to be an overrepresentation of restriction—modification systems, DNA
repair, and antibiotic or heavy-metal transporters. These represent potentially important
adaptations to an environment that is characterized by a very high diversity of micro-
organisms, competition, and predation as well as microbial chemical warfare.
Unfortunately, the overlap of the two TM7 gene inventories was insufficient for
inferring potential metabolic similarities and differences, owing presumably to the
low and random genome coverage in both cases. However, as the remaining meth-
odological hurdles are overcome in whole genome amplification and sequencing of
single cells, a more complete picture of the metabolic repertoire of the TM7 phylum
will emerge. More broadly speaking, it is clear that microbial ecology and evolution
are entering a golden age and with the aid of powerful tools such as single cell
genomics we will come to know the organisms with which we share the planet.
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Abstract There is a large discrepancy between the number of microbes that can
be visualized in samples from most natural environments and the small number
that grows readily in the laboratory. This anomaly hinders opportunities to advance
our understanding of the vast metabolic and evolutionary diversity of microbes, and
imposes severe limitations on our capacity to link patterns of ecological diversity with
the functioning of microbial communities. This chapter focuses on slow-growing,
heterotrophic microbes as a potential source of cultures to represent the remarkable
phylogenetic diversity of the microbial world. Despite the obvious advantages con-
ferred upon microbes that leave the most progeny per unit time, chronic limitation of
nutrients in many environments selects for microbes that are able to survive and use
resources efficiently, even if it involves a trade-off for faster growth when resources
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are abundant. Understanding the ecological strategies of slow-growing microbes
and adjusting expectations for cultivation to match the physiological capabilities
of these microbes offer an opportunity to narrow the tremendous gap between the
microscopically visible microbes and those that are readily cultivated.

1 Introduction

The abundance and diversity of microbes on Earth is staggering: the biomass of
bacteria and archaea rivals that in plants and animals (Whitman et al. 1998 ), and
seemingly mundane environments, such as a gram of soil, are estimated to house at
least thousands (Torsvik et al. 1998) and perhaps more than a million species of
bacteria (Gans et al. 2005). Knowledge of the composition, organization, and fluc-
tuations of indigenous microbial populations is scarce, even though the metabolism
of microbes drives many ecosystem and global-level processes. One reason for the
paucity of understanding of these microbes and microbial communities has been
the general inability to cultivate the majority of microbes visible in microscopic
examinations of soil — an irony referred to as “the great plate count anomaly”
(Staley and Konopka 1985). Molecular surveys and metagenomic studies continue
to document the tremendous genetic diversity of microbes and microbial communi-
ties, and these data form the basis for metabolic and ecological models of microbial
life. To test and advance these models, microbiologists generally turn to laboratory
cultures of microbes, where a multitude of chemical and physical parameters influ-
encing the growth and survival of microbes can be manipulated.

The microbes that first caught the attention of biologists and continue to be the
focus of the most intensive investigations are those that grow quickly, i.e., those that
form visible colonies overnight on an agar surface. To form a visible colony after
12 h of incubation, microbes must have a doubling time of an hour or less. These
fast-growing microbes are ideal for laboratory studies, where assessing a range of
metabolic activities or screening for mutants or transformants can be accomplished
following overnight incubation. For more slowly growing microbes, for instance
one with a doubling time of 48 h, 5 weeks of exponential growth would be required
to visualize a colony originating from a single cell (Leadbetter 2003). These longer
doubling times are not uncommon: many aerobic, heterotrophic bacteria have dou-
bling times such that weeks are required to visualize colonies (Fig. 1).

The simple strategy of extended incubation times has proven successful for
cultivating representatives of previously uncultivated groups of bacteria including
representative of the phyla Acidobacteria and Verrucomicrobia (Janssen et al. 2002;
Stevenson et al. 2004; Eichorst et al. 2007). However, simply extending incubation
times has not yielded the diversity of microbes that has been identified in molecular
surveys. In order to devise better strategies for the cultivation of these bacteria from
natural habitats, it seems valuable to consider the conditions under which they grow
in nature and their physiological state prior to cultivation attempts. In this chapter,
we focus on slow-growing, heterotrophic bacteria by providing some insights on
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Fig. 1 Cumulative number of colonies following inoculation of an agar medium supplemented
with low concentrations of complex carbon and nitrogen sources. Plates were incubated at room
temperature under oxic(e) or anoxic(X) conditions. The plates were inoculated with a soil slurry from
soils in a deciduous forest at the Kellogg Biological Station Long Term Ecological Research Site

their niches in nature and how physiological and ecological perspectives might help
to inform successful cultivation strategies.

2 Resource- and Nutrient-Limited Growth

Microbial growth in nature is often characterized as “nutrient limited.” This term embodies
two distinct concepts: (1) the amount of biomass in the system is constrained by some
nutrient in limited supply and (2) the concentration of this limiting nutrient has been
reduced by bacterial assimilation to a level that limits growth rate to a “slow” value.

2.1 Nutrient Constraints on Biomass Level

Sprengel and Liebig were German agricultural scientists who promulgated and
popularized the Law of the Minimum. This states that biomass yield is proportional
to the mass of the essential nutrient that is present in the smallest supply relative to
its requirement for biomass synthesis. This agronomic principle has been broadly
applied in ecology; “bottom-up control” in ecosystems refers to cases where nutri-
ent supply limits primary productivity.

In principle, any essential resource (energy source (electron donor), terminal
electron acceptor, macronutrient (C, N, P, or S), or micronutrient (Fe and other
metal ions)) could limit the amount of biomass in a system. However, as a practical
matter, energy source limitations are considered most common for chemohetero-
trophic and chemoautotrophic microbes (Cole et al. 1988; Kirchman 1990; Alden
et al. 2001). For photoautotrophic microbes (cyanobacteria and eukaryotic algae),
P is often limiting in freshwater and coastal marine aquatic habitats, whereas N is
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frequently limiting in the open ocean. Photosynthetic sulfur bacteria represent a
special case (Parkin and Brock 1980), as their requirements for light, anaerobic
conditions, and reduced S as electron donor constrain their habitats. Specific terminal
electron acceptors (02, NO;, SO4*2, and oxidized Fe and Mn) may become com-
pletely consumed and thus limit the abundance of specific physiological groups, but
their hierarchy of usage (Fenchel et al. 1998) produces a succession of microbial
types rather than a limit on biomass levels in a habitat.

Among the micronutrients, Fe deserves special consideration because the ratio
between its cellular concentration and aqueous solubility (at neutral pH) is the larg-
est of any nutrient (Brock 1966). Iron limitation of phytoplankton productivity in
the Southern Ocean has been the subject of study for the past 10 years (Martin and
Fitzwater 1988; Coale et al. 1996). Microbes have evolved specific mechanisms to
mobilize Fe from the environment (Wandersman and Delepelaire 2004). Dinitrogen-
fixing and metal-reducing bacteria may experience high demand for Fe, due to their
high content of Fe-containing proteins that mediate these processes.

2.2 Nutrient Constraints on Growth Rate

If a microbial habitat is subject to bottom-up control and it is an open system with
a continuous input of nutrients (due either to inflows from outside the system or
recycling from within the system), then microbial growth will deplete an essential
nutrient to the point where it not only controls the total amount of biomass, but also
limits the growth rate (to a “slow” value). When growth rate of a pure culture is
plotted as a function of substrate concentration (S), the general result is that specific
growth rate (lt) is approximately proportional to S at low substrate concentrations,
but reaches a plateau at higher substrate concentrations.

This type of saturation curve can be mathematically modeled by a variety of
mathematical formulae (Jassby and Platt 1976; Koch 1997). What these formulae
have in common are the nature of two parameters — one describes the effectiveness
of growth at low concentrations and the other indicates the maximum possible
growth rate (under the prevailing environmental conditions). The equation used
most often in microbiology is that of Jacques Monod:

p=p, (SAK, +S)), (1)

where |1 is the maximum growth rate observed at saturating substrate concentra-
tions, and K, is the substrate concentration at which [ equals 0.5y, . This equation
is analogous to the Michaelis—Menten equation used to describe the effect of sub-
strate concentration upon the velocity of an enzymatic reaction.

Cultivation of bacteria in a chemostat illustrates the dynamic interplay between
substrate flux, microbial growth rate, and biomass level in natural habitats, because
both the chemostat and many natural habitats are open systems. Fig. 2 presents the
results of a mathematical simulation of the start-up of a chemostat, a system in
which there is continuous inflow of fresh nutrient medium into a culture vessel of
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Fig. 2 Mathematical simulation of the start-up of a chemostat. The inoculated microbe had a
of 1h' a K of 5 units of substrate. The chemostat was run with a dilution rate (D) of 0.57' (=
50% of W,..)> and the concentration of limiting substrate in the inflow reservoir was 250 units. The
bacteria initially grow at an unrestricted rate near | (and the population increases exponentially)
until the substrate concentration is reduced. By definition, at steady state the growth rate balances
the loss of bacteria because of dilution (1L = D). As D is set at one-half of u__, the required exter-
nal substrate concentration is K (5 units)

max

constant volume (and continuous removal of culture at the same rate). Concentration
of the limiting substrate is initially high, so the microbes grow at their 1. The
dynamics appears similar to a batch culture growth curve in which biomass reaches
a plateau when the cells reach stationary phase. However, there is an important dif-
ference. Cells are continuously washed out of the system in the effluent. Constancy
in biomass means that the cell growth rate precisely balances the rate of loss by
washout (the dilution rate). This growth rate is slow in comparison to the microbe’s
potential (u_ ). But how does the system become poised so that 1 precisely equals
dilution rate? Substrate concentration exerts this effect (as articulated in the Monod
equation) and feedbacks between substrate concentration, growth rate, and micro-
bial substrate consumption push the system back to the steady state if either steady-
state biomass level or substrate concentration is perturbed.

Microbes are exquisitely efficient in maintaining high growth rates down to very
low external substrate concentrations. In either natural habitats or chemostat cultures,
microbes challenge the abilities of analytical chemists to measure the concentrations
of limiting nutrients. The relatively small number of values reported for chemostat
cultures (Button 1985; Button 1998) range from the low micromolar down to
nanomolar concentrations. In situ concentrations of amino acids, sugars, and organic
acids are reported to be in this range (Lovley and Klug 1982; Kirchman et al. 2001;
Rosenstock and Simon 2001). Thus, even “dilute” microbiological media contain
nutrient concentrations much higher than those experienced in most natural habitats.

The growth rate of bacteria in most natural habitats is generally “slow.” Whereas
doubling times of 1-3 h in chemically defined media are not unexpected for a variety
of chemoheterotrophic bacteria in the laboratory, most estimates of doubling
times for chemoheterotrophs in aquatic ecosystems cluster in the range of 18-50 h
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(Staley and Konopka 1985; Smith and Prairie 2004). There are sparser data from
soil habitats, but measurement of rates of macromolecular synthesis suggested that
turnover times of bacteria were on the order of days rather than hours (Baath 1998).
A cautionary note is that these are bulk-average measures in which a microbial
activity (such as DNA or protein synthesis) is normalized to the total biomass con-
tent of the system. If there are significant proportions of inactive microbial biomass,
growth rates for active microbes will be underestimated. For example, faster growth
by particular bacterial clades was measured in estuaries (Yokokawa et al. 2004).

3 Physiological Adaptations to Nutrient Limitation

The high efficiency at which microbes can maintain high growth rates down to
nanomolar to micromolar substrate concentrations leads one to explore the physiological
adaptations they make under these conditions. The actual growth constraint is that low
external substrate concentration limits the rate at which membrane-bound permeases
can transport that substrate into the cell. Competition among different microbes in a
habitat for a low, limiting concentration of nutrient represents a strong selective force
for physiological adaptations that maximize nutrient flux into the cell.

The physiological state that arises under these transport-limited conditions may
be relevant to the cultivatibility of organisms from nature (see Sect. 4 ). The physi-
ological adaptations that are observed maximize transport and downregulate assimi-
latory reactions (biosynthesis of metabolic intermediates and macromolecules).

Slow-growing bacteria are much smaller in volume than those growing rapidly (in
large part because of the reduced cellular content of ribosomes). This alone enhances
nutrient transport (a property of the cell surface) in relation to nutrient assimilation (a
property of enzymes in the cytoplasmic volume) because the ratio of surface area to
volume increases as cell diameter decreases (Fig. 3). Bacterial cells in aquatic habitats
often have cell diameters ranging from 0.5 to 1 mm (Button, Robertson et al. 1996), and
it is over this size range that surface area to volume ratio shows its sharpest change.

16

12 -

Surface area : Volume

Fig. 3 Surface area to volume ratio for spherical cells 0 L ' L ' L
of different diameters. Cells in aquatic habitats may 1 2 3
have diameters as small as 0.4 um Cell diameter (pm)
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Fig.4 Schematic representation of nutrient uptake and assimilation in bacterial cells. Membrane-
bound permeases are responsible for transport of different nutrient resources (S1, S2, and energy
source) from the exterior into the cell. Catabolic pathways oxidize the energy source and capture
energy in biologically usable forms. Biosynthetic pathways convert nutrient resources into monomers
needed for macromolecular synthesis. Of particular importance are autocatalytic macromolecules
(proteins and nucleic acids) because they catalyze the synthesis of more macromolecules. If the
rate of transport of a nutrient resource exceeds the rate of its assimilation, polymers (poly-S1) may
accumulate for later utilization

In addition to the advantages that accrue with smaller cell size, slow-growing,
nutrient-limited cells actively regulate gene expression and enzyme activities
(Tempest et al. 1983; Koch 1997). These physiological adaptations (Fig. 4) include
the following:

1. Maximize uptake of the rate-limiting element by derepressing the synthesis of
membrane-bound permeases for that nutrient and (if present) inducing synthesis
of new high-affinity permeases.

2. Derepress synthesis of permeases for alternative forms of the resource. For
example, nitrate and amino acids represent alternative N sources to ammonia.

3. Downregulate the rate of cellular biosynthesis to match the inward flux of the
limiting element. Lower concentrations of the monomers for macromolecular
synthesis are maintained and there are lower cellular levels of “autocatalytic
macromolecules”, in particular ribosomes.

4. Storage polymers (glycogen, starch, or PHB for C and polyphosphate for P) are
used to “average out” environmental heterogeneities in nutrient availability that
may occur in either time or space. They provide a buffer capacity if a cell
encounters a temporary excess supply of the limiting nutrient which it has the
capacity to transport but not quickly assimilate for growth.

The most thorough theoretical analysis of how chemoheterotrophic microbes maxi-
mize the transport of limiting organic substrates has been carried out by Button
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Fig. 5 The rate of nutrient resource transport by whole cells as a function of external concentra-
tion. The maximum rate of transport (V) increases as the number of transporters in the cell
membrane is increased. Increasing the number of transporters also increases the flux rate of
resource into the cell at low limiting concentrations

(Button 1994; Button et al. 1998). He considered the case of the ocean, in which
labile dissolved organic carbon (DOC) limits bacterial populations. Although the
sum total of DOC may be 1 mg 17, it consists of very low concentrations of many
different individual organic molecules such as sugars, amino acids, and organic acids
that arise from excretion or hydrolysis of macromolecules.

The rate of nutrient transport by whole cells is a nonlinear function of external
substrate concentration (Fig. 5). The maximum rate (V, ) is related to the number
of permease molecules studded on the cell membrane. Simple simulations illustrate
that increasing permease content (seen as an increase in whole-cell V) increases
the flux of nutrient into the cell at low external concentrations, even though the
newly synthesized permeases have the same intrinsic binding capacity for substrate
as the previous ones.

However, Button (Button 1994) reasoned that the flux of a single limiting organic
substrate into the cell became maximal when a small fraction of the membrane was
covered by its specific permease, on the basis of molecular collision frequency.
Permeases with specificity for other organic substrates could be inserted into the
remaining membrane area. Thus, an effective strategy for marine chemohetero-
trophic bacteria when growth rate is limited by organic substrates is to express the
capacity to transport multiple organic substrates; each substrate is present at very
low concentrations. In fact, this is the only strategy that will allow them to accumulate
sufficient energy and nutrients for growth at a doubling time of ca. 24 h when the
concentrations of individual substrates are about 1 ng 17! (Button et al. 2004).

Thus, when one attempts cultivation of microbes from nutrient-limited habitats,
their physiological state should be taken into consideration. Cells are likely to have
broad capacities for transport of a wide array of substrates, but very limited capacity
to use energy and metabolic intermediates for biosynthesis.
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4 Efficient Vs. Rapid Growth

After organic compounds are transported of into the cytoplasm of heterotrophic
microbes, they enter into one of the central metabolic pathways and are either oxi-
dized to carbon dioxide or incorporated into cell biomass. The capacity of respiring
heterotrophic bacteria to convert organic compounds into biomass is known as
Bacterial Growth Efficiency (BGE, and is defined as:

BGE = BP/(BP + BR) )

where BP is bacterial production and BR is bacterial respiration. BGE is related to
growth yield, but normalizes yield in such a manner that BGE ranges between 0 and 1.
Maximal values of BGE are typically near 0.6, i.e., for every unit of carbon that is
consumed, 0.6 units are incorporated into biomass and 0.4 units are respired to CO,.

Variation in BGE is due largely to the relative amount of resource that is consumed
to maintain cell viability. All bacteria spend some portion of their energy on processes
that do not involve the production of new biomass, with the sum of these “non-
growth” energy costs being referred to collectively as maintenance energy. When a
bacterium is not doubling but still respiring, all of the energy consumed would be
referred to as maintenance energy. A list of energy-consuming processes that contrib-
ute to maintenance energy is presented in Table 1. The amount of energy consumed
as maintenance energy is also influenced by environmental conditions (Table 2),
where for instance under nutrient-limited, slow-growth conditions, a greater percent-
age of resources is oxidized to support a cell’s demand for maintenance energy.

In spatially heterogeneous environments typified by low resource availability,
there is a fitness advantage conferred upon microbes that use resources efficiently,
i.e., those with the highest BGE leave the most progeny per unit of substrate or

Table 1 Innate processes that influence a microbe’s maintenance energy, which is defined as
energy consumed for functions other than the production of new cell material

Process Proposed mechanisms

Active transport Direct consumption of ATP or ion motive force (IMF)

Motility Consumption of IMF in flagellar motility or synthesis of
excreted compounds in gliding motility

Translational machinery Differences in the efficiency of protein synthesis

Pathway utilization Differential consumption of ATP or reducing power based on

selection of alternative metabolic pathways
Maintenance of ion gradients Consumption of IMF or ATP to maintain internal pH or intra-
cellular ion concentrations

Turnover of macromolecules Half-life of proteins and other macromolecules dictates
demand for new synthesis of these macromolecules

Stringent response Synthesis of ppGpp

Yield from ATP synthase Varying requirements for the number of protons required to
generate ATP

Energy spilling Oxidation of resources not coupled to energy generation or

biosynthesis




110 T.M. Schmidt and A.E. Konopka

Table 2 Environmental factors that may influence bacterial growth efficiency

Environmental Factor Proposed mechanism

Free energy of substrates Limits maximal ATP yield

Oxidation state of substrates Cost of assimilatory reduction of C, S, and N for biosynthesis

Substrate concentration Increase ATP demand for transport at low substrate concentra-
tions; Energy spilling at excess concentrations

Availability of substrates Demand for synthesis of compounds not available from
environment

Deviation from a microbe’s Synthesis of macromolecules required for growth/survival in

optimal growth conditions suboptimal conditions, e.g., detoxification of toxic

compounds

simply survive the longest on limiting resources. And yet, cultivation conditions
that do not provide for spatial separation of microbes, including most enrichment
cultures, invariably select for the most rapidly growing microbes — the “weeds” of
the microbial world. Under these conditions, there is no advantage conferred to
organisms that use resources efficiently; rather the organism with the fastest gen-
eration time will become the most abundant organism in the culture.

The chemostat offers an alternative kind of enrichment culture, enriching for
microbes able to harvest resources at low concentrations. It might be tempting to
speculate that efficiency of resource utilization would be selected for under the
nutrient-limited growth in chemostat culture; however, the organism that is most
successful in a chemostat is simply the one that lowers the concentration of the
limiting resource to a level where competitors are unable to acquire that compound.
The equilibrium concentration to which an organism can lower the concentration of
the limiting nutrient in a chemostat has been described in ecological terms to pre-
dict the outcome of competition experiment (Tilman 1981). That concentration is
known as R* and, when applied to a chemostat, is defined as follows:

R*=sDK /(u D), (3

max

where D is the dilution rate of the chemostat (also equal to the growth and loss rate
since the population size is constant), K is the half-saturation constant for the
limiting substrate, and W is the maximum specific growth rate for a strain in that
medium.

At R*, the concentration of the limiting nutrient supports a growth rate that is
exactly sufficient to offset death by dilution, so the population size remains con-
stant. Note that R* depends on the Monod parameters, i and K, and on the
experimentally controlled dilution rate, D, but it does not depend on efﬁ01ency of
resource utilization. In terms of competition, if species A draws down the limiting
substrate to the concentration R*,, which is below the corresponding equilibrium
concentration of species B (R* ), this means that populations of B cannot be sus-
tained at this low substrate concentration and so species B cannot invade an established
population of A. Increasing the concentration of the limiting resource in the reservoir
results in a higher population density, but individual organisms in a perfectly mixed
chemostat are exposed to the same physical and chemical environment, although at
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a higher cell density. Although chemostats select for populations that can harvest
low concentrations of resources, itis |l _and K_that define the competitive outcome
in a homogeneous environment, and not the efficiency of resource utilization.

When does efficiency provide a competitive advantage in nature? While charac-
teristics that define the rate of growth (L and K _in (3)) have a major influence
on the outcome of competition in homogeneous environments, many environments
in nature — for example soils — provide discontinuous and temporally variable
microenvironments where efficiency of resource utilization also comes into play. In
these spatially segregated environments, increased efficiency of resource utilization
can permit survival and growth under transient and low fluxes of resources. As the
concentration of resources in the environment approaches zero, organisms must use
internal stores of resources to survive, and again efficient use of resources is
favored to survive periods without external inputs of nutrients. As will be discussed
in the section on cultivation, there are several means to provide physical separation
of microbes, and it is under these conditions that the slow-growing and efficient
microbes have a competitive advantage.

A model based on a trade-off between the power and efficiency of the protein
synthesizing machinery of bacteria was recently proposed (Dethlefsen and Schmidt
2007), and provides a mechanistic framework for understanding differences
between rapid and efficient growth. Given that protein-synthesizing machinery is a
major component of a cell’s biomass and consumes more than half of the ATP
equivalents generated by bacteria, the machinery of translation is undoubtedly key
to understanding bacterial fitness in the environment. Slow-growing bacteria gener-
ally have few copies of the ribosomal RNA operon (Klappenbach et al. 2000), and
the ribosomal RNA transcribed from those operons are incorporated into ribosomes
that move slowly but are thought to make fewer errors (Dethlefsen and Schmidt
2007). Fast-growing bacteria are capable of manufacturing proteins more rapidly
(per unit rRNA) and this appears to be a critical component of their life history
characteristics (Stevenson and Schmidt 2004). Although there are numerous axes
required to describe a microbe’s niche, the fundamental importance of protein syn-
thesis in microbes and its relationship to BGE provides a unifying model that may
help identify where bacteria lie along a spectrum from efficient to rapid growth.

5 Slow Growth as a Strategy to Increase Cultivability

In ecological theory, organisms are often categorized as “r-selected” or “K-selected”;
these terms arose from island biogeography theory (MacArthur and Wilson 1967).
The letters connote the parameters of the logistic growth equation favored by plant
and animal ecologists. The intrinsic rate of increase (r) is equivalent to the micro-
biologists’ W __; if resources are not limiting, there is selection for species with the
highest growth rate. K is the carrying capacity of the habitat; “K-selected” implies
that resources are limiting and organisms that compete most effectively for limiting

resources are selected. Although these terms are rarely used in microbial ecology,
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the alternative ecological strategies they imply are connoted by other terms.
Copiotrophs or opportunists are thought to have a large |t _and respond to patches
of nutrients they encounter due to spatial or temporal heterogeneities. Oligotrophs
(Poindexter 1981; Schut et al. 1997) can compete well at low substrate concentra-
tions (and may not grow at high concentrations) but have a low .

Most classical cultivation strategies are likely to detect r-strategists. Liquid
enrichment cultures are inoculated at low density with a mixture of organisms from
a natural sample. The batch system contains high nutrient concentrations relative to
the habitat. Success is declared immediately when the liquid becomes turbid.
However, the dominant organism is not necessarily the one that was present in high-
est density in the inoculum but rather the one with the highest 1 under the elec-
tive condition. On solid medium inoculated with both fast- and slow-growing
bacteria, it is the large and fast-growing colonies that are seen and transferred.

In the light of these considerations, the use of slow growth as a cultivation strat-
egy requires (a) initial substrate concentrations that approximate those found in
nature, (b) spatial separation of microbes so that fast-growing microbes do not
monopolize available resources, and (c) patience. These characteristics are embod-
ied in the work of Button and Hattori, along with their collaborators.

In order to cultivate the most abundant bacteria from marine habitats (which they
reasoned were oligotrophs), Button and colleagues (Button et al. 1993) serially
diluted a seawater sample in filter-sterilized seawater until near-extinction and the
organisms were grown in the absence of external nutrient enrichment. Over the
course of several weeks, cell numbers increased to the level found in unfiltered
seawater (10°-~10° per ml). Via this “extinction culturing” approach, it was esti-
mated that up to 60% of the bacteria were viable. The addition of 5 mg organic C
per liter to enrichments drastically reduced initial culturability.

Hattori (Hattori et al. 1997) described the kinetics with which colonies arising
from different bacterial species would appear on solid media. On this basis, soil
bacteria were divided into several groups on the basis of their growth rate
(Hashimoto and Hattori 1989). Different phylogenetic groups were prevalent in
different phases of the colony-forming curve obtained over a 10-day incubation
period (Mitsui et al. 1997).

These investigations provided important insights into the relationship of slow
growth to cultivatability, but also bring to light some technical problems that must
be resolved. Growth of marine bacteria in filtered seawater produces cultures that
are not visibly turbid; thus other more sensitive methods must be used to detect
growth. Button et al. (1993) used fluorescent staining of nucleic acids, and flow
cytometry or fluorescence microscopy can be used to detect cell number increases.
In the case of growth on nutritionally poor solid substrates, optical microscopy can
be used as an aid to discern very small colonies (Hamaki et al. 2005).

Over the past decade, a number of other investigators built upon these insights
related to slow growth in order to cultivate a higher proportion and broader range
of microbes from nature.

Button’s extinction culturing resulted in the isolation and analysis of two oligo-
trophic bacterioplankton (Button 1985; Vancanneyt et al. 2001; Button et al. 1998).
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However, Connon and Giovannoni (2002) recognized that high-throughput methods
would be advantageous to more rapidly isolate strains and then screen for previ-
ously uncultured but broadly distributed bacterial groups. By using microtiter
plates as growth chambers and a cell array to quickly detect cell growth from indi-
vidual wells by fluorescence microscopy, the investigators were able to obtain
isolates of four undescribed or previously uncultured bacterioplankton. This
included isolation (Rappe et al. 2002) of a representative of a ubiquitous clade of
marine bacterioplankton (Morris et al. 2002), SAR11. Culturability using this system
averaged about 9%, and 10-23 doublings occurred over a 3-week incubation
period. This technical approach has also been used to isolate other novel bacterio-
plankton (Cho and Giovannoni 2004).

Janssen and his collaborators have used a solid medium format and investigated
a broad variety of conditions in order to isolate a variety of soil bacteria that had
previously been difficult to cultivate (Sait et al. 2002; Burns et al. 2004; Schoenborn
et al. 2004; Davis et al. 2005). Joseph et al. (2003) stated that “for many of the
‘unculturable’ groups ... no great innovations are required and that the growth of
these microorganisms in pure culture with simple media is straightforward and
reproducible.” They did apply these strategies: (a) the use of gellan gum rather than
agar (which contains several hundred milligrams of sugars and amino acids (Schut
et al. 1993)) as a solidifying agent, (b) dilute complex media, soil extract, or plant
polysaccharides as energy sources, and (c¢) incubation times up to 3 months. These
investigators also counsel persistence — under the loosely selective conditions they
use, analysis of more isolates may yield representatives of novel clades. For example,
screening of 1,200 soil isolates with a specific oligonucleotide probe yielded 14
cultures of Verrucomicrobia (Sangwan et al. 2005).

Other innovative techniques have been devised to mimic microbes’ natural envi-
ronments and improve cultivatibility. Invariably, these techniques result in slow
growth of the microbes, and the mass of available nutrients is small enough that
only microcolonies are formed. Several investigators have used these approaches
with sediment or soil microbes. Kaeberlein et al. (2002) embedded bacteria from
marine sediment in agar within a diffusion chamber. The chamber was incubated
on the surface of sediment, and microcolonies formed within a week. Most of these
microbes would not subsequently grow on standard microbiological media, but
could be passaged by transfer to another diffusion chamber or by coculture with
other organisms. A soil substrate membrane system (SSMS) was devised to culti-
vate bacteria from soil (Ferrari et al. 2005). Bacteria were removed from soil parti-
cles and deposited on polycarbonate membranes by filtration. The polycarbonate
filters serve as a physical support and are deployed on top of a soil slurry, which
acts as a nutrient source. After 10 days of incubation, microcolonies of ca. 200 cells
(representing 7.5 divisions, or a doubling time of >1 day) were observed.
Phylogenetic analysis of 16S rRNA genes obtained by amplifying these genes from
total DNA on the membranes found that sequences were generally more closely
related to those found from analysis of environmental samples than from cultivated
organisms. Unfortunately, only one of eight microcolonies was successfully passaged
to another SSMS and none grew on a traditional laboratory medium. Keller and
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colleagues (Zengler et al. 2002) have used microencapsulation of individual
microbes in an agar-based emulsion to physically separate microbes from one
another, followed by incubation under a low nutrient flux and finally flow cytom-
etry to detect microdroplets containing microcolonies. This approach combines all
of the aspects discussed above for successful cultivation of oligotrophs and yielded
numerous phylogenetically distinct microbes from seawater and soil samples.

The success of cultivation strategies that mimic natural habitats suggests that
cultivating the majority of microbes from nature is possible. These approaches have
already achieved 10-fold or greater increases in cultivatibility over traditional meth-
ods, and we can anticipate further innovations that improve their efficiency.
A necessary advance is to determine how to efficiently propagate microcolonies
and determine whether it is possible to obtain larger cell masses in culture. Hahn
et al. (2004) used an acclimatization method (sequential addition of increasing
amounts of organic substrates) to coax microbes that initially grew in filtered lake
water to grow on traditional media.

5.1 The Abundant Vs. the Rare

All the current approaches entail diluting the heterogeneous microbial community
until a single cell is inoculated into a liquid environment, or a small number of cells
are distributed over a solid surface. As a result, these techniques are more likely to
reveal the organisms present in the highest relative abundance, but not those that are
rare. A gram of fertile soil has been estimated to contain between 10,000 (Torsvik et al.
1998) and 1 million different microbial genomes (Gans et al. 2005). Sogin et al. (2006)
used a massively parallel tag sequencing strategy to interrogate deep oceanic water
and reported that although there are a few bacterial populations at high relative
abundance, they found thousands of highly diverse, low-abundance operational taxo-
nomic units (OTUs) in these samples and termed these the rare biosphere.

The isolation of highly abundant bacterioplankton taxa (Schut et al. 1993; Rappe
et al. 2002) has been a major success for slow cultivation techniques. However, a
major challenge is to devise strategies that will also access microbes present at
lower relative abundance. Some potential approaches are listed below.

5.1.1 Brute Force

If one has a specific phylogenetic target in mind, a nucleic acid probe can be used to
identify rare types within a collection of cultivated strains (Gich et al. 2005). For
example, Sangwan et al. (2005) isolated 14 verrucomicrobia from soil by testing
1,200 isolates with a specific probe. A polymerase chain reaction (PCR) based sur-
veillance method (plate wash PCR; (Stevenson et al. 2004)) can be applied to iden-
tify isolation plates that contain microbes of interest. Secondary isolation procedures
can then be directed at replicates of those plates that gave positive results with the
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surveillance method. These methodologies benefit greatly from high-throughput
methods for cultivating individual strains (Connon and Giovannoni 2002; Bruns et al.
2003). Future developments in the sensitive and rapid detection of specific microbial
groups are needed. In addition to the application of nucleic acid probes, chemical
analysis of small amounts of biomass by spectroscopy (Naumann et al. 1991;
Kalasinsky et al. 2007) or mass spectrometry (Vargha et al. 2006) and fluorescence-
activated cell sorting (FACS; Park et al. 2005; Vives-Rego et al. 2000) could play
important roles in high-throughput analyses to identify novel strains.

5.1.2 Use Environmental Heterogeneity

It is not clear from an ecological perspective why natural samples contain a very high
richness of different microbes present at very low relative abundance. However, one
factor in spatially structured habitats may be a consequence of environmental hetero-
geneity that causes physical isolation. That is, habitat species richness is apparently
high because collection of a large sample integrates many different microhabitats
which are dominated by a very small number of distinct microbes. This is most likely
to occur in unsaturated soil habitats (Zhou et al. 2002), but may also be a factor in
aquatic habitats (Seymour et al. 2004). Becker et al. (2006) used Denaturing Gradient
Gel Electrophoresis (DGGE) analysis of 16S rRNA amplicons to show that 150 mg
portions of soil contained a small number of dominant phylotypes and that the distri-
bution of these phylotypes varied at a spatial scale of a centimeter or less.

Therefore, several different strategies to fractionate the sample could be used to
increase the probability of cultivating the rare biosphere. The most direct would be
to use small sample sizes in which local microbial communities might differ signifi-
cantly in composition from the bulk average composition. In addition, soil samples
have been fractionated on the basis of particle size, and differences in community
composition have been found (Sessitsch et al. 2001). If the physical or chemical
properties of different taxa differ, they could be physically separated on that basis,
for example, by differential density centrifugation (Inoue et al. 2007) or FACS.

6 Why is There a Great Plate Count Anomaly?

Staley and Konopka (1985) pointed out what had long been known in environmental
microbiology — that viable plate counts recovered a small fraction of bacteria in a natural
sample that could be counted by direct microscopic count. Direct analysis of nucleic
acid sequences recovered from natural samples has revealed an enormous diversity of
microbial taxa that had not been detected by cultivation techniques. A conclusion
drawn from these observations was that most microbes in nature are “uncultivatable.”
Perhaps a more accurate description would be to say that our current knowledge of
their physiology precludes devising an effective cultivation strategy. However, other
genetic and physiological factors may contribute to the phenomenon.
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The techniques described here that recognize the slow growth of bacteria — using
very low initial substrate concentrations and incubating cultures weeks or months
— have allowed easier cultivation of representatives of some (but by no means all)
clades recognized by analysis of environmental 16S rRNA sequences. In some
cases, only very dilute cultures in liquid or small microcolonies on solid surfaces
are formed. This leads to the question whether these organisms are obligate oligo-
trophs (alternatively termed oligophiles (Watve et al. 2000)). Schut et al. (1997)
reviewed the data 10 years ago and disputed that obligate oligotrophs existed. They
suggested that microbes taken directly from severely substrate-limited natural envi-
ronments would not grow directly at high nutrient conditions, but this condition
often was transient and upon subculture the isolates would grow at elevated nutrient
concentrations. If this occurs, it is difficult to determine whether the switch is
physiological (see below) or a consequence of selection for mutations that permit
growth at high substrate concentrations. Over the last 10 years, there have been
more reports of successful cultivation strategies for dilute cultures or microcolonies
in which a failure to produce macroscale cultures is reported. If these hold true,
another facet of the “Great Plate Count Anomaly” is to adjust our concept of culti-
vation to include oligophiles that cannot be grown to high cell densities expected
by microbiologists.

A third aspect of the anomaly concerns the physiological state of microbes. As
discussed above, extreme nutrient limitation results in a physiological response in
which cells have a high capacity for transport of diverse substrates and a reduced
capacity to productively consume energy and metabolic intermediates via biosyn-
thesis. Could depositing cells in this physiological state onto media with nutrients
concentrations that saturate transport rates damage them even if they otherwise
would be fully capable of growing on this medium? Koch (2001) listed a series of
hypotheses why oligotrophs might be killed by challenge with high nutrient
concentrations.

The idea that microbes in nature enter a physiological state that precludes their
direct growth on high-nutrient media is analogous to the concept of “viable but
nonculturable” (VBNC) for known cultivatable organisms. One idea that has
been put forward is that VBNC is a consequence of a metabolic imbalance in
which catabolism outpaces anabolism, with the result that toxic products of oxygen
metabolism irreversibly damage cells following transfer from stressed conditions
to nutrient-rich conditions (Bloomfield et al. 1998). For example, irreversible
inactivation of proteins via carbonylation occurs in non-growing Escherichia coli
under oxidative stress (Nystrom 2001). It will be difficult to conclusively prove
that a broad range of microbes in a natural sample are recalcitrant to cultivation
because of their physiological state. However, it would be of interest to conduct a
general analysis of carbonylated proteins and other damaged macromolecules after
a nutrient upshift applied to a natural population to determine whether oxidative
damage is widespread.

If the physiological state of many microbes in nature is the barrier to direct cul-
tivation, there is the promise that appropriate resuscitation conditions can make
them “cultivatable” on the macroscale. Initial incubation at low nutrient fluxes
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under slow growth conditions could alter physiological state, and acclimatization
methods (Hahn et al. 2004) may lead to subsequent macroscale cultivation at high
nutrient densities. On the other hand, there are reports of failure to passage micro-
colonies or low-density liquid cultures on media with higher nutrient concentra-
tions, and it may be that some organisms are oligophiles.

7 Summary

Oligotrophic microbes are experts at surviving and reproducing under conditions of
chronically limiting resources, and their successful cultivation requires approaches
informed by their physiological status and ecological niche. In the pursuit of these
ubiquitous organisms, microbiologists may need to adjust expectations of what consti-
tutes successful laboratory cultivation: rather than monitoring turbidity in liquid
cultures or expecting robust colony growth on solid supports, more sensitive methods for
detecting growth may be required. Understanding the physiology and ecology of slow-
growing microbes will undoubtedly continue to reward cultivation efforts and may
provide much needed cultivars of some of the vast phylogenetic diversity of microbes.
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Abstract A well-studied, long-term survival mechanism employed by Gram-positive
bacteria is formation of endospores. For Gram-negative bacteria, the assumption
has been that a survival state does not exist. However, a dormancy state has been
described for Gram-negative bacteria and designated as the viable but nonculturable
(VBNC) strategy of nonspore-forming cells. A variety of environmental factors
are involved in induction of the viable but nonculturable state and Vibrio cholerae
provides a useful paradigm for the VBNC phenomenon. It is now accepted that
plate counts cannot be relied upon to enumerate or detect VBNC cells. Therefore,
direct methods employing fluorescent staining, molecular genetic probes, and
other molecular methods have proven both useful and reliable in detecting and
enumerating both culturable and nonculturable cells. A predictive model for
cholera has been developed, based on ground truth data gathered using these
molecular methods and combining them with data obtained by remote sensing,
employing satellites. It is clear that microbiology in the twenty-first century has
been enhanced by these new tools and paradigms.
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1 Introduction

In response to environmental signals, many organisms enter a state of suspended
animation, an extreme form of quiescence in which microscopically visible movement
no longer continues. Nystul et al. (2003) have described this phenomenon, induced by
anoxia in Caenorhabditis elegans embryos, and identified a gene, san-1, required
for suspended animation, which functions as a spindle checkpoint component.
Diapause, hibernation, and estivation are essentially programs that allow organisms
to survive harsh seasonal conditions. In bacteria, a well-studied, long-term survival
mechanism is formation of endospores, limited in general to Gram-positive bacteria.
The assumption has been that nonspore-forming bacteria do not possess a survival
mechanism to withstand harsh environments for long periods of time. The dormant-like
state described by Xu et al. (1982) as viable but nonculturable (VBNC or VNC)
represents a strategy of the nonspore-forming cells to accomplish that objective.
Starvation is a common stress inducing the VBNC state, either independently or
in combination with other factors such as ultraviolet light, intense visible light, peracetic
acid treatment, changes in osmolarity or aeration, toxic forms of copper, silver, as
well as biological factors (Colwell and Grimes 2000). Vibrio cholerae has served as a
useful example of VBNC, i.e., the noncultivable condition, since it is both an environ-
mental bacterium and a pathogen, causing cholera, a pandemic disease in humans.

2 Viable but Nonculturable State in Vibrio cholerae
and Other Species

Cholera is a devastating disease that takes thousands of lives each year worldwide
and is endemic in many African, Asian, and Latin American countries, but predomi-
nantly so in the Indian subcontinent. In Bangladesh, there are two distinct seasonal
peaks of cholera, one in spring and another in late fall (Sack et al. 2003). Cholera
bacteria rarely can be isolated or even detected during interepidemic periods. Direct
detection fluorescent staining, optimized using monoclonal antibody, was employed
in an extensive study conducted in Bangladesh over a 3-year period, finding that
>63% of plankton samples were positive for V. cholerae by direct detection using
monoclonal antibody staining, while none were positive by culture (Huq et al.
1990). It was the first report demonstrating the presence of V. cholerae year
round in Bangladesh water sources, with increased numbers of cells detected in the
early spring and late fall, coinciding with the two peaks of cholera in that country.
In earlier experiments, it had been demonstrated that when cells of V. cholerae
attach to plankton, they often became noncultivable (Colwell and Huq 1994).
A significant observation was that the number of noncultivable cells detected by
molecular methods tended to increase, peaking just before a clinical case of cholera
was reported, after which culturable V. cholerae could be isolated from the water
(Huq and Colwell, unpublished data).
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Thus, the concept of the viable but not cultivable state into which many bacterial
species enter when confronted with adverse environmental conditions, was
introduced 30 years ago, with V. cholerae serving as the prototype. The phenomenon
is now known to be characteristic of many Gram-negative and also some nonsporu-
lating Gram-positive bacterial species. Triggering factors include nutrition deprivation,
exposure to sublethal concentrations of chemicals, antibiotics, or other antimicrobial
agents, as well as environmental factors, notably temperature (Colwell 1996; Huq
et al. 2005; Lobitz et al. 2000). When bacteria are not cultivable, they maintain a
limited endogenous respiration, as well as their virulence and pathogenicity. Such
cells commonly undergo significant reduction in size, become coccoid in shape, and
are small enough to pass through a 0.45-pum pore size filter and even, in some cases,
through a 0.22-pm filter (Chaiyanan 2007). Since the first publication of studies on the
viable but not cultivable V. cholerae, a significant body of research has been done on
a variety of genera, e.g., Listeria, Helicobacter, Edwardsiella, etc. (Colwell and Grimes
2000). Recently, Liu et al. (2008) have described a sensitive method for specific detection
of viable Escherichia coli O157:H7 cells, including VBNC cells in water samples.

The method involves capture of bacterial cells on a low-protein-binding
membrane and direct extraction and purification of RNA, followed by reverse
transcription-PCR and electronic microarray detection of the 7fb E and fli C genes
of E. coli O157:H7. As few as 3—4 CFU I"! in tap water, 7 CFU 1! in river water,
and 50 VBNC cells in 1 1 of river water could be detected.

Depending on the efficiency and/or selectivity of the culture medium employed,
interpretation of viability in bacterial cells varies significantly. If an organism did
not grow on a given culture medium, it was considered not to be viable, that is,
dead, when, in fact, the cells were viable, but simply unable to grow on the medium
provided, usually for any one of a variety of reasons, such as depleted nutrient supply,
lack of a specific nutrient required for growth, adverse physical or chemical
conditions, or simply because dormancy was a part of the life cycle of the cell.

Life and death in bacteria has been debated for decades. Valentine and Bradfield
(1954) proposed the term, viable, to describe cells capable of multiplying and forming
colonies. However, the term, live, was used for respiring cells unable to divide under
specified conditions. A decade later, Postgate and Hunter (1962) referred to cells as
dead, when they did not divide and, with caution, termed such cells to be alive if they
retained the osmotic barrier of the cell wall. The term dormancy has been employed
in the literature by microbiologists, usually to describe spore and cyst-forming bacteria
(Postgate 1969). The term moribund was suggested to describe a transient state of
cells, i.e., a state between viability and death, usually applied to populations of cells
exposed to starvation (Postgate 1967). Investigators (Kurath and Morita 1983) have
also redefined the postulations of Valentine and Bradford (1954), proposing cells
not capable of forming colonies to be nonviable. Spores and cysts produced by
species of soil bacteria as survival mechanisms have been referred to as “resting”
forms. Somnicell is a useful descriptive for bacterial cells entering into a state of
existence, whereby culturing is not successful, but the cells continue to respire.

Investigators in the early 1980s compared methods for direct detection of bacterial
cells, using V. cholerae and Salmonella enteritidis as test species. Roszak et al. (1984)
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used direct detection methods to study cells failing to grow, or form colonies in or on
bacteriological media, proposing the descriptor, viable but noncultivable (VBNC).
To study these organisms, it was necessary, even though difficult, to determine the
presence of these bacteria in samples collected from the natural environment.
Polyclonal antibodies were employed initially to detect the cells, using an indirect
fluorescent antibody staining method to determine both the presence and number in
environmental samples (Xu et al. 1984). In the mid-1980s, the method was later
optimized by employing monoclonal antibodies (Brayton and Colwell 1987). More
recently, the gene expression profile of VBNC V. cholerae, induced by cold stress,
has been studied (Asakura et al. 2006).

These investigators induced the VBNC state in V. cholerae O1 El Tor strain
P6973 by incubation in artificial seawater at 4°C. The cells, after incubation for
70 days, retained membrane integrity and were pathogenic, colonizing the gut of
iron—dextron-treated mice, even though unable to form colonies on laboratory
media. The global transcription pattern of the VBNC cells was compared with that
of stationary-phase cells. A total of 100 genes were induced more than fivefold in
the VBNC state and the modulated genes were mostly those responsible for cellular
processes. The changes in expression were verified by real-time RT-PCR analysis.
The VC0230 [iron (111) ABC transporter], VC1212 (pol B), VC2132 (fli G) and
VC2187 (fla C) m-RNAs were increased in the nonculturable state.

V. cholerae grows well on a thiosulfate—citrate-bile salts (TCBS) medium,
giving rise to bright yellow colonies. The hypothesis that vibrios are autochthonous
inhabitants of the marine and estuarine environment was initially rejected by many
investigators in the early 1980s because, historically, V. cholerae, the causative
agent of cholera, was considered to be strictly a human pathogen, transmitted only
person-to-person (Colwell et al. 1981). Most importantly, the lack of proof of the
existence of V. cholerae in the environment between epidemics of cholera was the main
reason for such opposition. Today, the evidence is indisputable that V. cholerae and
many other pathogens, e.g., Helicobacter pylori (Azevedo et al. 2007), can be
present in a noncultivable state in the aquatic environment between epidemics,
escaping detection unless appropriate technology is employed for detection, generally
molecular genetic methods.

Robert Koch is credited with describing V. cholerae, and he also speculated that
it multiplied in river water (Koch 1884). Unfortunately, attention was not given to
further study of the ecology of V. cholerae until more than 100 years after the critical
observations of John Snow in 1854 and Robert Koch in 1884. In the early 1970s, there
was a renewed interest by microbial ecologists in the ecology of vibrios (Sochard
etal. 1979). Reports of cholera in Australia in 1977 and in Texas in the United States
in 1978, were believed, at first, to be imported cases. However, cholera subsequently
was confirmed as indigenous in origin in both instances and generated a renewed
interest in the ecology of microbial pathogens in the environment (Blake 1994).

Toxigenic forms of V. cholerae O1 were detected and isolated from samples of
natural water collected from Louisiana bayous and from the Chesapeake Bay
in 1980 (Colwell et al. 1981) and during this time, VBNC cholera vibrios were
discovered to be a naturally occurring component of the aquatic environment, with
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wider acceptance of the uncultivable state of V. cholerae and related Gram-negative
bacteria (Huq and Colwell 2000).

To understand the physiology and ecology of viable but noncultivable cells,
cultivable cells of V. cholerae were successfully induced into the VBNC state in
laboratory microcosms (Xu et al. 1984) and injected into rabbit ilial loops to determine
persistence of virulence in VBNC cells (Colwell et al. 1985). A study designed to
test whether VBNC cells of V. cholerae remained pathogenic and employing human
volunteers was carried out (Colwell et al. 1996). From results of these studies, it
was concluded that viable but noncultivable cells are capable of producing disease
in animals and humans (Colwell et al. 1996). Retention of virulence in VBNC
Edwardsiella tarda has been demonstrated by Du et al. (2007). Retention of plasmids
also has been demonstrated (Byrd and Colwell 1990) and retention of enteropatho-
genicity by VBNC E. coli exposed to seawater and sunlight (Pommepuy et al. 1996).
The latter is a significant observation in view of the report by Boyle et al. (2008) on
batch solar disinfection (SODIS) having bactericidal properties. Whether SODIS
induces the VBNC state has not been determined. In view of the retention of
pathogenicity by many species of bacteria that have been found to have the capacity
to enter a VBNC state, the public health application of SODIS may be limited.

A recently described emerging pathogen, Arcobacter butzler, causing diarrhea has
been shown to be inducible to the VBNC state (Fera et al. 2008). Besides incubation
at low temperatures, chemical treatment of bacteria at sublethal concentrations of
antibacterial agents was found to induce conversion to the noncultivable state, but
also to alter the phenotype (Chowdhury et al. 1997; McFeters and LeChevallier 2000).

Studies by Cappelier et al. (2007) have shown that VBNC Listeria monocytogenes
require the presence of an embryo to be recovered in egg yolk and regain virulence
after recovery, a very important finding since this species is a human pathogen.

The morphology and size of bacteria in the viable but noncultivable state are
characteristic, i.e., cells are reduced in size, ranging from 0.01 to 0.2 pm in diameter,
and coccoid (Folk 1996; Novitsky and Morita 1976). Chaiyanan et al. (2007) carried
out microcosm experiments and electron microscopy, showing significant variation
in shape and size of V. cholerae cells in the viable but not cultivable state (Chaiyanan
2007). Similar studies have been done with H. pylori (Azevedo et al. 2007).

3 Methods of Enumeration of Viable but Nonculturable Cells

It is now accepted that plate counts cannot be relied upon to enumerate or detect
viable but noncultivable organisms and, therefore, the total bacterial population in a
given sample. Alternative methods, based on respiration and metabolic activity meas-
urement, direct and indirect enumeration employing immunological tests, and most
importantly, molecular methods are required (Huq et al. 2000). A simple method,
acridine orange direct count (AODC), has proven useful to obtain total cell counts
(Hobbie et al. 1977). AODC, combined with direct viable counting, was developed in
the late 1970s by Kogure et al. (1979) to enumerate viable but noncultivable cells,
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using a yeast extract enrichment step in the presence of nalidixic acid. During enrich-
ment, active cells are identified by elongation and metabolism without replication or
cell division. Direct fluorescent antibody staining, combined with the direct viable
count method is now widely used in microbial ecology (Chowdhury et al. 1995).

Molecular methods to investigate viable but noncultivable cells include both
hybridization with DNA or RNA probes and DNA amplification employing PCR
(Knight 2000). Noncultivable V. fischeri has been found to be in abundance in sea
water, producing symbiotic infections (Lee and Ruby 1995). PCR when used with
appropriate gene probes allows detection of specific genes, and notably is useful in
determining presence of toxigenic strains of bacteria. Confocal laser microscopy, in
combination with fluorescent-based hybridization assays, provides a sensitive method
for detecting and identifying viable but noncultivable microorganisms. Urografin
density gradient centrifugation has been proposed to separate noncultivable cells from
populations of E. coli (Arana et al. 2008) as well as flow cytometry (Vital et al. 2007).
A limitation of nucleic-acid-based procedures for analysis of natural communities is
that unbiased isolation of more or less pure and undegraded nucleic acid is critical.

VBNC V. cholerae Ol in biofilms have been suggested as an important factor in
cholera transmission (Alam et al. 2007). Viable but noncultivable bacteria have
been detected in human urine using the BacLight LIVE/DEAD (Molecular Probes,
Inc., Eugene, Oregon) technique, suggesting that they may be the cause of chronic
urinary tract infections. In light of the recent interest in the dormant persistent state of
bacterial pathogens, following antibiotic treatment, and as related to latent bacterial
infections and biofilm multidrug tolerance, the VBNC state appears to offer useful
insight for these public health problems (Lewis 2007).

4 Modeling the Occurrence of Cholera

A predictive model for cholera has been developed, employing environmental,
chemical, and biological data, both ground truth and satellite sensor data, i.e., remote
sensing data obtained via satellite. Among parameters investigated in studies conducted
in different geographical locations, temperature appears to be the most significant
of environmental factors for predicting occurrence of cholera. Data obtained via
satellite remote sensing in the Bay of Bengal showed direct correlation of cases of
cholera in Matlab, Bangladesh with elevated sea surface temperature (Lobitz et al.
2000; Constanin de Magny et al. 2008). In one such completed study, a threshold of
temperature at 25°C significantly increased the probability of occurrence of cholera
in Bangladesh (Huq et al. 2005). That is, each 5° rise in water temperature
increased the risk of cholera 3.3-fold. The model, based on the observed number
of cholera cases versus number of cases predicted by the Poisson Regression model
and upper 95% prediction limit, showed a 6-week lag between temperature rise and
onset of cholera cases (see Fig. 1).

In conclusion, knowledge gained from studies of the ecology of VBNC V. cholerae
and other bacterial species can provide better understanding of bacteria in their
natural environment.
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Fig. 1 Observed number of cholera cases vs. number of cases predicted by the Poisson regression
model and upper 95% prediction limit when using water temperature (lag 6 weeks), ctx-gene
probe count (lag 0 weeks), conductivity (lag O weeks), and rainfall (lag 8 weeks) for a lake in
Bakerganj. (Reproduced with permission from the publisher: Huq et al. 2005)
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including antibiotics, and latent infections.
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1 Introduction

A great part of natural microbial diversity is missing from our laboratories (Staley and
Konopka 1985; Rappe and Giovannoni 2003; Schloss and Handelsman 2004). The
question is, why? Have our previous efforts been lacking in discipline, or is there
something critical missing from the traditional approach altogether? If we were not
limited by practical considerations, and could take all the media ingredients present in
our labs, mix them in all possible combinations, match that with an equally high diver-
sity of incubation conditions, and in doing so exceed the totality of cultivation experi-
ments performed over the past century, — would that close the gap between existing
and cultivated microbial diversity? This might appear a silly question, because
undoubtedly such an enterprise would result in a score of new cultures. But, would the
overall percent recovery begin to approach 100%? A positive result would indicate that
we only needed to roll up our sleeves. If the change was nominal, it would be reason-
able to think that microbiologists have utterly overlooked some principal aspect(s) of
microbial life style, and that identifying these aspects should be a priority before rep-
licating the cultivation approaches of the past.

This work attempts to distinguish between these two scenarios, and considers
possible alternatives. It describes the cultivation approaches we have developed to
access “uncultivable” microorganisms (Sect. 2), a path to their domestication (Sect. 3),
and the resolution of what constitutes uncultivability in at least one model environ-
mental species (Sect. 4). The work proceeds with describing single-cell cultivation
experiments, and what we have learned from them about uncultivables (Sect. 5).
This information is then synthesized in the form of a recently proposed model
(Epstein 2009) model that attempts to explain the Great Plate Count Anomaly as a
consequence and manifestation of microbial growth strategies in nature (Sect. 6).
Section 6 also discusses possible implications of the model for microbial cultiva-
tion methodology, as well as its connection and relevance to other microbiological
concepts and phenomena, such as viable but nonculturable (VBNC) cells and latent
infections, among others.

Throughout this work, we will repeatedly use the term “uncultivable” microor-
ganisms. This term is widely used, but is to some extent misleading. Since unculti-
vables are able to grow in nature, they are not really uncultivable but rather “as yet
not cultivated.” The term should be appended as “presently uncultivable in the laboratory
under available culture conditions.” It is in this sense that we will use the term
uncultivable, choosing it exclusively for the sake of brevity.

2 In situ Cultivation of Uncultivable Microorganisms

Is it possible to grow something, e.g., a microbial species, that has unknown growth
requirements, without first resolving these unknowns? The answer is likely “yes,”
because, assuming all species grow in nature, their cultivation might be possible via a
reasonable imitation of the natural conditions conducive of this species’ multiplication.
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Note that in principle the natural milieu can serve as an ultimate growth medium
even if we do not know all its components. Considering microbial cultivation from
this point-of-view suggests that, curiously, cultivation per se does not seem to be a
problem: if a cell from a growing population is removed from its natural habitat,
and then — instead of going to Petri dish — is returned back to the environment,
chances are it will grow again. This growth could be equated with cultivation,
except of course the results of such “cultivation” are inaccessible, for the newly
cultivated species is (again) mixed with all its neighbors. Nonetheless, this suggests
that the real problem is not necessarily how to grow environmental microorgan-
isms — once more, this is already happening in their own environment — but rather
how to contain this growth. We proposed to achieve such containment by placing
environmental microorganisms inside diffusion chambers incubated in the natural
habitat of these organisms (Kaeberlein et al. 2002).

2.1 Method 1: Diffusion Chamber

The first diffusion chamber we designed and used is a simple metal washer
sandwiched between two polycarbonate membranes with ~0.03-pm pores (Fig. 1).
The inner space is filled with agar mixed with microorganisms from a test habitat;
membranes separate these microorganisms from the environment thus providing
containment. Upon the return of this assembly to the natural habitat (or its simulated

Fig. 1 Diffusion chamber for in situ cultivation of environmental microorganisms. The left panel
shows the schematics of the chamber assembly: a membrane is glued to the bottom of a metal disk
with central orifice; agar mixed with test cells is poured into the membrane forming an agar slab
with embedded cells; the second membrane is glued to the upper part of the disk, sealing the inner
space. The assembly is then returned to the natural environment of the test cells, as shown on the
right panel. Artwork by Stacie Bumgarner, Whitehead Institute for Biomedical Sciences,
Cambridge, MA, USA
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version, such as a large aquarium filled with freshly collected soil, aquatic sedi-
ment, etc.), diffusion through pores establishes chemical communication between
the cells and nature. The expectation is that the cells will behave in a fashion similar
to their “free-living” counterparts: if a species grows in nature at the time of the
experiment, it should grow inside the chamber as well. These expectations were
met in a proof-of-concept growth experiment, which showed a 300-fold higher
recovery rate of marine sediment microorganisms than from parallel experiments
that utilized more traditional cultivation techniques (Kaeberlein et al. 2002).
Further experimentation with diffusion chambers produced a score of species
whose growth could be easily maintained once incubated in nature, but failed to
grow on standard media in the lab (Fig. 2). This suggested that, apart from a large
number of cells forming colonies inside the diffusion chamber, the species composition
of the grown material was also markedly different between the chamber and
standard Petri dish. Later on, we obtained experimental evidence supporting the
claim (Bollmann et al. 2007). The chamber-reared microbial cultures became our
model systems for exploring the nature of growth limitations imposed by the in
vitro environment (see Sect. 4).

The diffusion chamber-based approach represents a significant departure from
traditional cultivation. It does not require knowing — or guessing — about the biology

Fig. 2 Uncultivable microorganism MSC2 sharing 97% 16S similarity to Arcobacter nitrofigilis:
differential interference contrast (left panel) and SEM (right panel) views. MSC2 was isolated by
Kaeberlein et al. (2002); it could be maintained in diffusion chambers in vivo but did not grow in
isolation in vitro
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of target species, and it makes growth media manipulations largely unnecessary. This
approach relies on a simple observation that nature by definition contains everything
that microorganisms inhabiting it require for growth — and makes use of these growth
components, whether they are known or not. The success of this approach was con-
firmed by later studies that were based on a similar idea. For example, Ferrari et al.
(2005) used a single membrane placed between soil microorganisms and a soil sample
to provide the cells with soil constituents through diffusion. The growth of cells
belonging to, for example, the elusive unculturable bacterial division TM7 was
observed. Aoi et al. (submitted) inoculated aquatic cells into hollow fiber tubes with
semipermeable walls, bathed the tubes with the source water, and observed microbial
recovery exceeding that typically registered by in vitro studies.

The use of these devices has certain limitations. Single membranes do not form
an enclosed space and may be prone to contamination. The hollow fiber tubes can
be used to cultivate planktonic cells but their application for sediments and soil may
be problematic because they may be too large to imitate sharp, sub mm-—scaled
natural chemical gradients. The diffusion chamber in Fig. 1 appears to be largely
free of these limitations, but it does share with other devices an even more critical
complication. Environmental cells placed into the chamber and incubated in situ
typically form very small colonies invisible to a naked eye; as a rule, these do not
grow in size even after long incubations. The same was observed by others (Ferrari
et al. 2005). Visualization of such colonies for counting, and especially their sam-
pling for subculturing, requires a high power compound microscope. This makes
detection and isolation into pure culture tedious, and high-throughput cultivation
nearly impossible. To resolve these bottlenecks, we designed a variant of the diffusion
chamber, hereafter referred to as “the isolation chip,” or ichip for short, that greatly
facilitated diffusion chamber-based microbial cultivation and enabled large-scale
isolation.

2.2 Method 2: Ichip

One way to resolve logistical difficulties in detecting and sampling microcolonies
is to miniaturize diffusion chambers and inoculate them with single cells. The first
modification allows for quick scanning of the contents of multiple chambers,
whereas the second provides means for growing pure cultures in one step. A practical
solution to both was suggested by the OpenArray™ technology developed by
BioTrove, Inc. and designed for the precise capture of small samples (http://www.
biotrove.com/global/pdf/SPIE_2001.pdf). The OpenArray is a flat plate with mul-
tiple through-holes. Proprietary processes are used to coat the surface of the plates
so that they are hydrophobic, while rendering the interiors hydrophilic and biocom-
patible. When such a plate is dipped into a cell suspension, each hole captures a
certain volume of suspension containing a certain number of cells. When the sus-
pension is appropriately diluted, this number may be on average one (cell). If the
suspension is an agar-based medium, then upon solidification the cells will be
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immobilized inside small agar plugs and become “trapped” in their respective
through-holes (and thus isolated from each other). Sandwiching the plate between
semipermeable barriers, such as 0.03-pum pore size polycarbonate filters used in the
original diffusion chamber, effectively transforms the loaded plate into an array of
many diffusion minichambers (the ichip). Its in situ incubation provides the cells
inside with their naturally occurring growth components. Cells are expected to
grow and form colonies at least as well as they would in “standard” diffusion chambers
described in the section above. If only a single cell is present in each minichamber,
its growth will automatically produce a pure culture. In this way, cultivation and
isolation of uncultivables can be achieved in large numbers and in one step.
Presently, we are using a variant of the ichip, shown in Fig. 3, for large-scale
isolation of microorganisms from soil and aquatic environments. This variant is
built entirely from hydrophobic plastic polyoxymethylene, commonly known under
DuPont’s brand name Delrin®. It contains 374 through-holes per assembly, arranged
in two identical arrays; of course, any other configuration is possible, including one
where the holes match wells of a microtiter plate. The holes in this specific configu-
ration capture about 1 pl of cell suspension. By using a cell suspension containing
one cell in 1-10 pl, we achieve loading of one cell into 1-10 holes, virtually ensuring
that no agar plug contain more than one cell. The through-holes in each array are
positioned so that one standard, 25-mm in diameter, polycarbonate filter fully cov-
ers the array on one side; four filters are needed for one assembly to separate all
its through-holes from the outside environment. We observe that the ichip affords
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Fig. 3 Isolation chip, or ichip, for high-throughput microbial cultivation in situ. Left panel shows
dipping a plate with multiple through-holes into a suspension of cells such that each hole captures
(on average) a single cell, as illustrated in the central panel. Right panel shows how ichip is assem-
bled: membranes cover arrays of through-holes from each side; upper and bottom plates with
matching holes press the membranes against the central (loaded) plate. Screws provide sufficient
pressure to seal the content of individual through-holes, which become miniature diffusion cham-
bers containing single cells. Artwork by Stacie Bumgarner, Whitehead Institute for Biomedical
Sciences, Cambridge, MA, USA
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better microbial recovery than the “standard” diffusion chamber (Fig. 1). This may
be a result of (1) a shorter diffusion path between the cell in the ichip and the out-
side environment, so that more cells respond to their environments and grow, as
well as (2) the ease at which growth of such cells can be visualized under a micro-
scope, so that fewer colonies are missed. Removal of grown colonies is easily
achieved by touching the agar plug with a sterile toothpick or paper clip, making
the plug fall into, for example, a well of a microtiter plate. The combination of these
factors makes the ichip suitable for large-scale cultivation and isolation of environ-
mental microorganisms: a parallel incubation of several ichips provides dozens to
hundreds of pure (and mostly novel) microbial cultures.

3 In vitro Growth of Uncultivable Microorganisms and their
Domestication

3.1 Raising Cultivable Variants of Uncultivable Species

In our working definition, an uncultivable is a microorganism that does not grow
on standard media in vitro but forms colonies in diffusion chambers in situ (and is
therefore viable, not damaged, not an exceedingly slow grower, etc.). Working with
such uncultivable isolates we noticed that their multiple transfers through the cham-
ber typically led to the appearance of cultivable variants capable of sustainable
growth in the lab (Fig. 4; Nichols et al. 2008). A qualitative illustration of this is
the microbial richness we recovered from the apparently lifeless sands collected in
Dry Valley, Antarctica: once cells from these sands went through a growth cycle in
a diffusion chamber incubated within the sand sample, they produced a glorious
diversity of numerous cultivable isolates (Fig. 5).

Further quantitative experiments suggested these observations were not acciden-
tal. In a separate study of uncultivables from a fresh pond environment, we pas-
saged a sample through several rounds of cultivation in diffusion chambers,
determining at each step what species from the grown material could be cultivated
in a standard Petri dish. This gave us a collection of domesticated strains (Bollmann
et al. 2007). We compared this collection with species cultivated using the tradi-
tional approach, when an environmental sample is directly inoculated into a Petri
dish, without the use of a chamber. The difference between the two collections was
substantial. The isolates unique to the diffusion chamber approach outnumbered the
“traditional” isolates by a factor of 3, with only 7% of the total 438 isolates shared
between the collections. More importantly, the domesticated pool included repre-
sentatives of rarely cultivated phyla, such as Deltaproteobacteria, Verrucomicrobia,
Spirochaetes, and Acidobacteria, whereas the traditional pool did not. It is worth
noting that some of the more interesting isolates appeared to have acquired the ability
to grow in vitro only after multiple (up to 3) transfers through the diffusion chamber.
In a follow-up study of Actinobacteria, we again observed a very substantial
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Fig. 4 Percent of uncultivable
isolates producing domesti-
cated variants after transferring
their colonies through a series
of incubations in diffusion
chambers; original data from
Nichols et al. (2008)

@® 1 transfer © 2 transfers
3 transfers ® 4 transfers
® >4 transfers @ Unreliable growth

Fig.5 Stereomicroscope view of domesticated microorganisms from Dry Valley sands, Antarctica.
This diversity of cultivated strains was achieved once environmental cells were first grown in a
diffusion chamber incubated within a Dry Valley sand sample. The sample is courtesy of Sam
Bowser, Wadsworth Center, NYS Department of Health, Albany, NY, USA
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number of strains appearing on Petri dishes only after rounds of cultivation in situ
(Bollmann et al. unpublished results). This strongly suggests that in situ incubation
facilitates the appearance of cells that have fewer growth restrictions, and are capa-
ble of growing in vitro. Though the exact nature of the domestication process
remains somewhat mysterious, in practice, it provides convenient access to a sub-
stantial pool of novel microbial diversity. For example, after we used in situ incuba-
tion to grow environmental microorganisms from the Oak Ridge National
Laboratory field sites in Tennessee, we discovered representatives of the Genus
Frateuria (Bollmann et al. submitted) and other species among the domesticated
species, previously known from the sites exclusively from a culture-independent
metagenomics program (Zhou, personal communication).

3.2 Symbiotic Growth of Microorganisms and Coculture

We discovered that our uncultivable isolates could also be grown in the Petri dish by
an alternative method: in coculture with selected other microorganisms. One exam-
ple of such synergistic growth involves some of our first diffusion chamber-reared
isolates, MSC1 (93% 16S rRNA sequence similarity to its closest relative Lewinella
persica of the Cytophaga—Flexibacter—Bacterioides group) and MSC2 (Arcobacter
relative; Fig. 2) (Kaeberlein et al. 2002). While we could maintain their pure cultures
exclusively inside diffusion chambers, serendipitous mixing of the two showed their
ability to grow together on standard media. The pattern of colonies in a Petri dish
appeared to show codependence: denser colonies of MSC1 formed a gradient of
increasing size converging on diffuse colonies of MSC2 (Fig. 2d in Kaeberlein et al.
2002). We have since tested a number of uncultivable isolates against a panel of
cultivable environmental species from our culture collection and found an appropriate
“helper” for all tested uncultivables (Nichols et al. 2008).

It is possible that the observed growth synergy is based on cross-feeding. This
explanation is a natural null hypothesis since there are numerous examples of
beneficial, joint use of resources by members of microbial consortia (Schink 2002;
Mclnerney et al. 2008). However, all our cocultures were observed on rich media
(technical grade casein, marine broth, LB), a possible — but unlikely — environment
for cross-feeding. Further evidence against cross-feeding comes from our experi-
mentation with one of the uncultivable isolates obtained via the diffusion chamber
approach, MSC33, which shared 95% 16S rRNA gene sequence identity with
Psychrobacter sp. (Nichols et al. 2008). As was the case with other uncultivables,
we were able to raise its cultivable variant, MSC33c. The cells of MSC33c¢ formed
clearly visible macrocolonies on the same agar media on which the cells of MSC33
refused to grow. We then paired the two strains in a Petri dish and observed the
induction of growth of MSC33 by MSC33c. Several rounds of cocultivation of a
population of MSC33 with MSC33c led to the appearance in the former population
of cells capable of self-sustained growth. We thus observed the birth of domesti-
cated cells in an uncultivable population in the presence of helpers, in this case
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domesticated cells of the same strain. The study of MSC33 indicated that domesti-
cation by repetitive incubation in diffusion chambers and induction of growth in the
presence of a helper may be related: the former results in domesticated cells, which
then act as helpers in the latter. Notably, MSC33 could also be induced to grow in
artificial media by the presence of other, unrelated helpers, such as MSC 105, an
isolate sharing 99% 16S rRNA gene similarity to Cellulophaga lytica. The model
we introduce later in this work will account for these observations; here we would
like to note only that both domestication and cocultivation with a helper may be
general methods for growing uncultivables on standard media in the lab.

4 Mechanism of Uncultivability: Case Study of MSC33

The empirical observations described in Sects. 3.1-3.2 are difficult to accommo-
date by any conventional theory of the nature of microbial uncultivability (e.g.,
media are toxic and/or imperfect; cells are damaged, stressed, or slow growing,
etc.). In a search for a plausible interpretation of our findings, we hypothesized that
at least some uncultivable microorganisms require specific signals originating from
their neighbors (Kaeberlein et al. 2002), including their growing kin (Nichols et al.
2008). This implies that since signals trigger cell growth, the absence of such signals
from standard media may at least in part explain the Great Plate Count Anomaly.
Below we provide a summary of the experimental support for this signaling hypothesis
(Nichols et al. 2008).

We chose the closely related strains MSC33 and MSC33c as our model organisms
and aimed to dissect the chemistry of their interactions. We discovered that
MSC33c spent medium preserved the growth stimulating activity. This simplified
the natural product chemistry aspect of this research. Bioassay-guided fractionation
of MSC33c spent medium coupled with LC-MS eventually led to identification of
a 5-aminoacid peptide LQPEV that, at 3.5 nM concentration, replicated the effect
of MSC33c presence and induced colony formation in MSC33. A simple addition
of the synthetic version of this peptide to standard media transformed an uncultivable
MSC33 into a microorganism that grows well in vitro. At such low concentrations
(several orders of magnitude lower than typical oligotrophic conditions, Kuznetsov
et al. 1979), the peptide was an unlikely energy or carbon source. Instead, the pattern
of its activity pointed towards its role as a signal, and thus the signal-based growth
regulation of MSC33 (and possibly other species as well). This signaling hypothesis
is in line with earlier observations of increased microbial recovery in the presence
of cyclic-AMP and N-acyl homoserine lactones (Bruns et al. 2002).

The growth of at least some uncultivable species thus appears to be one of many
microbial processes regulated by cell-cell communication (Waters and Bassler
2005; Camilli and Bassler 2006). The fact that uncultivables respond to the presence
of their growing kin suggests that, in a natural environment, the mere presence of
nutrients may not be sufficient to initiate cell division. After all, in the environment
a sudden availability of nutrients may be a short-lived random fluctuation, and
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initiating growth in response to their ephemeral presence may be risky. In contrast,
signals coming from multiplying kin are indicative that the environment has for a
period of time been conducive to growth. The fact that uncultivables respond to the
presence of selected unrelated species suggests that in the environment, nongrow-
ing cells may be waiting for cues from their, for example, syntrophic partners. This
would ensure the growth of a species only when and where its partners are already
present in sufficient numbers.

These considerations make it very tempting to explain a significant part of the
Great Plate Count Anomaly by the failure of standard media and traditional cultiva-
tion techniques to provide microorganisms with growth-promoting signals. While
we believe signal-based growth regulation is indeed such a partial explanation, we
would like to point out that, in fact, the very observations that lead to this explana-
tion contain a paradox of significant importance. Indeed, if the cells whose growth
is triggered by signaling compounds can produce domesticated variants that are
independent of such signals, and if they do so as easily as we observed (Sect. 3.1,
Fig. 4), then such cultivable variants are expected to be part of the natural unculti-
vable populations as well. If so, why is it that we do not see such variants growing
in Petri dishes? In other words, why have we not cultivated the majority of environ-
mental species — even if the majority of their cells are signal-dependent? As the
next section describes, the story of at least some uncultivable species may be even
more intriguing than an explanation relying on “just” the signal-based regulation of
their growth. The next section will present several relevant findings, which, as often
happens, started from observations seemingly unrelated to the question at hand.

5 Heterogeneity in Microbial Populations

Observations described in Sects. 3 and 4 suggest that at least some uncultivable
populations contain a certain percentage of cells that are different from the rest of
the population in that they lack growth restrictions typical of the population’s
majority. Because these cells are capable of growing in vitro, and from the point-
of-view of a microbiologist they are essentially domesticated, these cells are a valu-
able resource in the search for novel species. The question is how do we find such
cells and the colonies they produce, considering that they may not be very
abundant?

The suspicion has been that quickly growing “weed” species could prohibit — or
mask — in vitro growth of other, perfectly cultivable species that are either rare, do
not grow as quickly, or both. The ultimate tool to eliminate the influence of such
weeds (and, for that matter, of any other species), would be to separate the inocu-
lum into single cells, and plate each cell in its own miniature Petri dish. This is
similar to cultivation by dilution to extinction, known to increase microbial recov-
ery (Button et al. 1993; Connon and Giovannoni 2002), and sometimes produce
spectacular isolates (Rappe et al. 2002). The single cell approach gives every culti-
vable cell a chance to grow. This also allows for long-term cultivation experiments
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thought to facilitate recovery of novel (slow growing) microbial diversity (Davis
et al. 2005). We realized that an analogue of the central plate of an ichip (Fig. 3)
may be a practical tool for separating large numbers of cells for single-cell cultiva-
tion. In an exploratory fashion, we diluted marine sediment microorganisms in agar
supplemented with 0.1% v/w Luria Broth. When a plate was dipped into the sus-
pension, each through-hole captured on average a single cell. In this experiment, we
captured 5,000 cells into 5,000 through-holes; these holes, upon solidification of
the agar, became miniature Petri dishes for single cell cultivation. We incubated the
plates for >4 months in a humidified chamber, periodically examined them under a
dissecting microscope, counted agar plugs showing growth, and removed them for
microbial identification (Buerger et al. 2008). This simple experiment led to two
unexpected findings.

First, a surprisingly large number of microbial colonies did not appear until after
1 month of incubation. The cumulative recovery showed little sign of leveling off
during the second month of the experiment, and showed a moderate decline over
the following 2 months (Fig. 6). Curiously, the majority of the cultures obtained
after 3—4 months of incubation did not appear to be inherently slow growing: when
subcultured, 84% of such isolates formed visible growth after just 48 h. Therefore,
the majority of apparent slow growers may in fact be capable of fast expansion — as
shown by the speed of their regrowth.

Second, species detected multiple times in this experiment did not come as a
single batch of cultures but appeared gradually over the 4 months of incubation,
thus showing no species-specific lag period. For example, Pseudomonas argentinen-
sis was registered at all time points. This means that some cells of P. argentinensis
grew within the first few days of incubations, others grew within several weeks, and
yet another category of cells of P. argentinensis did not grow until the very end of
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Fig. 6 Microbial recovery during long-term incubation. Microbial cells from marine sediments
were incubated individually in miniature Petri dishes
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the experiment. A tentative conclusion is that P. argentinensis, and selected other
populations, are neither fast nor slow growing but rather heterogeneous with respect
to the growth preferences of individual cells.

The overall conclusion drawn from this preliminary experiment is that either the
cells in a microbial population grow at dramatically different rates, or else they
grow at more or less the same rate but exhibit drastically different lag phases. This
heterogeneity in environmental populations is consistent with the idea of microbial
cell individuality, which has been abundantly shown even for members of the same
clonal population (Avery 2006; Dubnau and Losick 2006). Note that heterogeneity
in a population can only manifest itself in an experiment involving sufficient
number of cells, and this may have important implications for how results of micro-
bial cultivation experiments should be interpreted, e.g., in our experiment we
manipulated a mix of 5,000 environmental cells, among which some species must
have been represented by just one to several cells. If P. argentinensis in our experi-
ment was also represented by a few cells, it would be possible for its colonies to
appear more or less simultaneously simply by chance. If this happened at the begin-
ning of the experiment, P. argentinensis would appear fast growing; if this hap-
pened at the end of the experiment, it would appear a slow grower; — while from
the actual experiment we learned it might be neither. It follows that when a colony
is detected in the Petri dish only after prolonged incubation, it does not necessarily
mean it was produced by an inherently slow-growing species.

6 Explaining the Great Plate Count Anomaly

The section attempts to explain the experience gained in cultivating microbial species.
The Great Plate Count Anomaly states that there is a significant disparity between
the number of cells in the sample and the number of colonies they form in a Petri
dish. We recognize that a significant portion of a sample’s diversity may be missing
from the dish because some of the trivial nutrients might be present at suboptimal
concentrations, or their specific mix might be toxic, or some more exotic — but
required — nutrients might be absent. We argue however that even a combination of
these reasons cannot fully account for the phenomenon, as some species exhibit
growth patterns incompatible with the above explanations (illustrations of such pat-
terns are given in the above sections). Here we detail a recently introduced model
(Epstein 2009) that attempts to explain and account for the following “anomalies”
in growth behavior: (1) uncultivable microorganisms form cultivable variants;
(2) these domesticated variants can induce the parental uncultivable population to
grow (in vitro); (3) similar induction is observed in the presence of unrelated helper
species; (4) induction appears to be based on growth-promoting signals; (5) popula-
tions appear to be very heterogeneous with respect to growth preferences of its cells:
after the addition of nutrients, some cells start dividing quickly, others wait for
weeks or months before showing growth; and (6) populations that initially took
months to grow, after subculturing may grow within days, and sometimes hours.
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6.1 Model

We propose that microbial behavior in a Petri dish is an attempt by microorganisms
to replicate in vitro their in vivo life styles and cycles. One of the best known and
researched microbial cycles is spore formation, as a survival mechanism, and
germination, as an exit strategy. We recently suggested (Epstein 2009) that non-
spore-forming species achieve essentially the same goal of surviving under hostile
conditions, and multiplying under favorable ones, by cycling between dormancy
and activity, though not necessarily by forming morphologically unique specialized
structures. The proposed model describes three distinct strategies for such cycling
and argues that a mix of these in vivo strategies would by necessity manifest itself
in vitro as the Great Plate Count Anomaly. We first provide a description of the
model, followed by an analysis and rationalization of its key assumptions.

The first strategy is the simplest one; we call it “the scout strategy” (Fig. 7a).
According to the model, adverse environmental conditions cause microbial cells to
enter a dormancy state; in fact, most microbial cells in nature might be in this state
most of the time. There is little doubt that inactivity allows for a prolonged survival;
this has been proposed repeatedly over the past century (see below for more on the
subject). The novelty of the model is in hypothesizing how microbes exit dormancy,
namely via cells termed “scouts.”

A scout is an active cell produced by the silent, dormant cells. Scout formation
is proposed to be a result of noise-driven, stochastic, low-frequency events in dor-
mant cells, such as a stochastic change in the expression or repression of a master
regulatory gene. Therefore, the scout is neither a genetic variant nor a specialized
cell. Indeed, the scout may be identical to a typical cell in an actively growing
population.

The term scout comes from its function: the scout explores resources available
at the moment. If adverse conditions persist, the scout dies after it has exhausted its
internal resources, but is then replaced by a succession of new ones, stochastically
formed within the same population. If a scout forms under growth-permissive
conditions, it will start a new population, thus achieving the main objective: multi-
plication of its genome (Fig. 7a). Note that less abundant populations may lack scouts
due to chance. Under the scout model, these populations, upon plating in a Petri dish,
will likely appear uncultivable regardless of the growth conditions offered.

The second scenario (Fig. 7b) adds certain sophistication to the scout strategy:
the scout cell with signaling function. We propose that at least some species produce
growth-promoting signals (see also Nichols et al. 2008). When the scout finds
conditions conducive of growth, it starts a new population. If each cell in the popu-
lation produces a certain amount of growth-inducing signal(s), population growth
will lead to accumulation of the signal. In a quorum-sensing (Fuqua et al. 1994)
fashion, this will eventually wake up at least a portion of the original — and up to
this point still dormant — population. In this scenario, a cell can switch from dormancy
to activity in two ways: first, as a result of noise in the gene network (scout), and
second, as induced by a signaling compound. Some strains may require such
compounds only for activation; others may be dependent on this compound’s
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sufficient concentration during the entire active stage. Regardless, the central
element of this strategy is still the scout cell, but now with an additional signaling
function. Whether such a population appears cultivable or uncultivable in vitro is
still determined by a chance event — the presence or absence of scouts.

The third strategy (Fig. 7c) is also based on cell—cell signaling but proposes a dif-
ferent source for the signal: an unrelated helper species. According to this model,
when microbial species grow, the signals they produce induce dormant populations
of certain neighboring species to start growing as well. Populations employing a
strategy of waiting for a signal from helper strains are unlikely to grow in vitro in
isolation, unless they are also capable of one of the two strategies discussed earlier.

The proposed model thus rests on three postulates: microbial cells can enter
dormancy; the exit from dormancy can be a stochastic result of noise in gene net-
works; and/or dormant cells can be induced to grow by signaling compounds.
Today all three processes remain hypothetical, but the currently available data
support their reality.

Dormancy. The idea that nonspore-forming species can enter a state of suspended
animation has a long history. One of the earliest notions of inactivity comes from
works of Sergei Winogradsky (1924). He introduced the category of zymogenous,
or transient, species, by implication mostly dormant. For half a century following
that publication, inactivity was hypothesized numerous times to explain microbial
survival, often under different names, such as dormancy, resting stage, pseudose-
nescence, moribundity, etc. (cf. Butkevich and Butkevich 1936; Jannasch 1959;
Gray 1976; Postgate 1976).

During that period the idea of dormancy was viewed by many as anathema, but
eventually the weight of empirical evidence — albeit indirect — in favor of some
form of resting stage prevailed. In 1978 the idea of microbial dormancy was
presented as a formal hypothesis (Stevenson 1978). Soon after, ultramicrobacteria
were discovered in the environment; their small cell size was hypothesized to be the
phenotype of dormant cells (Novitsky and Morita 1976, 1978; Torrella and Morita
1981).

In another development, dormancy became the cornerstone of the “viable but
nonculturable” concept, proposed a quarter of a century ago by Colwell’s group to
explain survival of enteric bacteria in the natural environment (Xu et al. 1982, see
also Colwell, “Viable but not Cultivable Bacteria” in this volume). VBNC state is
a hypothetical condition in which the cell is undetectable by standard cultivation yet
remains viable (and, in the case of pathogens, capable of initiating infection). The
mechanisms of entering VBNC state, maintaining it, and eventual cell revival have
not been explained or proposed, and its very existence remains controversial (see
Sect. 6.3.2). Nonetheless, helped by a significant amount of indirect evidence, the
idea of a VBNC state has reemphasized the potential importance of microbial
dormancy.

No longer controversial, the dormancy state is now widely used to explain tolerance
of cells to otherwise challenging and extreme factors (see Lewis, “Persisters,
Biofilms, and the Problem of Cultivability” in this volume). However, the mecha-
nisms for entering and maintaining dormancy are still unknown. Strictly speaking,
the very existence of dormancy remains unproven. If microbial dormancy exists,
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why is it so difficult to irrefutably demonstrate it? This is likely due to a very pecu-
liar challenge: the researchers must distinguish between cells that are dormant, and
cells that are simply dead. The ultimate test that distinguishes between the two is
of course cell revival, but its demonstration requires having a dormant population.
Therefore, the researcher must have a way of telling the difference between dor-
mant and dead cells prior to proving this difference exists ... which is not unlike
the proverbial Catch 22. In principle, it is possible that efforts to revive allegedly
dormant cells largely fail to do so because they are futilely applied to cells that have
been dead all along. One wonders if there is a difference between a genuinely dead
cell and a viable but dormant cell that remains indefinitely so because we do not
know how to revive it. In the microbial world, the difference between life and
death may be a philosophical one.

However, if an inactive state does in fact exist, some of the past revival experiments
should have employed — whether by design or chance — truly dormant cells. If so,
why did we not witness cell reactivation in those cases? After all, microbiologists
did learn how to revive bacterial spores (stress leads to their germination), and it is
rather trivial to show how resting plants and hibernating animals come back to life
(in response to environmental cues). Why is the case of nonspore-forming micro-
bial species any different? The answer may be simple: the revival has in fact been
observed, but has not been interpreted as such. Dormant nonsporulating microor-
ganisms may have a mechanism of revival that is unlike any of the above. Not
conforming to our experiences and behaving contrary to our expectations, the
“abnormal” pattern of their revival may be easy to overlook and easy to ignore. The
scout model proposes one such pattern: stochastic exit, as described below.

Stochastic exit from dormancy. Since most aspects of dormancy are hypothetical,
the mechanism of existing dormancy is by necessity a matter of speculation. That
said, random conversion of one phenotype (dormant cells) into another (active
cells, or scouts) proposed here, parallels several known processes that subdivide
clonal populations into two contrasting phenotypes. Phase variation is one example
of stochastic and reversible switches between the expressions of different alleles of
one gene (Zieg et al. 1977) (note however that this is actually a genetic change).
Genetic competence in Bacillus subtilis provides an example of epigenetic, nonin-
heritable, stochastically produced heterogeneity in clonal populations, in this case
in the cells’ ability to take DNA from the environment and recombine it with its
own DNA. The advent of methods to study single cells made it abundantly clear
that cells’ heterogeneity with respect to their gene expression pattern is a general
phenomenon, resulting in a concept of microbial bistability (Maamar and Dubnau
2005; see also Ferrell 2002; Avery 2006; Dubnau and Losick 2006). Bistability can
arise from a number of mechanisms, including positive autoregulation of a gene,
such that minimal fluctuations in its activity can cause a spiraling effect on the
downstream genes (and thus heterogeneity in the population), or a system of two
mutual repressors, that has the same effect (Gardner et al. 2000; Becskei et al.
2001). Further examples of stochastic events triggering switching of cell phenotype
was provided by Choi et al. (2008). Regardless of the specific mechanism at
work, the result is a population of isogenic cells represented by two phenotypes,
which quite possibly provides a selective advantage in a fluctuating environment
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(Avery 2006; Dubnau and Losick 2006). That such bifurcation can happen in response
to environmental stress (e.g., B. subtilis competence) further indicates the environ-
mental relevance of the phenomenon. We hypothesize that a similar (bifurcation)
process creates and maintains two kinds of cells in a clonal dormant population: the
dormant majority and the active minority (scouts). One intriguing possibility is that
the proportion of the latter may be under selective pressure, so that the amount of
“noise” responsible for scout formation has been selected in the course of evolution
to activate a specific percent of dormant cells over a given period or time. Regardless
of the mechanism, the proposed process effectively wakes up the affected cell,
which to an outside observer would appear as a random (and perhaps rare) event.

Signal induction of growth. Presently, there is no direct proof that growth of a
dormant cell can be induced by signaling compound(s). However, there are numer-
ous indications that the process operates in at least some microbial species. In Sect. 4,
we described the growth behavior of our model uncultivable microorganism,
MSC33, which starts growing in artificial media in the presence of nanomolar con-
centrations of specific short peptides (but not their individual constituents) (Nichols
et al. 2008). In that section, we argued that the only plausible explanation of the
observed growth pattern is the signaling role of such peptides. Additional evidence
comes from experiments showing an increased recovery of aquatic microorganisms
in the presence of known signaling molecules (Bruns et al. 2002). While still hypo-
thetical, the role of cell-cell communication in growth induction seems quite pos-
sible given the number of other microbial processes known to be regulated by
quorum sensing (Waters and Bassler 2005; Camilli and Bassler 2006).

These considerations do not prove any of the hypothetical aspects of the scout
model, but they do indicate that the assumptions involved are realistic, and that the
proposed model is in line with observations from both environmental and molecular
microbiology.

We now move on to explore several confusing and puzzling phenomena that this
model can explain. We start with the Great Plate Count Anomaly. In this regard, we
note that the three growth strategies proposed by the scout model (Fig. 7a—c) are not
mutually exclusive, and while there may be species relying exclusively on one of
them, there may be others that employ two or all three strategies in parallel. We
think that if species in a community collectively employ these strategies in different
mixes, the resulting behavior of the community, once moved to a Petri dish, will be
similar to what is empirically observed in microbial cultivation: a small percentage
of cells will form colonies, whereas the majority of them will not. The next section
explains this in more detail.

6.2 Model Explains the Phenomenon of Uncultivability,
and More

In Sects. 3-5 we described several observations that were difficult to reconcile with
explanations for the Great Plate Count Anomaly offered to date. The scout model
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introduced here attempts to incorporate these observations. The general uncultiva-
bility of MSC33, for example, may exemplify all three proposed growth strategies.
Suppose that MSC33 cells taken from the environment were dormant (there are
several reasons why this could be so: dormancy could have been induced by the
virtue of transferring the cells from in vivo to in vitro conditions, e.g., as a result of
mixing them with warm agar or exposing them to the Petri dish environment; or
else only (preexisting) dormant cells survived such mixing). According to the
model, and in line with empirical observations, dormant cells of MSC33 would not
grow unless provided with appropriate signaling compounds. When none are
present, the only entity capable of growth is a scout cell, the presence of which is
a chance event. By experimenting with MSC33 long enough, this chance event
materialized, and we observed the first Petri dish reared colonies of MSC33, which
we termed MSC33c. Used as a helper, the latter induced MSC33 to grow because
it (MSC33c) produced growth-promoting signals. This growth induction could be
replicated in the presence of other species (e.g., MSC105) because the latter, too, is
a producer of a growth signal. In short, the model explains that some microorgan-
isms, such as MSC33, have certain natural growth strategies, and once moved to the
Petri dish they attempt to replicate these strategies as best as they can. In the case
of MSC33, such replication results in its general uncultivability in vitro, interrupted
by sporadic appearance of cultivable variants, capable of inducing growth of the
parental population.

The model further explains that there may be two sources of domesticated variants
in the otherwise largely uncultivable environmental populations.

The first source is the scouts, or cells that exited the state of dormancy due to
stochastic variations in the mechanism controlling dormancy. This exit may be
equally probable at any given point in time; whether or not a plated population
forms colonies in vitro depends on the whether or not scout cells are present, which
is in turn determined by the number of cells in the population and the rate at which
they wake into scouts. Every dormant population that is abundant enough is
expected to contain a certain number of cultivable scouts, whereas less abundant
populations may lack scouts at some points, and “produce” them at others. Apart
from the domestication phenomenon, this explains why, in a long-term cultivation
experiment, we kept recovering the same species over and over again (Sect. 5). It also
explains why a culture that took months to grow in a Petri dish, and thus gave every
indication of being (very) slow growing, upon subculturing, no longer appeared
“slow,” and instead grew like a weed. The appearance of a colony after a long
period of incubation does not imply that these cells have an exceedingly long
(and constant) generation time. In our view, it might just as well be a combined
result of original dormancy, stochastic awakening at a random time point, and fast
growth thereafter. We do not question the existence of genuinely slow growing
species, but point out that these may represent only a fraction of strains that at
first appear as such (i.e., those strains that initially required months to exhibit
signs of growth).

Second, in populations exploiting the signaling scout strategy, it is reasonable to
expect appearance and selection for overproducers of the signaling compound(s).
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Such overproducers may be independent of the quorum-sensing-like regulation of
growth of their parental populations, and will then appear in vitro as perfectly cul-
tivable microorganisms.

It is possible that some of our domesticated strains (Sects. 3.1, 4) started from
scouts of dormant populations, while others came from variants that overproduced
signaling compounds. If this happened in our growth experiments, it must have
happened in other cultivation studies as well. We therefore argue that some stocks
in the existing type culture collections, such as ATCC, may be precisely such
“overproducers,” formed in the natural environment, and sampled by chance. If so,
these cultivable strains are (genetic?) variants of the naturally occurring strain. One
implication is that the wild-type cells, if sampled and plated, might appear uncultivable
in vitro — even though cultivable strains are available from culture collections with
identical 16S rRNA gene sequences.

We think that, from the point-of-view of selective advantage, the proposed
growth strategies represent a rather clever microbial tool kit. Indeed, a system of
randomly awakening scouts would provide a population with a simple mechanism
of initiating growth in response to favorable conditions, without the need for detecting
the actual moment environmental conditions shift to favorable ones. The scout
simply grows, which ensures the reproduction of the genotype, or it dies. The latter
is not necessarily a significant loss, even for populations of a small size. For exam-
ple, if in a clonal population of just a thousand cells, on average one cell per day
exits dormancy, and under adverse conditions survives for 10 days, then such a
population (1) has 1% of its members continuously scouting the environment and
checking if the conditions are appropriate for growth, (2) is capable of quick growth
response to such conditions, and (3) can afford “scouting” for over 3 years before
going extinct. In the end, this strategy enables this small population to safely repro-
duce even if there was just one day favoring growth during these 3 years! Arming
the scout with a signaling function makes the strategy even “smarter,” because then
the dormant part of the population is able to massively respond to a favorable envi-
ronmental event. Adding the signaling function to neighboring species has a poten-
tial of making this microbial growth strategy wiser still. Microorganisms have
evolved exquisite mechanisms for joint use of available resources, some of which
are well known (Boetius et al. 2000; Schink 2002). If a species senses the growth
of its syntrophic partner and responds in kind, yet does not grow when such part-
ners are absent, it would further coordinate the syntrophic activities and ensure that
the metabolic potentials of the partners will be realized as meant by their coevolution,
instead of staying unemployed in separation.

The model is not without shortcomings. Apart from the hypothetical nature of
the postulated scouts and dormancy state, it appears to have a certain difficulty
explaining a paradox mentioned in Sect. 4. Specifically, if the dormant (uncultiva-
ble) populations contain active (cultivable) scouts, why do we not see those in Petri
dishes? And if we do, why have microbiologists not cultivated the bulk of natural
microbial diversity yet?

We believe that this difficulty is only apparent, and in fact, the model is in accord
with microbiological practice, for the following reason.
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In a typical cultivation study, a Petri dish is inoculated with about 10* cells,
which ordinarily results in several dozen to a hundred colonies. These usually
belong to at most a few dozen species, and often fewer. Some of these species are
represented multiple times, whereas the majority are typically rare. Does the scout
model account for this?

We do not know the species’ frequency in nature, but if the rRNA gene surveys
are any guide, then a typical inoculum likely contains hundreds of variably repre-
sented species. The expectation is that an overwhelming majority of species among
the inoculum’s 10* cells are remarkably rare (Pedros-Alio 2006; Sogin et al. 2006;
Huber et al. 2007), down to a single cell per species. Low abundance suggests
inactivity, and so this (largest) part of the inoculum’s species richness is a good
candidate for being dormant. According to the first two strategies proposed (Fig.
7a,b), these will grow in vitro if stochastically awoken into scout cells. If the prob-
ability of having a scout is 0.1-1%, then only one out of 100-1,000 species, repre-
sented by a single cell each, will grow in a Petri dish. Therefore, a single Petri dish
would be expected to contain fewer than a few dozen colonies of the rare species.
Some of those will likely remain undetected (e.g., they may not grow before the
dish is overtaken by the weed species, or their colonies are small and easy to miss,
etc.). If the inoculum contained species relying on the third strategy, the number of
isolated species will be even lower since these are not expected to grow unless other
specific species grow first. All things considered, the model suggests that, in a
standard cultivation study, one should expect to detect and isolate about 10-30 rare
species, and a few more abundant species, per single Petri dish. Under the scout
model, the remaining richness of the inoculum will appear uncultivable. This sce-
nario is not unlike what is actually observed in real cultivation studies. Therefore,
in this interpretation, and with this hypothetical percent of scouts, the model is in
line with empirical observations.

These considerations lead us to the following hypothesis: a significant portion of
colonies grown in a cultivation study from an environmental inoculum are in fact
progeny of scouts, and a typical rate of recovery (0.1-1% of cells and species inocu-
lated) is close to the percent of scouts in a dormant population, averaged over all
populations present. Looking at microbial isolates on a Petri dish from this angle
explains why replicate dishes typically have somewhat different composition, and
why some species that grew well in one dish may be very difficult to reisolate even
when the same method is applied to the same environment. It also explains why
every now and then there are reports of significantly novel microorganisms culti-
vated using “just” the standard approaches, implying that in the past these approaches
failed to isolate the microorganisms in question. The apparent randomness of micro-
bial discovery may thus be a result of the rarity of some groups in nature, and the
stochastic appearance of scout cells in their populations. We note that by itself the
rarity of some groups in nature may not suffice as an explanation for low in vitro
recovery: with (many) hundreds of rare species in each inoculum, the rarity alone
fails to account for the fact that about 99% of species did not grow.

To summarize, we tend to explain a typically low colony and species recovery
in standard media as a game of numbers: (1) the rarity of some microbial groups in
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environments sampled for cultivation so far, which is (2) magnified by infrequency
of the scouts; (3) predominance of weeds, either prohibiting or masking the growth
of scouts; and (4) reliance of some species on growth signals.

These explanations may have interesting implications for microbiology and
health sciences, discussed in the next section.

6.3 The Implications of the Scout Model

6.3.1 What can be Domesticated, and How

In Sects. 3 we presented evidence that a large portion of uncultivable species can
be grown in vitro because these species spontaneously domesticate and/or they can
be grown in coculture with helper strains. In Sects. 6.1 and 6.2 we explained these
observations by proposing the scout and signaling growth strategies. An implica-
tion of the model is that natural populations of microorganisms should be expected
to contain, with certain probability, scout cells and cells overproducing the other-
wise essential signaling compounds. Both types of cells are cultivable in vitro, and
so it follows that, in principle, it should be possible to grow a significant number of
novel species only using fairly trivial media. However, as we argue in Sect. 6.2,
calculations based on the likely frequency distribution of species in environmental
samples suggest that the actual odds of getting a significant portion of a sample’s
richness through cultivation are not high. Can these odds be improved?

In several published and unpublished studies, we employed a method of growing
environmental samples in a series of sequential in situ incubations inside diffusion
chambers (or ichips; Sect. 2). Once the grown material was inoculated into standard
Petri dishes, we observed a score of novel species that were not detected by using
more traditional methods. We see this as one example of changing the odds, due to
a cumulative effect of several favorable factors. First, species sampled at the time
they were actually active in situ, might continue their growth in diffusion chambers,
leading to an increase in their biomass. Even if moving them into a Petri dish was
stressful, and killed nondormant cells, or else induced dormancy in active cells,
their larger populations would still produce larger number of scouts, improving the
chances of growing and detecting at least some colonies in vitro. Second, those
species that depend on growth-signaling compounds, whether originating from
their kin or neighboring species, might grow in the chambers because diffusion
provided those compounds during in situ incubation. Several passages through a
number of diffusion chambers would further increase their biomass, thus increasing
the probability of raising a (genetic?) variant independent of the signal. This would
again result in obtaining cultures that might be difficult to isolate by standard meth-
ods. Third, once placed into the diffusion chambers and incubated in situ, some of
the species that were dormant in the sample might find themselves in the vicinity
of a new microenvironment that is conducive of growth. These, too, would exhibit
a better probability of forming a colony in a Petri dish because, by virtue of
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increased cell count, they would produce either more scouts or more signal-
independent cells, or both.

Perhaps there may be other reasons why, once the diffusion chamber-reared cells
are inoculated into traditional media, the subcultured species seem different vis-a-vis
what is obtained by standard approaches. Irrespective of what constitutes unculti-
vability, the empirical observation remains that one to several rounds of sample
incubation in the diffusion chamber helps recovering novel species. Therefore, the
method of sequential incubation in diffusion chambers or ichips, followed by
inoculating their contents into standard Petri dishes, can serve as one method for
accessing (domesticated) microbial novelty.

6.3.2 Scout Model Reinterprets Several Basic Microbiological Concepts

The scout model appears relevant to other microbiological concepts and phenom-
ena. This section will focus on four: microbial growth curve, persister cells, latent
infection, and viable but nonculturable cells.

Microbial growth curve. When a microbial culture grows in a closed system, it
goes through several phases. Buchanan (1918) provided what is likely the earliest
formal description of such phases, of which he recognized seven. Delpy et al.
(1956) distinguished the currently more familiar log-, exponential, stationary, and
death phases. Curiously, the earliest interpretation of the last phase was that total
and viable counts are often inaccurate (Wilson 1922). The more recent interpreta-
tion of death phase is a period when the death rate exceeds the growth rate. This
interpretation creates a rather dreary image of microbial culture in the late station-
ary phase, because of the perceived lack of activity, and predominance of death.

Pioneering works by Kolter’s research group changed that perception (Zambrano
et al. 1993). These works firmly established that at least some cells are actively
multiplying and evolving during the late stationary phase. This leads to the selection
of GASP (growth advantage in stationary phase, Zambrano and Kolter 1996) phenotypes
whose fitness exceeds that of the parental population. Longer-term experiments
showed a continuous evolution of GASP phenotypes, with the progressively increasing
fitness, for a period of at least several weeks (Finkel and Kolter 1999).

This changed the view of late stationary and death phases as dynamic and full
of microbial activities. Curiously though, as evidenced by a few available long-term
experiments, after weeks of decline in the viable cell count and evolution of GASP
phenotypes, this count actually appears to stabilize, and then stay essentially
unchanged for years (Finkel et al. 2000). Note that at this point the initial load of
nutrients is likely to have been exhausted. Why do then these cells not die out, and
instead remain viable for months? Such persistence appears somewhat paradoxical.
Maintaining viability, and capacity to quickly respond to fresh media, implies activity,
and thus a source of energy and nutrients, the source supposedly absent at the time.
Dead cells, and nutrients leaking from them, being a good resource for cannibalism
at the time of decreasing cell count (Postgate and Hunter 1962), are unlikely to play
the same role when there is no appreciable decline in the number of viable cells.
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In the end, microbiologists face an empirical observation of a small number of cells
that remain viable under conditions that do not seem to permit such persistence.

We note that such survival appears miraculous only if we habitually view the
situation as static, that is, if we assume it is the same cells that remain viable for
months. The paradox quickly disappears under the scout model, which postulates
two things. First, starting from the onset of unfavorable conditions at the beginning
of the stationary phase, environmental challenges induce some cells into dormancy.
Importantly, the pool of dormant cells remains “invisible” as dormant cells do not
grow, and mere plating cannot distinguish between dead and dormant cells. Second,
the dormant cells stochastically produce scouts. During the first weeks following
the stationary phase, the scouts may be difficult to detect as they are outnumbered
by the cells with GASP phenotypes, but they become more prominent as the viable
count drops further. The scout model predicts that, when the viable cell count drops
to its minimum, and remains at this level for an extended period of time, this viable
count is the count of scouts.

Scouts are active cells. They will not maintain their activity for long under severe
starvation. During their lifespan, however, they remain viable and will form colonies
if plated. The balance between the rate of the scouts appearance and disappearance,
due to their random reawakening and death, then determines how many active, viable
cells would be present in the culture at any given time. If the rate of scout formation
is low (e.g., 0.1-1% per day; see our hypothesis in Sect. 6.2), it will take months to
significantly impact the number of dormant cells, and by extension the absolute
number of scouts. Therefore, for months there will be little decline in the count of
viable cells in the culture, in accordance with the empirical observations. The model
does not ascribe any inexplicable properties to the cells miraculously surviving dur-
ing these months, but rather reassigns the function of survival to invisible dormant
cells. Dormancy explains how population survives in the absence of energy and
nutrients; spontaneously formed scouts explain why the viable count is not zero. The
scout model thus offers a dynamic interpretation of the microbial growth curve at its
later stages, when only a few viable cells remain. Like the GASP phenomenon, that
changed how both the stationary phase and the first weeks following it are perceived,
the scout model portrays the later stages as a dynamic state of a balance between
stochastic awakening of scouts, and their death.

Persister cells. The scout model offers a new perspective on the nature of per-
sister cells, defined as a small percentage of cells that remain viable after exposure
to a high dose of antibiotic (see Lewis, “Persisters, Biofilms, and the Problem of
Cultivability” in this volume for a detailed treatment of persistence). The previous
theories proposed that persister cells survive the antibiotic challenge because they
are specialized dormant cells that preexist in microbial populations. After removal
of the antibiotic challenge, the persisters grow and form visible colonies (indeed,
this is how they were initially discovered and how they are detected and counted
today). We note that this definition appears to be somewhat contradictory. Indeed,
the initial designation of persisters as dormant cells preexisting in the growing
culture implied that they did not grow in this culture, that is, did not respond to
fresh nutrients. Yet after the antibiotic challenge the very same cells supposedly do
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respond to the same medium, and grow. It is not clear how a persister cell can be
dormant enough to not grow in the presence of nutrients, remain dormant during
the antibiotic challenge (and thus survive it), and then, once the challenge has been
removed, suddenly become active enough to form colonies. The scout model
resolves this apparent paradox, with important implications. The model suggests the
following hypothetical scenario.

A growing culture does indeed contain dormant cells that originated in the previ-
ous growth cycle, but they may be much more numerous than the current theories
suggest. These dormant cells would continuously produce scouts, randomly appear-
ing before, during, as well as after the antibiotic challenge. Scouts formed before the
challenge would not be detectable because they are outnumbered by other cells grow-
ing at the time. However, they are easily detectable after the antibiotic has killed these
growing cells. The model proposes that what today are called “persisters” are in fact
scouts, which are no more than a manifestation of a much larger population of dor-
mant cells, all of which survived the antibiotic challenge. Because of that, it seems
more appropriate to apply the term persisters to the dormant cells, not the scouts they
produce. The dormant cells would not grow in the Petri dish, which makes them
indistinguishable from dead cells, and this is why they might have been missed by
researchers. What the researchers empirically observed in the Petri dish is but a small
fraction of this population, i.e., the scouts. The size of this fraction is the result of
dynamic balance between the rate of scout formation, and their death.

In summary, the scout model reassigns the role of persisters to the cells that are
nongrowing, not detectable by traditional methods, and typically ignored in scien-
tific studies. This is not an argument of mere semantics, for it has important rami-
fications for current models and research strategies. For example, if what are today
called persisters are indeed scouts, then they are typical active cells, and as such
may not be particularly informative of the origin of antimicrobial tolerance, as is
now supposed, because they (1) represent only a fraction of the real persisters, and
(2) have actually existed in the very state that provided for their survival. Instead,
the key to understanding the nature of the phenomenon of persistence may be in the
processes of initiation and maintenance of dormancy, and in the stochastic exit from
this state.

VBNC cells. The concept of the VBNC state was introduced in Sect. 6.1 (see
also Colwell, “Viable but Not Cultivable Bacteria” in this volume). Apparently
synonymous to dormancy, the VBNC state remains a hypothesis. It was repeatedly
challenged by others (Bogosian et al. 1998; Bogosian and Bourneuf 2001; Nystrom
2003), who suggested that VBNC cells did not exist, and were dead — or injured
beyond repair — cells. The main rationale for this alternative interpretation was that
the proponents of the VBNC idea were not able to unequivocally show the process
of VBNC revival. Hard evidence for the latter proved difficult to produce. One chal-
lenge appeared to be in that all populations, claimed to be in the VBNC state,
contained a small but relentless fraction of cultivable cells. The common view is
that these cells confuse the picture by making it difficult to differentiate between
the revival of VBNC cells, and a trivial regrowth of a few remaining viable cells.
The scout model offers a different perspective on the process of revival and the
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challenges in detecting it. The model views VBNC cells as the equivalent of the
model’s dormant cells. If so, then the cultivable fraction of cells, which the VBNC
researchers found so troublesome, are scouts. Rather than confusing the picture,
this fraction might have been, somewhat ironically, the very evidence of the revival
these researchers tried to prove. Is the revival of VBNC cells possible beyond the
scouts they produce? The signaling scout model (Fig. 7b) suggests a positive
answer: the majority of VBNC could be revived by exposing them to helpers, such
as, for example, a growing population of the kin. Literature contains evidence that
such induction may be possible in at least one of the model organisms in VBNC
research, Salmonella (Santo Domingo et al. 2000). Our successful attempts to
induce growth of MSC33 by application of the spent medium of MSC33c and other
unrelated species (Sects 3.2, 4; Nichols et al. 2008) provide further experimental
support for this idea.

Latent infections. Consider a small population of dormant cells of an infectious
agent that escaped both the antibiotic treatment and the host’s immune system. In
Sect. 6.2, we argued that a tiny population of a thousand dormant cells can revive,
via scouts, at any time during several years of dormancy. In the case of a pathogen,
such revival means transformation of a silent infection into an active disease. Under
the scout model, the possibility of such recurrence is determined by a balance
between the formation of the scouts and the ability of the immune system to elimi-
nate their progeny. When the pathogen succeeds, the relapse appears to the observer
as a random event. Note a conspicuous similarity of this to latent tuberculosis.
Interestingly, in the mouse model, reactivation of persistent mycobacteria has been
characterized as ‘““spontaneous” (Stewart et al. 2003). The scout model predicts
precisely this spontaneous reactivation for any pathogen that is reasonably well
shielded from the host’s immune system. While the model cannot predict the spe-
cific individual at risk, it identifies possible weaknesses of the pathogen. If the
molecular mechanism of scout formation were known, one could envision devising
a method of lowering the in vivo frequency of such formation, possibly to the point
of rendering the dormant population harmless. Alternatively, one could eliminate
the bulk of dormant cells by artificially wakening all dormant cells into scouts, fol-
lowed by treatment with the available antimycobacterial drugs, which today mainly
target actively growing cells. Either way, if the scout strategy is an important ele-
ment of microbial survival strategy, its molecular underpinning would appear to be
the mechanism to resolve, leading to better tools for disease control.

7 Conclusions

This work focused on the Great Plate Count Anomaly and attempts to explain it.
On the basis of original and literature data, the chapter introduced a new scout model
of microbial behavior. The behavior is described by periods of activity during favo-
rable conditions, periods of dormancy during environmental challenges, and the
transition between the two that occurs in at least three ways. First is the scout
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scenario, which postulates the random awakening of dormant cells for the purpose
of exploring the environment. If the scout finds the conditions conducive for growth,
it begins dividing and starts a new population. Second, this new population may
produce signaling compounds inducing the remaining dormant cells to grow. Third,
the same induction may be achieved, via cell-cell signaling, through activities of
other, cooccurring (and unrelated) species. We argued that if at least some microbial
species exploited these three strategies in nature, then their growth on standard
media would produce an impression of microbial uncultivability, and thus the Great
Plate Count Anomaly. This model allows us to answer the question with which we
began this work: what does it take to cultivate the “missing” 99% of microbial diver-
sity? Will a simple multiplication of previous cultivation efforts suffice, or is a sig-
nificant change in the cultivation efforts in order? Our conclusion is that the answer
is not a simple “either” — “or”” dichotomy. If the scout/signaling strategies are char-
acteristic of environmental species, we should expect all such microorganisms to
produce — sooner or later — domesticated variants capable of growing in vitro.
However, this does not necessarily mean that “rolling up our sleeves” is a panacea
for bringing all these species into culture. Domesticated variants of uncultivable spe-
cies may be so rare in the standard Petri dish, and/or they may be so well masked by
other species, that the effort required to cultivate the majority of environmental spe-
cies by finding their scouts may make the enterprise unrealistic. To beat the odds,
new alternative cultivation approaches are required that have biases different from
the standard approaches. One such alternative is an in situ incubation of environmen-
tal species inside diffusion chambers, because this seems to increase the probability
of finding domesticated cells of species uncultivable by other methods.

The model’s importance may be in connecting several key microbiological
“dots.” Apart from the Great Plate Count Anomaly, the model reinterprets the
microbial growth curve and events past the late stationary phase, the nature of
“persisters,” and explains latent infections. It suggests that these seemingly unrelated
concepts and phenomena could be viewed as different manifestations of a single
simple cycle: transition from activity to dormancy in response to unfavorable factors,
and back via stochastic awakening into scouts.
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Abstract Metagenomic approaches are transforming studies of diversity and relation-
ships among microbial communities from any source. Catalogs of their genes and
gene clusters can be assembled and compared to provide phylogenetic and bio-
chemical information. Here we review the progress of metagenomic approaches
for the production of novel small molecules from environmental bacteria, be they
cultivable or uncultivable, by means of the isolation and expression of clusters of
genes required for small molecule biosynthesis. In recent years, genetic and techni-
cal advances have permitted the design of numerous vectors and surrogate hosts
that allow the heterologous expression of cloned sequences, and environmental
DNA libraries of large fragments (that may encode entire biosynthetic pathways for
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bioactive small molecules) can be made. Metagenomic cloning is thus a promising
approach for mining the extensive chemical diversity of different microbial popu-
lations, in particular by removing the past constraint of cultivation and allowing
equal access to the large proportion of the community comprising yet uncultivated
members. While the potential is great, there remain many technical barriers and
only a limited number of novel compounds have been obtained. Nonetheless, it can
be expected that the pharmaceutical promise of microbial products can and will be
successfully exploited in coming years.

1 Secondary Metabolites and Antibiotics

1.1 Introduction to Secondary Metabolites

Microbes have an interesting chimeric characteristic. On one hand, they are the root
cause of millennia of morbidity and mortality in human, animal, and plant popula-
tions; on the other hand, they generate the only successful treatments for most of
these diseases. Almost all living organisms (including higher eukaryotes) produce
biologically active small molecules. In the microbial world they are often produced
in late log/stationary phase of growth; hence the name secondary metabolites
(SMs) (Table 1). There is a metabolic transition during bacterial growth when the
common primary metabolites (sugars, amino acids, nucleosides, etc.) are used as
precursors of more complex, modified bioactive compounds. There are millions of
such compounds produced in the microbial world; however, the main interest in
SMs is that a number of them have proven to be powerful antibiotics or possess

Table 1 Some secondary metabolites, their producers, and their biosynthetic gene clusters

Compound Organism Gene cluster ~ References
size (kb)
Gentamicin Micromonospora 35 Unwin et al. (2004)
echinospora
Streptomycin Streptomyces griseus 40 Piepersberg (1994)
Daptomycin Streptomyces roseosporus 55+ Miao et al. (2005)
Erythromycin Aeromicrobium erythraea 55 Brikun et al. (2004)
Chloroeremomycin Amycolatopsis orientalis 72 van Wageningen
et al. (1998)
CDA Streptomyces coelicolor 82 Hojati et al. (2002)
Bleomycin Streptomyces verticillus 85 Du et al. (2000)
Ramoplanin Actinoplanes sp. 88 Farnet et al. (2002)
Avermectin Streptomyces avermitilis 90 Ikeda et al. (1999)
Rifamycin Amycolatopsis mediterranei 90+ August et al. (1998)
Rapamycin Streptomyces hygroscopicus 107 Schwecke

et al. (1995)
Nystatin Streptomyces noursei 123 Brautaset et al. (2000)
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various other therapeutic activities. The antibiotic era began with the discoveries of
Fleming (penicillin) and Waksman (streptomycin) and the enormous therapeutic
success of these antibiotics led to the rapid expansion of the pharmaceutical indus-
try capitalizing on the discovery of not only antibiotics but other novel bioactive
natural products produced by microbes. In a scant half a century, these microbial
products have changed the world. In the year 2004, the world market for antimicro-
bials was upwards of $30 billion (Demain 2000).

The origins and evolution of SMs are not known; suffice it to say that they are
old in an evolutionary sense. The biosynthetic pathways for SMs can be quite com-
plex, involving many different types of molecular transformations. As one example,
the structure of the aminoglycoside antibiotic streptomycin possesses three separate
sugar moieties all derived from D-glucose; it requires some 30 enzymic steps to
achieve these conversions (Piepersberg 1994). The two most common classes of
SMs are the nonribosomal peptides and the polyketides that are the products of
large multienzyme complexes: nonribosomal peptide synthases (NRPS) and
polyketide synthases (PKS) (Strohl 1997). In a single producing strain, these bio-
chemical functions may be juxtaposed to synthesize natural hybrid molecules
involving the connected activity of the different pathways. Host-encoded modifica-
tions of SMs are also found, with suites of enzymes necessary for structural
changes (methylation, epimerization, glycosylation, etc.) that generate many varia-
tions of different bioactive molecules. The diversity of structure and function found
in SMs will continue to be a rich source of pharmaceutically active molecules for
the foreseeable future.

To date, a significant number of microbial genera and strains that produce thera-
peutically useful compounds have been developed for pharmaceutical use. It is
widely appreciated that SMs offer a huge distribution of molecular “space” and
bioactivity and have clearly evolved to be potent bioactive molecules, although it is
not known what the activities are for! Added to this, the natural roles of SMs are not
known, although it has been suggested that many may be important in the cell—cell
signaling necessary to maintain stable microbial communities (Yim et al. 2006b).

1.2  Where Will New Antibiotics Come From?

There is a great need for continuing studies and supplies of new SMs that have the
potential for new applications in various aspects of medicine. The growing threat
of antibiotic-resistant pathogens raises the concern that, without antibiotics active
against these potent infectious agents, the treatment of infectious diseases would
revert to the preantibiotic era. Synthetic compounds (chemical combinatorial librar-
ies) as sources cannot compare with the high levels of specific bioactivity found
with natural products (Verdine 1996). A continuous supply of antibiotics to treat
resistant pathogens, and new drugs to treat cancer, diabetes, cardiovascular, and
increasing numbers of other human diseases is imperative, if current therapeutic
practices are to be maintained. The directed semisynthetic approach has had some
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success but it is often difficult to modify the structures of complex secondary
metabolites, except by arduous synthesis.

Thus it is necessary to expand the search for SMs from different sources.
Therein lies the problem! Given that some 99% of all bacteria are uncultivated, the
vast majority of the microbial producers of bioactive molecules are out of the reach
of traditional isolation technology. In addition, the search for novel microbial drugs
will become increasingly difficult since detection of active compounds may require
new approaches that are more sensitive and not necessarily directed towards any
specific functional assay. What are the possibilities of developing efficient methods
for harvesting novel molecules from organisms that cannot be cultivated in the
laboratory? By what means will it be possible to use molecular genetic approaches
to introduce meaningful structural modifications that improve the biological activ-
ity or pharmacology of existing molecules and to produce new and better drugs?
Natural chemical biology offers many opportunities for small molecule regulation
and modulation of biochemical processes in cells and organisms.

1.3 Microbial Diversity and Metagenomics

The world of microbial diversity presents extreme logistical and technical chal-
lenges, and although the molecular diversity of microbes is a promising field for
research, accessing or mining this world is in its infancy. It is difficult to estimate
the SM potential of any given environment. Bacterial strains of many different
genera have the capacity to produce bioactive small molecules. Of course, not all
the producing organisms are found in the same environment; it has been known for
some time that different soils vary in their content of SM producers. Estimates have
been based on the detectable antibiotic activity of microbial isolates in the labora-
tory, but there are likely a very large number of bioactive SMs in the environment
that are not detected, since effects are concentration dependent, and many SM pro-
ducers would go undetected. Direct chemical methods of screening would be more
instructive but it would be a brave natural product chemist who would attempt to
identify all of the SMs that were made in a single soil sample. In a gram of soil, the
number of bacteria is estimated to be 10°-10'° (Sandaa et al. 1999; Torsvik et al.
1990) depending on the soil, and the number of different taxa varies enormously
with up to 10* g~! from pristine forest soils (Torsvik et al. 1998; Torsvik et al. 1990).
An initial determination of 1.6 x 10* taxa per gram soil in an N-fertilized field
(Sandaa et al. 1999), was increased by more than 100-fold when recalculated to
include rare taxa (Gans et al. 2005). The actinomycetes are recognized as the most
prolific SM producers (Watve et al. 2001), and culturable members of the group
often number 10°-107 cfu per gram of soil. The Streptomyces hygroscopicus group
and its derivatives produce over 500 SMs in laboratory studies (J. Berdy, personal
communication). Genome sequencing has revealed 20 known or proposed SM bio-
synthetic gene clusters in S. coelicolor (Bentley et al. 2002), and 30 clusters in
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S. avermitilis (Ikeda et al. 2003); the clusters in the latter correspond to 6.6% of its
genome. If a typical actinomycete had even 10 such gene clusters, this would sug-
gest that the number of SM biosynthetic pathways in a gram of soil could be
upwards of 10’-108. This ignores the many other prolific SM producers among the
actinobacteria, other Gram-positive bacteria such as the Bacillacaea (Stein 2005),
and the Gram-negative environmental microbes including the Pseudomonads
(Visca et al. 2007) and the Myxococci (Bode et al. 2003; Wenzel et al. 2005). Since
many biosynthetic pathways are cryptic or not expressed under laboratory condi-
tions, their small molecule products are unidentified.

It was Norman Pace and a succession of coworkers who, beginning in the late
1980s, pioneered the approach of analyzing bacterial communities (from soils, hot
springs, and other sources) by isolating total genomic DNA from complex environ-
mental populations (“eDNA”) and cataloging the components, both culturable and
nonculturable. This was the microbial revelation of the twentieth century, since it
demonstrated that bacterial communities are enormously complex and diverse.
Evolutionary trees became jungles and a new era of microbiology was born. This
shot-gun cloning method of examining communities is now known as metagenom-
ics, a term coined by Jo Handelsman of the University of Wisconsin in 1998, as “the
application of modern genomic techniques to the study of microbial organisms
directly in their natural environments, by-passing the need for isolation and labora-
tory cultivation of individual species”. While the original and continuing applica-
tion is the analysis of microbial populations from many different sources for
their diversity of genera, species, subspecies, enzymes, and other characteristics,
investigations of soil, marine, and intestinal populations have revealed many sur-
prises in the past 10 years. The application of metagenomic approaches is the most
likely approach to succeed in rescuing biosynthetic pathways from noncultivatable
organisms in the environment.

It rapidly became apparent that metagenomic approaches could allow the isola-
tion of the genes for novel enzymes from any environment (Daniel 2005; Langer et al.
2006; Lorenz and Eck 2005). It was then proposed that DNA fragments of a size
large enough to encode the production of bioactive small molecules might be attain-
able (Fig. 1). More importantly, if these gene clusters could be expressed in a het-
erologous host, it would provide a direct route to the production of bioactive SMs
such as antibiotics. Thus the entire SM biosynthetic capacity of any environment
would be available for drug screening and discovery. The prospect was very attrac-
tive and several small biotechnology companies were formed with this goal in
mind. Investigations by these groups as well as laboratories in academia over the
last decade have provided useful “range-finding” data to probe how well metagen-
omics could be engaged as a tool in natural product drug discovery. Individual
programs set their own mandates, and bioactivity was generously defined, but many
ideas touching various aspects of the yet-to-be-delineated discovery process were
broached during this exploratory phase. The collective efforts generated some
promising proofs of concept, revealed knowledge and methodology gaps, and
identified some critical areas to improve in this emerging technology.
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Fig. 1 Metagenomic approach to discovery of novel secondary metabolites (SMs). An environ-
mental DNA-based method is not restricted by the ability to isolate and culture microbes, and
allows access to the SM production capabilities of entire microbial communities. For retrieval of
SM biosynthetic pathways, eDNA fragments large enough to contain intact polyketide synthase
(PKS) and nonribosomal peptide synthase (NRPS) or other pathways are cloned into high-
capacity vectors that can be introduced and maintained in tractable surrogate hosts to create libraries.
Expression of the cloned pathways by the host leads to production of SMs that can be identified
when the library is screened for antibiotic activity

2 Early Metagenomic Experiments with Soil DNA
for Drug Discovery

2.1 hsp70, gyrA, Cellulases, and Beyond

The earliest work to follow on the lead provided by the 16S ribosomal gene studies
of Pace and others was confirmation that numerous other useful and novel DNA
sequences were present and could be similarly accessed from microbial communities
in the soil. A phylogenetically diverse clone library of heat shock protein (hsp70)
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gene sequences was amplified from soil eDNA (Yap et al. 1996); a collection of
fragments from unique cellulase genes was likewise obtained (Radomski et al.
1998). Sequences associated with antibiotic resistance or SM biosynthesis were also
identified. New gyrA gene fragments that carried mutations associated with reduced
sensitivity to fluoroquinolones were found in eDNA, raising the interesting possibil-
ity that resistance genes to even synthetic antimicrobials existed among microbial
communities in the environment (Waters and Davies 1997). Waters et al. (1997) used
degenerate primers targeting PKS genes to amplify novel sequences encoding cata-
Iytic domains of these important SM biosynthetic enzymes from eDNA. Other work
showed that small, complete genes from a PKS biosynthetic gene cluster amplified
from soil eDNA could be functionally integrated into a biosynthetic gene cluster to
modify known secondary metabolites (Seow et al. 1997). Determination that the
amplicons from eDNA in that study were all distinct, each tagging a hitherto
unknown pathway, underscored the tremendous possibilities for genetic and chemical
diversity, should the entire pathway be accessible.

2.2 eDNA Libraries and Heterologous Expression

Despite their utility in detecting various genes in eDNA, PCR-based sequence
recovery platforms are limited in diversity by primer specificity, require other meth-
ods to obtain full-length genes, and remain constrained in the size of the DNA
fragments that can be obtained. Libraries of eDNA that could be screened geneti-
cally, functionally, or by both means were recognized at the onset as essential for
finding new biosynthetic pathways. Many studies investigated methods for isolat-
ing eDNA of a purity and size suitable for library construction (e.g., Miller et al.
1999; Robe et al. 2003; Zhou et al. 1996); some were concerned with the question
of whether the recovered eDNA retained a proportional representation of the geno-
types existing in the source environment (e.g., Courtois et al. 2001; Martin-Laurent
et al. 2001). DNA was isolated from bacterial cells lysed in situ (“direct isolation™)
or from cells separated from soil (“indirect isolation”) (Hopkins et al. 1991), cloned
into general utility vectors, and arrayed or pooled. Functional screening was mainly
done in the cloning host, E. coli, and activity was detected using indicator organism
overlays (Rondon et al. 2000).

2.3 Signals, Resistance, Turbomycins, and Terragines

Long-chain N-acyl amino acids (Brady and Clardy 2000, 2005b) that likely have a role
as components of cell signaling and quorum-sensing agents in microbial community
communications were among the first bioactive molecules recovered from expression
of eDNA in E. coli. Although the compounds were previously known, their biosyn-
thetic origin was not. The gene responsible, encoding an N-acyl synthase, was identified
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and sequenced; isolation of other representatives of this gene family from additional
eDNA libraries then allowed assignment of function to an unknown open reading
frame (ORF) annotated in the genome of a cultured bacterium (Brady et al. 2004).
Similarly, a known isocyanide-substituted indole containing compound was isolated
from eDNA by activity screening (Brady and Clardy 2005a); further analysis of the
metagenomic clone led to the recognition of the first isocyanide synthase (Brady and
Clardy 2005c). Other known pigmented compounds or close derivatives thereof with
activity found by screening cloned eDNA against B. subtilis included violacein (Brady
et al. 2001), produced by a four gene biosynthetic pathway similar to that from
Chromobacterium violaceum (August et al. 2000); turbomycins A and B (Gillespie
et al. 2002) as well as turbomycin-like compounds synthesized by eDNA encoded
4-hydroxyphenylpyruvate dioxygenase; and indirubrin (MacNeil et al. 2001).

Functional screens for antibiotic resistance were conducted on the E. coli eDNA
libraries as well. These not only indicated a wide distribution of putative resistance
genes in the environment but also, given the known linkage of resistance with bio-
synthesis genes in antibiotic producers (Seno and Baltz 1989), could indirectly lead
to discovery of new pathways. Fragments of eDNA conferring resistance of E. coli
to kanamycin or other aminoglycosides were identified at low frequencies in several
eDNA libraries (Courtois et al. 2003; Riesenfeld et al. 2004a), but the genes
involved, encoding aminoglycoside modifying or tetracycline efflux proteins, were
unlinked to biosynthetic genes. In the one case studied (Courtois et al. 2003), the
putative resistance gene did not function in S. lividans. This finding, and the low
GC composition of the eDNA sequences, suggested that the resistance genes did
not originate from aminoglycoside producing actinomycete strains.

Other studies, conducted using both E. coli and S. lividans, focused on demon-
strations of heterologous expression of new chemical entities. The terragines (Wang
et al. 2000), the first novel structures obtained by expression of a replicative eDNA
cosmid library in S. lividans, were identified by HPLC analysis of the fermentation
products of 1,000 recombinant strains. Another study with a smaller number of
recombinant S. /ividans, but employing a variety of fermentation media, reported
two new fatty acid dienes (Courtois et al. 2003). These results demonstrated the
possibility, as suggested previously by PCR studies, of using an actinomycete host
for heterologous expression of eDNA.

3 Progress in Cloning SM Biosynthetic Pathways from eDNA

3.1 SM Pathway Focused Model

The organisms best known and studied for antibiotic production are the soil actino-
mycetes. The polyketide and nonribosomal peptide SMs produced by the actinomyc-
etes have been the corner stone of natural product-based drug discovery. Production
of these compounds is encoded by biosynthetic gene clusters that include not only the
large genes encoding the PKS(s) or NRPS(s) enzymes but also a variety of pathway
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specific genes contributing modification, regulatory, and other functions. Recovery of
this type of gene cluster would provide compelling proof of concept that metagenom-
ics could be relied on as a platform for generation of drugs based on new microbially
derived SMs. However, despite success with single genes and small gene clusters
(Brady et al. 2001), and ample demonstration of novel NRPS and PKS gene frag-
ments in the environment (Seow et al. 1997; Waters et al. 1997; Wawrik et al. 2005)
as well as in some eDNA libraries (Courtois et al. 2003; Ginolhac et al. 2004), to date,
no complex biosynthetic gene cluster has been recovered from eDNA.

One reason that eDNA libraries fell short of the target for drug discovery may
be that they were often (intentionally) “general purpose” libraries, insofar as the
vision was to embrace a largesse of diverse uncultivated genomes and exploit them
toward a variety of purposes (Rondon et al. 2000; Schloss and Handelsman 2003;
Streit and Schmitz 2004). One proposed advantage from a drug discovery perspec-
tive is that this offered a greater opportunity to reveal new chemical classes of SM
not derived from typical types of biosynthetic pathways. To enable the generalist
approach, however, source selection and processing, cloning criteria and expression
system, screening platforms and throughput were all areas where compromises were
accepted. The discovery of interesting bioactive SMs that may yet be developed
for new therapies based on modulation of intercellular communication among
bacteria has borne out this hope, but there is still an enormous gulf between the
identification of a natural product that has activity, and one that can be progressed
as a viable lead by the pharmaceutical industry. A more conservative but more
immediately productive path may be to revise the original “all-inclusive” model,
and partition the metagenome to focus on capturing relevant “SM pathway contai-
ning” fractions. In addition, a greater collaboration between technologists and
scientists in other fields who have a complementary focus of interest would be
beneficial. Metagenomics-based technology is continually evolving better strate-
gies and tools for cloning and expressing genes, screening, tracking, analysis and
identification, and taking in new information from other sources. For example,
genome sequencing and SM pathway cloning and characterization studies have
provided a much clearer idea of the abundance of these gene clusters in bacteria,
and their size range (McAlpine et al. 2005; Zazopoulos et al. 2003). Thus, combin-
ing what is known about SM antibiotics and their sources with collective expertise
in metagenomics might more successfully target complex SM biosynthetic pathways
that can be heterologously expressed in a tractable surrogate host.

3.2 “Handicapping” the Metagenome

A metagenomic drug discovery platform expends considerable resources on a sample
comprising very few grams of soil; that sample should therefore be selected with
care! The choices should be based on an integration of all relevant knowledge, tapping
into assessments of target taxa diversity, richness, and representation, and flagged by
genetic screens for the presence of PKS, NRPS, or other expected amplicons; geographic
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as well as seasonal variations in SM producer populations in the communities should
also be a consideration. Guidance from microbial ecologists and microbiologists
with experience in drug discovery would confer a greater degree of sophistication
in identifying quality sources (Horan 1994). Because bacteria are distributed in
microhabitats, and spatial variability is an important consideration, identifying and
pooling a few teaspoons of soil from the best soil horizons or rhizosphere volumes,
for example, would be more efficacious than a shovelful of bulk soil, with respect
to both overall efficiency of eDNA extraction, and resulting concentration of target
eDNA. Pooling dilutes local rarities, but could be used in combination with a vari-
ety of compensatory “enrichment” steps (below); likewise, pooling from different
sources, combined with enrichment processing, would increase the sampling space
for obtaining the desired population. Once the sample is collected, every effort
should be made to sift the microbial community for the taxa of interest. A variety
of selective or nutrient media and conventional microbiology techniques (Kurtboke
et al. 2003; Otoguro et al. 2001; Takahashi and Omura 2003) have been used to
enrich various groups of bacteria in traditional culture-based searches for new anti-
biotic producers; these might be adapted to process soil samples prior to DNA
extraction (Bertrand et al. 2005). For example, to increase the relative proportion of
spore-forming actinomycetes at the expense of other genera, one might incubate the
soil in a selective antibiotic cocktail detrimental to undesirable taxa, dry the soil to
encourage spore formation, and finally extract spores preferentially from the bio-
mass, leaving cells of antibiotic-sensitive, non-spore-forming taxa behind.

The perennial concerns during eDNA isolation include co-purification of humic
substances that inhibit PCR or cloning enzymes, shearing of DNA, and fidelity of
representation. The problem of humic substances, primarily an issue for early
solution-phase isolation methods, is now minimized by a variety of means, including
special gel formulations and electrophoretic systems (Pel et al. 2007; Quaiser et al.
2002). The many studies concerned with methods to purify DNA from soil indicate
that direct isolation results in a higher recovery rate, but the DNA may include
eukaryotic and extracellular DNA (Ogram et al. 1987; Steffan et al. 1988) and will
be more degraded by shearing. In contrast, indirectly extracted DNA (Berry et al.
2003; Nalin et al. 2006), while more laborious in preparation and generally obtained
in lower quantity, tends to be larger in size. The latter is therefore more suitable for
cloning large gene clusters, until new methods are found for isolating high-molecular-
weight DNA by direct extraction. The question of representational bias (Martin-
Laurent et al. 2001) associated with the choice of isolation method is only relevant
insofar as maintaining or enriching the fraction containing the target genomes with
SM gene clusters. Preferential recovery of DNA from GC-rich taxa such as actino-
mycetes during cell lysis by using lysozyme (Treusch et al. 2004) or differential
purification based on GC composition, e.g., with bisbenzimide, may be applied at
later stages of DNA purification. The final purified eDNA need not be “chromosome-
sized”, but only large enough for partial digestion or end-polishing and cloning into
a large capacity vector. A stringent criterion for a minimum insert size in libraries,
however, should be followed. The general-purpose eDNA libraries to date carry
inserts often much below 50 kb (but the occasional heartening giant inserts have
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been noted); small insert size, compared to the size of some known SM biosynthetic
gene clusters (Table 1), can by itself account for the failure of metagenomics to
recover an SM encoded by eDNA. Deliberately added controls, or “spikes”, such as
a known titer of one or more representative marker organisms or some known
DNAs, allow assessment of various stages of eDNA isolation (Frostegard et al.
1999) and library preparation. If the control included a sequenced, screenable SM
biosynthetic pathway, then the entire process, from DNA isolation to SM production
in an expression host, could be systematically monitored and improved.

3.3 Better Vectors

Most of the early screening of metagenomic libraries employed E. coli for expres-
sion. The choice was understandable given the convenience of cloning in E. coli
and the need to examine large numbers of clones, but the chances for success in the
expression of large biosynthetic gene clusters cloned directly from eDNA are slim.
While it has been estimated (Gabor et al. 2004) that 40% of the genes from eDNA
(as represented by 32 sequenced genomes of diverse microorganisms) might func-
tion in E. coli, experience has shown that a good deal of ingenuity in genetic engi-
neering and skill are required to express large SM biosynthetic pathways in E. coli
effectively (Mutka et al. 2006; Pfeifer et al. 2002; Pfeifer et al. 2003). Shuttle vec-
tors and new host strains have now been constructed to redress a lack that may have
contributed to past reliance on E. coli. Use of a shuttle vector is a more efficient
general strategy than genetic screening of a library cloned in a conventional vector
(Ginolhac et al. 2004; Liles et al. 2003) followed by pathway reconstruction (Sosio
et al., 2000), or adjustment of the vector backbone in order to mobilize interesting
clones into another organism; the latter would be impractical if there were many
hits. Commonly used cosmids (Courtois et al. 2003; Miao et al. 2006), P1 or bacte-
rial artificial chromosome (PAC and BAC, respectively) vectors (Martinez et al.
2004; Miao et al. 2005; Sosio et al. 2000), were fitted with markers for selection in
both E. coli and other hosts, an origin of transfer for conjugative mobilization of the
library, and a site-specific integration system from a phage, e.g., ®C31, or plasmid,
e.g., pPSAM?2 (Kuhstoss et al. 1991), to enable the insertion of eDNA into the chro-
mosome of the expression host for stable maintenance. Smaller biosynthetic gene
clusters can be captured in cosmids or fosmids, but multihost BACs provide the
best chance for cloning intact pathways and moving them into a number of back-
grounds with different capabilities for heterologous expression.

3.4 Better Hosts

S. lividans is the most frequently used expression host after E. coli. S. lividans is closely
related to S. coelicolor, a familiar model for studies of development and secondary
metabolism, and for which a genome sequence is available (Bentley et al. 2002).
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Clones from most E. coli strains can be efficiently introduced into S. lividans by
protoplast transformation or high-throughput conjugation (Martinez et al. 2004).
Spontaneous (Hu and Ochi 2001) or engineered (Martinez et al. 2005; Okamoto-
Hosoya et al. 2003) mutants with increased capacity for SM production and strains in
which endogenous pathways (Martinez et al. 2004; Ziermann and Betlach 1999) were
inactivated have been made. The latter reduces possible competition for metabolic
precursors as well as background activity, and may simplify product isolation downstream
(Penn et al. 2006). Interestingly, eDNA that increases production of host secondary
metabolites have been observed (Courtois et al. 2003) (Davies, unpublished), and an
enhanced production mutant was constructed by addition of a regulatory gene, rep,
that originated from an eDNA library (Martinez et al. 2005). A Gram-negative strain,
Pseudomonas putida, has also been improved for heterologous expression by intro-
duction of a chromosomal ®C31 artB site, thereby making it compatible with any
eDNA library built in a @C31-based vector (Martinez et al. 2004).

The development of vectors and hosts should be coordinated with each other as
well as with considerations for other stages of the discovery process. The task of
purifying and characterizing novel SMs often requires improvement of yield from
the producing strain: this involves fermentation optimization but may also include
strain development. The latter typically takes place after a product is recognized to
be of high value and the target parameters are well defined; however, in a metagenomic
discovery platform, strain development should be a component at an early stage, as
the investment could be easily rationalized for facilitating not only library building
and hit detection but also downstream processing and product isolation. Experience
with strains that have been developed for model pathways of various classes provide
a starting point to build on. E. coli strains with potential to express some pathways
could be implemented as the primary cloning host, thereby offering an earlier, more
convenient screening opportunity, and a panel of specialized expression hosts such
as strains of S. lividans, Bacillus subtilis (Doekel et al. 2002; Eppelmann et al.
2001), P. putida and others (Wenzel et al. 2005; Wenzel and Muller 2005) could
complement and enhance this by providing additional screening and production
opportunities. A multiplicity of optimized surrogate expression hosts further raises
the possibility that host-specific biochemical changes may lead to derivatives of the
compound specified by the cloned pathway.

3.5 Library Size

The number of clones needed to capture a complete metagenome in the proverbial
gram of soil has been periodically re-estimated: an early suggestion that 10° BAC-
sized clone (Handelsman et al. 1998) was revised to 10!! (Riesenfeld et al. 2004b) to
include rare taxa. The latter is justified in view of the realization that microbial diver-
sity in soils may be much greater than previously thought (Gans et al. 2005; Neufeld
and Mohn 2005). From the narrower focus of drug discovery, the diversity component
that is most relevant is that of SM biosynthetic pathways. The library size for this
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would be smaller, with the degree depending greatly on the success of upstream target
eDNA enrichment schemes as well as on the effectiveness of downstream processes
to winnow the clones. If greater taxonomic diversity means more clonable pathways,
then the higher estimates of diversity against the same total cell count in a gram of
soil could in effect dereplicate some of the input DNA and have a positive impact on
the construction of eDNA libraries. The same corollary would apply to estimates of
the number clones needed to find a previously undiscovered antibiotic biosynthetic
gene cluster (Baltz 2007). The most recent eDNA libraries, described in gigabases of
eDNA, are already larger (Williamson et al. 2005), in keeping with the need to move
to a scale that is more commensurate with the goals.

3.6 Updated Screening

The typical process for identifying bioactive SMs consists of growing microbes in
batch (flask) fermentations in multiple conditions and nutrients, followed by expo-
sure of whole or clarified broth, or extracts thereof, to various activity screens, and
then chemical analysis and dereplication of hits. When activity was determined
using susceptible strains, essentially all cellular targets are evaluated at once and
penetration and in vivo activity are confirmed. This was supplanted by high-through-
put, target-based (in vitro) screening for a time, but results to date are less than hoped
for, and interest in the merits of the whole cell methods has revived. In order to proc-
ess the enormous number of recombinants from expression libraries, the return to
whole-cell screening must be updated to include automated procedures. New pro-
tocols could take advantage of concepts, instrumentation, and methods devised for
target-based screening to achieve the requisite level of throughput.

Encapsulation of bacteria in alginate beads has been used as a scaled-down
method for growing both natural (Zengler et al. 2002) and recombinant strains for
screening (Silva et al. 2001); screens might be designed to use fluorescence-
activated cell sorting in selected circumstances (Short 2000; Short and Keller 2004;
Yun and Ryu 2005). Microfermentation in beads, coupled with bioactivity assays
against an engineered test strain carrying multiple resistance genes against common
known antibiotics is already the basis of a screen with a throughput of millions of
natural strains per year (Baker et al. 2007; Baltz 2006).

The full potential of metagenomic production of SM can only be realized with
the means for broad screening for bioactivity. The relationship between structure
and activity of SMs is poorly understood; e.g., an antibiotic structure may be modi-
fied but a novel antitumour or cardiovascular activity may result, and quorum-
sensing type molecules were not conceived of as antibiotics, until they emerged
from a screen for bacteriocidality (Brady and Clardy 2005). An interesting system,
designated METREX, consists of an expression host carrying a GFP reporter sensi-
tive to compounds that induce quorum sensing; expression of eDNA library clones
encoding genes for synthesis of bioactive small molecules that induced the reporter
could then be isolated by fluorescence (Williamson et al. 2005). Development of
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other systems with new selective, specific, and sensitive testers (Yim et al. 2006a)
plus high-throughput platforms are needed to provide options that fully exploit the
potential within metagenomic libraries.

A preliminary report (Coeffet-LeGal et al. 2001) of shuttle cosmid libraries
containing bacteria enriched from forest soils incorporated several of the above
ideas. Spores were preferentially extracted from dried soil and incubated briefly in
a liquid culture favoring actinomycetes; DNA was extracted, determined to be
enriched for high GC eDNA by denaturing gradient gel electrophoresis, and
archived into cosmid libraries; random library clones were then confirmed to
be GC rich by restriction digestion. DNA from the estimated 4 x 10* member
library (1.6 Gb equivalent) was collected from E. coli, the cloning host, pooled,
and, after sucrose gradient purification to ensure collection of the largest DNAs,
introduced into S. lividans by transformation and integration at the ®C31 site.
Spores from recombinants were encapsulated in alginate beads for fermentation
and 14 of 2.4 x 10° derivatives were active when tested against S. aureus. Key ben-
efits of this approach were that strains could be recovered from the alginate for
further studies, and that the expression library could be fermented under a variety
of other nutrient and environmental conditions and tested against more than one
organism. Provided that scale-up fermentations reproduce the activities observed
initially, the output from a metagenomic expression library of eDNA can then be
segued into an existing natural product discovery pipeline, integrating with all of
the optimized processes therein.

4 Conclusion

Attempting to develop a new paradigm for SM drug discovery, while at the same
time trying to comprehend the still-unfolding enormity of the metagenomic world
and to grasp it with a common set of tools, was an ambitious undertaking, and the
successful cloning and expressing of complex biosynthetic gene clusters from
eDNA is far from routine. The body of work to date has principally been exploratory,
but each investigation had added to the sophistication of understanding and built up
the toolbox needed to undertake the challenge properly. The technical elements
in isolation of high-molecular-weight eDNA and the cloning of large fragments into
second generation multihost shuttle vectors are basically worked out, and some
high-throughput methods, e.g., microfermentation, coupled with more sophisticated
screening systems are also in place. Expression of eDNA will be a critical area to
develop in the near future, and generation of tractable hosts with enhanced expres-
sion capability is a good beginning. The production of new compounds or new
activities, some from a combination of host-encoded and library-encoded functions,
from the early eDNA libraries indicate that the principles of gaining access to
uncultivable organisms via metagenomics are sound (Clardy et al. 2006); however,
it is necessary to devise more dedicated strategies and integrated workflows, in
order to progress to the next level of the technology and to work with complex SM
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biosynthetic pathways. The search for validation of soil metagenomic cloning in the
near future could well be the successful cloning of one of the simpler NRPS- or
PKS-derived molecules.

eDNA containing whole or partial pathways can in addition be applied to the
following aspects of natural product discovery:

(a) Modification of existing pathways

(b) Yield improvement

(c) Structure modification

(d) Hybrid (combinatorial) pathways

(e) Reconstruction of complex biochemical pathways

(f) Novel modifications of existing structures

(g) Identification of resistance mechanisms

(h) Generation of analog families around core molecules

These objectives are all achievable through the successful application of metagen-
omics to single organisms, to mixtures of organisms (natural or designed) in vivo,
or by extracellular manipulation.

To sum up, metagenomics is a powerful tool that is already having an enormous
impact on the cataloging and analysis of microbial populations and in the foreseeable
future will likely provide an inventory of the microbial population of the biosphere and
help elucidate the structures of microbial communities. Whether this technique will be
applicable to the intriguing problem of characterizing their communication networks
and the natural roles of many millions of SMs remains to be seen. With the recognition
of even greater metabolic diversity among terrestrial and marine microbes (Cavicchioli
et al. 2007; Venter et al. 2004; Ward and Bora 2006), achievement of a robust metage-
nomic approach to isolate the biosynthetic pathways of complex molecules in both
cultivable and noncultivable microbes and to manipulate them in more “friendly” hosts
will contribute a revolutionary and powerful technology to natural-product drug dis-
covery and modification. The resulting pharmacopeia can be expected to revolutionize
medicine in the same way that antibiotics did in the past half century.
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Abstract The majority of bacterial species in the environment remain uncultured,
and accumulating evidence suggests that this cannot be explained by inadequate
nutrient supply. Good recovery of environmental bacteria can be obtained by culti-
vation in situ in diffusion chambers, and this produces “domesticated” variants that
can subsequently grow on synthetic media on Petri dishes. In many cases, growth
of otherwise unculturable bacteria is observed on rich media in the presence of a
cultivable helper organism. In the marine sediment environment, a considerable
part of these uncultivable bacteria are found to depend on siderophores produced
by their neighbors. The absence of an ability to induce the synthesis of their own
siderophores when iron levels drop is puzzling. It seems that these observations
point to a signaling mechanism for uncultivability — most bacterial species evolved
to grow only in a familiar environment. The default mode of most bacterial life
is then dormancy, and growth factors are required for resuscitation. The adaptive
advantage of such a strategy may stem from the fact that rapidly propagating bacteria
are highly vulnerable to toxic factors such as unfamiliar antibiotics. By contrast,
dormant cells are tolerant to antibiotics. This is exemplified by specialized dormant
persister cells which are formed in all studied cultivable bacteria. In organisms such
as E. coli or P. aeruginosa, persisters are formed stochastically and make up a small
part of the population. It is possible that in the absence of a growth factor, uncultur-
able species enter en mass into a persister state.
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The list of unsolved problems in microbiology is short, and is topped by bacterial
uncultivability:

¢ Unculturable bacteria ~1,900

¢ Persistent infections, tuberculosis ~1,900
e Persistence/multidrug tolerance 1,944

e Biofilm drug tolerance ~ 1,980

It seems that these apparently different phenomena studied by unrelated fields
actually share a single underlying cause — the ability of bacteria to enter into a
dormant state. This hypothesis will be critically examined in the present chapter.

Unculturable bacteria. Perhaps the greatest mystery in microbiology is that of
“unculturable” bacteria. More than 99% of all species present in the environment
refuse to grow on perfectly nutritious media in the lab. This defies our everyday
experience with bacteria, which grow everywhere and contaminate everything and
does not seem to make sense. Yet the “weeds” that we are so familiar with appear
to be the rare exceptions to the common rule of unculturability. Let us start by
examining the evidence.

The basic observation of unculturability is straightforward and is taught in some
microbiology lab courses — an environmental sample such as soil is mixed with
water and the concentration of bacterial cells is determined by microscopy count
(usually with a fluorescent die), and by plating on a nutrient medium and counting
the colonies. The results of this experiment, dating back more than 70 years
(Butkevich 1932), is “The Great Plate Count Anomaly” (Staley and Konopka 1985)
— the concentration of cells counted under the microscope is roughly 100 times
higher than the estimate based on counting colonies. The majority of cells in the
sample, therefore, do not grow into colonies.

Studies of environmental 16S rDNA showed that the anomaly is more than a gap
in the total cell count — more than 99% of species from various environments are
“unculturable” (Barer and Harwood 1999; Colwell and Grimes 2000; Giovannoni
2000; Grimes et al. 2000; Stackebrandt and Embley 2000). Uncultured organisms
can be found in nearly every group within the Bacteria and Archaea, and several
groups at the division level have been identified with no known cultivable repre-
sentatives (Giovannoni et al. 1990; Torsvik et al. 1990; Ward et al. 1990; DeLong
1992; Fuhrman et al. 1992; Liesack and Stackebrandt 1992; Barns et al. 1994,
Hugenholtz et al. 1998; Ravenschlag et al. 1999; Dojka et al. 2000; Rappe and
Giovannoni 2003). We do not know the number of microbial species on this planet,
but it is high, probably in the millions (Tiedje 1994; Allsopp et al. 1995). A single
gram of soil contains about 10,000 bacterial species (Torsvik et al. 1990), and the
estimate for a ton of soil is 4 x 10° species (Curtis et al. 2002). It is interesting to
note that the estimated number of species increases (exponentially?) with time, and
the latest calculations suggest 107 in a gram (rather than a ton) of soil (Gans et al.
2005). Up to 50% of the human oral microflora is unculturable (de Lillo et al. 2004;
Munson et al. 2004), and 60—80% of the diverse gut flora consists of uncultivable
species (Park et al. 2005). Unculturables seem to be thriving, but not on our Petri
dishes. Popular explanations for the apparent uncultivability include very slow
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growth or a need for some unique nutrients (Rappe and Giovannoni 2003). While
longer cultivation of environmental samples will somewhat increase the number of
colonies on a Petri dish, patience alone has not been able to solve the problem of
unculturability. The idea that unculturables require some special nutrients is hardly
realistic. This would suggest that the majority of species choose not to use the most
common compounds present in their environment — sugars and amino acids.
The entire metabolic map is probably present in the conventional LB medium. It is
important to stress that unculturable bacteria are found among all groups, including
Pseudomonads and Actinomycetes famous for their metabolic versatility. One is
forced to search for a nonobvious cause of uncultivability.

Recent research provides us with some important insights into the problem. A general
method to grow unculturable bacteria from a variety of environments has been described
(Kaeberlein et al. 2002; Lewis et al. 2002). The basic idea is to grow cells in their natural
environment. Cells are taken from an environment such as marine sediment, diluted,
mixed with agar, and sandwiched between two semipermeable membranes of a diffu-
sion chamber. The chamber is then placed back in the same environment the sample
came from, such as the sediment surface of a marine aquarium. The chamber permits
the free diffusion of nutrients and other substances, while restricting the penetration of
cells. After 1-2 weeks of incubation, colonies appear in the chamber. It is important to
stress that simply placing a chamber in marine water or “dead” sediment does not work
— the presence of an active sediment microbial community is essential. At the same
time, placing a sample from the water column in marine water works, and resulted in
the cultivation and sequencing of Pelagibacter ubique, the first representative of uncul-
turable bacterial domain SAR11 and one of the most common marine bacteria previ-
ously known only by its 16S signature (Connon and Giovannoni 2002; Rappe et al.
2002; Zengler et al. 2002; Giovannoni et al. 2005). Similar success by growing in the
environment has been reported for soil organisms — substantial recovery has been
reported by inoculating a soil sample on the surface of a filter placed on top of the soil.
This approach resulted in the growth of a representative of a highly diverse, but previ-
ously unculturable domain TM7 (Ferrari et al. 2005).

The marine sediment is very rich in organisms (10° cells g!, similar to soil
(Epstein 1997)), but the recovery by standard cultivation methods is unusually poor
(0.01-0.05%) (Llobet-Brossa et al. 1998; Cifuentes et al. 2000). This makes the
sediment an ideal environment to work with unculturables because of the very low
background of weeds. The diffusion chamber method improved the recovery ~300-
fold. It follows from the above experiments that unculturables do grow rapidly in
their natural environment. But why not on a Petri dish? We noticed that uncultur-
able organisms will readily grow on nutrient medium on a Petri dish in vitro in the
presence of other species from the same environment (Kaeberlein et al. 2002). This
observation suggests that growth depends on substances (signals?) that indicate the
presence of a familiar environment.

In a targeted approach to search for possible growth-promoting signals, a number
of unculturable isolates that grow in the presence of a cultivable helper organism
were obtained. It appeared that a simple pairwise reinoculation from a crowded plate
seeded with a marine sediment sample readily leads to the isolation of culturable
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helper organisms that enable the growth, in close proximity, of unculturable bacteria.
A particular pair consisting of a cultivable marine isolate of M. luteus and an uncul-
tivable Colwellia sp. was examined further. The supernatant of M. luteus supported
good growth of Colwellia sp., and a bioassay-driven purification led to the identifi-
cation of a number of siderophores, which proved to be responsible for the growth-
promoting activity (Stewart et al. 2008). Interestingly, these growth experiments
were performed on rich R2A medium optimized for culturing marine bacteria, and
it was additionally supplemented with a mix of vitamins and metals, including iron.
Siderophores increased the total cell count on R2A medium from this environment
by nearly tenfold. It is possible that a mix containing a larger number of siderophores
will improve recovery even more. Siderophores are nutrient-delivery molecules
rather than signals. At the same time, it seems puzzling that a large number of spe-
cies in the marine sediment would lack an ability to induce the production of
siderophores when iron availability drops. Inducible synthesis of siderophores is a
common theme in the microbial world, and it is very “cheap” to maintain inducible
enzymes for siderophore biosynthesis. One interesting possibility is that a lack of
siderophore synthesis genes provides bacteria with an ability to detect a familiar
environment. If the correct siderophores from familiar neighbors are present, then
iron is delivered and growth resumes; otherwise bacteria go into dormancy.
Another useful clue to the nature of uncultivability follows from the observation
that unculturable bacteria can be readily “domesticated” by repeated reinoculation
from chamber to chamber (Bollmann et al. 2007). This process produces readily
cultivable variants. Apparently, the chamber serves as an intermediate between the
natural environment and the Petri dish, selecting for domesticated progeny.
Dormancy — a default mode of bacterial life? The results of the co-culture and
domestication experiments suggest that the majority of bacterial species evolved to
grow in a familiar environment and “choose” not to grow when placed in a foreign
medium. Signals from the familiar environment seem to be necessary to induce
growth. The difference between weeds such as E. coli and P. aeruginosa and uncul-
turables is then not their basic biochemical makeup, but a more sophisticated life
strategy which results in growth arrest/dormancy in an unfamiliar environment.
From this perspective, dormancy may be the default mode of most bacterial life.
In the subsequent sections, we will examine a well-documented case of bacterial
dormancy, formation of persister cells. The ability of all bacterial species studied to
enter a dormant state appears very similar to the growth arrest exhibited by uncultura-
bles in an unfamiliar environment. It is tempting to propose that an essentially similar
dormancy program governs both persister cell formation and unculturability.

1 Discovery of Persister Cells

Persisters were described by Joseph Bigger in 1944 in one of the first studies of
penicillin action (Bigger 1944). Bigger discovered that penicillin lysed a growing
population of Staphylococcus, but plating this transparent solution on nutrient
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medium produced surviving colonies. In order to test whether these were mutants,
the colonies were grown and treated with penicillin, and the new population again
produced a small number of persisters surviving lysis. This experiment was
repeated recently with E. coli as well as several different antibiotics and produced
similar results (Keren et al. 2004a; Wiuff et al. 2005). But for a long time, Bigger’s
work was all but forgotten, a curiosity known to a few microbiologists. Harris
Moyed picked up the problem in the 1980s and undertook a targeted search for
persister genes (Moyed and Bertrand 1983; Moyed and Broderick 1986; Scherrer
and Moyed 1988; Black et al. 1991; Black et al. 1994). He reasoned that treating a
population of E. coli with ampicillin will select for mutants with increased produc-
tion of persisters. After ampicillin application, cells were allowed to recover, and
the enrichment process was repeated. This is different from the conventional selec-
tion for resistant mutants, where cells that can grow in the presence of antibiotic are
favored. After testing for mutants that had the same MIC to ampicillin (thus not
resistant), but survived better, several strains were obtained, and one of them was
used to map the mutation to a hipBA locus. The mutant appeared to carry a mutation
in the hipA gene, and this hipA7 allelic strain was found to make 1% persisters in
exponential cultures, about 1,000 times more than the wild type. Deletion of hipBA
had no apparent effect on persister formation, suggesting that hipA7 mutant (Korch
et al. 2003) produced a pleiotropic artifact. Like Bigger’s work before him, the
studies of Moyed were largely forgotten.

The finding of persisters in biofilms rekindled an interest in this “curiosity”,
which appears to be responsible for a major part of recalcitrant human infectious
diseases. We will summarize here what we currently know about the biology of
persisters, and a more detailed account can be found in (Lewis 2007). But first, let
us consider the difference between resistance of regular cells and drug tolerance of
persisters. This will provide a useful framework for the subsequent discussion of
persisters and their properties.

2 Biofilms and Persister Revival

Most bacterial species in the environment probably exist in the form of biofilms,
bacterial communities that settle on a surface, and are covered by an exopolymer
matrix (Costerton et al. 1995). Biofilms formed by pathogens are a major component
of infectious diseases.

According to the Centers for Disease Control and Prevention (CDC), 65% of all
infections in the developed countries are caused by biofilms, (Hall-Stoodley et al.
2004). These include common diseases such as child middle ear infection and
gingivitis; infections of all known indwelling devices such as catheters, orthopedic
prostheses, and heart valves; and the incurable disease of cystic fibrosis. Biofilms
are produced by most if not all pathogens. Pseudomonas aeruginosa causing an
incurable infection in cystic fibrosis patients (Singh et al. 2000) and Staphylococcus
aureus and Staphylococcus epidermidis infecting indwelling devices (Mack et al. 2004)
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are probably the best-known biofilm-producing organisms. Biofilm infections are
highly recalcitrant to antibiotic treatment. However, planktonic cells derived from
these biofilms are in most cases fully susceptible to antibiotics. Importantly, bio-
films do not actually grow in the presence of elevated levels of antibiotics, meaning
they do not exhibit increased resistance as compared to planktonic cells (Lewis
2001a). But if biofilms are not resistant, how do they resist being killed? Biofilm
resistance to killing has been one of the more elusive problems in microbiology, but
the analysis of a simple dose—response experiment provided an unexpected insight
into the puzzle (Brooun et al. 2000; Lewis 2001a; Spoering and Lewis 2001).

Most of the cells in a biofilm actually appear to be highly susceptible to a bac-
tericidal agent such as a fluoroquinolone antibiotic or metal oxyanions, which can
kill both rapidly dividing and slow- or nongrowing cells (Spoering and Lewis 2001;
Harrison et al. 2005a; Harrison et al. 2005b) (Fig. 1). This is important, since cells
in the biofilm are slow growing, and many are probably in stationary state. The
experiment also revealed a small subpopulation of cells that remain alive irrespec-
tive of the concentration of the antibiotic. The level of these surviving persisters
was even greater in the nongrowing stationary population. In a test tube, a station-
ary culture appears more tolerant than the biofilm. However, this situation is likely
reversed in vivo. Antibiotic treatment will eliminate the bulk of both biofilm and
planktonic cells, leaving intact persisters. At this point, the similarity with an in
vitro experiment probably ends. The immune system will be able to mop up
remaining planktonic persisters, just as it eliminates nongrowing cells of a popula-
tion treated with a bacteriostatic antibiotic (Fig. 2). However, the biofilm matrix
protects against immune cells (Leid et al. 2002; Jesaitis et al. 2003; Vuong et al.
2004), and its persisters will survive. After antibiotic concentration drops, persisters
will repopulate the biofilm, which will shed off new planktonic cells, producing the
relapsing biofilm infection (Lewis 2001a). The problem of biofilm resistance to
“everything” largely defaults to understanding persisters.
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Fig. 1 Killing of logarithmic-phase, stationary-phase, and biofilm cultures of P. aeruginosa by
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The significance of persisters in sustaining a drug-tolerant infection rekindled
the interest in this “curiosity”.

In search of the mechanism of persister formation. Identification of the mecha-
nism of persister formation presents a formidable challenge because of an apparent
redundancy of persister genes. Thus, attempts to identify persister genes by screening
transposon insertion libraries for either increased or decreased survival to antibiotics
were not successful (Hu and Coates 2005; Spoering et al. 2006). The problem is
exacerbated by a considerable variation in persister levels in parallel replicates
(Wiuff et al. 2005), which becomes a major obstacle for screening large libraries,
where it is responsible for an unmanageable level of false positives and negatives.
An alternative method is to identify genes by screening/selecting a library cloned
into an expression vector for gain of function. In this case, even a weak contributor
to a multigene function can be identified when overexpressed. However, this
approach is problematic as well, since overproduction of many proteins leads to
misfolded toxic products that can stop cell growth and will create an artifact emu-
lating a dormant state, as discussed above. It appears that standard approaches of
molecular genetics are poorly suited to search for persister genes, which probably
explains the slow pace of discovery in this area.

Another barrier to discovery has been a lack of approaches to isolate persister
cells. The first method to isolate persisters was recently reported, based on simply
sedimenting surviving cells from a culture lysed by ampicillin (Keren et al. 2004b).
This method has its limitations — it requires a rapidly growing culture for ampicillin
to lyse it, and the fraction of persisters in such a population is small, ~10-5. In E. coli,
this necessitated the use of a hipA7 strain overproducing persisters. In addition, these
persisters are exposed to an antibiotic. These limitations notwithstanding, enough
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cells were collected to obtain a gene expression profile. The profile showed down-
regulation of proteins involved in energy production and nonessential functions such
as flagellar synthesis, suggesting that persisters are dormant cells. This is consistent
with the finding that persisters formed by a hipA7 (high persistence) strain of E. coli
are nongrowing (or slow growing) cells (Balaban et al. 2004). The profile also pointed
to proteins that may be responsible for dormancy — RMF, a stationary state inhibitor
of translation (Yoshida et al. 2002), SulA, an inhibitor of septation (Walker 1996), and
toxin—antitoxin (TA) module elements RelBE, DinlJ, and MazEF (Christensen and
Gerdes 2003; Christensen et al. 2003). Homologs of TA modules are found on plas-
mids, where they constitute a maintenance mechanism (Hayes 2003). Typically, the
toxin is a protein that inhibits an important cellular function such as translation or
replication, and forms an inactive complex with the antitoxin. The toxin is stable,
while the antitoxin is degradable. If a daughter cell does not receive a plasmid after
segregation, the antitoxin level decreases owing to proteolysis, leaving a toxin that
either kills the cell or inhibits propagation. TA modules are also commonly found on
bacterial chromosomes, but their role is largely unknown. MazEF was proposed to
serve as a programmed cell death mechanism (Sat et al. 2001). However, it was
reported recently that MazF and an unrelated toxin RelE do not actually kill cells, but
induce stasis by inhibiting translation, a condition that can be reversed by expression
of corresponding antitoxins (Pedersen et al. 2002; Christensen et al. 2003).

Expression of RelE, a “toxin” that causes reversible stasis by inhibiting cleaving
mRNA and inhibiting translation, strongly increased tolerance to antibiotics (Keren
et al. 2004b). Expression of a toxin HipA increased tolerance as well (Falla and
Chopra 1998; Correia et al. 2006; Korch and Hill 2006; Vazquez-Laslop et al.
2006). Interestingly, a bioinformatics analysis indicates that HipA is a member of
the Tor family of kinases, which have been extensively studied in eukaryotes
(Schmelzle and Hall 2000), but have not been previously identified in bacteria.
HipA is indeed a kinase and it autophosphorylates on ser150, and site-directed
mutagenesis replacing it or other conserved amino acids in the catalytic and Mg?*-
binding sites abolishes its ability to stop cell growth and confer drug tolerance
(Correia et al. 2006). Knowing that HipA is a kinase provides an additional tool to
search for the target, which is yet to be identified.

Deletion of potential candidates of persister genes noted above does not produce
a discernible phenotype affecting persister production, possibly because of the high
degree of redundancy of these elements. In E. coli, there are at least 10 toxin—
antitoxin (TA) modules, and in M. tuberculosis more than 60 (Gerdes et al. 2005).

Several independent lines of evidence point to persister dormancy — lack of
growth in the presence of antibiotics (by contrast to resistant mutants), downregula-
tion of biosynthetic pathways, and an elegant demonstration of slow/no growth in
persisters formed by the E. coli hipA7 strain (Balaban et al. 2004). In the latter
study, cells were placed in troughs of a multichannel chip, which restricts mobility
and allows simultaneous videotaping of growth and division of many individual
cells in the channels. The device also allowed flushing the medium, and application
of ampicillin-caused lysis of cells. However, cells that did not lyse were those that
had little growth preceding the application of ampicillin.
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On the basis of these data, we reasoned that dormancy may be used to physically
sort naive persister cells from a wild-type population (Shah et al. 2006). Dormancy
implies low levels of translation, which can then enable differential sorting based on
expression of a detectable protein. In E. coli ASV, a degradable GFP is inserted into
the chromosome in the 1 attachment site and expressed from the ribosomal rrnBP1
promoter, the activity of which is proportional to the rate of cell growth (Fig. 3). The
half-life of degradable GFP is less than 1 h, and it should be effectively cleared from
dormant cells. This would then enable sorting of dim persister cells. A logarithmically
growing population of E. coli ASV was sorted with a high-speed cell sorter using
forward light scatter, which allows detection of particles based on size. This enabled
detection of cells irrespective of their level of fluorescence. Sorting by fluorescence
showed that the population consisted of two strikingly different types of cells — a bright
majority, and a small subpopulation of cells with no detectable fluorescence (Fig. 3).
Fluorescent microscopy confirmed that the sorted bright cells were indeed bright
green, while the dim ones had no detectable fluorescence. The dim cells were also
smaller than the fluorescent cells, and in this regard resembled stationary-state cells.
Sorted dim cells were exposed to a high level of ofloxacin, which rapidly kills both
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Fig. 3 Sorting of E. coli persister cells from a growing population. Cells carrying a degradable
GFP under the control of a ribosomal promoter whose activity is proportional to the rate of growth
were sorted, and the dim and bright cells were then exposed to an antibiotic to test their tolerance
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growing and nongrowing normal cells, but has no effect on persisters. The majority of
this subpopulation survived, as compared to a drastic drop in viability of the sorted
bright cells. This experiment showed that the sorted dim cells are dormant persisters.

The sorting method provides a general approach to obtaining naive persisters
from a wild-type population of any species. These cells can then be used to obtain
an expression profile and to study a variety of functions by biochemical methods.

Knowing that persisters are dormant cells bolsters the case for TA module
involvement in persister formation. Indeed, TAs seem to be ideally suited for the
task. Reversible action of “toxins” such as RelE and MazF, inhibition of important
cellular functions by toxins capable of creating a dormant state, and the presence of
TA modules in the chromosomes of all known free-living bacteria makes them
attractive candidates for persister genes.

The multitude of proteins that can induce multidrug tolerance is reminiscent of the
many MDR pumps responsible for multidrug resistance (MDR). P. aeruginosa, for
example, contains genes coding for 15 MDR pumps belonging to the resistance-
nodulation-cell division (RND) family alone, of which a single one, MexAb-OprM, is
expressed at a high level under laboratory conditions (Li et al. 1995). Knockouts of most
MDR genes produce no phenotype, while their overexpression produces a functional
MDR pump (Lewis 2001b). It appears that microbial populations have evolved two com-
plementary and highly redundant strategies to protect themselves from antimicrobials —
multidrug efflux; and when this fails, multidrug tolerance of persister cells.

Persistence and uncultivability. What could be the downside of not growing in
an otherwise nutritious, but unfamiliar, environment? A key to a possible solution
to this problem lies in the simple fact that bacteria are most vulnerable to noxious
factors when they rapidly divide. Thus a cell dividing in an unfamiliar but nutrient-
rich environment exposes itself to an uncertain faith of being killed by an unfamil-
iar antibiotic to which it has no resistance. Similar to dormant persisters, cells of a
dormant unculturable species would be well protected in an unfamiliar environ-
ment. Specific factors seem to be required for the growth of unculturables. Such a
strategy is actually similar to the one used in the ultimate form of dormancy —
spores of cultivable organisms whose germination strongly depends on environ-
mental conditions. Spores will germinate on almost any medium that supports the
growth of vegetative cells, but the efficiency of the process depends strongly on the
presence of germination factors. For example, B. subtilis has a special receptor that
detects the presence of the germination factor I-alanine (Setlow 2003). Unculturable
bacteria seem to have taken this strategy one step further and developed a stringent
requirement for cues that indicate the presence of a familiar environment in which
they will commit to division. In the absence of such cues, they stay dormant.
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Abstract Cultivating microbes is enough of a challenge when one knows they are
there: the microbial world is rife with examples of bugs that are clearly growing in
nature, yet seem to be uncultivable despite our best efforts. While many of these
clearly cultivable “uncultivables” defy our efforts, as a group these microbes may
provide some valuable clues and lessons for those who would venture into the
world of the search for extraterrestrial life. That is to say, careful consideration of
how one might recognize and/or cultivate ET organisms might yield some insights
into the more realistic question of how to find and cultivate life in earthly habitats
— after all, our ability to cultivate microbes that we can clearly see are capable of
growth has been disappointing to say the least. Thus, an open-minded approach to
why our own earthly efforts have yielded such limited success might well be used
to formulate a strategy for the cultivation of ET life, and perhaps more importantly,
to improve our efforts to cultivate life from our own planet. And incidentally, should
we be so fortunate as to ever obtain uncontaminated extraterrestrial samples, we
will be ready!
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1 Cultivation of Microbes

One of the historical tenets of microbiology has been that the organisms on which
we work should be cultivated and studied as pure cultures. Indeed the proper
description of a new species has traditionally required the inclusion of many properties
that can only be gained by the study of the growing microbe in the laboratory
(Sneath 1992). This being said, we now know that the majority of recognizable
microbes seen microscopically (Whitman et al. 1998) as well as the vast majority
of ribotypes (Olsen et al. 1994; Pace 1997; Woese 2004) seen as molecular signatures
from virtually any environment have not been obtained in pure, or even mixed,
culture. Take for instance the case of the light organ population of bacteria from the
luminous fish Photoblepharon palpabratus, which 1 studied for several years. The
bacteria in the light organ of this fish, which supply the light that it uses for a variety
of purposes (Morin et al. 1975) reach densities of 10° ml~! and have been shown to
be growing very well in situ, with a doubling time of about 10 h (Haygood et al.
1984): like many other such “uncultivable” exosymbionts, they are regularly
expelled from the host to the outside seawater (Nealson et al. 1984). Despite being
obviously cultivable, however, these bacteria have so far defied all efforts to cultivate
them outside their host. In fact, these bacteria, if encountered in a sample of seawater
by a microbiologist, would be placed in the category of uncultivable! One thus
imagines that much of this is a matter of semantics — surely the fish does not regard
them as uncultivable! Such situations are common in symbioses of various kinds,
ranging from gut symbionts in termites (Breznak and Leadbetter 2002; Stingl et al.
2005), to extracellular symbioses of many types, to intracellular insect/microbial
symbioses (O’Neill et al. 1992; Brownlie and O’Neill 2006; Moran and Degnan
2006) and all the way to intracellular organelles like mitochondria and chloroplasts
(Margulis 1981). In addition, there are abundant and complex metabolic symbioses
between microbes, perhaps far more than have been suspected. These range from
the consortia of bacteria and archaea working together for anaerobic methane
oxidation (Boetius et al. 2000), to the recently described Nanoarchaeum symbioti-
cum (Huber et al. 2002; Waters et al. 2003), and the elusive ARMAN:-types: ultrasmall
bugs from acidic environments (Baker et al. 2006) as well as the more common
syntrophic symbioses based on interspecies hydrogen transfer (Fenchel and Finlay
1995; Schink and Stams 2002). What many, perhaps most, seem to have in common
is that they are, by our definition, uncultivable!

But why are so many of our beloved microbes seemingly unwilling to grow for
us? The estimates for the part of the populations that can be cultivated in most
environments range from a few percent to 0.1% or less (Whitman et al. 1998). Perhaps
the conditions are not right — we do not understand their physiology, biochemistry,
or nutrient needs. Perhaps they are lacking a key metabolic partner: i.e., they are
incapable of growing without the specific input (nutrient, trace element, regulatory
element, etc.) of another organism(s). Perhaps they grow extremely slowly, so that
we, in our impatience, incorrectly score them as negatives even though they are in
fact growing. Perhaps under some conditions they slow down their metabolism to
“maintenance” levels — avoiding growth and its complications: patiently waiting for
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things to get better. Of course, it could be a combination of any of the above and to
this end, I will make a speculative proposal later, suggesting that many microbes
prefer to grow slowly, working in consortia to take advantage of limiting resources,
and we as microbiologists have neglected this part of the microbial world at the
expense of the less abundant, but more easily seen, fast-growing phenotypes.
Before that however, let us consider the fundamentals involved.

2  Growth as a Phenotype

How do we score growth? In the world of microbiology, we are spoiled — many of the
organisms we use for teaching, and upon which we work are capable of rapid growth,
and we have developed many techniques for studying this rapid growth via a variety
of approaches (DNA, RNA, protein, total biomass, etc.). While the versatility of these
organisms seems at first glance quite impressive, it is, in fact rather limited: most are
heterotrophs that can utilize a few carbon sources, and even fewer electron acceptors.
Thus, designing a suitable medium for such organisms is, for the most part, not a
daunting task. An energy source to “eat,” an electron acceptor to breathe, a carbon
source to supply the molecular skeletons needed to make a new cell (often the same
as the energy source), and the required nutrients (N, S, P, etc.) usually suffice. As a
measure of success, we visualize a density increase in liquid medium, often indicating
107 (or more) cells per ml. To make it more daunting for the microbes, we may use a
solid medium of agar or some alternative composition (Shungu et al. 1983), hoping
to visualize single colonies of the bugs in question.

Cultivation becomes more challenging as one moves to more limiting, and/or
hostile environments, or does it? In so-called extreme environments, the resident
microbes have exquisitely adapted to the conditions that are sufficiently harsh as to
make it difficult for the nongrowing microbes to “hang around and wait,” and to
some degree, it is a bit easier to coax microbes into the growth phase, as demon-
strated, in our case, by the work of Takai and colleagues (Inagaki et al. 2003, 2004;
Takai et al. 2002, 2003a, b, 2004). Many common microbial habitats have a kind of
extremism I have referred to as “nutritional extremophily” (Nealson 2001; Nealson
and Cox 2002; Nealson et al. 2002; Nealson and Berelson 2003) — favoring
microbes that grow lithotrophically, using a wide range of inorganic electron
donors, autotrophically incorporating CO,, and heterotrophically utilizing a wide
array of organic and inorganic electron acceptors, and phototrophically, utilizing
anoxygenic or oxygenic photosynthesis, or perhaps even rhodopsin-based systems
(Beja et al. 2000; Venter et al. 2004; Sharma et al. 2006; Gomez-Consarnau et al.
2007). Given these differences, plus expected differences in environmental tem-
perature, pH, salinity, one expects that on any one medium, one might allow growth
of only a small percentage of what one sees microscopically, as demonstrated by
the hypothetical situations shown in Table 1, where suggested numbers have been
assigned to each variable. For example, it is proposed that only 10% of the micro-
scopically visible population is able to grow at the temperature chosen for study,
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Table 1 Effect of multiple variables on apparent “cultivability”

Percent of bugs tolerant of a given = Cumulative percentage of

Variable range for the variable* “cultivable” bugs
Temperature 10 (50) 10 (50)

Salinity 20 (50) 2 (25)

pH 20 (50) 0.4 (12.5)

C — source 10 (50) 0.04 (6.25)
Electron acceptor 50 (50) 0.02 (3.12)
Electron donor 25 (50) 0.005 (1.56)

“This estimate is for demonstration only — we simply assign a value to each of the variables.
In any given environment it could be higher or lower. For comparison, a second column
is included in which each variable allows 50% of the population to succeed with growth

and so on. A second set of numbers shows the same impact but with much more
conservative numbers: here it is considered that 50% of the microbes will tolerate
each variable chosen. For practical reasons (cost of materials, space, manpower,
etc.) it is common to do viable counts on a single medium at a single temperature,
pH, and salinity. Assuming a wide distribution of metabolically diverse microbes in
a sample, we see that one quickly moves to 1% or less of the microbes growing on
any single medium that is used. Even if one assumes that each variable will allow
50% of the organisms to grow (Table 1, parentheses), after only six variables, one
sees less than 2% population capable of growth. Surely, as more variables are
added, it is inevitable that one moves to 0.1% or less quite easily — it should be no
surprise. While the numbers to be assigned to any of these (and other) variables
must be regarded as unknown, the point is easily made — we should expect low
cultivability, rather than be surprised by it! However, whether it is proper to refer to
the nongrowing fraction of microbes as noncultivable is debatable, to say the least.

Of course it is not so simple — more than one of these critical variables may
apply to a given strain, so that the total will not be a simple multiplier of all the
probabilities. This being said, the point remains that one predicts low success in
cultivation if one (or only a few) media and conditions are used. One also predicts
that if ten different media and/or conditions are used, they will yield ten different
populations. Given this kind of thinking, it would be surprising if our primitive
methods did better. Assuming a high diversity, we should always expect to see
some growth, and seldom expect to see clonal-like high percentage cultivability in
natural situations.

For the most part, microbiologists have been trained to believe that the most
successful microbes are those that grow the fastest and/or reach the highest cell
numbers. Is this necessarily the case in the environment? It is easy to imagine that
it is not. For example, for the sake of discussion, I propose here the “straw-man”
hypothesis that under limiting conditions, the most successful microbes are those
that “know when to (i.e., have the metabolic and regulatory abilities to) stop growing.”
After all, if conditions are limiting, the last thing a microbe should want is a copy
of itself — a sister cell with exactly the same requirements. It would be far better to
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incorporate another microbe that might consume metabolic waste products, and
perhaps supply something in return! Such cells might be no more uncultivable than
the luminous bacteria discussed above, but may require careful conditions to tease
them out of their slow- or nongrowth metabolic state.

Such ideas are consistent with reports of very slow growth in deep subsurface
environments — places where the influx of nutrients is extremely low and slow,
being a function of low-nutrient groundwater flow, and the availability of
lithospheric energy sources (Kerr 2001, 2002; D’Hondt et al. 2002, 2004). For
example, D’Hondt et al. (2002) have calculated that average growth rates of
deep subsurface microbes are in the range of 100s to 1000s of years. If so, it
renders the use of growth as a measure of viability a nonuseful exercise! That
is, one should ask how these microbes manage to survive, and what can be
measured to assess their viability. Recent studies have used metabolic methods
to establish that many (perhaps most) of the microbes are in fact alive, but
growing at low rates that would be virtually cryptic to our usual methods
(Schippers et al. 2005). Taken together, the concept of noncultivable may well
be more a statement about our own abilities (or inabilities) than about the
organisms we are trying to cultivate.

3 Life’s Signatures

Composition constitutes one of the most recognizable signatures of life. The
particular combination of elements found in our life is remarkably constant for
earthly life (C, H, N, P, O, S, K, Fe), and virtually unknown in the mineral
world (Nealson and Conrad 1999; Dorn et al. 2003; Dorn 2005). In a similar
vein, the distribution and abundance of monomers (amino acids and fatty acids,
in particular) defies thermodynamic explanation, and is a strong indicator of a
living process (Dorn et al. 2003; Dorn 2005). Of course the abundance of
repeated polymeric molecules is unmistakably a sign of life, but often much
harder to measure.

Another approach to life’s signatures involves the kinetic signatures via enzymatic
catalysis: i.e., the consumption of nutrients and production of products at rates
inconsistent with simple chemistry. Such catalyses occur with organic and/or inorganic
molecules, and often result in gradients of electron acceptors such as oxygen,
nitrate, sulfate, COZ, and others (Nealson and Conrad 1999;2001 Nealson and
Berelson 2003; Nealson ). These gradients are formed as a result of metabolic
processes that consume reactants or produce products at rates far greater than nutrients
can be resupplied or waste products can be dissipated by diffusion. Thus, in nearly
all sediments, where convective mixing is absent or minimal, oxygen depletion
occurs due to aerobic metabolism, resulting in an oxygen gradient. Such gradients
can be rapidly dissipated upon death of the organisms due to diffusion, but may
well leave recognizable traces, even when the gradients are gone (Nealson and
Berelson 2009).
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4 Detecting Life When No Growth is Occurring

Assuming that life is cellular, then the search for life might well begin with a visible
search for structures that appear to be cells, followed by analysis of such structures
for compositional signatures [elemental and monomer (amino acid and fatty acid)
content]. For living organisms, growing or not, such signals should be useful indi-
cators of life. Recently this approach was taken for some “nanobacteria” (Baker
et al. 2006) and “nanoarchaea” (Huber et al. 2002; Waters et al. 2003), yielding
convincing evidence that these small microbe-like structures were indeed part of
the living world. As opposed to many reports of purported nan(n)obacteria in the
literature, which have been supported only by visual images, these two examples
provide evidence for life at what must be near the lower size limit. Not only did the
elemental composition fit with life as we know it, but the ultrastructural analyses
revealed cellular structures, and membranes.

5 Kinetic Signatures of Life

As for the kinetic signatures, slow, or nongrowing life could well be cryptic. If
metabolism is sufficiently slow, then all needs dealing with nutrient uptake and/or
waste disposal might be supplied by diffusion, a rationale for developing a very
slow growth strategy. If metabolism can be adjusted to be so slow that wastes diffuse
out, and nutrients diffuse in, faster than they are needed, then gradients will essentially
disappear. To this end, one might imagine that early life was so inefficient that it
was not diffusion limited — a distinct advantage in the early evolution of metabolism!
There are many places on our own planet where the above metabolic strategies
might prove useful, such as very extreme environments, the deep subsurface, and
sites of extreme nutrient limitation. Such efforts can be “ground-truthed” using other
approaches such as molecular probes, DNA analyses, etc. to confirm the results.

6 Searching for Life in Extraterrestrial Samples

Uncontaminated extraterrestrial samples, other than samples of moon rocks brought
back by the Apollo astronauts have never been available for study. Should they ever
be obtained one might well like to pursue a strategy like the one described above.
That is, first looking for structures reminiscent of cells, and then examining these
structures for their chemical content (inorganics, organic monomers, etc.). One
would not necessarily be looking for an elemental composition characteristic of
earthly life, but rather a composition that is “unusual” or inconsistent with the
mineralogy or geochemistry of the remainder of the sample. Similar statements could
be made regarding the monomers present. Are there monomers (amino acids, sugars,
fatty acids, etc.), and do these fit with a chemical explanation? For example, the
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Murchison meteorite samples were consistent with the results of the Miller—Urey
experiment, suggesting that the monomers arose by an abiotic mechanism — the
monomers (amino acids, fatty acids, etc.) in standard Earthly bacteria defy explanation
by abiotic pathways (Dorn 2005)! What would one surmise if the distribution of
monomers was different from that predicted by abiotic synthesis? Certainly not that
the sample is alive: rather one would now have identified a sample whose composition
needs a credible explanation.

7 Uncultivable ET Life!

Should one be so fortunate as to see evidence for “life” in an ET sample, then it
would be desirable to have a clearly delineated strategy for cultivation. Given our
modest success with earthly samples, one should not hope for too much, but the
following strategy might be useful.

1. Knowing the origin of the sample, one should take into account probable electron

donors and acceptors that might be, or have been, available.

2. Knowing the elemental and monomer composition of the purported life forms,
try to supply all elements and other components as needed in the growth
medium.

. Try a variety of solid and liquid media.

. Watch for increases in cell number or mass of the sample.

5. Carefully measure the metabolic activity of the samples, looking for evidence of

metabolism, even in the absence of growth.

B~ W

Of course, as mentioned above, if the sample has great metabolic diversity,
something in it might grow. One would then be challenged to characterize the
growing creature, to develop methods for detecting it in detail, and ultimately to
establish that it was not a contaminant.

Since the chance of finding life seems so meager, and the chance that it would
actually grow for us earthlings seems even less, why do we bother? For one thing,
it would be incredibly exciting to find life from another place, and then get the
pleasure of characterizing and explaining it! Secondly, some of the approaches we
develop for this work might very well enhance our knowledge of our own planet:
would not it be interesting if approaches developed for ET life were to reveal new
life forms in extreme niches on Earth?

8 A Proposal for the Origin and Early Evolution of Life:
Food for Thought

I end with some modest thoughts about how life might have begun, what that means
on Earth (and perhaps elsewhere), and why we so often fail in our attempts to cul-
tivate life on our own Planet. The basic features of my proposal are:
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1. Life arose to take advantage of the most abundant energy and carbon source(s)
available (hydrogen, formate, ammonium, reduced metals) for energy, CO2 for
carbon: i.e., lithotrophic and autotrophic life abounded, and the world was ruled
by inorganic energy harvesting.

2. Life survived by living in low-energy environments with metabolic rates
sufficiently low that they obviated the need for motility and took advantage of
natural rates of diffusion: survival was key, and the ability to grow rapidly was
not an important invention at this time. In fact, rapid growth may have been a
substantial disadvantage, with sister cells competing for slowly diffusing, limi-
ted resources.

3. Under such conditions, self-sustaining metabolic reactions allowed life to evolve
and adapt to the conditions, and “invent” the ability to rapidly synthesize both
monomers and polymeric catalysts. As metabolic products accumulated (meth-
ane and acetate, for example), microbes of various sorts “learned”” how to utilize
these products, leading to syntrophic relationships of the type(s) that are so com-
mon today in the anaerobic world.

4. Organisms learned how to replicate and grow, but this was not a strongly
selected trait. Keeping in balance with the nutrients provided by their geolo-
gical environment, and now, their biological neighbors was the way of the
world.

5. As the world became slowly more oxidized, new “metabolic inventions”
occurred, and heterotrophic metabolism became abundant. Up to this point,
given that microbes are not inherently predatory, competition was for chemical
resources, and cooperation was a favored strategy.

6. About 2 Ga (billion years) ago the first eukaryotes appeared. Assuming that they
were able to prey on bacteria, the world changed drastically. At this point, the
ability to grow must have become a major important feature of the microbial
world. Given that the predatory eukaryotes were oxygen dependent, two strategies
developed. First, to maintain the slow-growth phenotype, but reside in anaero-
bic environments where eukaryotic predation was not abundant; or second, to
grow faster than predation could remove them.

The above scenario, while a bit fanciful, may have some important aspects to it
with regard to searching for life. It has hidden within it, the notion that there
may be environments on Earth where such strategies still exist — slow growth,
competition for chemical resources, and syntrophic cooperation among the
community members. How do we find such microbes? We would propose looking
for physical and/or chemical structures — sites of the concentration of elements
or monomers that are not easily explained by chemistry alone. Such sites could
be the starting point for characterizing life, be it growing, nongrowing, dead, or
even fossilized. If it is growing, then a careful assessment of how it grows may
provide a clue to its cultivation, but remember the lessons of Photoblepharon
and other symbionts: the chance of failure is great if the approach is
cultivation!
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FGA. See Functional gene array

Finite mixture, 13

Flow cytometry, 85-87, 93
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Fluorescence activated cell sorting (FACS),
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Fluorescence in situ hybridization (FISH),
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Fluorescent antibody staining, 124, 126
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Gas hydrate, 62, 70, 71

Gene expression profile, 124

Genome, 83-97

Genomics, 70

Genus, 24, 27, 28
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Global transcription pattern, 124

Goodness-of-fit, 5, 9
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H

Heat shock protein (hsp70), 166
Helicobacter pylori, 124
Helper species, 143, 146
High-pressure, 72
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Homopolymer, 23
Hybridization, 86
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Incidence data, 10-14
Independence, 15
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Ton microprobe mass spectrometry, 63

Isocyanide synthase, 168

J
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K
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L
Latent infections, 132, 156
Libraries
combinatorial, 163
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Library size, 172-173
454 Life Science A primer, 23
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Lipid biomarkers, 62, 65, 66
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Low-abundance taxa, 22
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Maximum likelihood, 5, 7, 9, 12-14
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Methanogens, 60-62, 75, 76
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Methanosarcinales, 62, 64
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Methods of enumeration, 125-126
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CGA (see Community genome array)
data analysis, 52
DNA/RNA amplification, 43, 44, 47, 50, 52
FGA (see Functional gene array)
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microbial detection, 43-45
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quantitation, 52
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software, 51
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target enrichment, 37
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Noise in gene networks, 146
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Pathogenicity, 123, 125
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POA. See Phylogenetic oligonucleotide array
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Predicting occurrence of cholera, 126

Proteomics, 70



208
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R

Radioisotope, 42, 43
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Rasch model, 13

Redox sensitivity, 75

Reductants, 76
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S
Sanger sequencing, 92, 93
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