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INTRODUCTION The recognition of patterns of occurrence of individual pop-

This review focuses upon recent ecological studies of terres-
trial hot spring microbial communities that are beginning to
reshape our view of microbial biodiversity and of the compo-
sition, structure, and function of microbial communities. Other
reviews provide general information about the types of micro-
bial communities found in different terrestrial hot spring hab-
itats (18, 23, 147, 148, 151, 160) and about the large numbers
of new thermophilic bacterial isolates that have been obtained
in recent years (136, 137), fueled by interest in biotechnology
and the possible ancestral nature of hyperthermophily (96, 171;
but see references 44 and 79). Here, we draw attention to how
the application of molecular tools to the analysis of hot spring
(and other) microbial communities is beginning to enable us to
understand the organization of microbial communities as mac-
roecologists understand the biodiversity of larger species, in
terms of the specific populations that comprise higher-order
structure within communities (Table 1). As suggested by an
ecology text that we found to give an excellent introduction to
the subject (11), “A first step is usually to search for patterns in
community structure. ... [R]ecognition of patterns leads in
turn to the forming of hypotheses about the causes of these
patterns.” These points were also recently emphasized by Law-
ton (69). We especially appreciate the natural view that Begon
etal. (11) present in their text, i.e., that of the natural historian,
who observes organisms in situ and considers organisms to be
products of their evolution and ecology. Hence, we refer to this
text to illustrate how such a view has helped us understand
patterns that we have observed in our measurements of natural
microbial populations.

* Corresponding author. Mailing address: Department of Land Re-
sources and Environmental Sciences, Montana State University, Boze-
man, MT 59717. Phone: (406) 994-3401. Fax: (406) 994-4926. E-mail:
umbdw(@gemini.oscs.montana.edu.
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ulations within microbial communities has been prevented by
limitations inherent to the traditional methods of microbiol-
ogy. One problem is the relatively small size and nondistinctive
appearance of microorganisms, especially prokaryotes, which
frustrates attempts to differentiate populations microscopi-
cally. The lack of morphological variation has led to another
problem—the reliance upon cultivation of microorganisms for
their identification. Many microbiologists, including Martinus
Beijerinck and Sergei Winogradsky, who pioneered the use of
culture methods to study the general biology of naturally oc-
curring microorganisms, doubted that such an approach would
provide an accurate description of microorganisms as they
occur within natural habitats (see references 144 and 147 for
citations and quotations). We certainly do not wish to con-
demn pure culture work; it is essential for characterizing mi-
croorganisms, and no one can deny the value of detailed in-
vestigation of pure cultures to the development of our
understanding of microbial physiology and genetics. For exam-
ple, pure culture studies have led to new molecular approaches
(93) that are revolutionizing microbiology by providing an evo-
lutionary framework and enabling new ecological approaches.
However, the limitations of cultivation methods for objective
analysis of populations within natural communities also cannot
be denied (e.g., see references 19 and 147). We believe that the
heavy emphasis on the pure culture approach during the past
century has forced microbiologists to become overly comfort-
able with unnatural views of microbes in nature (146). Without
an adequate means of detecting predominant native microbial
populations, studies of microbial communities have mainly
been ecophysiological studies of microbial process rates. These
are, of course, essential for understanding those aspects of
community function that it occurs to us to measure or which we
have the capability to detect. Such measurements must, how-
ever, be considered assays of guild activities, since they poten-
tially include the activities of many individual populations per-
forming similar tasks (Table 1). Through the application of
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TABLE 1. Terms used by ecologists, evolutionary biologists, and bacteriologists to describe levels of biological organization above the level of

individual organisms

Term Definition Source
Population “A group of individuals of one species in an area” Begon et al. (11)
“A group of conspecific organisms that occupy a more or less well defined geographic region Futuyma (48)
and exhibit reproductive continuity from generation to generation”
Ecotype “A sub-set of individuals within a species with a characteristic ecology” Begon et al. (11)
“A genetically determined phenotype of a species that is found as a local variant associated Futuyma (48)
with certain ecological conditions”
Species “The members in aggregate of a group of populations that interbreed or potentially interbreed Futuyma (48)
with each other under natural conditions”
“Strains with approximately 70% or greater DNA-DNA relatedness” Wayne et al. (161)
“The major biological meaning of reproductive isolation is that it provides protection for a Mayr (77)
genotype adapted for the utilization of a specific niche. . .. It is only where the criterion of
reproductive isolation breaks down, as in the case of asexual clones, that one makes use of
the criterion of niche occupation.”
“A lineage . . .evolving separately from others and with its own unitary evolutionary role and Simpson (130)
tendencies. . . . Roles are definable by their equivalence to niches.
Guild “A group of species that exploit the same class of environmental resources in a similar way” Begon et al. (11)
Community “An assemblage of species populations which occur together in space and time” Begon et al. (11)

molecular methods, we appear to be entering an era in which
it is possible to observe the patterns of occurrence of the
individual populations upon which the structure of microbial
communities is based.

The studies we review here mainly involve the use of 16S
rRNA sequences (or the genes encoding them) as a means of
avoiding the need to cultivate a microorganism to recognize its
presence and measure its distribution in a community. Terres-
trial hot spring microbial communities were among the first to
be surveyed with this technology (134, 159) and thus were
among the first in which the impressive diversity of unculti-
vated microbial populations in nature was revealed. Of course,
this has been a typical finding in 16S rRNA gene surveys of
microbial diversity in numerous habitats (13-16, 30, 47, 50, 56,
66, 71, 82, 91, 123, 132, 141). 16S rRNA studies of hyperther-
mal hot spring habitats have led to the discovery of novel
uncultivated bacteria (e.g., Aquificales and Thermotogales rel-
atives [98, 115] and archaea [e.g., Korarchaeota and others {4,
5, 97, 98}]) that are particularly interesting because they
branch near the root of 16S rRNA-derived phylogenetic trees.
Since such microorganisms may help us determine character-
istics of the most ancestral cells, it is also quite exciting that
some of them have recently been brought into culture (58, 59).

As ecologists, we wish to know why such diversity exists, how
it is organized within a microbial community, and what value it
may have to community structure and function. We are guided
by the foundational thinking of macroecologists, who have
reminded us of the intimate linkages among diversity, ecology,
and evolution. Begon et al. (11), for example, in their intro-
ductory remarks extend T. H. Dobzhansky’s comment that
“Nothing in biology makes sense, except in the light of evolu-
tion,” to emphasize that “very little in evolution makes sense,
except in the light of ecology.” This is, of course, because the
diversity of species that exists is a consequence of the interac-
tions between organisms and environments—natural selection
and genetic drift among ecologically or geographically isolated
populations drive speciation (48, 117). The noted ecologist
E. O. Wilson recently claimed in his autobiography (169) that
“If I had it to do all over again and relive my vision in the
twenty-first century, I would be a microbial ecologist. . . . Into

that world I would go with the aid of modern microscopy and
molecular analysis.” Perhaps this is because he was aware that
there is potential to use molecular methods to understand
microbial diversity in terms of evolutionary ecology, an ap-
proach that he and others developed to understand the diver-
sity of larger species (e.g., see references 73 and 117). 16S
rRNA sequence data, used so extensively to pioneer studies of
microbial evolution (93, 98, 171, 172), not only permit culture-
independent detection of native populations but also automat-
ically provide a means of observing patterns of their evolution.
The facility to probe 16S rRNA sequences (1, 84, 133) provides
a means of observing the ecological patterns of occurrence of
the populations detected. As microbial ecology enters a new
era, in which molecular techniques permit improved detection
of specific populations, it seems useful that microbial ecologists
should consider whether patterns of occurrence of microbial
species are governed by principles similar to those that explain
the evolution and ecology of larger, more complex species.

TECHNIQUES AND TERMINOLOGY

Because we intend to emphasize results, we refer readers to
several reviews describing what have become somewhat stan-
dard 16S rRNA-based cloning, sequencing, and oligonucleo-
tide probe methods and their limitations (1, 92, 99, 133, 147),
as well as to the specific studies we cite. We do, however, point
out concerns about molecular methods as we review our own
results. Most of the results we present here were obtained by
denaturing gradient gel electrophoresis (DGGE) analysis (36,
84), which involves the separation of PCR-amplified 16S
rRNA gene segments in an acrylamide gel containing increas-
ing concentrations of denaturants. The separation is based on
differences in melting characteristics of the double-stranded
segments, which are in turn dependent upon sequence differ-
ences. The result is the simultaneous detection of many indi-
vidual 16S rRNA molecules as a “profile” of bands, each of
which can be reamplified and then sequenced.

In our opinion, because of possible PCR amplification and
cloning biases (35, 108, 114, 139) and chimeric artifacts (65, 72)
that can be difficult to detect (64, 116), these molecular meth-
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ods should be viewed as providing a different way of sampling
microbial biodiversity compared to cultivation and microscopy.
Without further study, it cannot be presumed that methods
such as these for detecting 16S rRNA sequences provide a
complete and totally objective view of community composition
and structure. Nevertheless, it is now possible to recognize
evolutionary and ecological patterns of occurrence of those
16S rRNA sequences that are detected in natural habitats. It is
essential to consider the meaning of such observations. Do 16S
rRNA sequences measure gene diversity or organismal diver-
sity, and, if the latter, at what biological level (population,
species, above species) is diversity being measured? We will
attempt to address these questions as data are presented be-
low, employing terms which have been used by ecologists and
evolutionary biologists, or by bacteriologists, to describe how
genetic diversity is organized within communities (Table 1).

HOT SPRING CYANOBACTERIAL MATS AS MODELS
FOR MICROBIAL COMMUNITY ECOLOGY

Since 1977, we have studied the cyanobacterial mat commu-
nity inhabiting the effluent channels in Octopus Spring, Yel-
lowstone National Park (Fig. 1), between ca. 74 and 42°C.
These are the approximate upper temperature limits of the
mat and of animals which graze upon the mats, respectively.
Our rationale has been that the mat (Fig. 1B) is a relatively
simple and stable community that can be used as a natural
model system in which to investigate principles of microbial
community ecology. The mat is typical of many other commu-
nities in the sense that organic matter formed through oxygenic
photosynthesis in the uppermost 1 mm is almost completely
recycled in deeper layers through aerobic and anaerobic de-
composition (33, 149, 157). However, this thermal community
is free of interactions involving plants and animals (and also
eukaryotic microorganisms [156]); therefore, such investiga-
tions can be focused entirely on prokaryotes and their inter-
actions. Hot spring mats will not model all microbial commu-
nities, especially those that are more heterogeneous and those
in which greater microhabitat diversity may lead to greater
microbial diversity (139a). However, studies of simpler and
more stable systems make it easier to observe patterns that
may influence the way we think about more complex systems.

A distinct advantage of studying hot spring mats is that these
communities were studied intensively for many years by
Thomas D. Brock and his students (18), and also by many
other microbiologists (summarized in reference 151), provid-
ing a solid base of knowledge from which to launch more
detailed studies. In the past decade, we have in particular
sought to understand the Octopus Spring mat community in
terms of its component populations. At the outset, microscopic
analysis (Fig. 1C and D) and selective enrichment culture led
to the belief that a single unicellular cyanobacterium, morpho-
logically resembling Synechococcus cf. lividus Copeland (23,
25) constructs such mats worldwide. (The modifier “cf.,” mean-
ing “carried forward,” between the genus and species names
indicates that the species in question resembles that described
initially by Copeland on the basis of morphology.) Similar
evidence suggested that a single filamentous green nonsulfur
bacterium, Chloroflexus aurantiacus, co-occurs and provides
physical cohesiveness to the mats. To borrow once again from
the introductory remarks of Begon et al. (11), “the physicist
Whitehead’s recipe for science is never more apposite than
when applied to ecology: seek simplicity, but distrust it.”
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Community Composition

Before we began molecular analysis of the community, nu-
merous investigators had cultivated (or observed microscopi-
cally) many thermophiles (Table 2, column 2), including the
cyanobacterium S. cf. lividus, the green nonsulfur bacterium C.
aurantiacus, aerobic chemoorganotrophs like the planctomy-
cete Isosphaera pallida, numerous gram-positive fermentative
bacteria, a phylogenetically novel sulfate reducer, and a meth-
anogen. In general, we doubted that microscopy and cultiva-
tion were adequate tools for fully understanding community
composition and structure but we hoped that previous culture
work would provide an internal means of verification of new
approaches. For instance, we presumed that S. cf. lividus and C.
aurantiacus would be readily observed in molecular analyses.

Table 2, column 3, summarizes what has been learned about
the composition of this community through direct retrieval
from the mat of 16S rRNA sequences by cloning methods or
DGGE analysis of PCR-amplified 16S rRNA gene segments
(36, 41). Cloning was based mainly on cDNA synthesis from
16S rRNA templates (163, 164) but to a lesser degree on PCR
amplification of 16S rRNA genes (65). Many of the same 16S
rRNA sequences were detected by more than one or all of
these methods (152). The general relationships of 16S rRNA
sequences detected in the mat to major phylogenetic lineages
in the domains Bacteria and Archaea are given in Table 2
(column 1). Comparison of columns 2 and 3 in Table 2 reveals
that none of the 31 unique 16S rRNA sequences observed is
identical to the 16S rRNA sequence of any of the isolates
previously cultivated from the mat. In fact, sequences obtained
directly from the mat are at best 93% similar (see cautionary
note in Table 2, footnote ¢) to their closest cultivated mat
relatives and are also only distantly related to their closest
cultivated or uncultivated relatives in the Ribosomal Database
Project (75). No sequences were retrieved for many of the
phylogenetic groups which are well represented in the mat
culture collection (e.g., Thermus, Isosphaera, gram-positive and
sulfate-reducing bacteria, and methanogenic archaea), and
many sequences were retrieved from phylogenetic groups not
represented in the mat culture collection (see below). It is
obvious that the molecular approach samples the community
in a totally different way than does the cultivation approach.

A note of caution is necessary regarding the possibility that
cloned sequences might be chimeric artifacts formed from
more than one 16S rRNA sequence during PCR. For instance,
we do not include in Table 2 two sequences that we have
detected, because we have evidence that they are chimeric
Table 2, footnote a). Detection of chimeras is difficult (64,
116). In general, confidence that a sequence is real can be
improved by obtaining more information about it. In our case,
many of the sequences detected were observed by different
methods of analysis (e.g., cloning from rRNA templates, clon-
ing after PCR amplification from rDNA templates, PCR fol-
lowed by DGGE analysis, oligonucleotide probing, and culti-
vation).

In addition to permitting inference of phylogenetic affilia-
tions, 16S rRNA sequences sometimes permit inference of
phenotypic properties for the organisms contributing them.
Numerous sequences related to those of cyanobacteria were
detected (Table 2 and Fig. 2A) but not the sequence of a
Yellowstone cyanobacterial isolate of S. cf. lividus (strain Y-
7c-s). It seems logical to infer an oxygenic photosynthetic phe-
notype for the populations contributing these sequences, since
this is a metabolism common to all known members of the
cyanobacterial lineage (including chloroplasts and prochloro-
phytes [53, 168]). In evolutionary terms, it is a shared, derived
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FIG. 1. Laminated cyanobacterial mat communities of alkaline siliceous hot springs in the Lower Geyser Basin, Yellowstone National Park, viewed at different
scales. (A) Landscape showing green-orange mat at far edge of Octopus Spring and down effluent channel. (B) Cross section of ca. 50 to 55°C Octopus Spring
cyanobacterial mat sample magnified at ca. X 1.8. (C) Phase-contrast microscopy image of homogenized 1-mm-thick upper green Octopus Spring mat layer showing
the predominant cyanobacteria, sausage-shaped S. cf. lividus, embedded in a matrix of filaments, at least some of which are probably green nonsulfur bacteria such as
C. aurantiacus (reprinted from reference 160). (D) Autofluorescence microscopy image of a vertical cryotome section through the upper 1-mm green layer of the 61°C
Mushroom Spring mat showing banding of S. cf. lividus populations at different depths (111).

character defining oxygenic photosynthetic prokaryotes and
chloroplasts as a monophyletic lineage. Although these se-
quences display wide variation in nucleotide composition,
some are closely related (e.g., the type A/B cluster, including
sequence types A, A’, A", A”, B, and B’, which exhibit between
0.3 and 5.6% differences in 16S rRNA sequence). Very small
sequence differences could be due to polymerase error (112),
but again, further study may prove otherwise. For instance, in
our earlier cloning work we were unwilling to define distinct
16S rRNA sequence types (e.g., type B) on the basis of a single
nucleotide difference we felt might be due to polymerase error;
hence, we described sequence type B allowing an ambiguous
assignment for one nucleotide position (159, 162, 164). Later,
however, DGGE analysis revealed that there were actually two
distinct sequence types (types B and B’) (36).

As in the case of cyanobacteria, numerous sequences phy-
logenetically like those of green nonsulfur bacteria were de-

tected (Table 2 and Figure 2B) but not that of an Octopus
Spring isolate of C. aurantiacus (strain Y-400-l). For the pop-
ulations contributing these sequences, the phenotype cannot
be confidently inferred since both anoxygenic photosynthetic
and aerobic chemoorganotrophic bacteria are found in this
lineage (95, 162). Like the cyanobacterial sequences, some
green nonsulfur bacterium-like sequences exhibit large differ-
ences in nucleotide composition, while others are very closely
related (e.g., type C-like sequences exhibit between 1 and 1.4%
differences in 16S rRNA sequence) (Fig. 2B).

Sequences of numerous other lineages were detected, as
summarized in Table 2 (column 3). The observation of several
sequences possibly related to those of green sulfur bacteria is
interesting. No cultures have been obtained from this mat,
though a thermophilic Chlorobium species has been cultured
from mats in New Zealand hot springs (28, 143). The inference
of an anoxygenic photosynthetic phenotype for these popula-



TABLE 2. “Species list” for the Octopus Spring cyanobacterial mat community

16S Highest
rRNA . >, o .
Phylogenetic type” Previously cultivated organism sequence Recently enriched or Physiological type® relative GenBank accession Reference(s)
cultivated strain population no.
type density® (%)
Cyanobacteria S. cf. lividus®* S. cf. lividus C1 Oxygenic phototroph 135345, 1L35479-80 40, 62
A" Oxygenic phototroph U88530 37
A" Oxygenic phototroph U88069 41
A’ Oxygenic phototroph U42374 36
A Oxygenic phototroph X52544 159, 162
B’ S. cf. lividus P3 Oxygenic phototroph 12.5 U42375 36, 102, 111,
155
B S. cf. lividus P1,2 Oxygenic phototroph 12.5 Mo62776 102, 155, 159,
162
I Oxygenic phototroph L04709 162
J Oxygenic phototroph L04710 162
P S. cf. lividus B10 Oxygenic phototroph 4 135331 40
S. cf. lividus C9 Oxygenic phototroph 0.4 1L.35481-3 40
Green nonsulfur bacteria  C. aurantiacus Y-400-1° Anoxygenic phototroph; L04674 106, 162
and relatives aerobic chemoorgano-
troph
Thermomicrobium roseum®” Aerobic chemoorganotroph M34115 60, 95, 176, 177
C M62775 159, 162
(o4 U42421 36
c’ U90433 41
OS-V-L-20 L04703 162
env.OS_ace3 Aerobic chemoorganotroph 0.3 L47199 121
env.OS_ace4 Aerobic chemoorganotroph 0.3 L47200 121
env.OS_ace5 Aerobic chemoorganotroph 0.3 L47201 121
Green sulfur bacterium- E X52548 147
like E’ U42419 36
E U42420 36
M L04708 159
I11-9 L04705 147
Planctomycetes L pallida® Oligotrophic aerobic X64372 33,52, 158
chemoorganotroph
Thermus/Deinococcus” T. aquaticus-like ac-1 Aerobic chemoorganotroph ~ 0.000003 L37520 22, 87, 121
T. aquaticus-like ac-7 Aerobic chemoorganotroph ~ 0.000004 L37522 22, 87
T. aquaticus-like ac-7' Aerobic chemoorganotroph  0.0003 147202 121
T. ruber-like ac-2 Aerobic chemoorganotroph 0.3 L37521 87, 121
T. ruber-like ac-17 Aerobic chemoorganotroph  0.001 L37523 87
Thermus spp. Ramaley-4  Aerobic chemoorganotroph X58344 6

Continued on following page
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TABLE 2—Continued

168 Highest
rRNA . N .
Phylogenetic type” Previously cultivated organism sequence Recen.tly enrlche'd or Physiological type” relatlv.e GenBank accession Reference(s)
cultivated strain population no.
type density® (%)
Proteobacteria
a subdivision (0] L04706 147
env.OS_ace2 Aerobic chemoorganotroph ~ 0.003 L47198 121
B subdivision G X52550 159
R U46750 86
N Isolate ac-15 Aerobic chemoorganotroph ~ 0.03 L04712, U46749 86
Enriched population N’ Aerobic chemoorganotroph  0.003 L47196 121
Isolate ac-16 Aerobic chemoorganotroph ~ 0.001 U46748 86
+ subdivision Isolate env.OS_ace7 Aerobic chemoorganotroph  0.0000003 L47204 86
d subdivision env.OS_ace8’ Aerobic chemoorganotroph 0.3 L47205 121
Spirochetes H X52551 159
OS-V-L-7 L04704 162
Gram-positive bacteria Heliobacterium Anoxygenic phototroph U14559 63, 138
modesticaldum
Thermoanaerobacter brockii Fermenter L.09165 8, 109, 175
HTD4*
Thermoanaerobacter Fermenter 109162, L09164 8, 109, 166, 167
ethanolicus JW200 and
39EF
Thermobacteroides Fermenter 109163 8, 12, 109, 173
acetoethylicus HTB2/W
Thermoanaerobacterium Fermenter L09171 8, 109, 122
thermosulfurigenes 4B~
Moorella Fermenter X77849, L09168 8, 31, 109, 165
thermoautotrophica
JW701*
env.OS_acel Aerobic chemoorganotroph 3.3 L47197 121
env.OS_ace6 Aerobic chemoorganotroph ~ 0.003 L47203 121
Isolate ac-18 Aerobic chemoorganotroph ~ 0.01 U46747 86
Thermodesulfotobacterium  Thermodesulfotobacterium Sulfate reducer L10662 158, 171, 174
commune
Paraphyletic assemblage OP-1-2 L22045 65
2.5.1 Leptospirillum
group
Paraphyletic assemblage L Enriched population 13 Aerobic chemoorganotroph  0.0000003 L04707 121, 147
2.5.3 enviromental
isolates
OS-1-25 X67084-7 158
Paraphyletic assemblage K L04711 147, 162
2.5.4 Nitrospina group
Bacteria of uncertain D X52547 159
lineage
F X52549 159
Q U42422 36

89¢1

IV 1d ddvMm

"ATY "10Ig "TOJN “TOIHOMDIN



1359

HOT SPRING MICROBIAL MAT BIODIVERSITY

VoL. 62, 1998

TETL2E 2SS P R8E8858¢8% EEETLoE L=
S2Ef 525288552558 GEZEZ2E
— B2 1835 < =4S 0 = o 2 7
8 S8 HETFELE8 25 CeBIE & 1] = = £a,
e .n.mkeavrwnmmsz%,puvwlmw:Aoam pdgdm%S oo
g o S5 2E9 T 5, S eE eS8 YYEE 98282 5
= = S5 S 298 =820E:0 S 3038 o 83 o
= S eI < S e RO £§S306 g &
. ? So-En Socg8og o gE R =~ 3 z
2 s £ = ommmv_fmmmhMQana.mm,me .mwbmmcma s %=
. — ) k=) 4
S 5 2 g o g S8E. 5282223, 82588 Sol3ESgy &2
&< : 8 g S s S5 =8 oSS BSIESSESsEET ISR S2S%52% S5
283 3 . n s 3 3 o 3 B 2E0E8C Bzl IUESS 2 SR} o & 5 =
s 9 2 N =% g S S ¥ea = ¥ WY S L2S RE SR B S29SST T ~ hn o3 o o
S % oo B “« [ = 3 5% © © £ 3 SO0 S E= . ST oL EQ =2 Y00 = 0 < 3 m
, X w .. 5] 5] S eV = o 0D = = 30X = @A —~ Hal B %]
$88: 5 £gsd %3 ¥ES i 5 £5,:5022322 4288385 ¢ SoeafEZ §9
SE 8 § S ¢ss,gs’® : 288 &3 = g mwwwxoaﬁmouwwhmmummw oI <S> 2 ZE
=g £8 3 = % =3 5 g - £'0 o N < 3 208 O = ce+~Q S KRS = =] — == =
Si2% s s5gST58838% Egi SEE_Ss S EL3eCEEZENSSgE82S80E Eo58825 =T
a8 S 83T 283 L8 S ER-I R @ SeSg 18 N EERY % S o ESmSS2S = = o
= s g=3=28 3= ; g 2 < 2 e 2% . F wZ T e s Mg s PSSP ER TS 5 QLo =g = <
A S S e g §B8T g~8 T ol 5] 3~ oS82 - S § Vo g ES Q< N cERK=-S%o0% - OV OoOT S+ -
S S AaS 25 8 382 @ S S -2 & = ST ESE vw,s%§ O~ OY S 0TS D Lo, 23S 2 S = O o & O &
auy,./ISMl.A)aedO — w2< 32 = 2 3 R~ o= .3 [=ire) Qo .S 0o gEesd| B [ IS = =] 1
S = S w= S L 22 = ® =] & Do S22 20goss = 528 g% 5 A2 9 =2°g S s = SR = O
S 220 5 >3O0 mEO -2 = zZ=< 2335 S23°3 LYoo =2 = Q9 .Wcﬂ.lsmeotm =) L0° ox o 5
£ 5 S 2 2 S @] = @ a8 P O T TR ESo el S0ETRESEEHYE [ S . )
G w O 2 2 - > wn o 22 50 S e SEQESESn 08 =3 = - O 2 o 2 g g
~ =) |72 3 o N - 528 |l © & SEEsS S 5 SO E S E5ESOB 0 ESQERINTE 151 20 on o=
(=] =0 o K = =] w0 =, B nmmOtS.lr.loo .S 2525 0K g=d s g he @ .2 Q
o @»n wn » & I HpgTFT I+ e N = — = an
2 L g o 29858 EReR R R R PN R A S e SEZCZ2EEgoE
3 =X E=S 00 B S o203 oo 2 0= =N
2 LS I8 25550g802%ssSzizissl £,5°E85EES
© = o SE8e2S2n 823 9v S 8582 >°EEE83 8%y
=1 50 S0 0x ~NF S 0L =5% 93 (i ) Q .
P EECESREoFR LS SMES RS 29520 ° &S EE
5250880 E0RB8 -8 ESU LT TEE P2 o=a5038
— ESRELPEYSRENSETBirE o828 Q = O =pF =20
| bcmmeTj.momsamwum.os S8 RExsEgs s
o = s = < <
S BEYEEZSNTFo2Eo9 58 N2 85938583532
EEE5323RE88F52 it E 25248752838
-~ SE 80"~ 922 2Y28% oS3 & a o= g Qe
ZZAES 27 58958228888 A g oL T80
_ “ AL T M D SegfgiEsEE
_ ic 2902 ~S o= ¥4 ©CT S50 By 3
e eV EE SRS 2= ¢ % » o = =
[ . 02T 0E QG EASoERTESEZ S S Le=ca 28,8508
: LR EE8EdESR 5558 SES S w50 .02 528
e 20O & S-S as O 9 € == = 2]
< Eg, 5038255585588 E¢88% segxTigE<s
==Ar . D L] s 382583 L oD o = =
SE23088LiE5235L28=2&E883 S wawn O TO o

((1€) wmowydodgomvounidy) wnipliiso]) 10} dWeu Mou dY) ST vorydodjompoutidy) vjjai00p (L) A[oAnoadsal ‘sauasonfinsoutiaryy
WnIpIUISO]) PUR WNIUNfINSOIPSYOULIdY] WIMIPLISO]D “IYO04q WNIGOIIDUDOULIDY ] 0] SIWIRU MIU IR SIUISUNfJNSOULIdY] WNLDIIVOLIDUDOULIDY] PUR ‘SIOHOUDY]D 49]IDQOLIDUDOULIDY] “UYI0IqG 421ODGOIIVUDOULIIY],
*N 2d£1 Jo jey) 0} [eorIUPI sI 9ouanbas VNI S9T asoym (98) §-o€ se pajsi|
pue syuaudLIuD d1ydoIrjoueSIoowayd dIqOIdE WOIJ PAJRAN[Nd 9JR[OSI AY) 10U SI 31 (TZT) 2I1mnd juswydLus drydosjoueSioowayd s1qoIde ue ur pueq OO & se uonendod e Jo uonLAIISqO 91} 10 ST UONRUSISIP SIYT,
‘171 2ouaIajal ur partodar Apoaiioduy ,
‘Sunidg sndojoQ Ul SORIUNWWOD 1WERINS
srnjerodwal-1oy3Iy woiy se [[om se s3urids snoaoiIs aurey[e AqIeau 19710 WOy PAJRAN[NO Udaq dAey Ay} ysnoys Jew Suridg sndojoQ ayp woiy “dds snuuay g jo uoneanmo 1otid 03 90udI1a§o1 9Y10ads puy JOU PINOd M
*(g¢) paarasqo a1om ASojoydiow sty jo s[[ed Inq Jew Surdg sndojoQ oy} WoIy pajeAn[nd JON| g
“(LLT “9LT) PaA12sqo d1om spidy [edrd4) 1nq ‘yew Sundg sndojoQ oY) woiy pajeannd JoN /
's00uanbas YN S9T 211U 3] JO SANLIB[IWIS JO SOJBWIIS JBINOOR 9 JOU ABW ‘O[ndsjowl VNI S9T 2y} Jo suontod uo paseq aIe yoIym ‘sonfea AJLIB[IWIS 9SaY) Jey) 0S
‘(pazATeue Suroq suoISor o[qeIIeA PUB PIATOSUOD UIIMIA] ddUERq oY) JO “a'T) paredwoo Suraq are seouanbas oy Jo suorSar yorym jo uonouny e st ALre[rus oduanbas juaorad jey) ‘ToAMOY ‘UOTINED OA\ "UOTBLIBA 9duanbas
%69 "B SUQIYX YOIYM I9)SN[O B WIO $90uaNnbas oyI[-wniIojoeq Inyns uaaid oyi-g oy} ‘uonerrea aouanbas 9,7°06 03 678 NqIYxd soouanbos oyI-wnLIoloeq Injins uda1s oy, 'z *31 ur pagnuenb oxe soouonbas O od4) pue
soouanbos [errojoeqouekd g/ od£K) Suowre sdiysuornie[or oy, - 9dA) pue winaso. 1] udomIdq %S/ pue ) odK) pue snovnyuviny ) woamIaq 9,9°T8 ‘T 9dA) pue s-0/-X SnpIal] Jo *§ UdOMIDq %" ¢6 918 AIS10AIp Jo sSurdures om)
A} JUSISPIP MOY 9JBIIPUI JBUW Y} UI PAJ0)op saouanbas requrs A[reonousfodyd Suowre oAnR[aI J$9SO[O IIAY) PUE TR JY) WOIJ PAIRANND A[snoladld er1ajoeq Jo soouonbas WNYI S9T Y3 U2oM)oq SONLIB[ILIIS JUIDIN ,
“(or
90U219J01 938) S[qe[IRAR JIE SUIRI)S JR[ILIS A[[BI1OUSS [BI9AS 1Nq ‘Z[OYUAISED “M " Aq pap1aoid pue yIed [euoneN ouoIsmo[[d X ut suridg 1ojemres) je Sutds ¢'¢ Fd v woiy pajeanno A[[eniur ‘s-0/-X UIRIS pasn oM
*UOTB[OST 10 JUWYOLIuD 31 03 paf uoneindod a1y} Jo [[25 auo Jsed] Je jey) Surwnsse (OOT X ) 2IB[OSI UB JO UOBAN[ND 3} 0} I0 pueq OO © JO UOHBAIISQO Y} 0} PI[ JBY) JUSWIDLIUD oY)
9)e[noout 0} pasn d[dures jew paINIp Y ul JuAsId S[[90 snp1ay §o *§ JO IoqUINU JO [901dI01 AU} WOIJ IPBUI SEM 9JBWIISI AL, 'SIUN0D d1dOISOIONW JOIIP WOIJ PAUTULIIAP S[[9D S1p1al] “Jd °§ Jo oFejuoorad e se possardxy ,
‘renuajod [eorsojorsAyd onn s,uonendod oy jo uonoriy e Auo jussardar Aew siy,
'sasAeue onouagolAyd umo o o0y Surproooe paoeyd are aseqejep siy) ur 304 readde jou op yorym
soouonbas M3 v (91 ‘G9) SI9BJIIIR JLIOWIYD FUIdQ IS JO AIUIPIAD POOS SI AIY) SE “D[qe) Y} Ul PApNdUl J0u a1k (9-1-dO PUB H-T-IA-SO) dsea[ar siyy ur readde yomym seouanbas om) Jey) UoHNEd dA\ "SISBI[AT IOI[IRd
0} uostredwod uo paseq ‘(¢S] PUB §¢ SPIUAIAFAI 99s “§'0) soSeour] JudIoPIp ur parrodor A[snoraord orom soouonbos owog 'T°9 asearar (G.) 109f01g dseqele(q [ewOSOqry 9y} Ul 1dd0 Ay} se padeld are seouonbas 1y ,

wno1ydo4jompouLdy)
€LT 0TT 68 0TL89X usSouryioN WnLRLGOULYIIN BIRYITY



1360 WARD ET AL.

102 10* 10° 10° 107 10° Mat

g1
™ 2 = B'
3 B
4 -_—4 | B 4 = C
5 6

FIG. 3. DGGE analysis of 16S rRNA gene segments of aerobic chemoor-
ganotrophic populations enriched from 10-fold serially diluted samples of the
Octopus Spring cyanobacterial mat and present in the mat itself. Bands labeled
with numbers were characterized by purification and sequencing (see reference
121).

etic groups which contain Leptospirillum or Nitrospina. Culti-
vated representatives of most of these lineages from the
Octopus Spring mat have not been previously reported, though
spirochetes have been previously observed microscopically
(145) and have been cultivated from Oregon (103) and New
Zealand hot springs (104). Some sequences cannot be ascribed
to known phylogenetic groups and may represent novel lin-
eages in the domain Bacteria. The Octopus Spring mat com-
munity is clearly an ensemble of bacteria with quite different
evolutionary histories.

Why Are Culture and Molecular Samplings of Diversity
Different?

Competitive exclusion during enrichment. The incongruity
between populations sampled by culture methods and those
sampled by molecular methods prompted us to investigate
culture methods in greater detail. By diluting inocula to ex-
tinction before enrichment (extincting dilution enrichment) we
were able to recover cyanobacterial populations morphologi-
cally resembling S. cf. lividus, whose 16S rRNA sequences we
had detected by cloning and/or DGGE analysis (types B, B’,
and P) (40, 102, 155) (Table 2, column 4). This confirmed that
common morphologies mask considerable genetic diversity
among cyanobacterial mat inhabitants. If inocula were not
diluted before enrichment, a single S. cf. lividus genotype (that
of strain C1 [Table 2]) was recovered (40). In fact, all available
culture collection strains of S. cf. lividus (including Yellow-
stone strain Y-7c-s) also exhibited this 16S rRNA sequence
(40). The organism contributing it seems to be able to com-
petitively exclude other more predominant Synechococcus
populations in laboratory culture.

Perhaps the most clear illustration of competitive exclusion
was observed by using DGGE to monitor liquid enrichments
for aerobic chemoorganotrophic bacteria inhabiting the mat.
Figure 3 exhibits the populations detected that grew in enrich-
ments inoculated with increasingly diluted mat samples.
Clearly, the populations that were detected in enrichments
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from low-dilution inocula (bands 1 to 3 in Fig. 3) were those
that did not survive extreme dilution. Enrichments from highly
diluted inocula selected for different and obviously more abun-
dant organisms. In the example shown in Fig. 3, C. aurantiacus-
like populations (bands 4 to 6, corresponding to populations
env.OS_ace3 to -5 in Table 2, column 4) were 3 orders of
magnitude more abundant than the populations that domi-
nated low-dilution enrichments.

As in the case of cyanobacterial enrichments, it was possible
to recover by plating from a high-dilution enrichment one
aerobic chemoorganotrophic population whose 16S rRNA se-
quence had been observed by cloning (B-subdivision pro-
teobacterial sequence type N [Table 2]). As mentioned above,
the correspondence is usually too poor to permit inference of
phenotypic properties of prokaryotes from their phylogenetic
relationships. Thus, the recovery of isolates whose 16S rRNA
sequences correspond to sequence types detected in natural
samples helps link a possible physiology with a population
otherwise defined only phylogenetically (Table 2, column 5).
However, it is important to question whether the observed
physiology reflects the true functional role of the population
within the community. For example, while it is clear that the
type N population is capable of acrobic chemoorganotrophy, it
might also conduct numerous other metabolisms which char-
acterize B-subdivision proteobacteria (e.g., anoxygenic photo-
synthesis, ammonia oxidation, denitrification, sulfide oxida-
tion, iron oxidation, methanol oxidation) which we did not
investigate. C. aurantiacus, which can grow as an aerobic che-
moorganotroph but is also phototrophic, provides another
good example of this problem. This raises an important general
point about inferring functional roles from culture observa-
tions—the metabolisms observed in culture reflect only those
which it has occurred to us to measure, they may constitute
only a fraction of an organism’s metabolic potential, and they
may not reflect in situ function at all.

Trophic structure. S. cf. lividus populations whose sequences
were frequently observed by cloning and DGGE analysis were
cultivated from mat samples that had been diluted to near the
limit of extinction of Synechococcus cells enumerated by direct
microscopic count (i.e., diluted mat inocula contained only a
few Synechococcus cells). This suggests that molecular meth-
ods may favor the detection of at least some of the most
predominant populations within the community. Thus, the lack
of congruence between culture and molecular samplings could
reflect the rarity of some (many?) cultivated populations,
which might be at low relative population densities. Numerical
abundance estimates of some populations, derived from data
on extincting dilution enrichment and isolation, are presented
in Table 2 (column 6). Note, for instance, that S. cf. lividus
populations, whose 16S rRNA sequences are frequently ob-
served by cloning or DGGE analysis (e.g., types B and B’),
appear to comprise a higher proportion of the direct S. cf.
lividus microscopic count (12.5%) than do populations whose
16S rRNA sequences are rarely detected (e.g., type P, 4% of
direct count) or have not yet been detected (e.g., strain C9,
0.4% of direct count). All of the aerobic chemoorganotrophic
populations that we have enriched or isolated, including the C.
aurantiacus-like populations mentioned above, exhibit esti-
mated densities at or, more typically, far below 3.3% of the S.
cf. lividus direct count. With two exceptions, their 16S rRNA
sequences have never been detected. The exceptions include
two populations whose sequence types have been detected in
the mat and also in low-dilution enrichments (types N and L).
Perhaps their 16S rRNA sequences are preferentially selected
because of primer bias or unusual operon frequency. Most
previously cultivated mat inhabitants (Table 2, column 2) were
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obtained in enrichment cultures from undiluted samples (i.e.,
without regard for their abundance or for the possibility that
competitive exclusion might favor numerically inferior popu-
lations). The fact that their 16S rRNA sequences have not yet
been detected is consistent with the possibility that they con-
stitute low-density or possibly even zymogenous populations
(i.e., those which persist but are inactive under present envi-
ronmental conditions).

Mat trophic structure is also suggested by the relative abun-
dances of pigment and lipid biomarkers (9, 32, 126, 127, 150,
154, 176, 177). The data suggest that cyanobacteria and green
nonsulfur bacteria predominate over aerobic and anaerobic
chemoorganotrophic bacteria, which in turn predominate over
terminal members of anaerobic food chains, such as methano-
genic archaea and sulfate-reducing bacteria (156). Thus, it is
not surprising that primarily cyanobacterial and green nonsul-
fur bacterium-like 16S rRNA sequences have been recovered.

The hypothesis that trophic structure limits recovery of rare
species can be tested by increased sampling. Ecologists can
predict the total diversity within a system from the rate at
which new populations are detected with sampling extent (rar-
efaction analysis) (140). We have resisted efforts to make such
predictions, as the estimates depend on unbiased sampling,
which cannot presently be assumed for either molecular or
culture methods.

Different resources and conditions in situ than in culture. In
addition to inoculum dilution, the outcome of enrichments for
aerobic chemoorganotrophs was sensitive to substrate type,
substrate concentration, and incubation temperature (121). A
nice example of this was found with Thermus strains which
co-occur in the ca. 50°C mat but exhibit different temperature
optima (Fig. 4A). A high-temperature-adapted strain (ac-1)
was selected when the enrichment was incubated at 70°C, even
though strains adapted to lower temperatures were 2 (ac-7) to
4 (ac-2) orders of magnitude more abundant (87, 121). The
most predominant low-temperature-adapted population was
selected only when the incubation temperature matched the
habitat temperature and the inoculum was diluted to extinction
to prevent competitive exclusion. That is, the most abundant
Thermus population was the one best suited for the environ-
ment in which it was found. Although enrichment at high
temperature selected for the most fit population for the en-
richment condition (i.e., the high-temperature-adapted strain),
this was the least abundant and the least fit strain for the
natural environment sampled. The types of aerobic chemoor-
ganotrophic populations detected in liquid enrichments (121)
differed from those recovered on solidified media of the same
composition inoculated with such enrichments (86, 87). This
led us to suspect that plating may also bias against recovery of
some populations.

Incongruity between plate counts and direct microscopic
counts (see reference 1) or between populations sampled by
culture or molecular methods, has led some investigators to
the opinion that many (most?) of the bacteria in natural envi-
ronments are “uncultivatable.” We think the more likely ex-
planation is our inability to understand and reproduce the real
microenvironmental niches defined by physiochemical and also
biotic features (e.g., in symbiotic relationships) that influence
naturally occurring bacteria. Hence, we prefer to use the term
“uncultivated,” which conveys the more optimistic view that
microbiologists will eventually be able to more accurately re-
produce the features of natural microenvironments in the lab-
oratory. Our success in recovering numerically predominant
Synechococcus populations provides an example that better
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FIG. 4. Evidence of the existence of temperature-adapted populations within
hot spring cyanobacterial mats. (A) Effect of temperature on growth rate of
Thermus strains ac-1, ac-2, and ac-7 isolated from a ca. 50°C Octopus Spring mat
sample. Bars represent standard errors (modified from reference 87). (B) Effect
of temperature on growth rate of S. cf. lividus strains isolated from the Hunter’s
Springs, Oreg., mat. Bars represent ranges of replicate experiments (modified
from reference 105). (C) Effect of temperature on bacterial photoautotrophy in
samples of the Twin Butte Vista (Lower Geyser Basin, Yellowstone National
Park) mat collected at various temperature-defined sites, as shown (redrawn
from reference 9).

correspondence between populations detected by culture and
by molecular methods can be achieved.

Gene Diversity or Species Diversity?

In macroecological terms, the information in Table 2 might
be considered a species list were it not for uncertainties re-
garding the interpretation of individual 16S rRNA sequences
as individual microbial populations and/or species. This uncer-
tainty arises because some microorganisms are known to pos-
sess more than one rRNA operon with more than one unique
16S rRNA sequence (57, 78, 85, 90, 107). Two types of obser-
vations suggest that in the Octopus Spring mat system the
unique 16S rRNA sequences we have detected correspond to
unique organismal populations. First, analysis of all S. cf. livi-
dus isolates (types B, B, P, C9, and C1) suggested that each
possesses only a single 16S rRNA sequence gene (40, 102).
Second, multiple operons within a single microbial population
should co-occur in distribution analyses based on amplification
of genes. Thus, by noting that the natural distributions of these
gene sequences are unique (see next section) we gain further
confidence that each represents a unique microbial population
(36, 121).

Whether the unique 16S rRNA-defined microbial popula-
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tions in the Octopus Spring mat constitute unique species can
be debated. The biological species concept, which is based on
sexual isolation (Table 1, Futuyma definition of “species” [48]),
does not readily apply to bacteria, which are mainly asexual.
Bacteriologists have attempted to define “species” in terms of
the degree of genetic difference (Table 1, Wayne et al. defini-
tion of species [161]). Applying this definition to the data of
Fig. 2A, the six major cyanobacterial 16S rRNA lineages de-
tected by cloning, DGGE, and cultivation (A/B cluster, type I,
type J, type P, C9, and C1) would quite clearly be interpreted
as being representative of cyanobacteria belonging to different
“species,” in the sense that the 16S rRNA sequences defining
these lineages exhibit much less than 97% similarity, corre-
sponding to less than 70% similarity in DNA-DNA hybridiza-
tion (131). Considering that the 16S rRNA sequence differ-
ences among the cyanobacterial populations in the mat rival
those of all cultivated cyanobacteria so far investigated (Fig.
2A), the six divergent lineages of mat cyanobacteria probably
differ at a considerably higher taxonomic level (family? order?
phylum?). However, the A/B cyanobacterial cluster (Fig. 2A)
and the type C green nonsulfur bacterium-like cluster (Fig. 2B)
contain 16S rRNA sequences that differ by less than 3%. As-
suming that such high 16S rRNA sequence similarity correlates
with >70% DNA-DNA hybridization (not always true [131]),
populations contributing these sequences would be considered
by this quantitative definition to be within the same “species.”
However, this approach to defining species seems very arbi-
trary (34, 76, 135). It contrasts sharply with the situation among
macroorganismal species, which often exhibit much more than
70% similarity in DNA-DNA hybridization (and >97% rRNA
similarity). For example, hybridization values of human DNA
with chimpanzee, gorilla, and orangutan DNA are 98.4, 97.7,
and 96.5% (rRNA similarities of 99.4, 99.2, and 98.1%), re-
spectively (54, 128, 129). Note that these are differences among
species belonging to different genera, not among species of a
single genus.

The major problem with the biological species concept as
applied to prokaryotes is the concept of reproductive isolation.
Evolutionary biologists who have worked with animals and
plants suggest that the origin of new species is driven by eco-
logical forces, such as adaptation to environmental parameters
and geographic isolation of gene pools accompanied by genetic
drift (48, 117). Reproductive isolation itself may even be con-
sidered a reinforcing mechanism to prevent ecologically dis-
tinct sexual populations (i.e., new species) from undergoing
frequent genetic exchange (Table 1, Mayr definition of species
[77]), a force which would erode and perhaps eliminate the
adaptive value gained by the ecologically based genetic diver-
gence from an ancestral population. Macroorganismal species
can be subdivided into distinct ecotypes (Table 1) under the
biological species concept, since ecologically specialized pop-
ulations can still interbreed. However, as pointed out by Mayr
(77), asexual species may be defined by such ecological isola-
tion (i.e., ecotypes are species). Simpson (130) preferred to
define all species in ecological and evolutionary terms (Table
1). Some microbiologists and virologists are already comfort-
able with this more natural and more universal concept of
species (26, 142, 146). Defining species in this way clearly
requires that the populations in question be understood in
terms of their ecology. In the following section we present
evidence that suggests that even very closely related 16S rRNA
sequences, such as those of the A/B cyanobacterial cluster and
the type C-like green nonsulfur bacterium-like cluster, have
unique ecological distributions and thus can be considered
unique species.

MICROBIOL. MOL. BIOL. REV.

Spatial Distribution of Populations within Individual Mats

A distinct advantage of hot spring microbial mat habitats is
that the communities exist along well-defined environmental
gradients against which population distributions can be mea-
sured. We first approached the study of population distribution
by using oligonucleotide hybridization probes complementing
specific regions of (i) cyanobacterial and green nonsulfur bac-
terium-like 16S rRNA sequences previously detected by clon-
ing and (ii) S. cf. lividus Y-7c-s and C. aurantiacus Y-400-fl 16S
rRNA sequences (118). However, DGGE analysis has allowed
us to extend this work with greater ability to resolve individual
populations (both in terms of detecting closely related se-
quences and distinguishing population from interoperon dif-
ferences). DGGE also permits a more synecologic approach as
it allows simultaneous evaluation of which populations are
present, as opposed to an autecologic investigation of the pres-
ence of specifically targeted populations. Since DGGE de-
pends on PCR, quantitative and qualitative biases are possible,
but confidence in inferences is improved when similar obser-
vations are made by using more than one approach (152) (see
below).

Temperature distribution. DGGE surveys have revealed
that 16S rRNA gene distributions change along the thermal
gradient which exists over many meters where the mat occurs
in the Octopus Spring effluent channel (Fig. 1A and 5). The
DGGE pattern cannot be taken directly as a profile of com-
munity composition because of the occurrence of heteroduplex
bands (labeled with two letters in Fig. 5) formed as artifacts
from reannealing of closely related single strands (i.e., there
are more bands than actual populations) (41). For example,
heteroduplex bands form from type A/B-like cyanobacterial
sequences but not between more distantly related sequences.
The presence of heteroduplex bands indicates that these PCR
amplifications were inefficient, as template-template interac-
tions are likely to have interfered with template-primer inter-
actions (139). Thus, the correspondence between initial tem-
plate concentrations and PCR products was not completely
linear (41). We have also found it necessary to sequence bands
to establish identity because bands of different sequence may
migrate to similar or identical positions in the gradient (37, 46,
83).

Despite these limitations, DGGE provided a rapid means of
detecting the 16S rRNA sequences of many mat inhabitants
along the well-defined temperature gradient (41). The cya-
nobacterial sequences detected by DGGE appear to be from
dominant populations, since the same sequences were recov-
ered from Synechococcus isolates obtained from highly diluted
inocula (see above). Five closely related yet distinct cyanobac-
terial 16S rRNA sequence types, A", A’, A, B’, and B, occur
from high to low temperature along the Octopus Spring efflu-
ent channel, respectively. It is important to note that these are
gene distributions. Hence, the lack of consistent co-occurrence
of any two genes suggests that different organismal popula-
tions, as opposed to different operons within one organismal
population, contribute each gene sequence. While it could be
argued that these distributions arise as artifacts of skewed PCR
amplification (139), our inference that each 16S rRNA se-
quence represents a unique organismal population is strength-
ened by the cultivation of Synechococcus isolates with distinct
16S rRNA sequences. Furthermore, probe studies, though less
capable of resolving individual sequence type, confirmed the
temperature distribution trends observed by DGGE analysis.
Probe studies also suggested that these populations may be
adapted to the temperatures at which they are found (118).
Hence, the five populations may be interpreted as distinct
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FIG. 5. Distribution of 16S rRNA gene segments of populations detected by DGGE in cyanobacterial mat samples collected from temperature-defined sites along
the thermal gradient in the Octopus Spring effluent channel on 13 March 1995. Lanes within a single temperature interval are true replicate mat samples. Bands labeled
with letters were characterized by purification and sequencing. Single letters denote homoduplex molecules from real populations, while double letters denote
heteroduplex artifacts formed from the populations indicated by the two letters. Primes indicate sequences closely related to those of the same letter without primes

(reprinted from reference 41).

ecotypes, and thus as species, according to the definitions of
Mayr and Simpson (Table 1) (77, 130). This is particularly
interesting considering the very high genetic similarities among
the 16S rRNA sequences of these populations, in some cases
>99% (Fig. 2A). Given their conserved nature, we must con-
sider that each distinct 16S rRNA sequence might even rep-
resent more than one species (45, 101). Palys et al. (101) have
recently demonstrated that ecologically distinct bacterial iso-
lates with identical or nearly identical 16S rRNA sequences
can be discerned through clustering of protein-encoding gene
sequences, which evolve more rapidly. Since we are working
with uncultivated populations defined by 16S rRNA sequences,
we cannot use protein-encoding gene sequences and must use
a more rapidly evolving genetic marker which is linked to the
16S rRNA gene to address this possibility. We have begun to
discover genetic variants within specific Octopus Spring mat
cyanobacterial 16S rRNA-defined populations, based on se-
quence variations in the intervening transcribed spacer (ITS)
region separating the 16S and 23S rRNA genes (102). Pure
cultures do not exhibit such variation, suggesting that natural
ITS variants do not appear to be due to interoperon differences
and may correspond to additional ecologically distinct cya-
nobacterial species with identical 16S rRNA sequences.

The cyanobacterial temperature distribution pattern we de-
tected fits very nicely with that predicted by Castenholz (23),
based on the cultivation of temperature-adapted strains of S.
cf. lividus from an Oregon hot spring cyanobacterial mat (105)
(Fig. 4B). These cultures were obviously genetically distinct
Synechococcus populations, but the degree of genetic differ-
ence was not measured. The one surviving strain has a 16S
rRNA sequence identical to that of other readily cultivated S.
cf. lividus culture collection strains (e.g., strains C1 and Y-
7c-s). Also, the numerical relevance of the isolates to the com-
munity was unknown, as they were obtained from low-dilution
enrichments. Nevertheless, our results and those of Peary and
Castenholz (105) suggest the existence of cyanobacterial pop-
ulations adapted to several narrow temperature-defined niches
along the ca. 30°C temperature range over which the mat
occurs. The evolutionary and ecological patterns lead us to
hypothesize that these cyanobacterial species formed through
adaptive radiation from a recent common ancestor. We use the
term adaptive radiation to describe the evolutionary diver-

gence (via natural selection) of members of a single phyloge-
netic line into a variety of ecologically distinct populations (48,
117). The classic macrobiology analog is the radiation of Dar-
win’s Galapagos finches, which apparently evolved to exploit
different food resources. Since our observations are from a
single spring, we cannot say whether cyanobacterial evolution-
ary radiation occurred, as the finch radiation apparently did,
because of niche partitioning in geographic isolation (e.g.,
within a single spring, geothermal basin, or region [see below])
without studies of broad-scale patterns of distribution.

Clusters of closely related 16S rRNA sequences have been
commonly observed in molecular surveys of microbial diversity
in numerous habitats (13-16, 30, 47, 50, 56, 66, 71, 82, 91, 100,
123, 132, 141). We wonder if adaptive radiations (i.e., evolu-
tion of ecologically specialized populations) are common in the
microbial world. In this regard, it is interesting that closely
related marine Prochlorococcus populations appear to exhibit
different depth distributions (39) and that Prochlorococcus iso-
lates with >97.3% similarity in 16S rRNA sequences exhibit
unique light adaptations (81). It is also interesting to note that
closely related marine proteobacteria appear to exhibit vertical
stratification, suggesting that they may also be ecotypes (i.e.,
species) (42).

The existence of multiple cyanobacterial species fits the
guild concept (Table 1). It is logical to predict that intraguild
biodiversity has value to community structure, as it may help to
stabilize guild processes. For example, in Octopus Spring, wa-
ter flow surges cause temperatures to fluctuate as much as 10
to 15°C every 5 min (36). Photosynthesis, if conducted by a
single temperature-adapted population, would be optimal only
at a particular temperature. However, when shared among
several populations adapted to different temperatures, the rate
of photosynthesis might be more resistant to temperature fluc-
tuation. Brock (17) pointed out many years ago that the opti-
mal rate of photosynthesis in mat samples correlates with the
temperature at the site of collection. Kiihl et al. (68) have
recently used microelectrodes to demonstrate that single sam-
ples of the Octopus Spring mat exhibit multiple temperature
optima for oxygenic photosynthesis, consistent with the mea-
sured intraguild species diversity pattern (Fig. 6A). Except for
small dips between optima, photosynthetic rates are relatively
stable over a broad temperature range. This exemplifies how
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FIG. 6. Rates of oxygenic photosynthesis determined by microelectrode anal-
ysis in a single ca. 60°C Octopus Spring mat sample incubated at different
temperatures. (A) Upper mat surface. (B) 0.3 mm below the surface (modified
from reference 68).

an emergent property of community structure can be a conse-
quence of the evolution of biodiversity. It also helps us to
appreciate the consequences of species extinction, since re-
moval of one of the temperature-adapted cyanobacterial spe-
cies would affect the temperature sensitivity of the guild pro-
cess, oxygenic photosynthesis.

As with cyanobacteria, we found that the closely related
green nonsulfur bacterium-like populations C, C’, and C” (Fig.
2B) are distributed at different temperatures (Fig. 5); following
the reasoning developed above, we consider these to be dis-
tinct species (or possibly sets of species with identical 16S
rRNA sequences). The similarity of the evolutionary patterns
of the C-like and the A/B-like populations (Fig. 2) suggests the
possibility that coevolutionary processes may have helped
shape the development of the community. As mentioned
above, we cannot confidently infer that the C-like populations
conduct anoxygenic photosynthesis. Nevertheless, it is interest-
ing that Bauld and Brock (9) demonstrated that anoxygenic
photosynthetic activity in such mats was also optimized to
habitat temperatures, suggesting the existence of temperature-
adapted populations in this guild as well (Fig. 4C). Transfer of
photoautotrophically fixed carbon from cyanobacteria to fila-
mentous photoheterotrophs, such as Chloroflexus (2,7, 10, 119,
157) is known to occur either via photoexcretion of glycolate
(7) in the superoxic illuminated mat (113) or via fermentation
of polyglucose (mainly to acetate) by cyanobacteria in a dark
anoxic mat, and it may involve transfer of the majority of
photoautotrophically fixed carbon from cyanobacteria to pho-
toheterotrophs (88). It is interesting to speculate that a
physiological linkage such as this (i.e., temperature-adapted
cyanobacterial species cross-feeding temperature-adapted
photoheterotrophic species) might explain coevolution be-
tween such phylogenetically disparate species.

Vertical distribution. Microscopic analysis of vertical thin
sections revealed that cyanobacterial populations in these mats
are stratified within the upper approximately 1-mm-thick pho-
tic zone (Fig. 1D), consistent with the restriction of oxygenic
photosynthesis to this zone, as measured by microelectrodes
(113), and with the distribution of chlorophyll a (9) and cya-
nobacterial lipid biomarkers (177). By using a cryotome to
section this interval into 100-pm-thick layers, we were able to
observe vertical stratification of different populations detected
by DGGE analysis (Fig. 7). The observations were made on
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FIG. 7. Distribution of 16S rRNA gene segments of populations detected by
DGGE through the upper 1-mm vertical interval of the 61°C Mushroom Spring
cyanobacterial mat. Each lane represents DGGE analysis of a separate 100-pum-
thick cryotome section. Bands are labeled as described in the legend to Fig. 5

(111).

60°C Mushroom Spring mat samples because of hail damage to
the Octopus Spring mat (see below). The populations de-
tected, however, were the same as those found at comparable
temperatures in the Octopus Spring mat (compare Fig. 5 and
7). The type B’ cyanobacterial population was most readily
detected in the 0- to 500-wm interval, whereas the type A
cyanobacterial population was detected only at depths corre-
sponding to a well-defined layer of Synechococcus cells maxi-
mizing at ca. 600 um below the mat surface (Fig. 1D). Several
additional observations also suggest vertical stratification of
cyanobacterial populations. Multiple maxima of oxygenic pho-
tosynthesis were not detected in microelectrode measurements
in the vertical aspect of the undisturbed mat (113), possibly
due to a minor contribution of deeper populations that receive
less light. However, a bimodal vertical pattern of oxygenic
photosynthesis was observed during recovery of the mat after
disturbance when light penetration was greater (37), consistent
with the existence of differentially adapted populations in the
vertical orientation. The unique below-surface temperature
optimum for photosynthesis also suggests that unique micro-
bial populations are found below the mat surface (Fig. 6B).
Synechococcus cells found deeper in the green layer exhibit
higher autofluorescence per cell, possibly indicating higher
chlorophyll @ content, as would be expected of low-light-
adapted cyanobacteria (Fig. 1D). It is interesting that only one
16S rRNA-defined cyanobacterial population (type B’) was
detected at the Mushroom Spring mat surface by DGGE (Fig.
7) whereas three temperature optima for oxygenic photosyn-
thesis were detected at the Octopus Spring mat surface by
microelectrodes (Fig. 6A). Assuming that the two mats are
similar, and that all cyanobacterial populations were detected
by DGGE, the data suggest that temperature-adapted popu-
lations may have identical 16S rRNA sequences, perhaps cor-
responding to type B’ ITS variants.

The green sulfur bacterium-like population E” was detected
at depths corresponding to the deeper cyanobacterial popula-
tion. The green nonsulfur bacterium-like type C population
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was detected near the bottom of the green layer and probably
also resides deeper in the orange mat underlayers. While type
C-like populations cannot be assumed to be anoxygenic pho-
totrophs (see above), it is interesting that their distribution
correlates with the deeper distributions of bacteriochlorophyll
(9) and lipid biomarkers (177) typical of C. aurantiacus. Recent
results indicating an abundance maximum of green sulfur-like
bacteria near the deep chlorophyll maximum, and of green
nonsulfur-like bacteria at greater depths over the upper 250 m
of marine water columns (51, 55), make us wonder if this is a
typical pattern in aquatic habitats.

Many parameters vary across the upper few millimeters of
these mats (e.g., light intensity and quality [151], ultraviolet
light intensity [29, 49, 80], and nutritional resources supplied by
diffusion from above or by recycling within the mat [e.g., fixed
nitrogen, phosphate, carbon dioxide production in deeper mat
layers, as inferred from pH profiles {113}]). Thus, we cannot
yet identify the factors to which vertically stratified populations
may have specialized. Differential population changes in re-
sponse to light modification (118), distinct light-directed mo-
tility behaviors in different Synechococcus isolates (110), and
high per-cell autofluorescence (see above) suggest that light
adaptation is likely. These results indicate that the evolution-
ary radiation among closely related cyanobacterial populations
of the type A/B cluster previously discussed resulted in species
that are adapted to more parameters than just temperature. As
we examine vertical distributions as a function of temperature
and learn more about the associated adaptations, it may even-
tually be possible to correlate evolutionary patterns with spe-
cific ecological adaptations.

Temporal Distribution of Populations within the Octopus
Spring Mat

One seeming advantage of the hot spring habitat is that
many of the parameters subject to seasonal change in more
temperate systems may not vary appreciably. Nevertheless,
some parameters do vary predictably over diel, several-day,
and seasonal time intervals, and stochastic disturbances can
also be expected.

Light intensity is the most obvious predictably varying envi-
ronmental parameter in this system. The observation that the
mat becomes a darker green color within hours of experimen-
tal shading (18, 20, 21, 74) suggests either that mat cyanobac-
terial populations can physiologically acclimate to changes in
light intensity or that motile, low-light-adapted (i.e., chloro-
phyll-rich) cyanobacterial populations might migrate upward,
seeking optimal light intensity. Slow gliding motility in S. cf
lividus isolates was recently quantified by image analysis tech-
niques (110). Different S. cf. lividus isolates exhibited distinct
motility behaviors relative to light intensity. Diel shifts in the
pattern of vertical distribution, which might be anticipated for
motile species, were not apparent in DGGE analysis (111), but
it is not clear that DGGE could have detected the reposition-
ing of a subdominant population. However, changes in cell
orientation during a diel cycle were detected in this study.

Longer-term changes in light intensity, driven perhaps by a
several-day period of extensive cloud cover, have the potential
to cause physiological acclimation (74) or shifts in cyanobac-
terial populations (118). For instance, TRNA of the type J
cyanobacterial population declined while that of the type B-
like Synechococcus population remained stable during week-
long reductions of light intensity of 93 and 100%. Sheridan
(124) observed sun- and shade-adapted populations of the
moderately thermophilic cyanobacterium Plectonema notatum,
which he suggested might alternately predominate in the sur-
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face of temperate mats in summer and winter (125). The pat-
tern of Synechococcus populations in the Octopus Spring mat
revealed by DGGE analysis (Fiq. 5) was stable in all seasons
despite an estimated 75% reduction of light intensity in winter
compared to summer (41). One interesting, albeit speculative,
explanation for why shade-adapted species might not dominate
mats, even in low-light seasons, has to do with evidence that
mat Synechococcus populations may be in an active but slowly
growing or even nongrowing state (88). Perhaps, like trees in a
climax forest community, they capture space and dominate
biomass even when conditions are not optimal.

Macroecologists are well aware of the role stochastic distur-
bance plays in shaping community structure (e.g., the 1988 fires
in Yellowstone National Park). Disturbances such as hail-
storms or severe thunderstorms have been observed to disrupt
the integrity of hot spring mat communities, which then be-
come rapidly recolonized by S. cf. lividus-shaped cells (21).
Recolonization by S. cf. lividus-shaped cells above experimen-
tal disturbances, such as silicon carbide layers spread atop the
mat, has also been studied. However, microscopic analysis does
not indicate which specific populations recolonize (33). We
used DGGE to examine this in 55 to 62°C and 58 to 62°C sites
within the Octopus Spring mat that were disrupted by the
removal of the top green cyanobacterial layer (Fig. 8) (37).
Scraping caused the removal of cyanobacterial (B, B’, and A)
and green sulfur bacterium-like populations (E”) but not the
type C-like populations which reside deeper in such mats (Fig.
7). Interestingly, at the site shown in Fig. 8, a new cyanobac-
terial population (A") colonized as the upper layer of mat
recovered, displacing the type B, B’, and A cyanobacterial
populations which remained in adjacent undisturbed control
sites. These observations suggest the possibility that some ther-
mophilic cyanobacteria may be adapted for rapid growth after
disturbance. This fits with the macroecological concept of r-
selected species, which are effective at dispersal and adapted
for rapid colonization, as opposed to k-selected species, which
are better adapted for the highly competitive environment of
climax communities (11). The results indicate that, as in mac-
roorganismal communities, disturbance might have a stochas-
tic effect on microbial community composition and structure
and can be a force that increases species diversity within the
community.

Distribution of Populations among Mats of Different Hot
Springs

We have conducted a limited survey of mats in Yellowstone
springs by using oligonucleotide hybridization probes specific
for the 16S rRNAs of cultivated and uncultivated cyanobacte-
rial and green nonsulfur bacterium-like populations described
above (118). In later studies, we learned that these probes
would not have allowed us to differentiate all closely related
populations revealed by DGGE (36). These probes were used
to demonstrate that type A-like and B-like cyanobacterial pop-
ulations could be detected in springs up to ca. 100 km from
Octopus Spring, as long as the temperature and pH in the
springs were appropriate. Such evidence could be taken to
suggest that at least some thermophiles are not geographically
isolated among the springs of Yellowstone Park, though it
should be kept in mind that the hybridization probes we used
would not have distinguished sequences with slight differences
within or outside the binding site. Type C-like and type J
populations were detected in springs ranging from ca. 100 to
1000 m from Octopus Spring but not in more distant springs.
Such evidence might indicate differences in dispersal among
different populations. Clearly, there is a need for more robust
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FIG. 8. 16S rRNA gene segments of populations detected by DGGE which recolonized the upper few millimeters of the Octopus Spring 55 to 62°C mat after
removal of the upper green cyanobacterial layer. Triplicate mat samples were analyzed at each time point. Bands are labeled as described in the legend to Fig. 5.

(reprinted from reference 37).

experimentation on the issue of biodiversity across geographic
gradients.

Springs with major chemical differences, such as those with
lower pH values, exhibited different patterns of cyanobacterial
species occurrence. For example, a pH 6.0 pool in the Clear-
water Springs area was the only spring in which the §. cf. lividus
Y-7c-s strain 16S rRNA sequence was detected. This is inter-
esting, since the strain was almost certainly originally cultivated
from this spring (61, 62). As mentioned above, cultures of S. cf.
lividus with this 16S rRNA type have been recovered from
Octopus Spring, and also Hunter’s Springs, Oreg., mats (both
pH 8.0 to 8.4), suggesting that its geographical range may be
broad. However, no evidence, such as the probe evidence for
the pH 6.0 pool at Clearwater Springs or recovery of isolates
from highly diluted inocula, exists to suggest that it is numer-
ically abundant in these more alkaline springs. The same S. cf.
lividus 16S TRNA sequence was also detected by probing RNA
from mat samples collected in a more alkaline effluent in the
Clearwater Springs group (pH 7.8) but only after it was incu-
bated in the pH 6.0 spring for a week, suggesting that this
population might be particularly competitive at lower pH even
though it appears to be adapted to higher pH (61, 62). A
yet-more-acidic pool in the Clearwater Springs group (pH 5.0)
containing Synechococcus-shaped cells did not exhibit any
probe responses. These results suggest the possible existence
of Synechococcus species which are adapted to even lower pH.
We presume that adaptation to pH would involve relatively
large pH differences, since the pH within individual mats varies
up to several pH units as light intensity changes alter photo-
synthetic CO, consumption (113). Other major chemical dif-
ferences among springs, such as sulfide concentration, might
also select for different species, but this has not yet been
investigated.

CONCLUSIONS AND FUTURE DIRECTIONS

The application of culture-independent 16S rRNA methods
to the study of relatively simple and stable model microbial
communities, in combination with an evolutionary ecology
view (borrowed from theories developed to explain plant and
animal ecology and evolution), forces us to appreciate the
natural linkages among microbial biodiversity, ecology, and
evolution. We are detecting at least some of the predominant
species that have been masked by common morphology and

have previously evaded cultivation. By better understanding
the limitations of culture methods, we have learned how to lure
some of these into pure culture, enabling us to combine culture
and molecular approaches to more fully understand the ecol-
ogy of the community. By studying the distributions of the 16S
rRNA gene sequences we have detected, we are able to go
beyond the detection of gene diversity to begin to understand
how the gene sequences reflect the contributions of ecologi-
cally distinct community members. Such information helps us
to appreciate that there may be a common ecological way to
conceptualize all species.

Ecological patterns allow us to hypothesize that bacterial
diversity, like diversity among plants and animals, is likely to
have arisen, at least in part, from evolutionary radiations that
resulted in ecologically distinct species. As in a forest commu-
nity, different species in this “microbial forest” are distributed
along environmental gradients (e.g., temperature rather than
moisture and/or elevation) and, at given locations, shade-
adapted species may live beneath canopy species. We hope
that by mapping species distributions relative to environmental
parameters on a microenvironmental scale, we will gain further
insight into how to selectively cultivate the various species we
have detected. With pure cultures in hand it will be possible to
study adaptations and to test the hypothesis. As in forests,
disturbance can create gaps, providing windows of opportunity
for colonist species. A better appreciation for temporal as well
as spatial variation in the environment of microorganisms will
undoubtedly help us explain more of the diversity we detect.

By combining ecological and evolutionary patterns, we ob-
serve that ecological specialization can occur among closely
related bacterial populations. This might offer an explanation
for the widespread occurrence of clusters of highly related 16S
rRNA sequences in all habitats so far examined. Our results
also suggest that 16S rRNA sequences may be too conserved to
detect all ecologically specialized populations and thus may
underestimate microbial species diversity.

Geographic isolation is thought to be one of the most im-
portant forces driving speciation among plants and animals
(48, 117). Many microbiologists assume that “everything is
everywhere, but the milieu selects” (an often-cited quote from
Baas Becking [3], who attributes the first half of the idea to
Beijerinck). We hypothesize that geographic barriers to dis-
persal may exist for some microorganisms. Hot spring habitats
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constitute an extreme situation in which to observe the role of
geographic isolation in prokaryote speciation, as geothermal
“islands” are separated by a “sea” of low-temperature habitat
through which high-temperature adapted microbial species
must distribute. In this regard, it is interesting that Kristjansson
et al. (67) have demonstrated differences in multilocus enzyme
electrophoresis patterns among Thermus isolates from differ-
ent Icelandic hot springs, indicating that geographic isolation
and genetic drift are at play, even on a relatively local scale, for
these thermophiles. Evaluation of the patterns of occurrence
of predominant native thermophilic microbial species in geo-
graphically isolated hot springs, by the same methods de-
scribed above for detailed analysis of individual model mats,
should provide answers to interesting questions relating to
microbial biogeography. Do geographic anomalies (e.g., the
absence of Synechococcus in suitable habitats in Iceland and
the absence of high-temperature forms of Synechococcus in
New Zealand, Italy, and Japan [24, 27, 102]) indicate that
limitations to dispersal exist? Are Synechococcus species of the
type A/B cluster cosmopolitan, with low-temperature-adapted
forms (e.g., B types) better at dispersal than high-temperature-
adapted forms (e.g., A types)? Or did independent adaptive
radiations occur in different geographic regions, in some cases,
too recently for high-temperature-adapted forms to have
evolved? Does the cultivation of S. cf. lividus strains of the
same 16S rRNA genotype from hot springs in Yellowstone and
Oregon imply that this species is easily dispersed and invasive?
Or might it be zymogenous, a part of the “seed rain,” “watch-
ful[ly]-waiting” (as Winogradsky [170] quoted Cohn) for better
environmental conditions to develop? Another alternative is
that 16S rRNA sequences may be too conserved for detection
of geographically unique species.

As stated by Begon et al. (11) the objectives of ecology are
“explanation, description, prediction and control.” Microbial
ecologists are in a poor position to achieve these objectives
when they are bound solely by the limitations of microscopic
and culture methods. However, molecular methods are attrac-
tive new tools in the kit of the microbial ecologist, especially
when used in concert with more traditional methods. They
permit detection of the specific microorganisms that are im-
portant to microbial communities, recognition of their evolu-
tionary history, and determination of how they are organized
to accomplish community function. By adopting the view of
macroecologists and macroevolutionary biologists as they in-
terpret their findings, microbial ecologists can see if unifying
principles control the diversity, ecology, and evolution of all
organisms, large and small. Prokaryotes define two of life’s
three primary evolutionary lineages; we know few of them, and
yet their activities have a major influence on all ecosystems.
Thus, we should be able to gain a more predictive knowledge
of the intricacies of natural microbial communities upon which
all life on Earth depends. Since the microorganisms associated
with applied problems (including disease) must also obey the
evolutionary and ecological rules which determine their exis-
tence, distribution, and fitness, we should also be able to gain
a more predictive knowledge of how to control and exploit
them to prevent or solve environmental problems. We should
also learn how to better tap the vast biotechnological potential
yet to be discovered among the multitude of uncultivated mi-
croorganisms.
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