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m Abstract Since the delineation of 12 bacterial phyla by comparative phyloge-
netic analyses of 16S ribosomal RNA in 1987 knowledge of microbial diversity has
expanded dramatically owing to the sequencing of ribosomal RNA genes cloned from
environmental DNA. Currently, only 26 of the approximately 52 identifiable major lin-
eages, or phyla, within the domain Bacteria have cultivated representatives. Evidence
from field studies indicates that many of the uncultivated phyla are found in diverse
habitats, and some are extraordinarily abundant. In some important environments, in-
cluding seawater, freshwater, and soil, many biologically and geochemically important
organisms are at best only remotely related to any strain that has been characterized by
phenotype or by genome sequencing. Genome sequence information that would allow
ribosomal RNA gene trees to be related to broader patterns in microbial genome evo-
lution is scant, and therefore microbial diversity remains largely unexplored territory.
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Our title refers not to the sensibilities of our colleagues, and especially not to
their political clout, but instead to new knowledge about microorganisms that have
never been studied in culture. The discovery, cultivation, and study of novel or-
ganisms have been important features of microbiology since Koch. Nonetheless,
uncultured microbial diversity was a relatively minor issue among microbiologists
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in 1985, when a group led by Norman Pace began publishing papers founded on
Pace’s idea that microbial diversity could be explored by applications of
molecular biology (76, 79). Early progress was slow, but the key ideas were es-
tablished: Organisms could be identified without cultivation by retrieving and se-
quencing macromolecules from nature, and oligonucleotide probes could be used
to manipulate, identify, and quantify molecules from different organisms (1, 107).
Most of the new technology being developed for microbial ecology was based
on the molecular phylogeny of ribosomal RNA (rRNA), particularly the small-
subunit (SSU or 16S) rRNA, an approach for studying evolution that Carl Woese
had pioneered specifically to solve the problem of resolving the earliest events
in microbial evolution (112, 113). The ideas caught on, and today are widely
employed by microbial ecologists.

However, the rise of molecular microbial ecology does not entirely explain the
significance that the uncultured microbial majority has taken on. Other microbial
ecologists counted cells and tallied the results to show that by sheer biomass mi-
croorganisms dominated many ecosystems [e.g., (111)]. Biogeochemists studied
widespread chemical transformations that are consequences of microbial meta-
bolism, and showed that they are both huge in magnitude and impact and com-
plex in their details [e.g., (9)]. Collectively these observations created an emerging
picture of vast populations of microorganisms that often had ancient evolutionary
origins, but whose activities remained entirely enigmatic.

Figure 1 Graphs depicting the number of 16S ribosomal RNA gene sequences pub-
lished in GenBank since 1993 (8lop: total number of published 16S rRNA gene
sequences from cultivated Bacteria and Archaea=(14,434) versus sequences de-
rived from cultivation-independent studies£ 29,505) as a function of yedBottom

total number of published environmental gene clone sequences derived from sediment
(n = 2435), soil o = 6037), freshwatem(= 3951), and seawaten (= 6104) habi-

tats as a function of year. All sequences published prior to 1993 are grouped in the
first (<1993) column, while the “2002” column includes sequences published through
November 19, 2002. As there is currently no standard convention in GenBank for
naming or identifying rRNA gene sequences obtained from cultivation-independent
studies, the values reported here should be considered indicative rather than absolute.
The following search strategies were employed in Entrez. Cultured microorganisms:
(SSU OR 16S OR small subunit) AND (rRNA OR rDNA OR ribosomal RNA) AND
(bacteri OR prokaryct OR archag OR eubactet) NOT (uncult OR unidentified OR
unknown). The same search was used for environmental gene clones, except the last
term was changed to “AND (unctlOR unidentified OR unknown).” Environmental
clones derived from sediments and soils were obtained by adding the terms “AND
sediment” or “AND soil,” respectively. Seawater environmental clones were obtained
by adding the search term “[AND (marine OR seawater OR sea water OR ocean)] NOT
sediment,” while freshwater environmental clones were obtained by adding the search
term “[AND (freshwater OR lake OR river OR pond)] NOT sediment.”
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The rise in knowledge about uncultured microbial diversity is depicted graph-
ically in Figure 1, which shows GenBank entries as a function of year for 16S
rRNA genes that were retrieved both from cultured isolates and directly from nat-
ural environments via cultivation-independent approaches. Environmental gene
clone sequences began to appear in large numbers in 1996, by which time the
technology for retrieving these had become routine. In 2002 alone, approximately
9500 environmental 16S rDNA clone sequences were published in GenBank
(Figure 1). In early years, genes from marine systems dominated the entries
(Figure 1). For technical reasons, seawater is easier to work with than soils, but
by 2001 entries from soils led, probably because of their agricultural significance
and also because soils are far more diverse. Therefore, the job of defining soil
biodiversity ultimately requires a much greater sequencing effort.

The remainder of this review deals with interpreting the accumulated environ-
mental rRNA gene sequences from GenBank, mainly by phylogenetic analysis.
There are limits to this analysis. rRNA gene phylogenies will not reveal many
things we want to know; for example, what unique innovations in cell function
drove the evolution of microbial groups, and what are the important biochemi-
cal activities of these organisms in the environment? The horizontal exchange of
genetic material has affected the evolution of cells so profoundly that their prop-
erties can only be known by directly studying the cells or their whole genomes
(14, 74). However, notwithstanding the dithering of patterns of cellular evolution
wrought by horizontal gene transfer, rRNA gene trees continue to be the critical
source of information used to identify groups of microorganisms in nature and to
organize relationships among them (64, 78). Scientists continue to utilize rRNA
approaches extensively because they bear fruit, apparently because populations of
cells in nature correlate well with rRNA sequence, so the sequences for the most
part serve well as genetic markers. The other issue is phylogenetics. Do rRNA
gene trees say anything about evolution? Genome sequence information is now
pouring in so rapidly that it would be incautious to predict the limits of rRNA
phylogenies. Nonetheless, early efforts to reconstruct phylogenies from whole
genomes (90) seem to suggest that rRNA phylogenies suffer mainly from two
problems: They reveal only a small part of the complex picture of cellular evolu-
tion, and they are subject to common phylogenetic errors, particularly erroneous
associations between rapidly evolving lineages (83), problems with compositional
bias (61), and incorrect arrangements of deeply branching lineages in cases where
rRNA sequences simply lack the resolving power by virtue of their limited size
(64, 83).

Key questions we address in this review are, How many microbial phyla are
recognized at present, and what can we discern about microbial evolution from
uncultured microbial diversity other than to regard them as rosters of species
that await discovery? Recent reviews with similar objectives by Hugenholtz and
coworkers (49, 50) concluded that there were about 36 bacterial phyla, a threefold
increase from the 12 phyla described by Woese in 1987 (112). Of the 36 recognized
by Hugenholtz, one third were “candidate” phyla, so-called because they had no
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representatives in culture. The analyses we present here indicate that presently
about 52 phyla can be discerned, of which 26 are candidate phyla, i.e., they are
known only from environmental gene clone sequences. A second key question
is, What do the data reveal about the broad patterns of evolution among some
of these taxa, and how well can we expect knowledge gained from examining
representative cultures to represent general trends among these phyla? While an
exhaustive analysis of each of the 52 recognized phyla is not possible within the
confines of this review, several phyla are discussed in detail. Finally, does the
appearance of gene clusters in environmental gene clone libraries reveal aspects
of the evolution of species in nature?

A CURRENT PICTURE OF THE BACTERIAL PHYLA

Bacterial Diversity

In the late 1970s and early 1980s, Woese and colleagues published a series of
landmark papers in which they employed the comparative analysis of 16S rRNAs
from cultivated microorganisms, obtained mostly via oligonucleotide cataloging,
to sketch a framework for the phylogenetic diversity of Bacteria [e.g., (31, 37, 94,
114)], culminating in 1987 with a review aptly titld8iacterial Evolution(112).

From the 16S rRNA sequences and catalogs available through 1987, Woese and
colleagues were able to delineate 11 major groups or lineages, which since have
variously been referred to at the taxonomic rank of kingdom (4), phylum (49), class
(92, 93), order (87), and division (50, 51). Hereafter we follow the example set by
one of the leading taxonomic resources for microbiologBesgey’s Manual of
Systematic Bacteriologgnd refer to these groups as phyla (10, 49).

A 16S rRNA phylogenetic tree that broadly depicts relationships within the
domain Bacteria is shown in Figure 2. The 11 original phyla recognized in 1987
are shown as 12 black wedges—the gram-positive bacteria are now recognized as
two separate phyla, thgéirmicutes(low G+C) andActinobacteria(high G+C).
Among the original phyla are the well-knovRroteobacterig92). These are the
classical gram-negative bacteria and, on the basis of cultivation-dependent and
-independent approaches, are generally recognized as one of the most successful
microbial groups onthe planet[e.qg., (13, 38, 119)]. This phylumincludes two of the
most studied genera of microorganisischerichisandPseudomonai85). Also
included in the original 12 phyla are tli&yanobacteriaor oxygenic photosyn-
thetic bacteria (and chloroplasts). Other identified phyla includétieemotogage
which are sheathed, obligately anaerobic, fermentive heterotrophs (47). A few sur-
prises were also included in the original 12 phyla. For example, it was discovered
that theChloroflexi(green non-sulfur) phylum, as originally defined, included the
thermophilic phototropiChloroflexusthe mesophilic, gliding chemoheterotroph
Herpetosiphonand the hyperthermophilic chemoheterotrdgtermomicrobium
(77). This was unexpected, as these microbes exhibit divergent metabolic strategies
and limited evidence existed previously which pointed to a shared evolutionary
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history. Also a surprise was the discovery that the geGgtaphagaBacteroides
andFlavobacteriumform a major lineage (82), known now as tBacteroidetes
phylum (36). Again, no phenotypic evidence was recognized previously to indicate
that these microorganisms formed a single, coherent bacterial phylum.

An additional 14 (or so) phyla with cultivated representatives, shown as white
wedges in Figure 2, have been identified since 1987 (49, 50, 78). Included in
this group are several phyla of predominantly thermophilic microorganisms, in-
cluding theAquificae Thermodesulfobacterjdictyoglomij Coprothermobacte-
ria, Caldithrix, andDesulfurobacteriaThe cultivated members of many of these
phyla grow chemolithoautotrophically: The phylulguificaeis best known for
the ability of some of its members to oxidize hydrogen gas as an energy source for
chemolithotrophic growth (48), thBesulfurobacteriagrow by anaerobic sulfur
reduction (57), andhermodesulfobacterium hydrogenophilgnows by sulfate
reduction (54). Interestingly, many of the recently recognized thermophilic phyla
also appear to branch early in the bacterial phylogenetic tree (Figure 2).

In addition to the thermophilic phyla, the recently recognized phylum
Acidobacteria(63) is noteworthy because it is apparently ubiquitous and abun-
dant in nature, as based on results from cultivation-independent molecular ecol-
ogy studies, especially in soils [e.g., (4, 13)]. This phylum includes three species
of divergent physiology Acidobacterium capsulatunHolophaga foetidaand
‘Geothrix fermentariy making it difficult to predict many characteristics of the
Acidobacteriarelated microorganisms detected in environmental samples (4, 50).
The phylunmNitrospirais also noteworthy in that itincludes some interesting mem-
bers such as the obligately chemolithotrophic, nitrite-oxidizing gé\itrespira,

Figure 2 Phylogenetic tree illustrating the major lineages (phyla) of the domain Bac-
teria. Wedges shown in black are the 12 original phyla, as described by Woese (112), in
white are the 14 phyla with cultivated representatives recognized since 1987, and in gray
are the 26 candidate phyla that contain no known cultivated representatives. This evo-
lutionary distance dendogram was constructed by the comparative analysis of over 600
nearly full-length 16S ribosomal RNA gene sequences using the ARB sequence analy-
sis software package (65), selected from a larger database of over 12,000 sequences. A
modified version of the “Lane mask” was employed in this analysis (55), along with the
Olsen evolutionary distance correction and neighbor-joining tree-building algorithm.
Horizontal wedge distances indicate the degree of divergence within a given phylum.
The scale bar corresponds to 0.05 changes per nucleotide position. Phylum names are
designated by selecting the first applicable option out of the followiggthgir con-

vention inBergey’s Manual of Systematic Bacteriologfyit exists (36); p) the first
described representative genus within the phylum if it has cultivated representatives;
(c) the first label given to a candidate phylum if previously publisheddpt(e first

clones or environment where the first clones were retrieved, for previously unnamed
candidate phyla.
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for which the phylum is named (29), and the obligately chemolithotrophic, ferrous
iron-oxidizing genud_eptospirillum(45, 69). Members of this phylum are also
apparently ubiquitous in the natural environment, judging by the large number of
Nitrospira rRNA gene clones that have been reported in the past few years [e.g.,
(44, 46, 102)].

Phyla that are Underrepresented in Culture

With the advent of cloning and sequencing ribosomal RNA genes directly from the
environment to access and explore the phylogenetic diversity of natural microbial
communities, it has become clear that we have barely scratched the surface at
obtaining representative cultures that span the phylogenetic breadth of most of the
major phyla of Bacteria. While it would be easy to argue that a majority of the
approximately 26 bacterial phyla currently with cultivated representatives are not
well represented by these isolates, we highlight only 4 of special interest owing to
their ubiquity in cultivation-independent surveys of microbial diversity. This topic
has been reviewed recently (50); here we update two of the phyla included in that
review (theVerrucomicrobisandChloroflex) and draw attention to two additional
phyla that warrant further exploration.

The phylumVerrucomicrobighas been recognized as a separate phylum of Bac-
teria since 1995 (43, 109), but currently counts only a small number of cultivated
microorganisms as members. This phylum was originally known from two genera
and five species of prosthecate, aerobic heterotrophs isolated from freshwater en-
vironmentsMerrucomicrobium vinosupProsthecobacter fusiformi®. debontij
P. vanneervenjiandP. dejongeii(42, 43), although an obligately anaerobic, het-
erotrophic genus@pitutus terrag from rice paddy field soil has recently been
isolated and characterized (16). In addition to the named microorganisms, three
taxonomically uncharacterized isolates of “ultramicrobacteria” from rice paddy
field soil with 16S rRNA gene sequences closely relate® tderrae have also
been described (53). A dendogram of over 80 nearly complete 16S rRNA gene
sequences depicting phylogenetic relationships withilvéreucomicrobisshows
this phylum to consist of five clearly distinguishable subgroups (Figure 3, fol-
low the Supplemental Material link from the Annual Reviews home page at
http://www.annualreviews.org). This is congruent with the analysis of Hugenholtz
and colleagues and indicates that no new major divisions within this phylum have
been recovered since 1998 (50). Three of the five subgroups withixettna-
comicrobiacontain no cultivated representatives, and environmental gene clones
dominate the remaining two as well (Figure 3). Subdivision 1 contains the genera
ProsthecobacteandVerrucomicrobiurmand appears to consist of bacteria of pre-
dominantly freshwater origin. Subgroups 2—4 are dominated by gene sequences
of soil and freshwater origin, includin@. terraeand related isolates in subgroup
4, while subgroup 5 is dominated by gene sequences recovered from marine sedi-
ments (Figure 3). From a review of Figure 3, it is readily apparent that a rich di-
versity of microorganisms awaits exploration within this phylum, which includes
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major clusters of rRNA gene clones that are ubiquitous in natural freshwater and
soil microbial communities (13, 119).

The phylumChloroflexj known colloquially as the green non-sulfur bacteria,
was one of the initial group of phyla recognized early on in the application of
small subunit ribosomal RNA sequencing to taxonomic questions within the Bac-
teria, and is generally considered to be a deep-branching lineage of the domain
Bacteria (37, 77, 112). The limited number of cultivated members of this phylum
is an interesting group of diverse phenotypes, which include gliding, filamen-
tous isolates that contain some form of bacteriochlorophyll frequently arranged
in chlorosomeshloroflexus Oscillochloris ChloronemaandHeliothrix); glid-
ing, filamentous, mesophilic, strict aerobic chemoheterotroplespetosiphoj
a hyperthermophilic, irregular rod-shaped, nonmotile aerobic chemoheterotroph
(Thermomicrobium roseumand an irregular cocci-shaped isolate able to reduc-
tively dechlorinate tetrachloroethen®@halococcoides ethenogei)enexpect-
edly, cultivation-independent investigations of the diversity present in a wide vari-
ety of microbial communities have found members of this phylum to be ubiquitous
in the natural environment (50) (Figure 4, follow the Supplemental Material link
from the Annual Reviews home page at http://www.annualreviews.org). For ex-
ample,ChloroflexirRNA genes appear frequently in clone libraries constructed
from subsurface oceanic bacterioplankton [e.g., (3, 38, 40)], freshwater bacterio-
plankton [e.g., (104, 119)], soils [e.g., (15, 27)], sediments [e.g., (12, 20, 100)],
and geothermal hot springs [e.g., (51, 110)], among others.

The phylogenetic analysis presented in Figure 4 differs from one published pre-
viously for the phylumChloroflexiin that we identify eight monophyletic clades
within the Chloroflexi as opposed to four (50). This is not surprising; even if
employing identical sequence datasets for@doroflexi different phylogenetic
trees can arise from the choice of outgroup sequences, variation between sequence
masks, and choice of method of phylogenetic inference. We believe that the main
reason our phylogenetic tree differs from previous analyses is th&ttlogoflexi
sequence database has exploded in numbers and now includes a large number of
full-length 16S rRNA sequences. As shown in Figure 4, the majority of cultivated
Chloroflexicluster together in subgroup 7, the only one that appears well circum-
scribed by cultivated representativeBehalococcoides ethenogehissthe only
cultivated representative of subgroup 6 (70), while an unnamed isolate (sludge
isolate strain UNI-1) is the only cultivated representative of subgroup 1 (89). The
remaining five subgroups contain no cultivated members (Figure 4). Sekiguchi and
coworkers employed a directed cultivation effort to isofakgoroflexistrain UNI-1
after firstidentifying and localizing members of this phylum in methanogenic gran-
ular sludge via 16S rRNA gene cloning-based analyses coupled with fluorescence
in situ hybridization (89). Ribosomal RNA-directed cultivation efforts such as that
employed by Sekiguchi and coworkers hold promise for isolating other members
of this phylum from the many natural habitats in which it thrives.

The Planctomyceteand theChlamydiaare the only phyla of bacteria known
to have cell walls that are not composed of peptidoglycan. They have a number
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of other odd features as well, particularly the presence of an intracellular
compartment in some species that contains the cell's DNA (60). The first members
of the phylumPlanctomycetewere isolated in the 1970s as heterotrophs growing

in dilute media (5, 88, 95), but the known physiological diversity within the phy-
lum expanded with the discovery that the microorganisms responsible for anaer-
obic ammonia oxidation (the anammox reaction) weli@nctomycete€6). Four
genera have been describ&itellula, PlanctomycedsosphaeraandGemmata
These genera form coherent phylogenetic clades, as shown in the phylogenetic
tree in Figure 5 (follow the Supplemental Material link from the Annual Reviews
home page at http://www.annualreviews.org). At a relatively early stage in the
application of environmental gene cloning methods, it became apparent that the
Planctomycetewere far more prevalent in the environment than would have been
suspected from their scant presence in culture collections [e.g., (23, 59)]. It is now
apparent that they are common in soils and sediments, as well as the fresh, marine
and hot spring environments with which they were originally associated. Figure 5
does not show diversity within the four described genera but instead shows the
considerable diversity d?lanctomycetethat lies outside these clades.

There has been some progress in the cultivation of deep-branEtangto-
mycetes The anammox organism has been studied in enrichment cultures and
given the provisional nam@andidatusBrocadia anammoxidans’ (96). Recently,
Zengler and colleagues (117) developed new methods for isolating microorgan-
isms in gel microdroplets. Among the many novel strains that were transiently
cultivated by this method were multiple members of a diverse clade of unculti-
vatedPlanctomycete€l17) (Figure 5). This promising development suggests that
the introduction of novel cultivation methods will soon lead to better representa-
tion of Planctomycetem culture collections. Given the remarkable physiology of
the planctomycetes responsible for the anammox reaction, there are good reasons
to suspect this deeply diverging phylum may hold future surprises.

The phylumGemmatimonadetdgas only recently been recognized as a main
line of descent within the Bacteria: Identified first as a candidate phylum in 2001
in two independent reports (52, 66), it has since been proposed as a phylum with
the cultivation ofGemmatimonas aurantiagd18).G. aurantiacais the only cul-
tivated representative of what has become a diverse assemblage of environmental
rRNA gene clone sequences (Figure 6, follow the Supplemental Material link from
the Annual Reviews home page at http://www.annualreviews.org). At least four
subgroups can be clearly delineated within this phylum (118) (Figure 6). On the
basis of the environments where the rRNA gene clones were retrieved, subgroup 1
appears to be restricted to soil and other terrestrial ecosystems, while subgroups 2
and 4 appear to be predominantly marine in origin, having been retrieved from ma-
rine sediments and in symbioses with marine sponges (Figu@& @urantiacaa
gram-negative aerobic heterotroph that appears to accumulate polyphosphate, was
isolated from an anaerobic-aerobic sequential batch reactor by employing plat-
ing methods aimed at targeting slowly growing cells (118). Zhang and coworkers
(118) hypothesize that one identifying feature of this phylum may be that its
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members possess a gram-negative cell envelope lacking diaminopimelic acid in
their peptidoglycan similar to one possessedbhyurantiaca

Emergence of the Candidate Phyla of
Uncultured Microorganisms

The widespread application of 16S rRNA gene cloning and sequencing methods
to identify microorganisms in natural samples has revealed an extensive and, in
many cases, unsuspected diversity within bacterial phyla thought to be well known
to microbiologists, such as tHelanctomyceteand Chloroflexidiscussed in the
previous section. Early on, it was also apparent that some of the recovered clone
sequences simply did not appear to belong to any of the known bacterial phyla
[e.g., (34,59, 91, 107, 110)]. It was later discovered that a portion of these “unaffil-
iated” environmental gene clone sequences were providing scientists with the first
evidence of such ubiquitous, but not yet recognized, phyla a¢giracomicrobia
andAcidobacteria63, 109). While a wide variety of artifacts (e.g., chimeric gene
clones, PCR errors, sequencing errors) and methodological errors (e.g., improper
reference or outgroup taxon selection, inadequate quantity of sequence informa-
tion, improper alignment, use of an inappropriate alignment mask) can (and still
does) cause the misplacement of gene clone sequences in phylogenetic trees, the
observation that unaffiliated clones from different studies frequently clustered to-
gether in later analyses to form monophyletic groups supported the conclusion that
many of these sequences were in fact real and formed major lines of descent within
the bacterial domain which did not contain cultivated relatives. These lineages have
since become known as candidate divisions or phyla, with the term candidate im-
plying that no cultures yet exist to represent the group (50, 51). Herein we use the
phrase “candidate phylum” for these deeply diverging clusters of sequences that
are phylogenetically equivalent to phyla of cultured microorganisms as delineated
in Bergey’'s Manual of Systematic Bacteriold@).

While the concept of candidate phyla existed prior to 1998, it was rather amor-
phous and not well defined in phylogenetic (or any other) terms. Before 1998 three
groups of sequences composed solely of environmental gene clones were generally
thought to form main lines of descent within the domain Bacteria: the OS-K group,
named after a 16S rRNA gene clone recovered from a microbial mat of thermal
Octopus Spring (107, 110); Marine Group A, named after gene clones recovered
from Pacific Ocean bacterioplankton samples (34, 41); and Termite Group 1, named
after gene clones recovered from the intestine of the tefReteulitermes spera-
tus(75). The year 1998 saw the publication of three papers from the Pace laboratory
that helped form a coherent concept and framework for identifying and character-
izing candidate bacterial phyla (26, 50, 51). In a nutshell, a candidate phylum is
defined by Hugenholtz and coworkers as “an unaffiliated lineage in multiple anal-
yses of datasets with varying types and number of taxa and ha8666 identity
to reported sequences, indicating its potential to represent a new bacterial division
[phylum]” (51) and “as a lineage consisting of two or more 16S rRNA sequences
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thatare reproducibly monophyletic and unaffiliated with all other division [phylum]-
level relatedness groups that constitute the bacterial domain” (21, 50).

Implicit in the above definition are two points that need to be seriously consid-
ered by scientists wishing to describe a new candidate phylum. First, the 16S rRNA
gene sequences in question should be nearly completel@00 nucleotides). Al-
though we feel this point cannot be overemphasized, it is frequently disregarded.
While short (~300—-600 nucleotides) sequences are usually ample to identify the
nearest neighbors of an unknown gene sequence if it has close phylogenetic rel-
atives within a well-established phylum, sequences of this length are usually not
sufficient for phylogenetic placement at or near the base of the same established
phylum or for lineages that potentially do not belong to any of the currently rec-
ognized phyla of Bacteria. Second, it is highly recommended that the definition of
new candidate phyla be based on the analysis of two or more gene clone sequences
from the lineage in question, preferably derived from clone libraries constructed
from different PCR products. This can assist in multiple ways: It has the poten-
tial to permit a more reliable phylogenetic placement of the unidentified lineage
by reducing treeing artifacts such as long-branch attraction (83), and it provides
confidence that the lineage in question is not simply an undetected artifact that
does not code for a native 16S rRNA gene from a microorganism in the sample
of interest. Rather than propose candidate phyla on the basis of phylogenetically
novel single sequences or small clusters of novel sequence fragments, we support
the route taken by some of our colleagues who have chosen to label these as novel
or unaffiliated bacterial lineages until data become available that support or refute
their status as candidate phyla [e.g., (24, 46, 86, 100)].

In the process of providing the scientific community with a working definition,
Hugenholtz and coworkers (51) described 12 lineages that potentially represented
candidate phyla from a Yellowstone hot spring. Seven of these (prefix OP) appearin
Figure 2 because they meet all the criteria described above. In that same year, Dojka
and coworkers (26) described 6 lineages that potentially formed candidate phyla
from a hydrocarbon- and chlorinated-solvent-contaminated aquifer, five of which
appear in Figure 2 because they also fulfill the abovementioned criteria (prefix
WS). The number of identified candidate phyla continues to grow: In the past two
years alone, at least eight candidate phyla have emerged from the expanding public
databases of 16S rRNA gene sequences (8, 65, 68). The following recently iden-
tified lineages are shown in Figure 2: SC3 and SC4, identified from arid soil (27);
NC10, identified from aquatic microbial formations in flooded caves (46); BRC1,
identified from bulk soil and rice roots of flooded rice microcosms (24); ABY1,
identified from lake bacterioplankton and deep-sea sediments (104); Guaymasl,
identified from hydrothermally active marine sediments (100); NKB19, identified
from deep-sea sediments and activated sludge (52, 58); and SBR1093, identified
from activated sludge (52, 56). Some uncertainty exists in determining the total
number of candidate phyla; however, our estimate puts this number currently at
about 26 (Figure 2).

Little information is available regarding most candidate phyla save for what can
be gleaned from the environment(s) where the environmental DNA was retrieved.
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Two exceptions to this include TM7 and WS6, which have been the focus of
intense individual study (25, 52). Here we review the status of candidate phylum
Marine Group A, with the aim of introducing our colleagues to a major group of
environmentally significant bacteria for which little is currently known.

Candidate phylum Marine Group A has been known since 1993 from short
sequence fragments recovered from Pacific Ocean bacterioplankton community
DNA (34); the first full-length representatives were sequenced from Pacific Ocean
and Sargasso Sea bacterioplankton samples a few years later (41). The analysis
presented by Gordon & Giovannoni (41) is a good example of the type of informa-
tion required to define a candidate phylum: Two gene clones from separate samples
were sequenced completely, the clone sequences were scrutinized to confirm that
they did not contain artifacts introduced in vitro, extensive database searching
was performed to find closely related relatives such as the sequences generated by
Fuhrman and coworkers (34), and the sequences were rigorously analyzed phylo-
genetically to determine their most closely related reference sequences (41). Initial
phylogenetic analyses with the complete rRNA gene sequences indicated that this
lineage represented a distinct line of descent within the bacterial domain bearing
distant phylogenetic affinity to the phyi@brobacteresandChlorobi(41). In more
recent analyses, we frequently recover Marine Group A in a higher-order group-
ing with the phylaFibrobacteres Gemmatimonadete€aldithrix, Chlorobi, and
BacteroidetegFigure 2). The phylun€aldithrix, named after a recently described
genus of strictly anaerobic, mixotrophic thermophiles isolated from a hydrother-
mal vent (71), frequently branches as a sister phylum of Marine Group A, although
this relationship is frequently not well-supported statistically.

The small number of sequences that originally comprised Marine Group A form
a tightly knit cluster, sharing-94% similarity in pairwise sequence comparisons.
This cluster is labeled as subgroup 1 in Figure 7 and can now be seen to make
up only a small portion of the phylogenetic breadth of this lineage. In addition to
other, more diverse environmental gene clones from oxic seawater habitats [e.g.,
(3, 32,62, 85, 97)], members of this candidate phylum have also been recovered in
abundance from anoxic seawater habitats (28, 67) and Antarctic marine sediments
(11). While the sequences that comprise candidate phylum Marine Group A are
exclusively marine in origin, the seven subgroups that can currently be phyloge-
netically delineated within this group can also be segregated on the basis of the
environment from which they were recovered (Figure 7). Subgroups 1-3 contain
sequences recovered almost exclusively from oxic seawater habitats, subgroups
4 and 5 are of marine sediment origin, subgroup 6 is composed solely of clone
sequences recovered from anoxic seawater, and subgroup 7 originates from oxic
seawater environmental DNA (Figure 7). Although little beyond a possible re-
quirement for salt water and the ability of some members to grow anaerobically
can be inferred about the physiology of Marine Group A, this group likely plays
a significant role in the marine environment.

There are several reasons why certain ambiguity exists in determining the cur-
rent number of recognizable bacterial phyla. For instance, several of the phylum-
level lineages shown in Figure 2 are represented by a small number of 16S rRNA
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Cariaco Basin anoxic zone seawater clone Car53c (AF224775)
- - Cariaco Basin anoxic zone seawater clone Car155fb (AF224794)
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-------- Antarctic Polar Front seawater clone DHB-43 (AF257296)
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1 Pacific Ocean seawater clone NH16-12 (U64575)

L - - - - Pacific Ocean seawater clone NH16-16 (U64576)

- - Aegean Sea seawater clone AEGEAN_185_27F (AF406484)

E Red Sea brine-seawater interface clone ST-12K17 (AJ347757)
Red Sea brine-seawater interface clone ST-3K15 (AJ347758)

?_

Figure 7 Phylogenetic tree showing relationships among representative members of
the candidate phylum Marine Group A. In ARB, sequens&800 nucleotides in length

were used to construct the backbone of the dendogram using the Olsen evolutionary
distance correction and neighbor-joining tree-building algorithm (solid branches), to
which shorter-length sequences (dashed branches) were subsequently added with the
ARB parsimony insertion tool (65). Bootstrap proportions were determined as in Figure

3 from the >1000 nucleotide dataset. Bootstrap, scale bar, and terminal node label
conventions are as in Figure 3.
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sequences. Thirteen of the phyla shown in Figure 2 include 5 or fewer sequences
greater than 1300 nucleotides in length. One lineage shown in Figure 2 that po-
tentially represents a bacterial phylu@hrysiogenes arsenatjthe single-species
phylum Chrysiogenetes Bergey's Manual for Systematic Bacteriolo@6)], is

the only member of this lineage. Some of these are long phylogenetic branches that
are separated from other phylum-level lineages by short internal nodes. As these
lineages fill out, potential relationships with other phyla may become resolved, al-
lowing the reorganization of these taxonomic groups inside previously recognized
phyla. In addition, some of the previously recognized bacterial phyla, such as the
phylum Firmicutesand class delt®roteobacteriaare not consistently resolved

as monophyletic groups and may in fact be composed of several distinct, deep-
branching lineages (i.e., phyla) of the domain Bacteria (64). We are optimistic
that, as sequence databases and phylogenetic methods continue to evolve and/or
comparative genomic approaches are employed [e.g., (90, 115)], the resolution of
these relationships will become clear.

One result of the dramatic increase in the number of bacterial phyla is that the
order of branching of these lineages no longer resembles an ordered progression
of resolvable bifurcating nodes. Instead, the shape of the tree shown in Figure 2
represents a star-like radiation. While a few phyla sucA@sificae, Thermoto-
gae DesulfurobacteriaandThermodesulfobacterjgotentially branch early, most
appear in rapid succession. We mention this to emphasize two points: First, the di-
versification of the Bacteria apparently occurred in a relatively short period of time.
Second, the 16S rRNA gene does not appear able to resolve the order of branching
between the major bacterial phyla with the analysis methods currently available.

EVOLUTION AND THE SIGNIFICANCE OF
GENE CLUSTERS

Ribosomal RNA genes retrieved from nature almost invariably appear in phy-
logenetic trees as clusters of related genes; infrequently are two identical gene
sequences retrieved, even from the same clone library. The name cluster was ap-
plied to these groupings to differentiate them from clades, a term that implies a set
of related organisms (39). Genes cloned by PCR, as most environmental rRNAs
are, can vary slightly in sequence owing to a number of causes. Early on it became
clear that the patterns of nucleotide substitutions within gene clusters, particularly
compensatory substitutions across helices, could only be explained by evolution.
Although it can be proven that the gene clusters have an evolutionary basis, it
remains uncertain to this day how much of the diversity within clusters is due to
natural variation and how much is due to artifacts, such as chimeric genes formed
from closely related sequences (105) and variation within paralogous rRNA oper-
ons (116). Diversity generated in vitro is nearly impossible to identify when the
parent genes are highly related. Accurate measurements of the diversity within
gene clusters are slowly coming forth from the sequencing of genes from cultured
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isolates and of environmental genomic DNA cloned into bacterial artificial chro-
mosome vectors (6).

Evolutionary processes in large populations of bacteria are not well understood
at present. Perhaps the three most abundant groups of microorganisms known
are the oceanic planktonic organisms ‘Pelagibacter’ [SAR11; (84)], the Group |
Marine Crenarchaea (22, 33), aRdchlorococcug17, 18). Population genetic
theory predicts that advantageous mutations spread easily in such large populations
because bottlenecks rarely occur. Theory also predicts that these organisms are
well optimized for their environment because there is a large pool of diversity for
selection to act upon.

Cohan (19) developed ideas that are useful for thinking about bacterial specia-
tion in the context of phylogenetic trees. He suggests that “ecotypes” are revealed
in the fine structure of phylogenetic trees and that it might be a good idea to define
bacterial species as ecotypes. The concept of periodic selection is central to this
idea. Periodic selection, also known by the term selective sweep, occurs when
a new variant of a species, which has a significantly higher fithess than its con-
specifics, arises. In a large asexual population such a variant eventually replaces
its conspecifics. If environmental gene clusters are the consequence of neutral
substitutions accumulating in large asexual populations as a function of time, then
selective sweeps eliminate diversity within gene clusters, only to have them reform
as descendents of the successful new cell variant accumulate neutral substitutions.
An interesting feature of this model is that it predicts that phylogenetic trees made
from environmental gene clones will contain a record of speciation and periodic
selection. Below, we use two examples to illustrate this idea: the marine oxypho-
totroph clade Rrochlorococcusind marineSynechococcysnd the SAR11 gene
cluster. Although this discussion is speculative, it serves to develop an important
idea: Our modern view of microbial diversity is emerging from environmental
studies, in which we increasingly interpret the evolution of microorganisms by
considering their adaptations to a specific environmental context. Previously, it
was more common to speculate about their evolution of organisms from their
physiological attributes alone.

For example, consider the case of the marine oxyphototroph clade, which con-
sists of the cyanobacterRrochlorococcusand marineésynechococcysgigure 8,
top; also known as the marine picophytoplankton clade (103)]. Many examples of
these microorganisms have been cultured [e.g., (17, 80)]. They are ubiquitous in
the oceans, environmentally significant, and physiologically diverse, but they form
a single clade of relatively shallow divergence in ribosomal RNA gene trees (103).
The most distant sequences in this clade have sequence identities of 0.96, well
above the boundary typically used to place microbial strains in separate genera.
Assuming that 16S rRNA genes diverge in these organisms at a uniform rate that is
about the same as that observed in other microorganisms [0.01-0.02 substitutions
per site per 50 Ma (73)], the calculated age of this clade would be between 100 and
200 million years—far less than the probable history of unicellular cyanobacteria
in seawater.
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A r Prochlorococcus marinus MIT9302 (AF053396) I
. Prochlorococcus marinus MIT3312 (AF053398)
Prochlorococcus marninus MITS201 (AF115268)
Prochlorococcus marinus MITS202 (AF115263)
Prochlorococcus marinus MITS215 (AF115271)
Prochlorococcus marinus GP2 (AF001472)

|

|

1 |
|

Prochlorococcus marninus TATLB (AFD01475) I
|

|

|

|

|

High Light

Clade'

Prochlorococcus marinus MATLZ (AFO01470)

Prochlorococcus marinus CCMP1426 (AF133833)

Prochlorococcus marinus NATL1 (AF133834)

Prochlorococcus marinus TATLAA (AFO01474)

Prochlorococcus marinus PCCA511 (AF180967)

environmental clone SARG (X52169)

on s _[.__ Prochiorococcus maninus NATLZA (AF001467)
Prochlorococcus marinus PACT (AFD01471)

Prochlorococcus marinus MIT9211 (AF115270)

Prochlorococcus marinus MIT9303 (AFD53347)

Prochlorococcus marinus MIT9313 (AFO53399)

environmental clone MB11E08 (AY033308)

environmental clone ME11A04 (AY033297)

environmental clone SART (X52171)

environmental clone SAR100 (ME3813)

Synechococcus sp. WHE103 (AF001479)

Synechococcus sp. WHY805 (AF001478)

Synechococeus sp. WHE101 (AF001480)

freshwater Synechococcus sp. Biwa-G0 (DS0615)

Iy Synechococcus sp. Biwa-B0 (D50G14)

freshwater Synechococcus sp. Biwa-P0 (D50616)

freshwater Cyanobium gracile PCCE307 (AF001477)

B MAC1-3, surface, North Atlantic (AF245616)
. ZD040%, photic zone, North Sea (AJ400350)
FL11, surface, coastal Pacific (L10935)
EBACA0EDD, surface, coastal Pacific (AF268220)
MB11F01, surface, coastal Pacific (AY033309)
MB13H04, surface, coastal Pacific (AY033320)
‘Pelagibacter ubique’ HTCC1062, coastal Pacific (AF510191)
AWS9E-19a, coastal Arclic (AF327027)
EBACE2A03, surface, coastal Pacific (AF268222)
PLY43, surface, coastal Atlantic (L13159)
EBACZBEDE, surface, coastal Pacific (AY033295)
SAR407, B0 m, Sargasso Sea (U75253)
MB11E07, surface, coastal Pacific (AY033306)
SAR1. surface, Sargasso Sea (X52280)
0.10 SAR11, surface, Sargasso Sea (X52172)
SAR193, 250 m, Sargasso Sea (LU75649)
MB12A07, surface, coastal Pacific (AY033312)
MB11B07, surface, coastal Pacific (AY033209)
ZD0410, photic zone, Morth Sea (AJ400351)
MEBE11D08, surface, coastal Pacific {(AYD33303)
SAR211, 250 m, Sargasso Sea (U75256)
SAR464, 80 m, Sargasso Sea (U75254)
MB21A02, 500 m, coastal Pacific (AY033322)
SAR241, 250 m, Sargasso Sea (U75258)
SARZ20, 250 m, Sargasso Sea (UT5257)
SAR203, 250 m, Sargasso Sea (U75255)

ArclicB6B-22, 55 m, Arclic Ocean (AF353229)
_EAI’CHGQGA—T\ 55 m, Arctic Ocean (AF353226)

OM155, surface, coastal Atlantic (UT0686)

LD12, freshwater Lake Loosdrecht (Z99997)
F DCB-48-1, brackish Weser Estuary (AY 145508)

HTHE, freshwater Horsetooth Reservoir (AF418965)
Figure 8 Phylogenetic trees showing relationships among representative members
of the marine oxyphototroph cladegnel A and the ‘Pelagibacter’ (SAR11) clade

(panel B. The tree topologies were inferred with the ARB software package, using the
Olsen evolutionary distance correction and neighbor-joining tree-building algorithm.
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The marine oxyphototroph phylogenetic tree in Figure 8 has several interest-
ing topological features that correlate with the physiology of the organisms. The
deepest branch in the oxyphototroph clade sepafaiashlorococcudrom the
marineSynechococcusvhich differ markedly in their light-harvesting structures
and ecology [(101); see also (81)]. The prochlorophytes lack the phycobiliprotein
light-harvesting systems that are typical of other cyanobacteria and instead use a
chlorophylla/bsystem. The deepest branches withirRhechlorococcusubclade
are ecotypes that are found near the bottom of the photic zone, have higfeghl
ratios, and can use NO or NH4" as sources of inorganic nitrogen (72). Within
the Prochlorococcugadiation, a subclade emerges which circumscribes strains
adapted to higher light conditions; these strains are found at shallower depths in
the water column, have low CHi/a, ratios, and appear to rely exclusively on
NH4* as a source of inorganic nitrogen (72) (Figure 8).

The surprisingly high sequence identities within the marine oxyphototroph
clade could be interpreted as evidence of a periodic selection event in which a
single unicellular planktonic cyanobacterium acquired an advantageous genetic
change that caused it to sweep competitors from the oceanic photic zone. The
genetic data roughly place this event in the Mesozoic era, long after the origins of
cyanobacteria and the oceans (2). The topology of the phylogenetic tree shown in
Figure 8 also suggests tHatochlorococcuand marineéSynechococcudiverged
subsequently. There is no indication of what genetic change might have led to a
selective sweep truncating diversity in the oxyphototroph clade, but insight into the
evolution of this group may be forthcoming from the several marine oxyphototroph
genomes that are now being sequenced.

Alpha proteobacteria of the SAR11 clade, another exclusively planktonic mi-
crobial group, form a far deeper clade with sequence identities as low as 0.87.
In contrast to the marine oxyphototroph clade, the SAR11 clade currently con-
tains only a small number of cultivated representatives, all of which contain nearly
identical rRNA gene sequences (84) (Figure 8). The topology of this cluster also
suggests evolutionary divergence into ecotypes (30) (Figuret&n). The deep-
est branch of the SAR11 clade includes freshwater species. The strictly marine
part of the SAR11 clade is divided into two subclades, which appear to roughly
correspond to surface and deep ecotypes of SAR11 (30). The long internal seg-
ments that connect the subclades of SAR11 suggest a lengthy evolutionary history
punctuated by the divergence of ecotypes and episodes of periodic selection. Like-
wise, the long segment connecting the SAR11 clade to the most closely related
outgroups suggests that diversity within this clade was truncated by an episode of
periodic selection that predated the divergence of the major SAR11 subclades.

The two clades of marine organisms that we have used as examples provide ev-
idence that the fine structure of phylogenetic trees can provide useful information
about evolution and functional specialization in natural microbial populations.
Other reports not discussed here support similar conclusions [e.g., (106, 108)].
Most phylogenetic trees based partially on environmental gene clones show topo-
logical features that suggest evolutionary diversification, but rarely is there enough



Annu. Rev. Microbiol. 2003.57:369-394. Downloaded from www.annualreviews.org
by Zhejiang University on 04/15/14. For persona use only.

UNCULTURED MICROBIAL DIVERSITY 387

information about the ecological distributions and phenotypic attributes of the or-
ganisms to enable an analysis such as that given above for the SAR11 and marine
oxyphototroph clades. It appears likely that the fine structure of phylogenetic trees
will increasingly be interpreted as more information becomes available. The extent
to which Cohan’s ideas will influence taxonomy remains to be seen, but the merit
of his thinking is evident in the examples given above.

CLOSING REMARKS

Knowledge of microbial diversity, as it is revealed in the topology of 16S rRNA
phylogenetic trees, will probably continue to expand the outlines of the domain
Bacteria, but at an ever-decreasing rate. It seems likely that the major advances
ahead will come about by genome sequencing and functional prediction from
genome sequences [e.g., (7)]. In their landmark 1997 paper on the evolution of
protein families, Tatusov and colleagues (99) remarked that clusters of orthologous
genes (a set of homologs from different species) appeared to be “unique as a
natural system” for protein classification. They were referring to their system of
mapping genes into families, not cells. But, since it is genes that give cells the
unique properties that allow them to expand their domains in nature, it seems
likely that correlating the evolution of gene families with cellular evolution (still a
solid concept) is the most illuminating source of new information about microbial
diversity.
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