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Abstract:
Molecular analyses of 16S rRNA sequences retrieved from the Octopus Spring cyanobacterial mat
revealed the presence of numerous uncultivated bacterial populations. Notably absent was the sequence
of Synechococcus lividus, the cyanobacterium believed to construct the mat. Synechococcus-shaped
cells, however, were abundant, typically reaching concentrations of 10^10 ml^-1. By diluting mat
inocula prior to enrichment, Synechococcus isolates with sequences other than that of S. lividus were
obtained. One of these sequences, type-P, matched that of an Octopus Spring clone. This was the first
match between 16S rRNA sequences observed in the mat and a pure culture and proved that cloned
sequences are representative of viable mat populations. Conversely, only S. lividus isolates were
retrieved from enrichments inoculated with undiluted mat. Moreover, the 16S rRNA sequence of S.
lividus was the only one detected in a survey of all thermophilic Synechococcus culture collection
strains. In contrast, the degree of diversity among Octopus Spring cyanobacterial sequences spanned
that of the entire cyanobacterial lineage. Thus, enrichment culture and simple morphology concealed
remarkable diversity which exists among thermophilic cyanobacteria.
Molecular detection and classification of bacterial populations has revolutionized the study of bacteria
in nature. Ultimately, microbial ecologists seek to describe the distributions of bacterial populations
and determine the factors that control their abundance. A new molecular technique, denaturing gradient
gel electrophoresis (DGGE), was used to detect and evaluate the distributions of dominant bacterial
populations in hot spring mats. The DGGE profiles revealed that closely related populations of
cyanobacteria and green nonsulfur-like bacteria were distributed at discrete intervals along thermal and
vertical gradients, and suggested that some populations may be colonist species.
Thus, despite their close phylogenetic relatedness, each population represented a distinct ecotype. This
suggests that clusters of phylogenetically similar 16S rRNA sequence types, which are commonly
detected in many habitats, reflect the evolutionary diversification Of populations to fill environmental
niche space.
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ABSTRACT
Molecular analyses of 16S rRNA sequences retrieved from
the Octopus Spring cyanobacterial mat revealed the presence
of numerous uncultivated bacterial populations.
Notably
absent was the sequence of Synechococcus lividus, the
cyanobacterium believed to construct the m a t . Synechococcusshaped cells, however, were abundant, typically reaching
concentrations of 101® ml--*-. By diluting mat inocula prior to
enrichment, Synechococcus isolates with sequences other than
that of S. lividus were obtained.
One of these.sequences,
type-P , matched that of an Octopus Spring clone.
This was
the first match between 16S rRNA sequences observed in the
mat and a pure culture and proved that cloned sequences are
representative of viable mat populations.
Conversely, only
S . lividus isolates were retrieved from enrichments
inoculated with undiluted mat. Moreover, the 16S rRNA
sequence of S. lividus was the only one detected in a survey
of all thermophilic Synechococcus culture collection strains.
In contrast, the degree of diversity among Octopus Spring
cyanobacterial sequences spanned that of the entire
cyanobacterial lineage.
Thus, enrichment culture and simple
morphology concealed remarkable diversity which exists among
thermophilic cyanobacteria.
Molecular detection and classification of bacterial
populations has revolutionized the study of bacteria in
nature. Ultimately, microbial ecologists seek to describe
the distributions of bacterial populations and determine the
factors that control their abundance. A new molecular
technique, denaturing gradient gel electrophoresis (DGGE),
was used to detect and evaluate the distributions of dominant
bacterial populations in hot spring mats.
The DGGE profiles
revealed that closely related populations of cyanobacteria
and green nonsulfur-Iike bacteria were distributed at
discrete intervals along thermal and vertical gradients, and
suggested that some populations may be colonist species.
Thus, despite their close phylogenetic relatedness, each '
population represented a distinct ecotype. This suggests
that clusters of phylogenetically similar 16S rRNA sequence
types, which are commonly detected in many habitats, reflect
the evolutionary diversification Of populations to fill
environmental niche space.
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CHAPTER I

IDENTIFICATION AND DISTRIBUTION OF DOMINANT BACTERIAL
POPULATIONS IN HOT SPRING SYNECHOCOCCUS MATS: INTRODUCTION

Traditional microbiological methods have restricted
progress in microbial ecology.

Historically, surveys of

microorganisms in natural samples have been conducted using
microscopy and cultivation.

Undeniably, these studies have

been productive and invaluable in many respects.

From them

we have learned that prokaryotic organisms represent the most
abundant, physiologically diverse and biotechnologicalIy
important assemblage of organisms known.

Yet, we also

realize that traditional methods are insufficient to discern
the majority of microorganisms in natural samples

(27), since

genetically distinct bacteria often share similar simple
morphologies and many bacteria fail to develop under
laboratory culture conditions

(I).

Some microbiologists

estimate that as few as 1% of the bacteria in nature have
been characterized (14).

As a result,

diversity of bacteria is unknown.

the true genetic

Without a reliable means

of detecting bacterial populations, many fundamental
questions about their ecology cannot be answered. •

2

Molecular Detection of Microbial Populations
Molecular techniques now offer a fresh approach to the
detection and classification of bacteria (13,24,25).

The

realization that sequence information contained in protein
and nucleic acid molecules can be used to identify organisms
and establish phylogenetic relationships among them has
revolutionized the study of bacteria in nature (28).

Methods

based on obtaining specific nucleotide sequence information
directly from crude environmental samples can now be used to
detect and identify microorganisms directly in their native
habitats

(18) , circumventing the limitations of cultivation

and microscopy.
Notable among the molecules used to characterize
bacteria at the genetic level has been the 16S rRNA gene
(12).

Several properties make 16S rRNA especially useful in

analyses of diverse bacterial assemblages.

These include its

ubiquity among all prokaryotic cells, its highly conserved
regions which aid in establishing sequence alignments for
phylogenetic analyses and its variable regions which
distinguish between populations and are used as target sites
for oligonucleotide primers or hybridization probes of
varying specificities

(2, 18).

Beyond the phylogenetic

utility of sequence information, the ability to detect
individual bacterial populations using oligonucleotide probes
and primers permits microbiologists to conduct more

3

ecologically relevant experiments.

Finally, thousands of 16S

rRNA sequences are conveniently accessible via OnrIine
databases facilitating sequence analyses (8,11).
Discoveries achieved through IGS rRNA sequence analyses
have been impressive; some have literally forced us to
reevaluate the way we view the microbial world.

For example,

the direct retrieval of numerous novel IGS rRNA sequences
from environmental samples proved speculations that the
majority of bacteria in nature have not been recognized in
culture (6,20).

The symbiotic origins of eukaryotic

mitochondria and chloroplasts are now generally accepted
because their IGS rRNA sequences place them firmly in the
proteobacterial and cyanobacterial lineages.

The physical

limit of prokaryotic cell size must be reevaluated because
IGS rRNA analyses have revealed that "macroscopic" symbionts
of surgeon fish are actually individual bacterial cells,
Epulopiscium fishelsonii, representative of the low G+C Gram
positive bacteria (3).

Perhaps most significantly, a three

domain "tree of life", based on rational evolutionary theory
and concrete genetic information has been established and a
new domain, Archaea, has been created.

The evolutionary

distance separating the Archaea from the Bacteria is as great
as that separating the Eukarya from the Bacteria (25, .26).

4

Ecology Defined
Admittedly, these findings have been impressive, but
microbiologists are only beginning to utilize molecular
approaches to investigate microorganisms in the context of
the environments they inhabit.

That is, we are just

beginning to investigate the ecology of uncultivated, 16S
rRNA-defined bacterial populations.
traditional definition of ecology,

Because I feel the
"the study of the

interactions of organisms with their environments"

(4) is

quite vague and does not convey the essential theme of
ecological investigations, I am compelled to present a more
informative description here.

Simply stated, ecologists

attempt to explain the distribution and abundance of
organisms

(4).

This is done by examining biotic and abiotic

aspects of the environment in which organisms exist, and by
gathering information about their physiologies, behavior,
genetics, and possible evolutionary histories.

Obviously,

this task encompasses an array of scientific disciplines, but
the focus is narrowed by attempting to identify factors that
most influence reproduction, migration, and death (the three
elements that■control distribution and abundance).
To organize their task, ecologists divide their approach
into three levels of study, individuals, populations, and
communities

(4).

Individuals provide information about

physiology, behavior, and genetics.

Populations are
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collections of "interbreeding" individuals, possessing
properties beyond those of the component organisms.
Communities

(or ecosystems) are collections of populations,

interacting with each other and their environment.

The

community can be so complex that it is sometimes studied as
an entity, with measurable properties such as complexity,
resiliency, or biomass production.

Because of the

difficulties encountered in studying individual bacterial
cells in their native habitats, much of our understanding of
microbial communities has come from the study of their
functional properties.

Groups of organisms in which all

members perform the same function, for example photosynthetic
carbon dioxide fixation, are described as guilds

(4).

While

studies at the guild level are informative, they can never
resolve the complex interplay that occurs among the specific
populations.

Only the results of their collective activities

are observed.

In fact, so superficial is our understanding

of bacterial populations that the microbial community is
often depicted simply as a box labeled "decomposers" or
"microbial loop".
Even though applying sound ecological thinking to the
study of bacterial communities is wise, microbiologists must
realize that a rigid adherence to macroecological principles
is unjustified.

There are, after all, fundamental

differences between macro- and microorganisms, and many
concepts that are clear when applied to macroorganisms become

6

clouded when applied to microbes.

For example, what is death

among perpetually reproducing clones?

What is the life span

of an endospore that remains viable for perhaps millions of
years?

Strictly speaking, even the macrobiotic concept" of

"species" is not applicable to bacteria since it is defined
by the ability to interbreed.

Molecular Microbial Ecology
Armed with the appropriate molecular techniques,
microbiologists can begin to address fundamental questions
about the composition of bacterial communities and
interactions occurring within them by focusing on the member
populations.

This approach promises to reveal details and

intricacies that permit the development of more accurate,
realistic models of community structure, and perhaps even
reveal interactions at the level of individual cells (2).
Such information will greatly increase our understanding of
the earth's microbiota and will ultimately allow us to
predict the effects of environmental perturbations on
microbial communities.

This will in turn allow manipulation

of environmental conditions for practical benefit and, more
importantly, will provide an informed knowledge-base with
which to better manage and preserve natural microbial
resources.
Certainly, microbial ecologists are far from attaining
these goals, but it is exciting simply to be in a position

where we can now think of these as realistic possibilities.
The first step in this direction has already begun with
numerous molecular- surveys of bacterial populations occurring
in diverse habitats world-wide.

The second step, relating

the distributions of these populations to their environments
is just beginning.

This was the primary focus of my studies.

Even with molecular tools, surveying bacterial
populations in nature is not trivial.

Achieving a true

understanding of bacterial communities will require microbial
ecologists to remain objective about the populations they
observe and the techniques they use to detect them.
Molecular microbial ecology is still somewhat of a burgeoning
field.

As such, much of the methodology remains technically

demanding and is continuously undergoing refinement.

As in

any method used to sample biological systems, it is important
to appreciate the biases that can be present in molecular
procedures.

For example, in 16S rRNA-based population

surveys, chimeric sequences that may form during mixedtemplate polymerase chain reaction (PCR) amplifications can
sometimes be misinterpreted as new populations

(7).

It is -

also possible for the amplification of some templates to be
favored, skewing PCR product ratios such that they do not
reflect initial population abundances

(15,17) . ' So, while

exciting new information about the ecology of novel bacterial
populations is being gathered, an equally critical aspect of
every investigation must be to evaluate how representative of
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the true community the detected populations are.

Since- we do

not yet fully understand or perhaps even recognize some
methodological biases, significant populations may be present
that are not being observed.

The Octopus Soring Mat as a Model Microbial Community
Another factor complicating the study of microbial
communities is the propensity of bacterial populations to
change rapidly and dramatically in response to fluctuating
environmental conditions.

It is not unreasonable to expect

new populations to appear while other populations recede
below detectable levels within hours after an environmental
perturbation.

Obviously, designating the "native"

populations under such conditions is problematic.

It is

sensible then that some microbial ecologists have sought to
work in habitats where environmental variations are
minimized.

Geothermally heated springs, such as those found

in Yellowstone National Park, offer these conditions, making
them attractive model systems in which to pioneer molecularbased studies of microbial communities (19).

One spring in

particular, Octopus Spring, in the Lower Geyser Basin of
Yellowstone National Park has been investigated as a model.
A large portion of the Octopus Spring microbial mat receives
a constant input of hot water which restricts the community
to exclusively prokaryotic organisms, simplifying community
composition and making ambient temperature changes
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irrelevant.

An added advantage is that this mat has been

extensively studied using traditional techniques, and thus
provides a unique opportunity to compare populations detected
by molecular approaches to those detected using cultivation
and microscopy (18, 21).

Most importantly, the Octopus

Spring mat provides easily measured, environmentally relevant
gradients of parameters such as temperature, light, oxygen
and pH (21), along which bacterial population distributions
can be evaluated.

This information is essential to

understanding the factors controlling microbial population
distributions and abundances.

A 16S rKNA Perspective of the Octoous Soring Mat Community
Initial 16S rKNA cloning and sequencing analyses of the
Octopus Spring mat revealed a striking incongruence between
the populations detected using molecular approaches and those
detected using cultivation or microscopy.

Numerous 16S rKNA

sequences were retrieved but none matched those of any
cultivated isolate, even those believed to inhabit Octopus
Spring (20). .

Notable among the new 16.S rKNA sequence types

were several cyanobacterial populations defined as types A,
B , I , J and P, none of which matched the 16S rKNA sequence of
the unicellular cyanobacterium, Synechococcus lividus,
believed to construct the mat (22).

This was true despite

.the obvious presence of numerous Synechococcus-shaped cells
in samples used to construct the clone libraries.

Subsequent
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oligonucleotide probe analyses indicated that the cloned 16S
rRNA sequence types were detectable in the mat and that the
populations harboring these sequences might be adapted to
different environmental parameters

(16).

The 16S rRNA

sequence of S. Iividus was below detection in the mat, but
was readily detected in enrichment cultures generated using
undiluted Octopus Spring mat as inoculum.

It was also not

detected if the inoculum was homogenized and diluted prior to
enrichment.

These results implied that S. Iividus was not a

predominant species.

In contrast, positive probe responses

to several of the cloned Octopus Spring cyanobacterial
sequence types (e.g. types A and B) were readily observed in
enrichments inoculated with the highly diluted mat
homogenates, implying that such populations were predominant
in the m a t .

Denaturing Gradient Gel Electrophoresis

(DGGE) to Study

Population Distributions
Much of my work was directed toward elucidating the
factors that influence distributions of 16S rRNA-defined
populations in the Octopus Spring mat, with particular
emphasis on the cyanobacterial populations.

Originally, this

was to be accomplished by expanding upon oligonucleotide
probe studies (16).

However, before these studies were

initiated, denaturing gradient gel electrophoresis

(DGGE)

analysis of PCR-amplified 16S rRNA gene segments was
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introduced as a method to analyze complex microbial
communities
probing.

(9,10) .

DGGE offered several advantages over

For example, only known populations can be detected

with oligonucleotide probes, whereas with DGGE, previously
unrecognized community members can be detected.

This was

particularly important since my dilution culture studies had
demonstrated the existence of cyanobacterial populations
whose 16S rRNA sequences had not been detected in clone
libraries

(Chapter 2).

Also, unlike probing, DGGE offered

the potential to identify multiple populations in a single
analysis, enabling more ecologically robust population
surveys.
Figure I illustrates the DGGE procedure.

DNA is

extracted from an environmental sample and the PCR is used to
amplify the gene of interest (in this case a segment of the
16S rRNA gene).

Since there are multiple populations within

the sample, multiple 16S rRNA genes are amplified (as
indicated by different colors in Figure I).

The size of each

PCR product is essentially identical, but the sequences
contributed by different community members are unique.

Two

properties of double stranded DNA (dsDNA) facilitate an
understanding of the principle used to separate these PCR
products.

First, resistance of dsDNA to denaturation is

dependent upon the number and arrangement of GC base pairs.
Second, the electrophoretic mobility of dsDNA decreases
dramatically when it becomes partially denatured.

In DGGE,
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A. PCR Amplification
Mixed Population DNAs PCR Primers

G+C Clamped Product
Separate on
Denaturing
Gradient Gel

+
G-IC-Rich
Tails

16S rRNA Gene

B. Denaturing Gradient Gel Electrophoresis
Separation Based on
Differences in
Nucleotide Sequence
(GtC content)
and Melting
Characteristics

—i Mix,—, A m
Il
Il
_JL_
-JL_

B r- 1 cLrn

Standards
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S
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I-
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s
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and Sequence^-—

Figure I. PCR amplification and DGGE analysis of 16S rRNAdefined populations. A, PCR illustrating
amplification of mixed populations of 16S rRNA
genes using primers complementing conserved
sequence domains; one primer has a GC-tail. B, DGGE
methodology illustrating separation of PCR products
on a gradient gel and comparison to purified
standards.
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one PCR primer is designed with a 40 bp GC-tail, which
generates PCR products having GC-clamp regions
Figure I ) .

.

(blue in

These PCR products are electrophoresed through an

acrylamide gel containing a linearly increasing concentration
gradient of denaturants

(urea and formamide).

At some point

in the gradient, based on their stability (i.e. sequence),
the PCR products denature along their length adjacent to the
GC-clamp.

This results in the formation of partially

denatured molecules, which are essentially immobile.

Since

no further migration occurs, no increase in denaturant
concentration is encountered and the GC-clamp portion of the
molecule never dissociates.

The end result is that PCR

products having different sequences migrate to different
positions in the gel and remain there, focused into discrete
bands.
An example of DGGE separation is shown in Figure 2.

GC-

clamped PCR products from five different Octopus Spring
cyanobacterial 16S rRNA genes were electrophoresed through a
denaturing gradient gel for increasing lengths of time.

By

3.5 hours, all the fragments have reached denaturing points
where their migrations essentially halt.

No further

migration occurs even with prolonged electrophoresis.

Once

separated, the DGGE bands can be excised, reamplified and
sequenced.

Once a band has been identified by sequence, its

unique position in the gel can subsequently be used as
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evidence of its identity (Figure I), although such inferences
are not absolute (see below).

Increasing Denaturant Cone.

Electrophoresis Time (min)

Figure 2. DGGE illustrating the separation of a mixture of
five PCR-amplified Octopus Spring cyanobacterial
16S rRNA gene segments (394 bp). Cyanobacterial
populations P, Cl, B, A and C9 are defined in
Chapter 2. Samples were applied at 20 min
intervals. * By 205 min the banding pattern has
essentially stabilized.
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Obnectives. Rationales, and Experiments
The body of this thesis consists of a compilation of my
research in the form of manuscripts that have been published
(Chapters I and 2), submitted for publication (Chapters 3 and
4) or will be submitted as part of a larger body of work
(Chapter 5).
chapters,

To establish a logical connection between

brief overviews of the objectives, the rationales

behind them, and the experiments are presented here.

Objective I.

Cultivate cyanobacteria that contain 16S rKNA

sequences matching those cloned directly from the Octopus
Soring mat

Rationale
Cloning and probing experiments suggested that
uncultivated cyanobacterial inhabitants were more prevalent
in the mat than the cultivated species S . Iividus'.

Dilution

of inocula prior to enrichment might enable the isolation of
more relevant cyanobacterial species, substantiating their
existence.

Experiment I (Chapter 2)
I

obtained axenic cyanobacterial isolates from

enrichment cultures inoculated with undiluted and highly
diluted mat samples, sequenced their 16S rRNA genes and
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compared the sequences to those of S. Iividus and the Octopus
Spring cyanobacterial clones.

The sequences of the high

dilution isolates were not those of "common" Octopus Spring
clones, i .e ., the A- and B-Iike cyanobacterial 16S rRNA
sequences which are detected frequently.

The 16S rRNA

sequence of one Synechococcus isolate matches that of Octopus
Spring clone type-P, which was detected only once by cloning.
Another isolate, C 9 , has a 16S rRNA sequence that has not
been detected by cloning.

Because of the infrequent

detection of the C9 and P (and also I, and J) type
cyanobacterial sequences, I refer to them as "rare"
populations throughout the text.

Objective 2.

Develop DGGE methods to evaluate population

heterogeneity in the mat

Rationale
While the detection of cloned 16S rRNA sequences
revealed the presence of several novel cyanobacterial
populations in the mat, the limited sample set from which the
libraries were generated revealed little about how these
populations might be distributed in space and time.
Initially, it was necessary simply to know whether or not the
populations were distributed either homogeneously or randomly
throughout the mat, since if either condition was true, there
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would be little point in attempting to relate population
distributions to environmental parameters.

Experiment 2 (Chapter 3)
I developed DGGE methods and applied them to the
question of population heterogeneity.

Three spatially

separate sites exhibiting unique temperature ranges were
evaluated.

Many common and several new sequence types were

detected, confirming the utility of the method.

Also, a

pattern of population homogeneity within, and'heterogeneity
between areas defined'by temperature was revealed.

None of

the rare populations were detected.

Objective. 3.

Perform a thorough evaluation of population

distributions along thermal gradients and over seasonal
intervals

Rationale
Experiment 2 suggested patterns of population
distribution along temperature gradients which needed to be
studied at higher resolution.

However, this single time

point experiment provided no additional information about
rare populations which I hypothesized might be seasonally
dominant.
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Experiment 3 (Chapter 4)
I surveyed populations at sites along the mat's thermal
gradient during the spring, summer, winter and fall.

I found

that mat populations remained stable throughout the annual
cycle, detected several new populations, and demonstrated
that closely related cyanobacterial and green nonsulfur
bacteria-Iike populations occupied defined intervals along
the mat's thermal gradient.

Two or more cyanobacterial

populations were detected at each site in the mat.

None of

the rare populations were observed even though they could be
detected when added to mat samples.

Objective 4.

Evaluate the effect of disturbance on the

Octopus Spring mat community

Rational
Experiment 3 revealed that established mat populations
did not vary throughout an annual cycle.

I reasoned that

perhaps rare populations represented colonist species which
would only be abundant in disturbed areas from which more
competitive populations had been removed.

Experiment 4 (Chapter 5)
The established cyanobacterial layer was removed from
two sites in the mat.

I found that some common populations,
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not originally present at the disturbed sites, colonized the
freshly exposed areas.

.Some indigenous populations also

recolonized the areas over time.

However, no rare

populations were detected at either site.

Objective 5.

Evaluate vertical distributions of 16S rRNA-

defined populations

Rational
Since two or more cyanobacterial populations were
consistently detected at each site in the mat (Experiment 3),
and gradients of light are known to exist through the
vertical aspect of the mat, I reasoned that the
cyanobacterial populations might be distributed at discrete
vertical intervals.

Perhaps some rare populations would

maximize within a discrete vertical slice, facilitating their
detection.

Experiment 5 (Chapter 6)
I prepared 100 pm cryostat sections of mat samples
through the cyanobacterial layer (top I mm) and used DGGE to
detect the populations within each section.

I found that .

common cyanobacterial populations do exhibit different
vertical positioning, but did not detect rare populations.
The distributions of green nonsulfur and green sulfur
bacteria-like populations also varied with depth.
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CHAPTER 2

ENRICHMENT CULTURE AND MICROSCOPY CONCEAL DIVERSE
THERMOPHILIC SYNECHOCOCCUS POPULATIONS IN A SINGLE HOT SPRING
MAT HABITAT1

Introduction

A detailed knowledge of metabolically diverse cultivated
bacteria dates to the development about.a century ago of the
enrichment culture approach by Beijerinck and Winogradsky
(31).

However, studies that employ genetic markers to

describe native species have repeatedly demonstrated that
there is little correspondence between cultivated and
naturally occurring species (1,7,8,12,13,19,26,32,34).
Therefore, cultivated bacteria, provide a weak basis by which
to understand the ecology of bacterial communities.

We

investigated the basis for this discrepancy and the influence
enrichment culture may have in limiting our appreciation of

1This study has been published as: Ferris, M.J. A.L. Ruff-Roberts, E.D.
Kopczynski, M.M. Bateson and D.M. Ward. 1996. Enrichment Culture and
Microscopy Conceal Diverse Thermophilic Synechococcus Populations•in a
Single Hot Spring Microbial Mat Habitat. Appl. Environ. Microbiol.
62:1045-1050. Contributions to the study were as follows, Ruff Roberts
performed the hybridization probe experiments, Kopczynski cloned the 0.S
type-P sequence, Bateson performed phylogenetic tree analyses and Ferris
isolated and sequenced cultures C9, BlO and Cl, and sequenced culture
collection strains.
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microbial diversity by ,studying the unicellular cyanobacteria
that inhabit a microbial mat community in Octopus Spring., a
thermal pool in the Lower Geyser Basin of Yellowstone
National Park.

Our. study focused on a portion of the mat

where the temperature range is approximately 50 to 55° C .
/

Microscopic analyses of this region of the mat revealed the
presence of cyanobacterial cells having Synechococcus-Iike
(rod-shaped) morphologies.

Observations such as this from

Octopus Spring and many similar but geographically distinct
hot springs, combined with the similar %G+C ratios of
thermophilic Synechococcus strains in culture collections
(6), led to the hypothesis that a single Synechococcus
species, S . Iividus, inhabits Octopus Spring (3,33) and
similar springs worldwide (5).

In contrast, our initial

culture-independent characterization of the Octopus Spring
mat revealed four different 16S rRNA sequences which could be
recognized as cyanobacterial (34,35,37,38)
J).

(types A,B,I and

None of these sequences matched that of S . Iividus.
In a previous study, we used hybridization probes

specific for each of the cloned Octopus Spring cyanobacterial
16S rRNA sequence types and for S. Iividus to investigate the
distributions of these populations in hot spring microbial
mats

(25).

S. Iividus was detected only in the mat of a

slightly acid spring, Clearwater Spring.

In this study we

used the same probes to examine the behavior of the A, B, J,
and S. Iividus Y-7c-s populations during enrichment culture.
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Information gained from the probe study led to the hypothesis
that S. Iividus was strongly selected in laboratory culture
relative to more predominant cyanobacteria, even from mats in
alkaline springs, such as Octopus Spring, where the S.
Iividus population was below detection by probing.

We tested

this hypothesis by comparing the 16S rKNA sequences of
Synechococcus isolates obtained from low-dilution and highdilution enrichment cultures.

Materials and Methods

Hybridization Probe Analysis
Samples for hybridization probe analysis were collected
from a 54° C site at Clearwater Springs site A (pH 6.2) on
July 31st, 1991 and from a 50° C site in the shoulder region
of Octopus Spring on August 8th, 1991 (25).

A #15 cork borer

(415.5 mm2) was used to remove the top 5 mm of mat.
Triplicate cores were frozen in liquid N2 for later extraction
of R N A .

Two cores for enrichment cultures were placed into a

sterile polypropylene tube and the volume was brought to 15
ml using water from the collection site.

They were

transported to the lab in the dark at approximately 50° C and
processed the same day.

Samples were homogenized in a

sterile 40 ml Bounce tissue grinder (Corning).

A 5 ml

portion of the homogenate was used to inoculate a screw
capped culture tube containing 5 ml of Medium D (5); this
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tube was termed the low-dilution enrichment.

For some

Clearwater Springs enrichments, the medium pH was adjusted to
6.5, the lowest pH permitting growth of S. Iividus from this
spring (17).

In all other cases the medium pH was 8.2,

resembling the pH of Octopus Spring (pH 8.4).

From each low-'

dilution enrichment, a ten-fold dilution series was prepared
in tubes of sterile Medium D.

The tubes were incubated at

54° C under fluorescent lighting for two months.

These

enrichments were maintained by periodically subculturing 10%
of the total volume into tubes containing 5 ml of Medium D .
For each enrichment series, rRNA was extracted from cells in
both the low-dilution enrichment and the highest dilution
enrichment in

which growth occurred, hereafter referred to

as high-dilution enrichments.

To ensure sufficient biomass

for RNA extraction, cells from eight to ten replicate
subcultures were pooled and harvested by centrifugation.
Procedures for RNA extraction of mat samples and enrichment
culture pellets', and radiolabeled oligonucleotide probe
analyses were described previously (25).

Probe sequences

with corresponding Escherichia coll 16S rRNA

position

numbers in brackets were as follows: Type A {1254 to 1275},
5'TCCCGCTCGCGCGTTCGCTGCC3'; Type B {1254 to 1275},
5'TCACGCTCGCGCGCTCGCGACC3'; Type J {1240 to 1281},
5 'ATTATCCCTCTGTCCACGCCA3 '; S. Iividus Y-7c-s {1273 to 1294},"
5'CGTGGTTTAAGAGATTAGCTCG3'.

Probe specificity was reported

previously (25), but we have since discovered additional
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populations with which probe cross reactivity was not
empirically determined.

Two of these populations, Octopus

Spring isolates C9 and BlO reported herein, contain sequences
which exhibit 4 to 10 base.pair mismatches with the probe
sequences and would not cross react with any of the probes.
However, A-Iike and B-Iike populations discovered in
denaturing gradient gel electrophoresis analyses have
sequences at the probe site which are identical to the type-A
and -B sequences, respectively, and thus will cross react
with the type-A and -B probes

(11).

Relative probe response

is the response of a probe specific to one 16S rRNA sequence
divided by the response of a universal probe designed to
measure total 16S rRNA in the sample (25).

Culture Isolation
Two samples for enrichment and subsequent culture
isolation were collected from different 50° C sites in the
shoulder region of Octopus Spring on June 8th, 1992..

Fifteen

ml of spring water from the collection site was added to
sterile 50 ml polypropylene tubes.

The volumes were then

brought to 30 ml by adding viscous mat material collected,
using a small weighing.spatula,
layer (ca. I mm) of the m a t .

from the top green surface

Each sample was transported as

described above, then the entire 30 ml was homogenized in a
sterile '40 ml tissue grinder.

Direct counts of

Synechococcus-like cells in the homogenized material were
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made using a Petroff-Hauser cell counting chamber according
to the manufacturer's directions.

Each homogenate was used

to create a separate ten-fold dilution series by inoculating
5.0 ml of homogenate into 45 ml of sterile Medium D contained
in 250 ml DeLong shake flasks with metal closures

(Bellco).

The flasks were incubated at 50° C in an orbital shaker (New
Brunswick) at 150 rpm under constant 3000 lux fluorescent
illumination for several months.

During the incubation,

sterile distilled water was periodically added to the flasks
to maintain medium volume.

For each dilution series,

attempts were made to obtain axenic cyanobacterial cultures
from the lowest and highest dilutions that exhibited
cyanobacterial growth.

Again these are termed the low-

dilution and high-dilution enrichments, respectively.
Culture isolation attempts employed standard dilution and
spread plate techniques using Medium DG (5) solidified with
0.8% Gelrite (Kelco), since it has been our experience that
some isolates grow poorly or not at all on media solidified
with agar.

All plates were incubated at 45° C under constant

fluorescent illumination and were kept in transparent plastic
freezer bags to reduce the rate of drying. Isolated
*
cyanobacterial colonies were picked with the aid of a
dissecting microscope and repeatedly restreaked to fresh
Medium DG plates to obtain pure isolates.
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16S rRNA Characterization of Cvanobacterial'Isolates
Culture collection Synechococcus strains were obtained
from the American Type Culture Collection (ATCC), the Paris
Culture Collection (PCC) and the Castenholz Culture
Collection (CCC; R.W. Castenholz, Univ. of Oregon).

Strain

Y-7c-s was originally isolated in 1976 from material
collected within a Clearwater Springs pH 5.5 pool in
Yellowstone Park (17) and is the only S . Iividus isolate
whose 16S rRNA sequence is available (14, 35).

DNA

extraction, PCR amplification, cloning and sequencing methods
were described previously (18).

Percent similarities were

determined after aligning sequences to others in our Octopus
Spring database and the Ribosomal Database Project database
(22).

The sequence of each Octopus Spring isolate was

evaluated using Check_Chimera of the Ribosomal Database
Project (20).

Initially all cultures were screened by

obtaining partial 16S rRNA sequences through hypervariable
region V9

(16) which includes the sites targeted by specific

oligonucleotide probes (25).

The emphasis on a hypervariable

region maximized the probability of determining identity
between isolates.

The percent similarity values in such

comparisons are lower than if the entire 16S rRNA sequences
are compared.

Additional sequence data were obtained for

each unique Synechococcus isolate obtained in this study.
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Characterization of 16S rRNA Sequences
Cloned from the Octopus Soring Mat
The new 16S rRNA sequence we report here was obtained
from Octopus Spring library V-L using methods described
previously (37).

Phylogenetic Analyses
Phylogenetic analyses were performed using the programs
DNADIST, FITCH, DNAPARS, DNAML, SEQBOOT and CONSENSE from the
Phylogenetic Inference Package (PHYLIP) version 3.57c (10).
Cyanobacterial phylogenetic trees were inferred by analysis
of nucleotides which align with E. coll 16S rRNA positions
332-452, 480-507, 712-892, 1140-1364, comparing mainly
conserved and semiconserved regions.

The type-A

cyanobacterial sequence was too short to include, but is
closely related to the type-B sequence (see Table I ) .

Sequence Data
Sequences have been submitted to GenBank under the
accession numbers: Octopus Spring type-P, L35331; isolate Cl
L35345, L35479, L35480; isolate C9 L35481, L35482, L35483.
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Results

Oligonucleotide Probe Analyses
Figure 3 illustrates results of the oligonucleotide
probe analyses of Clearwater Spring mat and enrichments.
Here, S. Iividus was detected directly in the mat and in the
low- and high-dilution enrichments at both pH 6.5 and 8.2.
The same was true for type-B-like sequences.

Type-A-Iike

sequences were not probed directly in the mat or in either
the low- or high-dilution enrichments at pH 8.2.

They were

detected in both the low- and high-dilution enrichments at pH
6.5.
Results of the probe analyses of Octopus Spring mat and
enrichments are presented in Figure 4.

S . Iividus was below

detection in the mat but was readily detected in the lowdilution enrichment.

However, S. Iividus was not detected in

the high-dilution enrichment.

In contrast, two of the

Octopus Spring cyanobacterial populations previously detected
as clones, types-A and -B, were readily detected in the highdilution enrichment.

The other clone population, type- J,

was detected in the mat samples but not in either the low- or
high-dilution enrichments.
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Figure 3. Relative responses of oligonucleotide probes
targeting 16S rRNA of S . Iividus and uncultivated
cyanobacteria with RNA extracted from a homogenized
mat sample (MAT) from a 54° C site in Clearwater
Spring or from enrichments at pH 6.5 or pH 8.2
inoculated with low- or high-dilution samples of
this mat.
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The results of the probe analyses suggested that S.
Iividus was present at low population density in the Octopus
Spring mat but was particularly competitive in enrichment
medium environments.

It appeared as though diluting mat

samples prior to inoculation might eliminate S . Iividus from
enrichments, thus permitting the growth and isolation of some
of the Octopus Spring cyanobacterial populations previously
detected as 16S rKNA clones.

Dilution Cultures
Direct cell counts of Synechococcus-shaped cells in the
Octopus Spring mat samples indicated a concentration of
approximately IO10 Synechococcus cells per ml in the
cyanobacterial layer.

Similar concentrations of

Synechococcus cells in the surface layer of this microbial
mat have been reported previously (2).

For the Octopus

Spring enrichment studies, this allowed us to determine the
number of Synechococcus cells inoculated into each culture
vessel.

The high-dilution enrichment in the probe study

received approximately 1330 Synechococcus cells.

The two

high-dilution enrichments prepared for culture isolation
attempts received approximately 25 and 250 Synechococcus
cells and yielded cyanobacterial isolates BlO and C 9 ,
respectively.
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16S rRNA Characterization
of Octopus Spring Synechococcus Isolates
Table I summarizes the results of the culture isolation
experiment.

Visible cyanobacterial growth was apparent

within a few days in low-dilution enrichments.

These yielded

axenic cyanobacterial isolates BI and Cl which formed
relatively large colonies on isolation plates within a few
days.

Both isolates have the same 16S rRNA sequence as S.

Iividus Y-7c-s through the V9 region.

More extensive

sequence data for isolate Cl showed that it is 99.6% similar
to strain Y-Vc-s through 682 nucleotide positions including
two additional variable regions, V6 and V 8 .

In contrast,

high-dilution enrichments required several weeks for visible
growth to occur, eventually yielding Synechococcus isolates
C9 and B l O .

These isolates formed much smaller colonies on

isolation plates and were difficult to discern without the
aid of a dissecting microscope.

The 16S rRNA sequences of

isolates C9 and BlO are only 71.1 and 85.5% similar to that
of S. Iividus Y-Vc-s, respectively.

Isolate C9 has a novel

16S rRNA sequence, based on 1385 nucleotides through nine
variable regions, which has not been previously detected
among those cloned from the mat.

The sequence of isolate BlO

is identical to a new cyanobacterial sequence (type-P) we
have recently cloned from the mat and report herein.

This

similarity is based on 643 nucleotide positions which include
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Table I. Pairwise similarities between 16S rRNA sequences (E. coll
nucleotide positions 1223 to 1307) of culture collection
strains of thermophilic Synechococcus strains cultivated from
the 50 - 55°C region of the Octopus Spring mat and
uncultivated cyanobacterial sequence types from the mat.
SSU rRNA
sequences*

Source

% similarity with sequence:
I

I

ATCC 27179

H u n te r S p . O R

2

3

4

5

6

7

8

9

10

11

12

—

2

ATCC 27180

F a iry S p., Y N P

100

—

3

PC C 6715

M ix e d Y N P S p s

100

100

—

4

Is o la te B I

O c to p u s S p , Y N P

100

100

100

—

5

Is o la te C l

O c to p u s S p , Y N P

1 00

100

100

■100

—

6

S. Iividus Y -7 cs

C le a rw a te r S p l Y N P

1 00

100

100

100

1 00

—

7

Is o la te CS

O c to p u s S p, Y N P

7 1 .8

7 1 .8

71.8

7 1 .8

7 1 .8

71.1

—

8

Is o la te B I O (T y p e P )

O c to p u s S p, Y N P

8 5 .9

8 5 .9

8 5.9

8 5 .9

8 5 .9

8 5 .5

76.5

—

9

TypeA

O c to o u s S p , Y N P

78.7

7 8 .7

7 8 .7

7 6 .7

7 8 .7

79.4

7 8.7

81.1

_

10

TypeB

O c to p u s S p , Y N P

7 8 .8

7 8 .8

7 8 .8

7 8 .8

7 8 .8

7 9 .5

8 0 .0

8 2 .4

9 5 .3

11

Type!

O c to p u s .SppY N P

8 3 .5

8 3 :5

8 3 .5

6 3 .5

8 3 .5

84.3

7 0 .6

8 2 .4

8 2 :3

8 3 .5

12

Type J

O c to p u s S p , Y N P

7 5 .3

75.3

75.3

7 5.3

7 5 .3

7 5 .0

67.1

7 2 .6

7 5 .2

7 4 .0

72.6

13

O sc sp. 7515

84.1

84.1

84.1

84.1

8 4.1

8 4 .9

7 6 .7

7 8 .0

7 8 .0

7 8 .0

75.5

,

7 0 .7

The emphasis on a hypervariable region lowers the percent similarity relative to. that when sequences are compared in
general. For example, the percent similarity between isolates C l and 09 is 71.8% over 85 nucleotide positions through the
V9 region but 92.6% overall (1127 nucleotides).

variable regions VI, V 2 , V 3 , V6 and V9-.

This is the first

example we have observed of a cultivated Octopus Spring
isolate having a 16S rRNA sequence matching that of a
sequence retrieved by cloning.

No indication of chimeration

was found for the 16S rRNA sequences of any isolate using
Check_Chimara (low maximum improvement scores and lack of
peakedness), but this is difficult to prove with such methods
(18,24).

Furthermore, denaturing gradient gel

electrophoresis analysis of genomic DNA of each isolate gave
only a single band indicating a single rRNA operon (11).

The

best evidence against chimeration is provided by detection of
a sequence using multiple methods that recover large amounts
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of sequence, as in the case of the clone type-P and
cultivated isolate BlO sequences above.

All the isolates

have a.common Synechococcus-like morphology.

16S rRNA Sequences of Thermophilic
Svnechococcus Culture Collection Strains
To investigate further the tendency for enrichment
culture to favor the isolation of S . lividus, we screened the
three other thermophilic Synechococcus strains available in
culture collections.

These isolates were originally obtained

by independent investigators from various Yellowstone and
Oregon hot spring mats (9,27,29)

(Table I).

All have 16S

rRNA sequences through the V9 region identical to that of S .
lividus Y-7c-s.

Phylogenetic Diversity Among Octoous Soring Cyanobacteria
Figure 5 is a least-squares distance matrix phylogenetic
tree of 16S rRNA sequences of Octopus Spring cyanobacteria
and representatives of the major lines of cyanobacterial
descent, including those which are most deeply divergent (G.
violaceus and Pseudoanabaena spp.).

Consensus values derived

from bootstrapped data are low for all of the branches,
except those linking very closely related organisms.

Octopus

Spring cyanobacterial populations C 9 , B and J are the most
deeply branching lineages, with consensus values of 41% and
35%.

This same deep branching of populations C 9 , B and J was
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observed in trees inferred by DNA parsimony (consensus
values, 45.5% and 23.9%) and DNA maximum likelihood (data not
analyzed by bootstrap), and when this set of sequences was
tested for possible thermophilic convergence (36).

• Pleurocapsa sp.
Pharmidium ectacarpi

----------- Synechocysth sp.
—Anabaena cylindnca
—Spirulina Sp
" Octopus Spring Type I
— Oscillaioria amphigranulata
■Octopus Spring C l isolate
------------------ Syne.chococ.cus sp. 6301
Microcoleus sp.

- Oscillatoria sp. 7515
- Oscillatoria lunnetica
■ Oscillainria sp. 6304

" ■■■" Octopus Spring Type P
• Psuedanabaena galeata
-------- GleobdcterKiolaceus
Octopus Spring Type J

jl

—

Octopus Spring Type B

.......Octopus Spring C9 Isolate
0.01

Figure 5. Distance matrix phylogenetic tree illustrating the
relationships of Octopus Spring cyanobacterial 16S
rRNA sequences to those of representatives of the
major cyanobacterial lineages described by the
Ribosomal Database Project. The tree was rooted
using the 16S rRNA sequences of Thermotoga
maritima, Chlorobium vibrioforme and E. coll. The
consensus values at the forks indicate the number
of times the group consisting of the species which
are to the right of the fork occurred among 100
trees inferred from the bootstrapped data set of
606 nucleotides. Evolutionary distance is
indicated by horizontal lines; bar corresponds to
0.01 fixed point mutations per sequence position.
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Discussion

It is now clear that the diversity of Synechococcus
populations inhabiting thermal mats must be greater than
previously suspected.

While it has been known for some time

that members of the genus Synechococcus are genetically
diverse and that the genus is in need of revision (6), such
diversity was not suspected among thermophilic Synechococcus
populations.

Based on the similar %G+C ratios of

thermophilic Synechococcus isolates from different hot spring
habitats, this group was thought to comprise a single
species, S. Iividus (5).

Our sequencing results confirm the

genetic similarity among these thermophilic Synechococcus
culture collection strains, but at a much higher level of
resolution, identical sequences within a 16S rRNA
hypervariable region.

In contrast, our molecular cloning and

cultivation efforts have revealed seven cyanobacterial
populations within the Octopus Spring microbial mat
community.

Two additional Octopus Spring cyanobacterial

populations have been discovered in denaturing gradient gel
electrophoresis analyses (11).

Three of these populations

have now been cultivated and are known to have SynechococcusIike morphologies.

Thus, while S . Iividus appears to be

widely distributed, it exists in the Octopus Spring mat as
one of at least nine cyanobacterial populations defined by
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our molecular and cultivation efforts.

The selective

enrichment of S. lividus, combined with the single rod-shaped
cell morphology of the cyanobacteria inhabiting the m a t ,
concealed striking genetic diversity among the Octopus Spring
mat cyanobacteria, the magnitude of which is similar to that
observed among all cyanobacteria.

Several Octopus Spring

cyanobacteria may represent the most primordial lines of
cyanobacterial descent yet discovered.

This possibility is

supported by the results of three different phylogenetic
inference methods.

However, as indicated by the low

bootstrap values for both parsimony and distance matrix
methods, the explosive radiation in cyanobacterial evolution
makes documentation of the branching orders of major lineages
difficult.

To more definitively answer this question,

additional sequence data must be obtained (15).
Dilution of inoculum prior to enrichment permitted"the
isolation of two previously uncultivated Synechococcus
populations, C9 and BlO.

Similar results have been reported

for heterotrophic marine bacteria, where dilution of the
original populations to near extinction of the ability to
grow, favored isolation of more abundant rather than more
nutrient-tolerant, organisms (4).

High-dilution populations

BlO and C9 were isolated from enrichments which received
approximately 25 and 250 Synechococeus cells, respectively.
It is likely that they were among the predominant
cyanobacterial populations in the original mat samples.
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However, it cannot be concluded that these are the only
predominant Synechococcus populations present in the mat.

It

is possible that multiple populations developed in the highdilution enrichments, but some were unable to grow on the
solidified isolation medium, or were missed by not sampling
all the colonies that developed on isolation plates.

This

might explain why A- and B-type cyanobacterial populations
were detected by probing high-dilution enrichments, but were
not recovered as isolates on plates.

Alternatively, if

multiple populations of approximately equivalent density
exist in initial mat samples, different populations might
predominate in replicate extincting dilutions.

Another

possibility is that ,some Synechococcus populations are simply
unable to grow or compete effectively in the liquid
enrichment medium.

For example, the type-J population was

detected in the Octopus Spring mat sample but was not
detected in any enrichment.
The recovery strain C 9 , whose unique molecular signature
had not been previously detected in the mat, raises
interesting questions about the correspondence, or lack
thereof, between molecular and culture approaches.

It must

be emphasized that due to the labor intensiveness of the
approach, only a few samples have so far been studied by
cloning and sequencing methods and these might not have
contained the C9 population at high density.

Alternatively,

molecular methods might select against the C9 sequence (e.g .,
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priming and/or cloning biases).

In ongoing studies, we have

found that the C9 sequence behaves normally when using other
molecular procedures involving the same priming sites used in
cloning work.

We hope that these studies, involving

denaturing gradient gel electrophoresis

(11), will enable

more rapid profiling of populations within larger numbers of
samples so that the question of varying spatial and temporal
distribution among populations can be more adequately
addressed.
Because cyanobacteria are functionally related, it is
appropriate to consider that the many Octopus Spring
cyanobacterial populations constitute at least part of a
guild of oxygenic phototrophs within the mat community.

The

existence of multiple 16S rRNA types within other groups of
Octopus Spring mat inhabitants which may be both
phenotypicalIy and phylogenetically related (32), suggests
that this may be a general pattern of community organization.
Previous hybridization probe studies indicate that the
different cyanobacterial populations are specialized to
different environmental parameters such as temperature, light
and pH (25).

Temperature-adapted Synechococcus isolates,

considered at the time to be strains of S. Iividus (5), have
been reported (23).
animal communities

We hypothesize that as in plant and
(21,28,30), intra-guild biodiversity may-

help stabilize guild function.

In the mat habitat where

parameters such as temperature, light and pH. vary daily and
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seasonally, the existence of diverse, specialized populations
within a guild would provide a level of flexibility, above
physiological change within individual species, to buffer
guild function (e.g., oxygenic photosynthesis) against
environmental variation.

Clusters of phylogenetically

related populations are commonly observed in 16S rRNA
analyses of natural communities

(1,7,8,12,13,19,26,32,34).

These might also be explained as intra-guild specialization
to local environmental parameters, if these populations
conduct similar functions.
Microbiologists have been aware of the selectivity of
culture media since the inception of the enrichment culture
technique (31).

Molecular techniques now allow us to detect

many of the microorganisms we have been missing by
cultivation, and to some extent, determine their abundance
and phenotypes.

This permits more informed attempts at

cultivating relevant species.
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CHAPTER 3

DENATURING GRADIENT GEL ELECTROPHORESIS PROFILES OF 16S
rRNA-DEFINED POPULATIONS INHABITING A HOT SPRING MICROBIAL
.MAT COMMUNITY1

Introduction

A reliable method for determining the diversity of
microbes in an environmental sample has long been sought by

.

microbiologists. Microscopy and cultivation have limited
usefulness since diverse microorganisms can share similar,
simple morphologies and cultivation limits detection to
organisms that grow under the conditions provided in culture
media. The development of techniques for the analysis of 16S
rRNA sequences in natural samples has greatly enhanced our
ability to detect and identify bacteria in nature (22,23).
This has confirmed suspicions that only a small percentage of
bacterial species have been isolated in culture
(3,4,5,10,11,14,29,32).

1This study has been published as: Ferris, M.J., G. Muyzer and D.M.
Ward. 1996. Denaturing Gradient Gel Electrophoresis Profiles of 16S
rRNA-Defined Populations Inhabiting a Hot Spring Microbial Mat
Community. Appl. Environ. Microbiol. 62:340-346. Muyzer was
instrumental in transferring his knowledge of denaturing gradient gel
electrophoresis technology to me during a short visit to our lab. I
then applied this technique to the study of Octopus Spring maf
populations.
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Recently denaturing gradient gel electrophoresis (DGGE)
analysis of 16S rRNA gene segments has been used to profile
complex microbial communities

(16) and to infer the

phylogenetic affiliation of the community members

(17,18).

In this method the polymerase chain reaction (PCR) is used to
amplify a region of the 16S rRNA gene or a functional gene,
such as the (NiFe)-hydrogenase gene (34) from mixed microbial
populations.

One of the PCR primers includes a GC-rich

sequence (GC clamp) on its 5' end that imparts melting
stability to the PCR products in a denaturing gradient gel.
The resulting products, essentially all the same size, are
separated into discrete bands during electrophoresis through
an acrylamide gel that contains an increasing linear gradient
of denaturants.

Individual double stranded DNA (dsDNA)

molecules denature along their length adjacent to the GCclamp according to their melting characteristics
sequences).

(i.e.

This partial denaturation causes their migration

to essentially halt at unique positions forming discrete
bands in the gel.

Individual bands can be probed by Southern

blotting (1,16), or excised and their nucleotide sequences
determined (17,18) .

Useful information can be also be

obtained through analyses of banding patterns alone, since
each band may represent a different microbial population.
By studying the microbial mat community in Octopus
Spring, a thermal pool in the Lower Geyser Basin of
Yellowstone National Park, USA., .we hope to explain the

50

discrepancy between bacteria detected by cultivation and
those detected by 16S rKNA analysis.

We have used

cultivation, 16S rKNA cloning and sequencing methods and
oligonucleotide probe analyses to reveal the extent to which
cultivation and microscopy have concealed microbial
diversity, and to examine the environmental factors that
influence population distributions within this system .
(9,27,30,31,32,33,35). Cultivation and 16S rRNA-based cloning
and sequencing methods have revealed seven cyanobacterial
populations, two green non-sulfur bacteria-Iike populations,
three green sulfur bacteria-Iike populations and many other
apparently nonphototrophic bacterial populations' of various
phylogenetic affiliations (9,31,35).

However, cloning and

sequencing is very time consuming, and oligonucleotide
probing of dozens of individual populations to evaluate
distributions with respect to environmental parameters is
also an arduous task.

The potential for DGGE to offer a more

rapid and comprehensive means to simultaneously survey
various bacterial populations prompted us to evaluate the
technique in our system.

Here we examine spatial

heterogeneity of microbial populations within and among
regions of the mat defined by temperature.

DGGE banding

patterns were evaluated and bacterial populations were
identified by sequencing individual bands.

We compare the

DGGE results to the 16S rKNA sequences obtained by direct
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cloning and cultivation and to previous oligonucleotide probe
distribution analyses.

Materials and Methods

Octopus Soring Mat Samples
Samples were collected on August 17, 1994 from the
shoulder region of Octopus Spring where the mat is covered by
a few cm of water.

Three sites differing with respect to

their temperature profiles were located by placing a disk
shaped thermistor probe (ca. I cm diameter) on the mat
surface and recording the temperature fluctuations for
several minutes. Three separate samples were collected within
10 cm of the probe at each site. For each sample,
approximately 5 ml of mat material was obtained by scraping
the upper I to 2 mm into sterile polypropylene tubes to which
approximately 5 ml of water from the site had been added. The
samples were frozen on dry ice in the field and maintained at
-70° C until DNA was extracted.

DNA Extraction
Each mat sample was homogenized in a sterile 40 ml
tissue grinder until the suspension could be easily pipetted.
Approximately 0.5 ml of mat homogenate was used for DNA
extraction.

Cells were lysed in a Mini-Beadbeater (Biospec

Products, Bartlesville, OK) using sterile 0.1 mm zirconium
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beads according to the manufacturer's directions.

DNA was

obtained from the lysate using standard phenol-chloroform
extraction and ethanol precipitation procedures

(15).

DGGE Standards
A set of six Octopus Spring DGGE standards was generated
by PCR amplification of DNA representative of known
cyanobacterial and green nonsulfur bacterial 16S rRNA
sequence types.

Three of these markers (C9, BlO and Cl) were

generated from DNA extracted from cyanobacterial isolates
which had been previously cultivated from a 50° C region of
the mat in the shoulder area of Octopus Spring (9).

The DNA

extraction procedure for cell pellets was essentially as
described for the mat samples.

Two of these (isolates C9 and

BlO) are numerically relevant members of the Octopus Spring
cyanobacterial community since they were cultivated from
extincting dilutions (9,31) .

The 16S rRNA sequence of

isolate BlO is identical to that of sequence type P which was
detected in a cloning library (the type P designation is used
in all figures).

The third cyanobacterial isolate (Cl) has a

16S rRNA sequence that is identical to that of Synechococcus
lividus strain Y-7c-s

(9).

Two other cyanobacterial DGGE

markers were generated by PCR amplification of plasmid
minipreps (15) of clones carrying the type A and B sequences
(35).

Another marker was prepared from Chloroflexus
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aurantiacus strain Y-400-fI cells as described for the
cultivated cyanobacteria.

PCR Primer- Design and Rational
We chose PCR primers in an attempt to maximize recovery
of known Octopus Spring 16S rRNA genes of the Domain Bacteria
in a region of the molecule for which we have the most
sequence data and toward which previous studies had targeted
specific oligonucleotide probes (27).

One primer complements

a region conserved among members of the Domain Bacteria (E.
coli positions 1055 to 1070; primer sequence 5 7ATGGCTGTCGTCAGCT-3') (2).

The other primer is based on a

universally conserved region {E. coli positions 1392-1406;
5'-CGCCCGCCGCGCCCCGCGCCCGGCCCGCCGCCCCCGCCCCACGGGCGGTGTGTAC3')(2) and incporates a 40 base GC clamp.

Specificity of

this primer is imparted by the underlined region.
Theoretically these primers should amplify a 323 bp section
of the 16S rRNA genes of members of the Domain Bacteria,
including the highly variable V9 region (12).

A nested

primer (5'-CCCGGGAACGTATTCACCGC-3') corresponding to E. coli
positions 1368 to 1387 was used to obtain sequence data
through this region.
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Reactions were performed using cloned Pfu DNA polymerase
following the instructions provided by the manufacturer
(Stratagene, La Jolla, CA).

Excess template DNA resulted in

the production of nonspecific PCR products, which might
appear as irrelevant bands in DGGE analysis.

To eliminate

this, optimal concentrations of template were determined
empirically by visual inspection of 10-fold serially diluted
DNA samples on ethidium bromide-stained agarose gels'.

One ul

of dilutions exhibiting the faintest template bands was PCR
amplified.

Of course, this results in possible loss of some

target sequences, but predominant community members should
still be represented.

PCR products were examined on ethidium

bromide-stained agarose gels and the reactions yielding
products of the expected size were used for DGGE analysis.
The temperature cycle for the PCR was: I min denaturation at
94° C , I min annealing (see below) and 3 min primer extension
at 72° C .

An initial denaturation step was used wherein the

temperature of the PCR reaction mixture (without the
polymerase) was raised to 94° C for 5 min, then lowered to
80° C for I min at which time the polymerase was added.
During an initial "touchdown" cycle the annealing temperature
was lowered from 53° C to 43° C in 1° C per cycle intervals;
20 additional annealing cycles were at 43° C (7).
primer extension was for 10 min.

The final
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DGGE
All reagents and techniques were as previously
described, except as noted (1,19,20).

6.5% acrylamide gels

were prepared and run using 0.5X TAE buffer [IX TAE is 0.04 M
Tris base; 0.02 M sodium acetate; 1.0 mM EDTA; pH adjusted to
7.4].

A Hoeffer SE 600 gel electrophoresis unit was used

with 16 x 18 cm glass plates, 1.5 mm spacers, and I cm wide
loading wells.
buffer chamber.

A 10 gallon aquarium served as the lower
DGGE gels contained a 35 to 80% gradient of '

urea and formamide solution (UF) increasing in the direction
of electrophoresis.

A 100% UF solution is defined as 40%

(v/v) formamide plus 7.0 M urea (1,20).

DGGE was conducted

at a constant voltage of 200 at 60° C for 7 hr, after which
time band positions had stabilized.

The UF gradients and

electrophoresis times were determined by perpendicular and
time travel DGGE experiments (1,16,20).

Gels were stained

with ethidium bromide (0.5 jlg/ml) and photographed.

Sequencing DGGE Bands
Bands in DGGE gels were excised using a razor blade and
the small blocks of acrylamide containing the bands were
placed into sterile 1.5 ml bead-beater vials.

The vials were

filled to half their height with sterile I mm glass beads and
0.5 ml of sterile molecular biology grade water (Sigma
Chemical Co., St. Louis, MO) was added.

The samples were
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then agitated in the Mini Beadbeater at high setting for 3
min to disrupt the gel slice, placed at 4° C overnight to
allow diffusion of DNA out of the gel fragments, then
centrifuged at low speed to pellet acrylamide fragments.

Ten

ul of the supernatant was used as template DNA in a PCR
reamplification reaction, using the same primers and reaction
conditions described above.

Following amplification, the PCR

products were rerun on DGGE gels to confirm their positions
relative to the band from which they were excised.

The PCR

products were then directly sequenced using a Sequenase PCR
product sequencing kit (United States Biochemical, Cleveland,
OH) according, to the manufacturer's directions.

Sequence

comparisons were performed after alignment to sequences in
our Octopus Spring database and the Ribosomal Database
Project (RDP) as previously described (13).

New sequence

data have been submitted to Gene Bank with the acquisition
numbers: {To be provided upon acceptance of manuscript}

Results

Figure 6a shows the temperature profiles for each of the
three regions sampled.

The periodic temperature fluctuations

are due to regular surges of near-boiling source water into
the spring and effluent channels.

The three sample sites

span a range of temperatures between 48° and 72° C, a low
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(a) Temperature profiles of the three sampling
sites examined by DGGE. (b) DGGE profiles of 16S
rRNA-defined bacterial populations within
triplicate samples at each site.

58

temperature site ranging from 4 8 5 4 °

C, a midrange

temperature site from 50 °- 65° C and a high temperature site
from 5 6 °- 72° C .

Figure 6b shows the DGGE profiles of each

triplicate sample taken from within each temperature region.
Profiles of samples taken from within the same temperature
region are essentially identical while those between
temperature regions display distinctly different banding
patterns.

However, some bands appear to be common to

different temperature sites.
Figure 7 summarizes the results of DGGE analysis and
sequencing attempts from each temperature region.

The

Octopus Spring standards bracket the lanes containing PCR
amplification products of the temperature regions.

Figure 7a

shows the original gel from which bands were excised.

Figure

7b indicates bands that were excised and for which sequencing
was attempted.

Some bands within the sample lanes appeared

to align with standards, permitting a tentative
identification based on their locations in the gradient.

For

instance, band 4 appears to co-migrate with cyanobacteria!
type-B , bands 9 and 12 appear to co-migrate with
cyanobacterial type-A and bands 5 and 14 appear to co-migrate
with C. aurantiacus.
Before being sequenced, each PCR-reamplified DGGE band
was run on a denaturing gradient gel to confirm its position
relative to that in the original mat sample (Figure 8).

For
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for which sequence information was obtained.
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Figure 8. Representative DGGE gel demonstrating confirmation
of band positions of PCR reamplification products
from mid- and high-temperature range Octopus Spring
mat samples. Bands defined in Figure 7b.
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example, the PCR products of bands 7, 8 and 9, excised from
the 50° - 65° C sample, realign-with their respective bands
in the original sample.

The same is true for bands 11, 12

and 13 from the 56° - 72° C sample.

Band 10 demonstrates the

necessity of confirming PCR band reamplifications by DGGE, as
the product(s) of the reamplification did not realign with
the targeted band. Instead bands 11 and 12 appear to have
been amplified.

Clearly, sequencing this product(s) would

not yield the sequence of band 10.
Most excised bands yielded sequence data.

Band 14 did

not yield a sufficient PCR product to attempt sequencing.
Band I yielded a PCR product but subsequent sequencing
reactions failed to provide usable data.

Figure 7c

illustrates bands for which sequence information was
obtained.

The sequence of each standard was verified.

Figure 9a displays differences among cyanobacterial sequence
types.

The sequence of band 4 is the same as the type-B

cyanobacterial sequence, confirming the tentative inference
based on co-migration in the gradient.

This is also the case

for bands 9 and 12 which are the same as the type-A
cyanobacterial sequence.

The sequences of bands 3 and 8 are

the same and are most similar to type-B but contain at least
one nucleotide difference (C instead of U at E.coli position
1217) over the region for which sequence data was obtained
(hence labeled B').

As expected, these bands migrate to the

same position in the gradient, slightly above the type-B
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Figure 9. Comparison of nucleotide differences in DGGE band
sequences (designated by band number (sequence
type)) with sequences of their closest phylogenetic
relatives, (a) Cyanobacterial sequences compared to
the Octopus Spring (OS) sequence types-A and -B :
(b) Green sulfur bacteria-Iike sequences compared
to Octopus Spring sequence type-E. (c) Green
nonsulfur bacteria-Iike sequences compared to
Octopus Spring sequence type-C. *, no difference
from reference sequence. N, ambiguous nucleotide
positions. E. coll position indicated by arrows.
Solid line above sequences indicates region to
which hybridization probes were designed (27).
Octopus Spring sequence typps are from the
Ribosomal Database Project (35) .
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standard (Figure 7c).

The sequence of band 11 is most

similar to the type-A cyanobacterial sequence but differs in
at least three nucleotide positions in the region examined
(hence, labeled A ' ) .

Band 11 migrates to a position above

type-A in the gradient (Figure 7c).

The maximum sequence

variation in this set of four cyanobacterial sequences is.
6.9% based on this limited set of sequence data through the
V9 region.
Bands 2 and 7 (labeled E ' and E '') have sequences that
are similar to Octopus spring sequence type-E (Figure 9b),
itself most closely related to green sulfur bacteria (31).
The maximum variation among these three sequences is 6.3%,
based on sequence data through the V9 region.
Band 5 has no detectable sequence differences from an
Octopus Spring clone type-C (Figure 9c), a phylogenetic
relative of green nonsulfur bacteria (35), and co-migrates'
with a type-C standard generated from an Octopus Spring clone
(data not shown).

Band 13 is most similar to Octopus Spring

type-C but differs in at least one nucleotide position over
the region sequenced (hence, labeled C ').
between the type-C and - C

The difference

sequences is 3.7%, based on this

very limited set of sequence data through the V9 region.
This band migrates to a position above type-C in the
gradient.
Band 6 has a sequence that has not been previously
detected and has no close relative in either the Octopus
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Spring or RDP databases.

Thus, we designate it as a new

Octopus Spring sequence type, type-Q.

Because of the limited

sequence data, mainly from a variable region, its
phylogenetic affiliation cannot be determined with certainty..

Discussion

The detection of known Octopus Spring sequence types
(cyanobacterial types-A and -B and the green nonsulfur
bacteria-Iike type-C), previously detected in cloning
libraries, verifies that the DGGE method can be used to study
known populations.

More importantly, the DGGE method allowed

us to discover populations of cyanobacteria that could not be
confidently resolved by cloning.

As illustrated in Figure

9a, the consensus sequence for type-B contains a Y at E. coll
nucleotide position 1217 indicating the presence of either a
■U or C . • Originally several B-type clones were sequenced from
Octopus Spring libraries and only minor differences such as
this were observed (32,35,36).

We could not discern whether

the difference was real or might be due to a polymerase error
during type-B cloning or sequencing.

Taking a conservative

approach, we defined a single type-B population (32).

With

DGGE there is little doubt that these are two separate B-Iike
16S rKNA populations.

This could result from two different

rRNA operons within a single organism population (21).
best evidence we have that bands B. and B ' represent

The
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populations of different'organisms is that they occur in
different samples
65° C sample).

(B1, but not B, is observed in the 50° -

Since we are amplifying 16S rRNA genes, two

operons in the same organism population should show the same
distribution.

Several other new populations were also

discovered in this single DGGE gel.

These include A',

closely related to the type-A cyanobacterial sequence, E ' and
E", both closely related to the type-E green sulfur bacteria
like sequence, and C', most closely related to the type-C
green nonsulfur bacteria-Iike sequence.
DGGE, like cloning and sequencing (31), detects the
occurrence of sets of phylogenetically related populations as
a consistent pattern of community structure.

In the case of

cyanobacterial populations, which are both phylogenetically
and physiologically related, we suggested that evolutionary
specialization (e.g. temperature adaptation, see below) may
have lead to the guild structure observed in the mat
community (9).

The similar pattern of occurrence of green

sulfur bacteria-like and green nonsulfur bacteria-Iike
populations suggests that other guilds comprised of related
populations also occur in the m a t .

Sets of phylogenetically

related populations have also been observed in 16S rRNA
studies of several other habitats

(3,4,6,10,11,14,29) and

might reflect the generality of such an ecological basis for
the evolution of microbial biodiversity.
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Other populations previously detected by cloning and
cultivation were not detected in these samples.

For example,

no major bands corresponding to types P, Cl or C9
cyanobacterial standards appear in any of the samples.

It

seems especially surprising that types P and CS were not
detected, since we have cultivated Synechococcus spp. of
these types from extincting dilution enrichments of similar
samples (9).

This incongruity may simply be a true

reflection of the populations present at these sites when
samples were collected.

We currently know little about the

distributions of populations within the mat in space and
time.

It may be that nonrandom environmental changes, such

as seasonal fluctuations in photoperiod or light intensity,
influence population restructuring within the mat.

For

instance, samples taken at different times of the year may be
dominated by different populations.

In this regard, DGGE

samples were collected in August 1994, whereas samples for
cultivation were collected in June 1992.

Alternatively,

population variation could be driven by stochastic factors,
such as disturbance and subsequent succession.
explain smaller scale distribution differences.
in cultivation experiments,

This might
For example,

independent samples taken within

close proximity yielded different cyanobacterial isolates at
extincting dilutions (9).
It is also possible that there is some bias during the
PCR reaction against the sequence types of the populations
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that were not observed (8,26).

The primers were designed to

recover all Bacterial 16S rRNA sequences and did in fact
recover sequences from members of three kingdoms in this
Domain (cyanobacteria, green sulfur-and green nons.ulfur-like
bacteria).

We have additional evidence that the primers also

amplify Proteobacterial, Gram-positive and Thermus 16S rRNA
genes

(28).

However, we cannot be certain that the primers

would detect all Bacterial populations without any bias
(8,26).

Another possible methodological complication is that

in some cases we are comparing populations detected by cDNA
synthesis from 16S rRNA (e.g . , cyanobacterial populations J,
I and P) to populations detected by PCR amplification of 16S
rRNA genes.
The primary reason that spatial and temporal
heterogeneity of bacterial populations in the Octopus Spring
mat has not been thoroughly investigated is the labor
intensiveness of cloning/sequencing, oligonucleotide probing
and cultivation approaches.

As a result, present information

comes from an extremely limited sample set.

We hope that

DGGE will provide a rapid approach to screening larger
numbers of samples, enabling better resolution of the spatiotemporal distributions of inhabitants of the mat community.
DGGE allowed a rapid assessment of the amplifiable sequence
types within the Octopus Spring mat community.

As seen in

Figure 7, profiles within each temperature region are similar
and reproducible suggesting low population variability.

In
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contrast, differences in profiles between temperature sites
suggest that temperature influences community structure.
These results are consistent with the existence of
temperature-adapted strains of thermophilic Synechococcus
(24) and with hybridization probe experiments that indicated
the type-B cyanobacterial population was adapted to lower
temperatures than the type-A population (27).

As seen in

Figure 7c, the DGGE results confirm this pattern of
distribution.

The type-B sequence is present in the low-

temperature (48° - 54° C) sample but is- absent from the mid
range (50° - 65° C) and high-temperature (56° - 72° C)
samples.

The type-A sequence is present in the mid and high

range samples but is absent from the low temperature sample.
However, the DGGE results extend the probe data by allowing a
finer resolution between cyanobacterial populations.

Probes

used in the distribution analysis were designed to be
specific for the type-A and -B cyanobacterial sequences

(27).

As seen in Figure 9, they also complement both the type-A'
and -B' sequences, respectively, and would have cross-reacted
with them.

Thus, the trend in cyanobacterial populations

from low to high temperature is actually B, B', A, A'.

If

these populations are adapted to different temperatures (as
suggested by probe results (27)), this is a particularly
intriguing result, given the phylogenetic similarity among
these four cyanobacterial populations.

It suggests that

specialization across a temperature range of ca. 20° C can be
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accomplished by relatively little genetic change, thus,
supporting the temperature "strain" concept of Peary and
Castenholz

(24).

The degree of difference among the four

sequences that we detected (6.9%) was based on a variable
region and overestimates the overall difference which is more
likely to be ca. 3% (32,35).

Other cyanobacterial sequence

types within the. Octopus Spring mat are much more distantly
related and may represent populations adapted to other
environmental parameters (9).
We observed some gel to gel variations in exact band
positions, but relative positions remained stable.

A more

•standardized method of gel preparation should alleviate this
variation and allow direct profile comparisons between
different gels.

We found that it is essential to initially

verify the identity of a DGGE band by sequencing since some
sequence types that are known to be quite different migrate
to the same positions in the gradient.

For example the

Chloroflexus aurantiacus strain Y-400-fl band migrates to the
same position as the type-C sequence (band 5 in Figure 7c).
Therefore, until the sequence of a band is verified, position'
in the gradient alone is not a reliable means of
identification.

Narrower gradients, longer gels or PCR

amplification of a different region of the 16S rRNA gene may
provide mechanisms to alleviate this problem.
As with all methods used to study microorganism in
nature, DGGE is not without limitations.

Obviously, there
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are many possible reasons why all populations might not be
detected (30) and limited sequence data does not permit a
robust evaluation of phylogenetic relationships of the
sequence types detected.

Still,. DGGE offers a rapid means of

detecting predominant populations which are PCR amplifiable.
Because DGGE bands are sequenced directly, cloning, which may
cause bias

(25) is eliminated.

Further, as separation of

different^ sequences is achieved by electrophoresis,

laborious

screening necessitated by redundancy of clones in a library
is also eliminated.

Thus, the increase in the number of
I
samples that can be evaluated and the ability to
simultaneously detect many populations enables a more
aggressive pursuit of the ecology of native bacteria.
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CHAPTER 4

SEASONAL DISTRIBUTIONS OF DOMINANT POPULATIONS IN A HOT
SPRING MICROBIAL MAT EXAMINED BY DENATURING GRADIENT GEL
ELECTROPHORESIS1

Introduction

We have conducted long-term studies of the composition
and structure of the Octopus Spring cyanobacterial mat as a
relatively simple and stable natural model system (40,42).
Realizing that an objective description of the community was
unlikely using culture methods, we developed molecular
approaches and used them to demonstrate a much greater
community complexity than had previously been recognized (4042,44-47).

With the molecular approaches unique populations

of molecules, in this case 16S rRNA (or 16S rRNA gene)
sequences, are detected.

One must be careful when

considering whether these correspond to unique organismal
populations, defined by ecologists as a group of individuals
of one species

(3).

It is possible that an organism may have

multiple operons with different 16S rRNA sequences or that

1This study is in review for publication as: Ferris, M.J. and D.M. Ward
1996. Seasonal Distributions of Dominant Populations in a Hot Spring
Microbial Mat Examined by Denaturing Gradient Gel Electrophoresis. Appl
Environ. Microbiol. AEM# 1755-96.
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molecular methods might produce artifacts which do not
correspond to any real organism in the community (40).

The

situation is further complicated by the inadequacy of the
species concept for procaryotes.

Species are usually defined

by the ability of individuals to interbreed, however the
ecological differences distinguishing species may be the
primary basis for their evolution, with sex a mechanism
ensuring isolation of gene pools

(19, 24).

In this sense the

word ecotype, defined as a set of individuals within a
species with a characteristic ecology (3) may be more useful.
A major objective of our work was to determine the
significance of populations defined by unique molecular
sequences by studying their distribution relative to
environmental parameters.
Distribution studies have been severely limited by the
labor intensiveness of molecular methods which limits the
number of samples that can be analyzed.

Thus, the inferences

that can be drawn from such a set of observations are also
limited.

For instance, enrichment cultures from highly

diluted mat samples led to the recovery of a cyanobacterial■
population, Synechococcus sp. strain C9 (17).

Although a

numerically significant isolate, its 16S rRNA sequence has
never been retrieved in cloning experiments.

It was

impossible to ascertain whether this inconsistency was due to
the failure of molecular methods to detect the C9 population
or to the very limited number of mat samples (four) used to
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produce clone libraries.

Such a limited sample set might

mask spatio-temporal variations in the dominance of
Synechococcus populations, such as C 9 , in the m a t .

Thus, we'

applied a method, denaturing gradient gel electrophoresis
(DGGE) analysis

(16) , which would allow simultaneous

detection of multiple 16S rRNA sequence types in samples,
thus increasing the number of samples that could be analyzed
and enabling more ecologically satisfying experimental
designs

(41).

Here, we used DGGE analysis to evaluate seasonal
distributions of Octopus Spring microbial mat populations
defined by 16S rRNA sequences along a thermal gradient.

We

hypothesized that the cells harboring some of the more rarely
detected 16S rRNA sequence types might be seasonally
dominant.

Materials and Methods

Study Site
Our study site was a hot spring microbial mat located •
within the southern-most effluent channel of Octopus Spring,
Yellowstone National Park, Wyoming.

At its upstream end, the

cyanobacterial mat is no longer visible at temperatures above
75° C .

The water temperatures at points along the channel

fluctuated by as much as 12° C over a two minute interval.
Samples were collected from sites along the effluent channel
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which differed in temperature range.

The temperature range

at each sampling site was recorded using a thermistor
connected to a chart recorder.

Two collection sites were

marked with metal stakes so that population variation could
also be examined at spatially defined as well as temperaturedefined sites.

This also permitted us to monitor temperature

shifts.in the thermal gradient that were anticipated over the
course of the year.

Sample Collecting
Samples collected on September 13 and December 19, 1994,
and March 13 and June 9, 1995, are designated the fall,
winter, spring, and summer samples, respectively.

All

samples were collected within two hours of solar noon.

A no.

4 (7.0 mm d i a .) cork borer was inserted into the mat and
uniform cylindrical cores were removed.

The top of each core

containing the entire cyanobacterial layer (approximately 1.5
mm) was sliced off using a razor blade and placed into a 1.5
ml screw cap microcentrifuge tube.
dry ice during field collections.

Samples were stored on
Triplicate cores were

collected within areas approximately 10 x 10 cm at intervals
along the thermal gradient from 48° to 75° C .

Previous DGGE

studies indicated that populations within such areas are
distributed homogeneously (16) .
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Nucleic Acid Extraction. PCR, DGGE
The methods used for nucleic acid extraction, PCR
amplification and DGGE were essentially as described
previously (16).

Briefly, cells were lysed using a bead

beater (Savant Instruments Inc., Farmingdale, New York) at a
setting of 6.5 for 45 seconds.

Nucleic acids were extracted

from the lysate using phenol-chloroform with ethanol
precipitation at -20 C overnight (23).

PCR amplification

conditions with primers targeting a hypervariable region of
bacterial 16S rRNA genes {Escherichia coll positions 1055 to
1406) were as previously described (16).

The primers were

designed to recover all 16S rRNA sequences of domain Bacteria
and have been shown to recover sequences from 6 different
kingdoms in this domain (16, 34).

20.0 to 25.0 |0.1 of a PCR

amplification were used to visualize the multiple products
that were separated by DGGE; 5.0 |ll were sufficient to
visualize single products that resulted from most DGGE band
reamplifications (see below).

Denaturing gradient gels (0.75

mm) were stained with SYBR green (Molecular Probes, Eugene,
Oregon) according to the manufacturers directions, and
photographed under UV transillumination.

Sequencing DGGE Bands
Individual DGGE bands were excised, reamplified by PCR
and rerun on denaturing gradient gels to verify the purity of
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the PCR-reamplification product, as previously described
(16).

PCR products were purified before sequencing using the

QIAquick Spin PCR Purification Kit (Qiagen Inc., Chatsworth,
California) according to the manufacturers instructions.
Automated sequencing of the purified PCR products was
performed by a dedicated sequencing facility (Murdock
Molecular Biology Facility, University of Montana, Missoula,
Montana) using an

ABI 373A DNA sequencer (Applied

Biosystems, Foster City, CA).

Sequencing reactions in two

directions were performed using a PRISM DNA dye terminator
cycle sequencing kit according to the manufacturers
instructions.

Primers 1114F (5'GCAACGAGCGCAACCC3') and 1368R

(5'CCCGGGAACGTATTCACCGC3') were used in the sequencing
reactions.

Sequences were analyzed using Genetic Data

Environment software.

The identity of each band was

determined by aligning its sequence with 16S rRNA sequences
types previously retrieved from the Octopus Spring microbial
mat.

Unique sequences were defined by differences in their .

mobility in denaturing gradient gels and the presence of
unambiguous sequence differences.

Effect of PCR Template Dilution or
Supplementation on DGGE Band Intensities
To aid in interpretations of DGGE profiles, the
relationship between the concentrations of mat nucleic acid
extract

(templates) in the PCR and DGGE band intensities was
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examined.

PCR amplifications and DGGE analyses were

performed on undiluted and 0.1, 0.09, 0.08, 0.07, 0.06, 0.05,
0.04, 0.03, 0.02, and 0.01 fold dilutions of a representative
nucleic acid extract of a 59 to 670C Octopus Spring mat
sample.

The undiluted sample is equivalent to those used to

generate the DGGE profiles in the seasonal study.
An additional experiment was conducted that addressed
the adequacy of PCR and DGGE as a means of detecting the 16S
rRNA sequence of an Octopus Spring .Synechococcus isolate,
whose sequence has never been detected in situ by molecular
methods.

Synechococcus sp. strain C9 was originally isolated

from a highly diluted Octopus Spring mat enrichment (17).
Cell suspensions containing 8 x IO^ Synechococcus-shaped
cells per ml were prepared from a homogenized 53 to 62°C
Octopus Spring mat sample and from an 8 day broth culture of
C9 cells harvested just after log phase growth had ended.

C9

cells were grown in 50 ml of medium D (10) in 250 ml culture
flasks using a rotary shaking waterbath incubator set at 100
rpm and 55°C.

A constant irradiance of 1200 lux was provided

by cool white fluorescent lights.

The cell suspensions were

combined so that the C9 cells comprised 100, 90, 75, 50, and
0 percent of the Synechococcus-shaped cells in the mixtures.
DNA from 1.0 ml of these suspensions was extracted, PCR
amplified, and DGGE analyzed as described above.
Black and white Polaroid photographs of DGGE gels were
scanned with a Scan Jet IIcx (Hewlett Packard).

The
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intensities of bands on the digitized images were determined
after subtraction of background using a PowerMac 7200,
(Apple, Cupertino) and a gel analysis subroutine within the
program NIH Image version 1.59

(NIH Image, written by Wayne

Rasband, NIH, Washington DC, USA, is freely available on the
internet from the anonymous FTP site: zippy.nimh.nih.gov)
the case of heteroduplex DGGE bands

In

(i .e ., those comprised of

one strand from each of two separate sequence types, see
below) half the band intensity was added to that of each
corresponding pure component DGGE band.

Sequences Accession Numbers
Sequences have been submitted to genbank under the
accession numbers...(to be supplied upon acceptance of
manuscript)
Results

DGGE Profiles
DGGE profiles of the Octopus Spring mat at sites along
the effluent channel were obtained for each season (Figure ■
10).

In some cases one of the triplicate samples did not

yield PCR products and only two profiles are shown.

The

profiles were essentially the same for samples collected
within the same site and were similar for sites in which the
temperature ranges were comparable, regardless of season.

83

48 - 49" C

53 - 5 7 ’ C

SG - 63’ C

AB' BA-

59 - 67 * C

A B '-----B1A -—
«###

* *“ • AEA. i -

. .... E"«i—

Spri ng

B B '- .
B'- ,
B- -

Stak e #2
64 - 72 e C

63 - 7 0 * C

A1A"-

—— BB'
A~~ A -......

I

A - .... ...»

■

C

A'-

i

"

—

A ': # m * , W

..

c '-------

,:

C

-

-----

I

f

I Il

'
C ''r -

,

A

"

*«"."»

m mmm

e" 1
53 - 6 3 *C

Summer

Stake#2

59 - 6 7’ C

60 - 69- C

-SB

E"-

r# 5 #

59- 71' C

6 8 - 7 2 *C

6 4 -7 3 * C

— -= Vt= ts ;

. ----

tS:

-

<m* mm

*---

ha

Fall

S ta ke

#2

64-

71" C

AB'-

B' Ar

I

Mi E-W i n te r

— •» Sm* BB '-I

irniwaa

B- .
A

I

A'-

i'

A

I

Figure 10

DGGE profiles of PCR-anplified 16S rRNA gene segments from
ENA extracted from Octopus Spring microbial mat samples at
temperature-defined sites along the southern-most effluent
channel during (a) spring, (b) summer, (c) fall, (d) winter
Single letters correspond to sequence types of populations;
double letters correspond to heteroduplex bands (see text) .
Sites marked by stakes are indicated.
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However, as the temperature-range difference between sites
increased, the profiles became notably different.

Nucleotide Sequences of Homoduolex DGGE Bands
The identities of bands for which 162 rRNA sequences
were obtained are indicated in Figure 10 by letters which
correspond to known Octopus Spring 162 rRNA sequence types.
Except for sequences labelled A 1' and C 11, all the sequences
in this study matched those previously detected in the
Octopus Spring mat (16,42).

Phylogenetic analyses showed

that the sequences of bands

B, B ', A, A ' and A '' are

cyanobacterial, those of bands C, C

and C '' are green

nonsulfur bacteria-Iike (46) and that of band E '' green
sulfur-bacteria-like.

Bands A 1 1 and C ' have been observed

in previous DGGE studies but were not sequenced.

They

represent new cyanobacterial and green nonsulfur bacteria
like sequence types closely related to the Octopus Spring Aand C-types, respectively (Table 2).

The 16S rRNAs of the

five cyanobacterial sequence types differ by 16 or less
unambiguous nucleotide differences and the 16S rRNA's of the
three green nonsulfur bacteria-like sequence types differ .by
2 to 3 unambiguous nucleotide differences out of 300
positions analyzed.
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Heteroduplex DGGE Bands
Not all bands in the DGGE profiles corresponded to 16S
rRNA molecules actually present in the m a t .
to be heteroduplex molecules.

Several appeared

These form during mixed-

template PCR reactions when annealing occurs between similar
but nonidentical products (15).

A two-letter code was used

to identify heteroduplex bands and their component 16S rRNA
sequence types (Figure 10).

Excision and PCR amplification

of heteroduplex bands yielded products that migrated to
positions corresponding to their component sequences; the
original heteroduplex products also reformed and migrated
Table 2. Percent sequence similarity and number of
unambiguous nucleotide differences among Octopus Spring
cyanobacterial and green nonsulfur bacteria-like 16S rRNA
sequence types*
_________________________________ _______
C"
C1
B
B'
C
A' '
A
A1
cyanobacteria

4
A1
A 11
B
B1

98.3
97.6
95.9
96.2

— — “ “

99.0
95.5
95.2

6
2
— — — —

94.8
94.4

11
12
15
— — — —

99.7

10
13
16
I
—

green nonsulfur
bacteria
C'
C"

3
99.0
99.0

— — — —

98.6

2
2
————

*Percent similarity below, unambiguous nucleotide differences
above diagonal. Nucleotides compared correspond to E. coll
positions 1075 to 1375, which include several highly variable
regions. These percentages may differ from the true percent
similarities comparing complete 16S rRNA sequences because of
differences in the relative density of variable regions.
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higher in the gradient since base pair mismatches weaken
hydrogen bonding between the double strands.

For instance,

PCR reamplification of the bands labelled AB' and B'A yielded
products that•migrated to positions corresponding to the A
and B ' bands, and reamplification of the band labelled AA'
yielded products that migrated to positions corresponding to
the A and A 1 bands

(Figure 11).

In cases where only one

heteroduplex band is apparent (e.g. AA'), it may be that the
two heteroduplex molecules migrate to the same point in the
denaturing gradient gel (15).

Other heteroduplex bands, B B 1

and A 'A " , migrated to nearly the same point and were not
always resolved.

The two bands seen in some lanes (Figure

10, Spring 56° to 63° C sample) immediately above the C" band
are likely to be heteroduplex molecules composed of C and C",
but this could not be completely resolved due to poor PCR
reamplifications.

Population Distribution Patterns
The temperature ranges at both marked sites, stake #1
and stake #2,

(Figure 10) were quite constant throughout the

study even though the ambient temperature was 0°C and 25°C at
the winter and summer sampling times, respectively.

Similar

sequence types were detected at these spatially defined
sites.

Types A, A 1, C ' and E " , were detected at stake site

#1 at each season.

Types A', A" and C

were detected at
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stake site #2 in spring and summer. Only type C ' was not
detected in all seasons (absent in fall and winter

Figure 11. Example DGGE gel illustrating the patterns
generated from excision and PCR reamplification of
heteroduplex and homoduplex bands. Lanes 4 and
10, representative Octopus Spring mat profiles
from sites averaging 56° and 61° C, respectively;
lanes I, 2 and 11, reamplified heteroduplex bands
A B 1, B 1A and AA'; lanes 3,5,6,7,8,9,
representative reamplified homoduplex bands
yielding single, targeted bands E " , B', A, C " , C
and A', respectively.
(Figure 10)).

The information from DGGE profiles from all

sites was condensed into a diagrammatic representation of
proposed distributions of Octopus Spring sequence types along
the thermal gradient (Figure 12).

Because not all the

sampling locations were spatially defined, the distribution
patterns do not appear identical, but overall, the order of
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Figure 12. Diagrarrmatic illustration of proposed population
distributions based on DGGE profiles in Figure 10. Bars span the
temperature ranges of the sites in which each population was
detected. Black segments indicate sites where the corresponding DGGE
band was most intensely stained, gray segments indicates sites where
bands appeared less intense, striations indicate intervals over which
temperature ranges of adjacent sites did not overlap.
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sequence types along the thermal gradient was consistent
throughout each seasonal series.

The cyanobacterial types

were distributed over a temperature range from 48 to 75°C in
the order B , B 1, A, A', A", respectively.

The green

nonsulfur bacteria-Iike C and C" types were distributed over
a temperature range from approximately 48° to 64°C and the C '
type was observed at temperatures ranging from 58° to 75°C.
The green sulfur bacteria-Iike E" type was distributed over a
temperature range from 54 to 71°C.

Relationships Between DGGE Band Intensities and Template
Concentrations in the PCR
Ten-fold reductions in template concentrations resulted
in notable decreases in the intensities of all DGGE bands in
the profile (Figures 13a and b ) .

Because of the sensitivity

limit associated with detecting DGGE bands by staining, only
the most prominent band (A') could be quantified at 0.01 to
0.1-fold dilutions.

The relationship between template

concentration and the intensity of band A 1 reflects the noted
decreases in intensity between each 10-fold diluted sample
(Figure 13c) and suggests that between dilutions 0.09 and
0.01, the band intensity to template correspondence was
roughly linear (R^ = 0.84)

(Figure 13d).
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Figure 13. Relationship between Octopus Spring mat 59 to 67° C site
nucleic acid concentration and DGGE band intensity after PCR
amplification. (a) DGGE profiles with bands (populations) indicated
by letters, lane I, undiluted; lane 2, 0.1 dilution; lane 3, 0.01
dilution, (b) digitized scan illustrating intensities of bands in
13a, (c) graph of the intensity of band A' with dilution over the
entire dilution series, (d) graph showing band A' intensity between
0.01 to 0.09-fold dilution range. Band intensities are in arbitrary
units. Line is the result of linear regression analysis (R^ = 0.84) .
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Detection of Svnechococcus

s

p

. Strain C9 Added to Mat Samples

The 16S rRNA sequences of some populations detected by previous
molecular or culture analyses have not been detected on denaturing
gradient gels.

We evaluated the ability of DGGE to detect one such

population, Synechococcxis sp. CS, when added to a 53 to 62°C mat sample
that contained cyanobacterial sequence types A and B'. The CS 16S rRNA
gene segment was readily amplified from nucleic acid extracts of CS
cells and a single band that migrated to a unique position in the
denaturing gradient gel was observed (Figure 14) . The intensity of the
CS band decreased with decreasing amounts of CS cells added to the mat
sample. (Figures 14a and b) . The CS band was barely visible when the CS
cells accounted for 50% of the Synechococcus-shaped cells in the sample.
In contrast, the A and-B1 bands, while reduced in intensity, were
clearly visible even when they accounted for only 10% of the
Synechococcus-shaped cells.

Microscopic analysis indicated that lysis

efficiency of the Synechococcus cells was over SS%.

Thus if CS cells

and the cyanobacterial cells possessing the A and B 1 sequences have
equal copy-numbers of the 16S rRNA gene per cell, the data suggest that
there is some bias against amplification of the CS sequence. .

Discussion

DGGE analysis provided a useful means of simultaneously detecting
the spatio-temporal distribution of multiple 16S rRNA-defined
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Figure 14. DGGE profiles generated by adding different
amounts of Synechococcus s p . strain C9 cells to a
53 to 62°C Octopus Spring mat sample prior to cell
lysis, DNA extraction and PCR amplification.
(a)
gel image with labelled cyanobacterial bands A, B '
and C 9 , (b) digitized scan of image showing
relative intensities of each cyanobacterial band.
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populations inhabiting the Octopus Spring mat.

However the profiles had

to be interpreted with'caution since heteroduplex bands were also
present and these do not represent unique sequence types present in the
community.

While the formation of heteroduplex molecules can complicate

DGGE profiles, their presence can prove advantageous by providing
another means to discern homoduplex' molecules that nearly comigrate in
the denaturing gradient (1,2,13,15,20) . For instance, the ability to
discern sequence types A' and B' was improved by observing the presence
of heteroduplex bands AB1, B'A and AA' (Figure 10) . Heteroduplexes were
only detected among closely related sequences, suggesting that they can
be expected in systems containing clusters of highly related
populations.
Based on our cultivation and molecular evidence, we believe that
the sequence types detected by DGGE were those of dominant members of
the Octopus Spring mat community.

For example, two different molecular

methods, DGGE and cDNA cloning, indicated that B-Iike cyanobacterial 16S
rRNA sequences were most frequently recovered from low-temperature mat
samples (40).

Consistent with molecular results, B and B' Synechococcus

populations were detected in enrichments inoculated with a highly
diluted suspension of low-temperature mat samples containing ca. 8
Synechococcus cells (30,43).
Some cyanobacterial sequences (e.g., C9, P, I and J) , which have
only been detected in enrichment culture isolates or rarely in clone
libraries, were never detected by DGGE. Because PCR can qualitatively
bias the detection of certain 16S rRNA sequences in mixed template
reactions (14,32,39), we were concerned that limitations of molecular
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methods might explain our inability to detect these sequences. Thus,
bias against the PCR amplification of the Synechococcus sp. C9 16S rKNA
gene was examined.

The DGGE band corresponding\to C9 could only be

detected if its cells were in equivalent or greater numbers relative to
other Synechococcus-shaped^ cells in the mat (Figure 14) . This might
indicate primer bias against application of the Synechococcus sp. C9 16S
rRNA gene or that C9 cells may possess fewer 168 rENA gene copies than
the other cyanobacteria detected in this saiple (14) . However, failure
to detect C9 168 rRNA genes in the seasonal study suggested that its
cell number never exceeded that of A- and B-Iike cyanobacteria.

A

subdominant population level is consistent with dilution culture
experiments that suggest C9 cells represent between 0.4 and 4.0 percent
of the total Synechococcus-shaped cells in the mat (17) . There is also
some evidence that C9 may be a low-light-adapted population (29) .
Perhaps these cells are adapted for growth at such a small percentage of
the total available light energy that their population density never
becomes high.
PCR amplifications can also skew results quantitatively, such that
linear relationships between terplate concentrations and PCR products
are not obeyed (39) . The large amount of PCR product needed to detect
DGGE bands forced us to utilize PCR conditions that were
nonquantitative, as evidenced by the template dilution experiment
(Figure 13c) . The formation of heteroduplex bands also indicated that
PCR amplifications were nonquantitative due to interference of templateprimer binding by template-template interactions (39).

Therefore, we do

not presume that DGGE band intensities reflect trye gene abundances.

We
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do however believe that the detected sequences were from dominant
members of the mat community and that the appearance or disappearance of
bands in DGGE profiles indicated large-scale (order of magnitude or
greater) increases or decreases in the densities of these community
members along the thermal gradient.
Temperature-dependent cyanobacterial population distributions such
as we detected were predicted from the growth rates of cultivated hot
spring Synechococcus strains (9,28).

Our results (Figure 12) provide

direct in situ evidence supporting the hypothesis that Synechococcus
populations are optimally adapted to particular temperature ranges
(7,8).

Although hybridization probe studies suggested different

temperature distributions of cyanobacterial sequences A and B (33), DGGE
resolved five sequence types, B, B', A, A', and A", that exist at
temperatures ranging from 48 to 75° C', respectively. Since temperatures
at points along the effluent channel oscillate over a range of about
IO0C, the upper temperature extreme at which a sequence type was
detected might be greater than the highest temperature at which the
population contributing it is capable of growth (10,11) .
Temperature-adapted strains of green nonsulfur bacteria-like
populations were also suspected based on the pattern of temperature
optimization of bacterial photosynthesis in samples collected along a
thermal gradient (5) . Previous hybridization probe studies detected
Octopus Spring C-Iike sequences over a temperature range comparable to
that observed in this study, but individual C-Iike sequence types were
not discerned (33) . With the discovery of a third C-Iike sequence type,
C", an in situ pattern of temperature-distribution emerged from DGGE
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analyses of this closely related group as well.

C and C" were found

between about 48° and 64°C and C' between 58° and 75°C.

C' may be less

prevalent at the highest temperature regions in the fall and winter.
Clusters of closely related. 16S rRNA sequences have been
frequently observed in natural communities (4,6,12,17,18,21,24,38).
These can be interpreted as evidence of numerous highly related
organismal populations, multiple heterogeneous 16S rRNA operons in a
more limited set of populations (26,27,29) or even artifacts of
polymerase inaccuracy (16).

Our results suggest that such clusters can

indicate true variation of genetically distinct orgnaismal populations
adapted to different environmental parameters, since each molecular
population exhibited a unique distribution along the thermal gradient.
Populations with a characteristic ecology are defined by ecologists as
ecotypes (3) . The closely related Synechococcus and green nonsulfur
bacteria-like ecotypes, defined at least in part by temperature,
apparently evolved as a result of adaptive radiations.

Another example

of adaptive radiation has been discovered in 16S rRNA-based studies of
ocean picoplankton, where closely related proteobacterial-1ike 16S rRNAdefined populations appear to occupy different niches in the vertical
aspect of the water column (18).

That different ecotypes should exhibit

such little change in 16S rRNA sequence is not unexpected since the 16S
rRNA gene is such a conservative genetic marker (37) . In other words,
16S rRNA surveys may underestimate the diverstiy of bacterial ecotypes
within a system.
Light is another obvious seasonally varying parameter "that might
influence community structure in temperate habitats. At the two defined
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sites, stake I and 2
seasonally.

(Figure 10) terrperature range remained constant

However, average daily solar radiation in the month of

December is typically 25% of that in June. (Data from the National
Renewable Energy Laboratory (NREL) , horizontal flat plate collector,
Sheridan, WY station Lat(N) 44.77, Long(W) 106.97, Elev. 1209 m;
available on line at http://solstice.crest.org.).

The stability in

community composition at stake site I is consistent with 14CC^ labeling
experiments which indicated that neither ■cyanobacterial nor bacterial
photosynthesis within the Octopus Spring mat was limited by a 73%
reduction in light intensity (22).

In addition, oligonucleotide

hybridization probe studies at a 50°C site revealed no decrease in the
16S rRNA. of B-type cyanobacterial populations after a 93% reduction in
light intensity for one week (33) . However, the absence of population
C 1 from the fall and winter samples at the stake. 2 site might indicate
that light availability does play a role in the ability of this
population to inhabit the highest 'temperature extremes of the mat.
The measured seasonal stability in cyanobacterial populations
contrasts with the observation of sun- and shade-adapted (summer and
winter ecotypes) of Plectonema notation, described as seasonally dominant
populations in another temperate hot spring mat community (35,36) . We
cannot, however, exclude the possibility that the Octopus Spring mat
populations are vertically structured or light-adapted, especially since
multiple cyanobacterial populations were detected at each site.

It is

also possible that more subtle changes in the densities of observed
populations were not detected or that density changes occurred among
nondetected, possibly subdominant populations.
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CHAPTER 5

POPULATION STRUCTURE AND PHYSIOLOGICAL CHANGES WITHIN A HOT
SPRING MICROBIAL MAT COMMUNITY FOLLOWING DISTURBANCE1

Introduction

We have utilized the. Octopus Spring cyanobacterial mat as a
simple, stable model system in which to investigate principles of
microbial community ecology (30,32) . Our molecular and dilution-culture
studies revealed novel 16S rRNA sequence types that have not been
observed in isolates obtained using standard enrichment culture and
microscopic analyses (10,19,20,28,34).

16S rRNA-defined populations

exhibit unique spatial distributions and thus represent unique
populations of organisms which are likely specialized to different
;

environmental variables. Some of these novel populations have been
detected repeatedly while others have only rarely been observed.

For

instance, we frequently detect A- and B-type cyanobacterial populations
directly in the mat and in enrichment cultures established using highly

1This study is in review for publication as: Ferris, M.J., S.C. Nold, N.P. Revsbedh
and D.M. Ward. 1996. Population Structure and Physiological Changes Within a Hot
Spring Microbial Mat Carrmjnity Following Disturbance. Appl. Environ. Microbiol. AEM#
1766-96. Microelectrode analyses were conducted by Revsbech. Carbon partitioning
analyses were performed ky Nold. '
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diluted-mat inocula (9,10,30), Whereas other cyanobacterial populations,
such as C9 and sequence types, I, J and P, are infrequently detected
(31) . Even an extensive seasonal survey of population
distributions along 'thermal gradients failed to reveal a '
pattern of occurrence for these rare populations

(11).

It is a common observation in plant and animal ecology that
physical perturbations can influence species distributions (2). This
occurs Wnen an area occupied by persistent species is cleared,
permitting colonization, growth and succession of new species.

In

Yellowstone National Park, intense hailstorms or trampling by bison and
elk are noted sources of natural stochastic disturbances to shallow
microbial mat communities (5) and anthropogenic disturbances have became
an increasing concern.

We hypothesized that some of the rarely detected

bacterial populations may play the role of colonists.

As such, one

might expect to find them in abundance only in recently disturbed areas,
possibly explaining their apparent patchy spatio-temporal distributions
(1 0 ) .

Previous studies addressing disturbance and
reestablishment of this, or similar mats have been performed
(5,7).

However these studies did not have the benefit of

molecular methods for the detection of bacterial populations.
We now realize that this is imperative because many Octopus
Spring populations cannot be discerned using traditional
techniques, such as microscopy and cultivation (10,33-36).
In the present study denaturing gradient gel electrophoresis
(DGGE) analysis of PCR-amplified 16S rRNA gene segments was
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used to monitor changes in 16S rRNA-defined bacterial
populations following removal of the mat's photosynthetic
layer.

DGGE is a technique that can be used to separate

equivalently sized dsDNA segments in an acrylamide gel based
on sequence differences

(1,17,18).

The resulting banding

patterns or "profiles" facilitate detection of gross changes
in population structure and offer the ability to
systematically identify individual populations at the 16S
rRNA sequence level (9,17).

Microsensor analysis of oxygen

microprofiles and distribution .of oxygenic photosynthetic and
respiratory activities were conducted to correlate changes in
microbial populations during recolonization with changes in
microbial activity.

Physiological differences between

cyanobacterial cells within control and disturbed areas were
evaluated by measuring incorporation and partitioning of 14CO2
into carbohydrate, protein, lipid, and low molecular.weight
cellular components.

Post disturbance patterns of molecular

synthesis were of particular interest since recent studies
have shown that cyanobacterial populations in undisturbed mat
communities primarily synthesize storage polymers
polyglucose)

(i.e.

(21), whereas increased synthesis of growth-

related molecules would be expected in mat communities
recovering from a disturbance event.

The overall goal of

this study was to enhance our ability to resolve successional
events and increase our understanding of the effects of
disturbance on microbial mat communities.
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Materials and Methods

Study Sites
The study site was a microbial mat community located in
the southern-most effluent channel of Octopus Spring, a
thermal pool in the Lower Geyser Basin of Yellowstone
National Park, Wyoming (7).

The upper surface of the mat

contains primarily two cell types, Synechococcus-shaped
cyanobacterial cells and filamentous bacteria believed to be
Chloroflexus-Iike organisms (7,32).

It has recently been

demonstrated that phylogeneticalIy diverse Octopus Spring
cyanobacterial populations are contained within the
Synechococcus phenotype (10).
Two sites in the mat were examined.

Each was located

several meters downstream from the source poo l .

Here the

stream was approximately 25 cm wide and 2.5 cm in depth with
continuous flow over the experimental sites.

The temperature

at site I varied between 55 and 62°C over a two minute
interval.

The temperature at site 2., upstream from site I,

varied between 58 and 620C over the same interval.

At each

site, the uppermost 2 to 3 mm of mat was scraped away from
areas approximately 7 x 15 cm (the longer measurement was
parallel to the direction of flow) using a spatula.

This

process visibly removed the green cyanobacterial layer .
These scraped areas served as disturbed sites.

Adjacent
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areas a few cm upstream from each disturbed site served as
undisturbed controls.

Microelectrode analyses were conducted

toward the downstream side of the disturbed areas to avoid
disrupting the boundary between the control and scraped
sites.

Sample Collection
A no. 4 (7.0 mm d i a .) cork borer was inserted into the
mat and a small cylindrical core was removed.

The top of

each core (approximately 1.5 mm) was sliced off using a razor
blade and placed into a 1.5 ml screw-cap microcentrifuge
tube.

Samples were stored on dry ice during field

collections.

During each sampling visit, triplicate cores

were collected from both the control and the disturbed sites.
Within each study site, all samples for DGGE analyses
originated within an area approximately 7.0 cm by 9.0 cm.
Previous DGGE studies indicated that populations are
distributed homogeneously within areas of this size with the
same temperature range (9).

All samples were collected

during a period from June through August 1995 at solar noon ±
2 hr.

Sampling at site I began on June 9th (day 0), and

continued at intervals of 5, 12, and 21 days.

Sampling at

site 2 began on July 18th (day 0), and continued through days
7, 13, 27 and 40.
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Svnechococcus Cell Counts
Counts of Synechococcus-shsL-ged cells were performed for
samples collected at site I on days 0, 5, 12 and 21, using a
hemacytometer.

Nucleic Acid Extraction, PCR, DGGE and Sequencing
The methods used for nucleic acid extraction, PCR
amplification conditions, primer sequences and DGGE have been
reported elsewhere (9,11).

Sequence information was

obtained from major (i.e. the most intensely stained) bands
that appeared in DGGE profiles of the control and test sites
at the start of the experiment.

Thereafter, differential

migration of bands produced by possibly different populations
was used to identify bands of interest for further
sequencing.

Since identical band position alone is not an

absolute indication of sequence identity, some bands in
samples from later time points were also sequenced.

DGGE

band reamplification, sequencing and sequence analysis
methods have been described previously (9,11,16).

Oxvaen Profiles and Photosynthesis
Oxygen profiles in the mat were measured using a Clarktype oxygen microsensor described by Revsbech (25).

The

sensors used were made so that the difference in signal
between stagnant and vigorously stirred air-saturated water
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was less than 1.5% and the 90% response time to changes in
oxygen concentration was less than 0.3 s.

The tips were

about 6 flm in diameter, and the shaft was made very slim
(around 50 |Um at a distance of 2 mm from the tip) to minimize
physical disturbance by repeated insertion into the same
spot.

Construction of sensors with both these

characteristics results in very low current outputs.

Even at

60°C in the spring water the signals were only about 40 pA
for ambient oxygen concentration (140 |lM) and about 2 pA for
anoxia.

A linear 2-point calibration was performed by

placing the microsensor tip in the overlying water and darkincubated anoxic mat.

The cyclic temperature changes in the

spring resulted in some inaccuracy as both the oxygen
concentration in the overlying water and the sensitivity of
the sensor were affected by these changes.

Thus, the

readings of the current from the sensor could be done with
excellent accuracy, but the absolute values are only accurate
within a range of ± 10%.

The microsensor was inserted

vertically from above using a manually operated
micromanipulator and the signal was recorded on a strip-chart
recorder.

All measurements were conducted only in bright

sunlight at solar noon ± 2 h and all oxygen profiles were
measured after the mat had been exposed for a minimum of 15
min to constant illumination.

Light intensity during

sampling was ca. 65,000 lux (LX-I01 Lux Meter, Lutron).

HO
Photosynthetic activity was measured by the light-dark
shift technique (2,6) .

The microsensor was positioned in the

photosynthetic layer, and the change in oxygen concentration
during a short period of darkening was recorded.

It has been

shown that the spatial resolution of this method is about 0.1
mm when the change in signal is.recorded within the first
second after light is extinguished (13). Circumstances in the
field necessitated a dark period of about 2 s to accurately
record the change, and as the diffusion coefficient for
oxygen at 60°C is 2.1 times higher than at room temperature,
the spatial resolution of our measurements was about 0.2 mm.
The parameter obtained by this procedure is gross
photosynthesis, so to obtain net photosynthetic rates we
would have to subtract the simultaneously occurring
respiratory activity in the same layer.
Darkening the mat was accomplished using a 12 x 12 cm
black plastic box with the bottom removed.

The upper surface

of the box was 3 cm high at the end facing the sun (south)
and 5 cm high at its north side.

Thus the upper surface was

almost perpendicular to the incoming sunlight.

Sunlight

entered the box through a 6 x 6 cm square opening in the
upper surface.

A I x I cm extension of the 6 x 6 cm opening

was located at the center of the 6 cm side facing north.
This provided a small opening through which the oxygen
microsensor probe was inserted during experiments that
required the 6 x 6 cm opening to be covered.

The box was
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held about 0.5 cm above the mat surface by steel rods fixed
to the outside of the box.

Various light intensities were

achieved inside the box by placing I to 3 layers of
translucent tracing paper over the 6 x 6

cm opening.

Darkening was accomplished by covering the opening with a
sheet of black plastic.

It was necessary to move the box

about every hour to keep the microsensor insertion point
within the center of the area illuminated through the 6 x 6
cm opening.

Radiolabelinq and Cell Fractionation
Triplicate samples from both the scraped and control
areas at site I were collected with a no. 4 cork borer as
described above on days 0, 5, 13, and 21 and transferred to 4
ml glass vials containing 3 ml water from the collection
site.

The samples were then incubated for 3 hours at ambient

water temperature and light intensities in the presence of
1.0 (lCi 14C sodium bicarbonate (54.6 mCi/mmol; New England
Nuclear).

Following incubation, samples were frozen on dry

ice to stop biological activity.

Cells were separated from

unincorporated radioIabeI by centrifugation (20 minutes,
15.000 x g) and washed once with sterile water to remove
unincorporated 14CO2 [98.5% ± 1.7% (mean ± SB, n=21) removal
of unincorporated 14C was measured in the first cell wash].
The major end products of photosynthesis were determined by
partitioning cellular carbon into chloroform-soluble (lipid),
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methanol-water-soluble (low molecular weight metabolites),
hot trichloroacetic acid-soluble (carbohydrate) and hot
trichloroacetic acid-insoluble (protein) fractions by the
method of Li et a l . (15) as modified by Fitzsimons et a l .
(12).

Radioactivity in each of these fractions was

determined as previously described (21).

Total incorporated

14C was calculated by adding the radioactivity detected in
each fraction.

By comparison to whole-cell incorporation,

recovery of 14C by this method was determined to be 94.6% ±
13.2% (mean ± SD, n=7).

The extent of radiolabel

incorporation into cellular material in disturbed and
undisturbed regions of the mat was compared using a two
sample t-test.

Results

Microscopic Cell Counts
At site I, counts of Synechococcus-shaped cells in
undisturbed mat were around 3.6 x IO8 cells per sample.

At

day 0, just after scraping away the surface layer, mat
samples were dominated by filamentous cell forms to the
extent that meaningful counts of the few Synechococcus-shaped
cells that may have been present could not be made.

At days

5, 12 and 21 the counts were 9.6 x IO6, 1.9 x IO7 .and 3.2 x
IO7 cells/sample, respectively.
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DGGE Profiles
Major bands in DGGE profiles of replicate samples were
essentially identical.

An example of this can be seen in

Figure 15 where banding patterns of replicate samples were
the same on a given sampling day.

DGGE profiles of control

sites were also constant over time, except that band C" at
site 2 seemed to diminish with time, and there was some
variability in the formation of the A B ' heteroduplex bands
(artifacts containing one strand from each of two closely
related sequences

(11)).

(Figure 16).

In contrast, the DGGE

profiles of disturbed areas appeared notably different than
controls.
With one exception noted below, the sequences of all
DGGE bands in this study have been previously detected in the
Octopus Spring mat (9,11,32).

The identity of each band is

thus indicated by a letter that corresponds to an Octopus
Spring 16S rRNA sequence type.

Bands A, A', B and B ' are

contributed by cyanobacterial populations, bands C and C" by
green nonsulfur bacteria-Iike populations and band E" by a
green sulfur bacteria-Iike population (Figures 15 and 16).
Heteroduplex bands are labeled with two letters that
correspond to their component sequences (11).

The sequences
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Figure 15. A DGGE profile of a representative undisturbed
site I mat sample (C), and triplicate profiles of
site I mat immediately (0), 5, 12, and 21 days
after disturbance.
Single letters indicate 16S
rRNA sequence type, double letters indicate
heteroduplex bands (see text).
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Figure 16. DGGE profiles of representative control (C) and
disturbed (D) site 2 samples immediately (0), 7,
13, 27 and 40 days after disturbance.
Single
letters indicate 16S rRNA sequence types, double
letters indicate heteroduplex bands (see text).
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of three individual hands (labeled A'? in Figure 15, site I),
exhibited one nucleotide difference from that of band A 1
(Figure 16, site 2).

It was impossible to discern whether

this difference reflected polymerase error or two distinct
cyanobacterial populations.
Site I originally contained major bands identified as
Octopus Spring cyanobacterial types B and B', green nonsulfur
bacteria-Iike sequences C and C" and green sulfur bacteria
like sequence E " .
above the B ' band.

A heteroduplex band, BB', was present
Faint bands that correspond to

cyanobacterial type A and to the A B ' heteroduplexes were also
seen (Figure 15, lane C ) .

This pattern was typical for

samples in this temperature range (11).

Immediately

following the removal of the surface layer, the
cyanobacterial bands were absent from the DGGE profile, as
was band E " .

Bands C and C " were present at day 0 and

throughout the experiment.

Two bands labeled C C " were also

observed at day 0 just after removal of the surface layer.
Our best reamplification evidence suggests that these are
heteroduplex molecules composed of C and C " , but this could
not be established with certainty (11).

At day 5, an A 1-like

cyanobacterial band (A '?), that was not detected before
disturbance, appeared in the profile and remained present
through day 21.

The other cyanobacterial bands, most notably

the originally prominent B and B 1 bands, remained absent.
faint E " band was evident by day 21.

A
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Site 2 initially contained cyanobacterial bands A and
B 1, green nonsulfur bacteria-Iike bands C and C " , and the
green sulfur bacteria-like sequence, band E " .

This pattern

was typical given the slightly higher temperature range and
upstream location relative to site I (11).

In addition, two

A B ' heteroduplex bands, were present as the uppermost bands
in the gel (Figure 16).

As in site I, the cyanobacterial

bands were absent from profiles immediately after removal of
the surface layer.

A cyanobacterial band A ', that was not

detected before disturbance, appeared at day 7 along with
band A and the heteroduplex band A A 1.

Heteroduplex bands A B '

were faintly visible in the disturbed site at days 13 and 40,
and are clearly visible in the disturbed site at day 27,
indicating the presence of the B ' population.

Band E" was

absent at day 0 but a faint band corresponding- in position
and sequence to E" reappeared in the scraped site at day 40.
Band C was present throughout the experiment.

Band-C "

appeared to diminish with time.

Oxygen and -photosynthesis
The oxygen and photosynthetic activity profiles of site
2 at mid-day under full sunlight are shown in Figure 17.
Similar results were observed at site I (data not shown).
Prior to removal of the photosynthetic layer an intense
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Figure 17. Vertical profiles of oxygen and gross oxygenic
photosynthesis, (a) before (0); (b) 7, (c) 13, and
(d) 40 days after disturbance of site 2 m a t .
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photosynthetic activity of up to 35 nmol cm“3s_1 at 0.2 mm
depth in the undisturbed mat resulted in a peak oxygen
concentration of 820 JvlM at a depth of 0.3 mm (Figure 17a) .
Oxygen consumption in the deeper layers resulted in a
decrease to 50% of the peak concentration only I mm below the
maximum.

The photosynthetic zone was about 0.9 mm thick and

the integrated photosynthetic activity was 1.29 nmol cm-2 s'"
1.

Immediately after removal of the photosynthetic layer,

photosynthetic activity could not be detected by use of the
microsensors and, in fact, an apparent light-induced
consumption of oxygen was observed, as noted in a comparison
of light and dark profiles

(Figure 18).

After 7 days a pale

green layer had developed at the surface of the m a t , and a
peak photosynthetic rate of 3.3 nmol
the top layer (Figure 17b).

C m - 3 S -1

was detected in

Low activities could be detected

down to a depth of 0.7 mm, but the total activity (0.086
nmol/cm2/s-1 ) was barely able to raise the oxygen
concentration above that found in the overlying water (154 p.M
found at 0.2 mm depth).

After thirteen days (Figure 17c) the

photosynthetic activity had increased considerably to 0.40
nmol cm-2s-1 with a peak activity of 12.8 nmol cm-3s-1 in the
surface layer.

The photosynthetic activity had a bimodal

appearance with a second peak and at I mm depth, and activity
could be detected down to 1.5 mm. depth.

The maximum oxygen
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Oxygen (jiM)

Day 0 (after disturbance)

Figure 18. Vertical profiles of oxygen penetration into site
2 mat measured immediately after disturbance in
full sunlight and darkness.
concentration was associated with the deepest maximum in
photosynthetic activity, where a concentration of 310 (J.M was
detected.

After 40 days, the depth-integrated photosynthetic

activity was 1.04 nmol C irT 2 S -1 and thus back to the normal
range (Figure 17d).

The distribution of the activity w a s ,

however, quite different from the control as activity could
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be detected down to a depth of 3 mm.

The activities at depth

were low, but apparently sufficient to balance respiration as
evidenced by the virtually linear (and vertical) oxygen
profile from I to 3 mm depth. The integrated photosynthetic
rates as a function of incubation time after removal of the
top layer are shown in Figure 19.

1.4
ph otosyn th esis
tim e 0 control

respiration
tim e 0 control

p h otosyn th esis

respiration
0.2

■ □

Time (days)

Figure 19. Depth-integrated photosynthetic rates and
estimated respiration rates in undisturbed site 2
mat at time 0 and as a function of time after
removal of the top layer.
Bars indicate standard
error (n = 6). Respiration rates were not
replicated.

Respiratory Rates and Oxvaen Profiles in the Dark
From the data on oxygen and photosynthesis 7 days after
scraping (Figure 17b), it can be see that photosynthetic
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activity almost balanced respiration within the mat,
resulting in an almost vertical oxygen profile across the
water-mat interface.

If photosynthesis exactly balanced

respiration, the profile would be vertical.

Since there was

a slight excess of oxygen, photosynthesis under these
conditions must have slightly exceeded respiration, so that
the integrated rate of photosynthesis

(0.086 nmol

c m -

would slightly overestimate the rate of respiration.

2 sec-^)
When we

reduced photosynthesis by shading with one layer of tracing
paper an oxygen deficit resulted (i .e ., decreasing oxygen
concentration with depth rather than a vertical profile)
indicating that respiration then exceeded photosynthesis, and
the photosynthetic rate under these conditions
c m -

( 0.031 nmol

2 sec-l-) underestimated the rate of respiration.

The true

rate of respiration was judged to be between these extremes
(i.e. 0.05 nmol

cm -

2 sec-^ ) .

We used this general approach .

to estimate the respiratory rates for all post-succession
time points

(Figure 19).

The most inaccurately determined rates are those after
40 days, as even shading with 3 layers of paper did not cause
near-vertical oxygen profiles across the mat water interface,
but all estimates are probably correct within ± 20%.

It. is

evident that the removal of the photosynthetic layer reduced
the respiratory activity considerably, and the activity had
not fully recovered after 40 days

(Figure 19), though without

replication this is not a quantitative observation.

The

123

effect of disturbance on respiratory activity was, however,
also evident from the oxygen profiles in scraped mat during
dark incubation, where both the oxygen gradient in the
surface layer (the steeper the gradient, the higher the
respiratory activity) and oxygen penetration (the shallower
Oxygen (jaM)
0

20

3.

C.

40

60

80

100

120

140

0

20

40

60

80

100

120

140

Day 0 (intact mat)
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Figure 20. Vertical oxygen profiles measured under dark
conditions in site 2 mat, (a) before and (b) 7,
(c) 13, and (d) 40 days after disturbance.
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the oxygen penetration, the higher the respiratory activity) '
indicate reduced respiratory activity throughout the 40 day
period (Figures 18 and 20).

Partitioning of IA-CO2 Into Cell Components
Samples from the site I control area incorporated
between 3.9 x IO^ and 5.97 x IO^ DPM

core"!

(Figure

21a, top panel), and partitioned the majority of
photosynthetically fixed carbon into the polysaccharide
fraction (67 to 79 % of the total incorporated radiolabel)
during the experimental time period (Figure 21a, bottom
panel).

In contrast, cells in the scraped region of the mat

incorporated significantly less carbon than controls on all
sampling dates

(p < 0.0305, n = 3), and displayed an increase

in carbon incorporation between days 5 and 21 (Figure 7b, .top
panel).

In addition, cells in the disturbed region of the

mat displayed variable patterns of carbon partitioning
between molecular components (Figure 21b, bottom panel).

On

day 5 14C02 was partitioned nearly equally into protein, low
molecular weight compounds and carbohydrate.

Carbon

incorporated into the carbohydrate fraction increased from
day 5 to 21, and carbon incorporated into protein and low
molecular weight fractions decreased over the same interval.
By day 21, the majority of the radiolabel associated with
cellular material was detected in the polysaccharide
fraction.
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Figure 21. Patterns of 14CC>2 incorporation (top panel) and
partitioning into carbohydrate (triangles),
protein (diamonds), lipid (circles) and low
molecular weight metabolite (squares) cellular
fractions (bottom panel). A, control area; B ,
site I immediately (0), and 5, 12, and 21 days
after disturbance.
Error bars represent 95%
confidence intervals about the mean (n=3).
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Discussion

DGGE banding patterns, oxygen and photosynthesis
profiles, and carbon fixation measurements indicated that
substantial changes in the Octopus Spring mat community
occurred following removal of the surface layers.

The

freshly exposed undermat appeared red-orange in color.
Microscopic examination of this layer immediately after
scraping, revealed almost exclusively filamentous cell forms
with few Synechococcus-shaped cells, indicating that most of
the cyanobacteria had been eliminated.

This is consistent

with the absence of cyanobacterial bands in DGGE profiles and
the absence of detectable oxygen production.

In addition, a

light-dependent consumption of oxygen was observed in the
freshly exposed undermat.

This phenomenon has been reported

to occur in deeper layers of the Solar Lake microbial mat
(i.e., > 30 mm below the surface freshly exposed by removal
of the overlying mat layers)

(14).

In our experiment the

newly exposed undermat was about 3 mm beneath the original
mat surface.

No mechanism for this phenomenon has been

elucidated.
Recovery of Synechococcus mats following disturbances
have been noted previously.

In some cases these recoveries

were measured following an artificial disturbance, such as
the application of an opaque layer of silicon carbide to the
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mat's surface (3,7) and a prolonged period of darkening which
resulted in complete washout of the Synechococcus-shaped
cells (4).

In one case, recovery was measured after an

intense hailstorm had completely scoured away the mat leaving
behind an area of cleared substratum (5).

Our observation of

an olive-green film composed of Synechococcus and
Chloroflexus-shaped cells covering the disturbed sites within
a few days after.disturbance was consistent with observations
made in the above studies.

Our cell counts were essentially

the same as those made by Brock and Brock following hailstorm
damage to the microbial mat in neighboring Mushroom Spring
(5) .
We were able to take advantage of DGGE, microsensors,
and radiolabel partitioning methods to provide a more
detailed view of the recovery of the cyanobacterial guild and
its activity.

Low levels of oxygen production and

photosynthesis at both sites I and 2 on days 5 and 7,
respectively,

(Figure 17b, site 2) were consistent with the

reformation of a cyanobacterial layer shortly after the
disturbance events.

The DGGE profiles indicated that the

populations within the newly established layer differed from
those of the undisturbed sites.

Some populations present

before disturbance were- absent and some populations that were
not detected before disturbance appeared over time.

A new

cyanobacterial population(s), A 1 (A'?), initially colonized
the freshly exposed undermat at both of the disturbed sites.
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This occurred in the absence of both originally prominent
cyanobacterial populations, B and B', at site I and in
combination with one of the originally prominent
cyanobacterial populations. A, at site 2.

The reappearance

of the A B ' heteroduplex bands at later time points in site 2
indicated that the B ' cyanobacterial population had also
begun to recolonize this area.

The A 1 and B ' bands are

difficult to resolve when they both appear in the same lane,
but the differential migration of their heteroduplex forms
aided in their detection.
Two green nonsulfur bacteria-Iike populations, C and C"
and a green sulfur bacteria-Iike population, E " , were
initially present at each site.

Removal of the surface layer

appeared to eliminate the E" population in both cases,
suggesting that it inhabits only the upper cyanobacterial
layer of the mat.

In contrast, the C and C" bands appeared

in the intact mat and remained detectable in the undermat
after scraping, suggesting that these green nonsulfur
bacteria-Iike populations may reside deeper in the vertical
interval.

These results are consistent with the vertical

positions of E-like and C-Iike populations in a similar mat
community (Mushroom Spring)

(23).

The bimodal photosynthesis

profile 13 days following disturbance of site 2 may indicate
vertical structure related to different cyanobacterial
populations, also consistent with unpublished observations
(23).

The E " band returned to detectable levels on day 40 at
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site 2,

(a faint E " band also appeared at site I by day 21)

suggesting that over time the E " population had begun to
reestablish itself at both sites.
The observation that A'-like cyanobacterial populations
were involved in recolonization of both areas invokes
speculation about why this was so, especially since these
populations were not initially observed at either site.
Establishment of a population in the- scraped areas probably
involves a combination of immigration and reproduction.
Immigration may occur by dispersal of cells from upstream
areas or by the active migration of motile cells into the
disrupted site (24).

It is of note that the A'

cyanobacterial population is routinely detected upstream,
near the uppermost temperatures at which the cyanobacterial
mat is visible (9,11).

Thus dispersal from a hotter upstream

site to the downstream disturbed sites might account for its
appearance.

However, if dispersal from upstream was the

dominant factor controlling the appearance of populations in
the scraped sites, one would anticipate the appearance of the
original populations, since they too were present immediately
upstream in the control areas.
Our initial presumption that thermophilic Synechococcus
populations are essentially immobile, thus incapable of
actively traversing the scraped areas

(6), was revised by the

recently demonstrated gliding motility of several Octopus
Spring Synechococcus isolates (24).

Recolonization of the
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disturbed areas by gliding Synechococcus cells would also
seem to favor cells that are closest to a newly exposed site,
i.e. the original populations.

While it is not possible to

determine whether motility played a role in this study, the
absence of the B and B ' populations during recolonization of
site I suggests that motility was not a key factor in their
case.
It seems more plausible that A '-like cells are, by some
means, more capable of establishing themselves in the exposed
site.

Contemplation of the environment in which A ' cells are

typically found leads to several possible explanations.

The

highest temperature regions of the Octopus Spring mat are
visibly thinner than the downstream portions, consisting of a
thin, pale-green film coating the channel substratum.

It may

be that the A ' cells in these thin mat regions can tolerate
higher visible and UV light intensities, thus they may be
better able to cope with equivalent conditions present in
freshly exposed sites.

Alternatively, the uppermost

temperature extremes may select for populations that are
capable of rapidly recolonizing the fringe areas where cells
are intermittently eliminated by occasional surges of hot
water from the source pool.

Thus A 1 may be an efficient

colonizer, able to rapidly move into and grow in areas free
of competing cells.
We cannot exclude the possibility that the A'?
population might be different' from the A 1 population found at
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high temperature.
marker.

16S rRNA is a very conservative genetic

Perhaps the reproducible sequence difference between

the A' and A'? colonists at the two sites might be an
indication that there is a level of genetic variability which
is barely measured by 16S rRNA sequence.

This can only be

resolved by analysis of higher resolution markers.
Although we had hypothesized that some of the more
rarely detected 16S rKNA-defined cyanobacterial populations
might establish themselves in disturbed sites as colonizer
species, this was not observed.

Previous DGGE surveys of the

effluent channel over a seasonal interval also failed to
detect these rare populations

(11).

It may be that such

populations are simply not abundant and are not efficient
colonizer species (11).

However, the possibility that

methodological biases prevent the detection of the 16S rRNA
genes of these populations cannot be excluded (8,22,27,29).
It is likely that cell division played a significant
role in the reestablishment of Synechococcus populations.
That growth of Synechococcus cells had occurred at the
disturbed sites can be inferred from the 14CO2 labeling
results.

Cells in the disturbed site allocated a higher

proportion of fixed carbon into growth-related cellular
components at days 5 and 12 than in the undisturbed control
area, suggesting that Synechococcus cells within the scraped
sites were initially dividing more frequently than those in
the undisturbed mat.

By day 21, carbon partitioning in the
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disturbed site was nearly the same as in the undisturbed
control area suggesting that the rate of cell growth had
begun to decrease (21).

14CC^ incorporation immediately

following scraping was unlikely to have been due to
cyanobacterial autotrophy, as cyanobacteria had just been
removed and no oxygenic photosynthesis was detected.
By the end of the experiment, 21 days for site I and 40
days for site 2, the original population structures had not
been reestablished at either of the disturbed sites.

Oxygen'

production and penetration occurred throughout a considerably
greater depth interval than in the intact mat.

Likewise,

incorporation of 44COz remained below initial levels.
Respiratory activity was not yet in balance with oxygenic
photosynthesis.

The time required for full recovery of the

microbial mat community remains to be determined.
Clearly, disturbances resulting from our anthropogenic
influence affected the composition, structure and function of
this microbial community.

The same effect can be presumed to

occur after natural disturbances. The stability in community
structure observed over a seasonal cycle (11) suggests that
such.disturbances may not be frequent, though in the month
following completion of this work, the entire mat was heavily
damaged by hail, which may have caused the types of changes
we observed.

Extensive anthropogenic sampling might result

in similar effects.
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CHAPTER 6

DGGE ANALYSIS OF VERTICAL DISTRIBUTIONS OF 16S rRNA-DEFINED
BACTERIAL POPULATIONS IN MUSHROOM SPRING: COMPARISON TO
OCTOPUS SPRING1

Introduction

Microbial mats are laminated structures that are
believed to be the modern analogs of stromatolite-forming
mats that dominated shallow water communities during the
Precambrian era.

Their layered or laminated appearance is

evident, even macroscopically, when viewed in cross section
(28).

Microelectrode analyses have demonstrated, at scales

relevant to microorganisms, that physical and chemical
gradients such as oxygen, hydrogen sulfide and light, exist
along the vertical interval through many microbial mats (14,
15, 20, 21, 22), and it has been shown the microscopic

1This work was conducted as part of a larger study aimed at
demonstrating diurnal migrations among cyanobacterial populations in the
Mushroom Spring cyanobacterial mat. Diurnal migrations of Synechococcus
populations were suspected, in part, because of additional research that
demonstrated gliding motility among several Octopus Spring Synechococcus
isolates (19). The diurnal study, which includes data presented herein,
will be submitted as a separate manuscript by N.B.Ramsing, M.J. Ferris,
and D.M. Ward. Figure 22 was created by N.B. Ramsing

biota change in a physiologically logical fashion along these
gradients

(3, 22).

However, 16S rRNA-based analyses of hot

spring mat communities have revealed the presence of numerous
populations that cannot be easily differentiated
microscopically.(5,17,26,27).

For instance, the Octopus

Spring mat contains two predominant morphotypes, rod-shaped
(Synechococcus-like) cyanobacteria and filamentous
(Chloroflexus-like) bacteria.

At least nine genetically

distinct cyanobacterial populations inhabit the mat, four of
which are known to share a common ^ynechococcus-Iike
morphology (5,18).

It is likely that all are Synechococcus-

shaped, since no other cyanobacterial cell type is observed.
Several green nonsulfur bacteria-Iike 16S rKNA sequences have
also been detected

and the cells harboring these may possess

similar filamentous morphologies.

In such cases, phenotypic

differentiation of populations is not practical, and
determining whether or not the populations are vertically
structured is much more difficult.
Here, molecular techniques were used to identify
populations within vertical intervals of a hot spring
Synechococcus m a t .

The study focused primarily on a closely

related cluster of five 16S rKNA-defined cyanobacterial
populations, designated A- and B-Iike 16S rKNA types, that
appear to dominate the mat community (6, 25).

Denaturing

gradient gel electrophoresis (DGGE) analyses of 16S rKNA
consistently demonstrated the presence of two or more A- and
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B-Iike populations at each site in the Octopus Spring mat
(6).

Evidence of differential vertical distributions of A-

and B-Iike populations would support suppositions that
adaptive radiations have occurred to fill light- or chemicalgradient niche space within the vertical aspect of the mat
and would greatly enhance our understanding of mat community
structure.

Materials and Methods

Study Site
For unknown reasons, no suitable intact mat was
available at the Octopus Spring site where previous studies
were conducted.

Therefore, the present study was conducted

on the microbial mat located in the effluent channel of
Mushroom Spring, Yellowstone National Park (I).

Temperature

and pH at the study site were 610C and 7.9, respectively.
Microscopic examination of the green surface layer revealed a
dense population of Synechococcus-shaped cyanobacterial cells
with an abundance of nonfluorescent filamentous cell forms ■
resembling Chloroflexus sp.

Oxygen microelectrode analyses

indicated that oxygen production and photosynthesis were
occurring at high levels in the surface layer (18)
Observations such as these are typical of-the Octopus Spring
mat community (23).

In addition, cyanobacterial and green

nonsufur bacteria-like 16S rRNA sequences typical of that
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found in Octopus Spring mat have been detected in the Mushroom Spring
mat (24) , Thus, the two mats appeared comparable.

Sample Collection
Microbial mat samples were collected on June 11, 1996
using a #4 cork borer (ca. 7 mm dia.).

To preserve the

vertical structure, each core was quickly frozen by
immediately placing it into a.small volume of isopentane that
had been precooled in liquid nitrogen.

The cores were stored

on dry ice during transit and maintained at -20° C in the
laboratory and throughout the thin-sectioning process.

Thin Sectioning
A cryostat (2800 Frigcut, Reichert Scientific
Instruments, Vashon, W A ) was used to collect 100 pm vertical
intervals of the mat cores for DGGE analyses
to the mat surface).

(i.e. parallel

Frozen cores were mounted for

sectioning using a small amount of O.C.T. embedding compound
(Miles Inc. Elkhart, IN).

The uppermost mat layer (ca. 3 mm)

was oriented toward the blade and was not coated with O.C.T.
since initial attempts to isolate DNA in the presence of
O.C.T. failed.

50 pm sections were shaved from the upper

surface of the core and transferred into 1.5 ml screw-cap
microfuge tubes.
in each tube.

Two adjacent 50 pm sections were combined

In this fashion, the first ten 100 pm sections

of the vertical interval of mat were prepared for DGGE
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analysis.

40 |lm thick cross sections (i.e. perpendicular to

the mat surface) of a duplicate mat core were formalin-fixed
to microscope slides and used for microscopic image analyses.

Microscopy and Image Acquisition
An Axioskop microscope (Zeiss', Oberkochen, Germany)
equipped with a 2.5x plan NEOFLUAR objective and a Zeiss
video camera was used to obtain microscopic images.

The

images were aquired with the built-in frame grabber of a
PowerMac 7500,

(Apple, Cupertino), using the video camera and

were stored digitally and processed using Adobe Photoshop 3.0
and Canvas 3.5 software.

Cell Lvsis. Nucleic Acid Extraction.
PCR Conditions and DGGE Analysis
Cells were lysed using a FP 120 bead beater (Savant
Instruments, Farmingdale, NY).

Zirconium beads (0.1 mm dia.)

were added to the 1.5 ml microfuge tubes containing the mat
sections so that the level of beads was about half the height
of the tube, and 800 |ll of molecular biology grade water
(Sigma Chemical Company, St. Louis, MO) was also added.

The

samples were placed on ice for 5 min, then agitated at a
setting of 6.5 for 45 sec and cooled on ice again.

The

samples were centrifuged in an Eppendorf Centrifuge model
514C (Brinkmann Instruments, Inc.

Westbury , NY) for I min
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at 14,000 rpm and 200 |ll of supernatant fluid was collected
from each sample and used for nucleic acid extractions.
Nucleic acids were extracted with buffered phenol and
chloroform mixtures with ethanol precipitation overnight at
-20° C as described elsewhere (10, 16).

The extracted

nucleic acids were suspended in 15 |ll of TRIS-Cl buffer, pH
8.0

(Sigma).

PCR conditions, DGGE analyses and band

sequencing were as described previously (6).

20 |ll of each

PCR reaction were loaded onto each lane of the denaturing
gradient gels.

A DGGE analysis of the intact mat

(upper ca.

2 mm) was also performed as previously described (4, 6).

Measuring DGGE Band Intensities
Photographic negatives of DGGE gels were scanned at a
resolution of 300 dpi with a Hewlett Packard Scan Jet Ilex.
The intensities of bands on the digitized images were
determined using a PowerMac 7200,

(Apple, Cupertino), and a

gel analysis subroutine within the program NIH Image version
1.59.

NIH Image is written by Wayne Rasband, N I H , Washington

DC, USA. The program is freely available on the internet from
the anonymous FTP site: zippy.nimh.nih.gov.

Heteroduplex

bands were quantified and then half their value was added to
the intensity of each component band (6).
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Results

Many cross sectional mat specimens were prepared, and
all appeared similar by microscopy.

Figure 22 (top)

shows a representative microscale brightfield photograph of a
cross section of the upper 2 mm of the mat.

Figure 22

(bottom) is the same image as seen using autofluorescence
microscopy.

An enlarged view of the upper 900 jam portion of

the autofluorescence image is shown on the right.

Clear

laminations were present throughout the upper I .0 mm
interval.

Prominent features included a diffuse layer of

dimly autofluorescent Synechococcus-shaped cyanobacteria
extending from the top of the mat to a depth of about 400 Jim.
A layer of an apparent abiotic mineral precipitate, extending
from 400 to 500 |Um was also visible.

Particularly notable

was a densely packed layer of brightly autofluorescent
Synechococcus-shaped cyanobacterial cells extending from 400
to 700 Jim.

Deeper, thin aut of luorescent layers were also

apparent in some areas.
The top of the mat and the deeper laminations, were not
completely flat.

This uneven topography was more pronounced

when the mat was viewed in three dimensions.

Vertical

sections obtained using a cryostat were sliced in an
essentially level plane.

Therefore, to the extent
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Figure 22. Images from a 40pm thick cryostat cross section
through a 61°C Mushroom Spring mat sample, shown
under (a) bright field, (b) epifluorescence, (c)
enlarged view of epifluorescence image. Scale is
indicated.
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that the 'laminations varied with depth, it was expected that
the vertical cryostat sections would, to some extent, contain
mixtures of cells from the various layers.
The results of the DGGE analyses are presented in Figure
23.

The lane labelled "Mat" shows the DGGE profile generated

using DNA extracted from the intact 2.0 mm surface layer.
The major bands identified by 16S rRNA sequencing are
indicated along the sides of the gel.

All sequences detected

in this section of Mushroom Spring mat matched those that
have been previously detected in similar temperature regions
of the Octopus Spring m a t .

The sequences of bands A and B 1

are cyanobacterial, that of band C is a green nonsulfur
bacteria-Iike sequence and that of band E" is a green sulfur
bacteria-Iike sequence.

Bands AB', near the top of the gel,

are heteroduplex PCR products that form during the PCR by
annealing between single strands of A and B', which have high
sequence similarity (6).

Lanes I through 10 are DGGE

profiles generated from 100 Jim cryostat sections at different
depths in the m a t .

Some bands appeared more intense in the

upper sections of the mat while others appeared more intense
with depth.

This can be seen more clearly in the graphical

representation of a digitized scan of this image, where band
intensities are displayed as peaks (Figure 24).
Figure 25 presents graphs of the intensities of DGGE
bands. A, B', C and E '' along the vertical interval through
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DGGE Profiles of I OOpm Vertical Sections
Through Mushroom Spring Mat

Figure 23. DGGE profile of the upper 2 mm cyanobacterial
layer of the 610C Mushroom Spring mat (Mat) , and
profiles of 100 |Um cryostat sections through the
upper I mm of the mat's surface layer.
Single
letters correspond to Octopus Spring 16S rRNA
sequence types. A B ' bands are heteroduplex
molecules (see text).
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the top I mm of mat.

The intensity of the cyanobacterial

band A was high in the interval from 400 to 800 pm and was
maximal in the 500 to 600 pm interval.

The highest

intensities of band A coincided with the interval over which
the intensely fluorescent lower cyanobacterial layer was
observed (Figure 22).

The intensity of cyanobacterial band

B ' was high over the first 600 pm interval and decreased over
the interval from 500 to 1000 pm (Figure 22).

The intensity

of the green nonsulfur bacteria-like band C was below
detection in the upper 100 pm interval, gradually increased
to a maximum over the 700 to 800 pm interval and decreased
slightly over the 800 to 1000 pm interval.

The intensity of

the green sulfur bacteria-like band E 1' was below detection
in the first 300 pm interval, increased to a maximum in the
400 to 500 pm interval and gradually decreased with depth.

Discussion

Defining new bacterial populations at the genetic level
becomes more meaningful when their distributions can be
related to relevant environmental parameters.

In

environments such as the Octopus and Mushroom Spring mats,
where morphological characteristics cannot be used to
distinguish most populations, such associations provide
convincing evidence that 16S 'rKNA sequence types
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Figure 25. Bar graphs of the intensities of individual DGGE
bands shown in Figure 23 with depth in the m a t .

detected in situ represent populations that are
physiologically distinct and occupy unique ecological niches.
The variations in DGGE band intensities observed in this
study suggest that cyanobacterial, green nonsulfur bacteria
like and green sulfur bacteria-Iike populations occupy
discrete intervals through the vertical aspect of the
Mushroom Spring mat.

Previous DGGE studies on the Octopus

Spring effluent channel mat have shown that these same
populations occupy defined intervals along the thermal
gradient as well

(6).

Interestingly, two or more

150

cyanobacterial populations were observed at each temperaturedefined site in the Octopus Spring study.

Because of the

periodic temperature fluctuations in this system (see below),
it was hypothesized that the coexistence of multiple
cyanobacterial populations

(4, 6) might be explained by the

short term availability of adequate growth temperatures for
each population.

This explanation now seems unlikely, given

the cooccurrence of the A and B 1 type populations at the
stable 61°C site in this experiment (see below).

It seems

more probable that cyanobacterial populations coexist within
the same temperature range because each is adapted to fill
niche space created-by light or chemical gradients within the
vertical aspect of the m a t .

Direct measurements of the light

field within the mat, made at high spatial resolutions using
fiber-optic microprobes that measure radiance, irradiance and
scalar irradiance, must be obtained before correlations
between light gradients and population distributions can be
concluded (15) .

Detecting UV screening molecules', such as

scytonemin (8) or-mycosporine-like compounds (9) among
cultivated thermophilic Synechococcus isolates might also
provide evidence to support the hypothesis that these
populations are differentially light-adapted (6, 7).
Vertical stratifications of cyanobacterial and other
bacterial populations have been demonstrated at the
microscale in microbial mats, such as those in the
hypersaline habitats of Guerrero Negro, Baja California Sur,
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Mexico (3), where cell shape permits populations to be
differentiated.

Additional layers in the Mushroom Spring

mat, that appeared orange or peach, were evident in the
bright field image (Figure '22).

It has been reported that

Chloroflexus aurantiacus commonly forms an orange,
photoheterotrophic layer under the cyanobacterial layer in
many nonsulfide hot spring mats

(12, 23).

Although the 16S

rRNA sequence of C. aurantiacus was not observed in this
study, another sequence, Octopus Spring type C, most closely
related to the green nonsulfur bacteria, was detected.

The

intensity of the type C DGGE band was greatest at depths from
about 700 to 1000 Jim, which was below the cyanobacterial
layers!

A similar pattern over a I mm interval, showing

multiple stratified cyanobacterial populations above a deeper
Chloroflexus populations, has been observed in electron
microscopy profiles of the Guerrero Negro hypersaline mat s .
Perhaps the presence of the type-C population beneath the
cyanobacterial layers indicates adaptation to infrared light.
Interestingly, similar vertical positioning of (16S rRNAdetected) cyanobacteria, green sulfur-like bacteria and green
nonsulfur-like bacteria have been observed in the marine
(open ocean) environment, albeit over a much greater depth
interval

(11, 13).

Since this experiment was conducted in Mushroom Spring,
it permitted a comparison of local spring-to-spring
population distributions.

Mushroom Spring is located over a
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small rise about 0.2 km from Octopus Spring.

The mats in the

effluent channels of the two springs are indistinguishable in
most respects.

One notable difference is the absence of

temperature fluctuations at Mushroom Spring.

The temperature

at the Mushroom Spring study site in this experiment did not
vary by more than about 1° from 61° C .

Most sites in the

Octopus Spring effluent channel experience fluctuations on
the order of 5° or IO0C over a two minute interval

(5) .

Still, the DGGE profiles and the 16S rRNA sequences recovered
from the Mushroom spring site were indistinguishable from
those detected in a 53° to 63° C site in the Octopus Spring
mat (6), suggesting the both mats share a common vertical
structure.
Due to the uneven contours of the Mushroom Spring mat
laminations

(Figure 22), cryosectioning did not result in

exact separation along visibly prominent layers.

Thus, some

mixing of populations between layers probably occurred.

Even

so, the DGGE band intensities reflect a pattern which
suggests that bacterial populations were distributed over
discrete vertical intervals within the mat.

Because of the

mixing, the intervals over which the populations are actually
distributed are probably less broad than the results
indicate.
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CHAPTER 7

IDENTIFICATION AND DISTRIBUTION OF DOMINANT BACTERIAL
POPULATIONS IN HOT SPRING SYNECHOCOCCUS MATS: DISCUSSION

In ecology, recognition of patterns of population,
distributions can in turn lead to the generation of rational
hypotheses about the evolutionary causes of these patterns.
Patterns do not always materialize until a sufficiently large
body of data has been collected.

This chapter is intended to

synthesize from points that were brought out in the
individual manuscripts.

Although my studies were focused on

a single system, I believe that the insights gained from this
work have general value in helping to understand, interpret
and predict the orderly distributions of microorganisms in
nature.

Evolutionary Ecology of Microorganisms
One general recurring pattern that has emerged from
molecular surveys of bacterial populations in a variety of
habitats is the observation of closely related clusters of
16S rRNA sequences

(See Chapter 3 and references therein).

Figure 26 presents a phylogenetic tree based on 16S rRNA
sequence data showing clusters of closely related Octopus
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Figure 26. Distance matrix phylogenetic tree illustrating,
(A) clusters of closely related Octopus Spring
{OS Type A- and B-Iike} cyanobacteria, (B)
clusters of closely related Octopus Spring green
nonsulfur-like bacteria {OS Type C-Iike}. Scale
bars indicate 0.01 fixed point mutations per
nucleotide.
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Spring A- and B-Iike cyanobacteria and C-Iike green nonsulfur
bacteria (Chapters 3 and 4).

I demonstrated that individual

populations within these clusters were distributed at
discrete intervals along thermal and vertical gradients
within mats of this type (Chapters 4 and 6).

This indicates

that each sequence type represents a unique ecotype,

i.e. a

population with a characteristic ecology (2), and suggests
that adaptations to both temperature and vertical light or
chemical gradients explain genetic variation within the
cyanobacterial and green nonsulfur bacterial guilds.
Ecotypical variation within guilds may help stabilize guild
function in the event of environmental change.

If adaptation

to fill niche space can account for the presence of groups of
closely related bacterial populations in this system, perhaps
it can help explain the occurrence of clusters of related
sequence types in other habitats as well.

Since ecotypical

variation occurs with minimal sequence difference in 16S
rRNA, one wonders whether additional ecotypes occur within
16S rRNA-defined populations, as this is such a conservative
marker.

This can only be resolved by using a more highly

variable genetic marker.
RadioIabeIling studies suggested that cross feeding may
occur between .Synechococcus and Chloroflexus (green nonsulfur
bacteria) in hot spring mats (I).

DGGE studies show that

closely related green nonsulfur bacteria-like populations as
well as Synechococcus populations occupy distinct intervals
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along the thermal gradient (Chapters 3 and 4).

If the

Octopus Spring type-C green nonsulfur bacteria-like
populations depend upon the A- and B-type cyanobac.terial
populations for reduced carbon compounds, coevolution between
these two groups can be hypothesized.

Perhaps co-dependence

is an additional factor controlling population distributions
in the mat.

In his forward to The Prokaryotes

(9), Ralph

Wolfe tells us,
"sometimes we must remind ourselves that evolution
i s 'actively taking place at the present
.moment...prokaryotes evolved in the presence of
other prokaryotes and evidence surrounds us of the
complex interactions between them.
We have so far
only scratched the surface of their biochemical
interrelationships."

THp Value of Combining Molecular and Cultivation Methodologies
The majority of bacteria represented by 16S rRNA
sequences remain uncultivated, and there has been some debate
about the value or necessity of obtaining cultivated species.
Certainly, the knowledge Jthat.new sequence types

(i.e. new

populations)'exist is valuable, but using this information to
obtain relevant isolates and to study their physiologies is
even more rewarding.

Studies of the Octopus Spring

Synechococcus populations provide excellent examples of the
benefits of combining molecular investigations with the
isolation of pure cultures.
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Octopus Spring 16S rKNA clones indicated that unique
cyanobacterial populations existed in the m a t .
Oligonucleotide probing suggested that dilution culture might
enable the isolation of these populations.

Using this

information, I was able to isolate novel Synechococcus sp.
strains C9 and P (Chapter I).

Having C9 and P isolates in

hand allowed me to observe that they were motile on agar
surfaces.

N.B. Ramsing and I confirmed the motility of these

isolates in response to light gradients

(5) and developed a

hypothesis that reorientations allow the cells to regulate
the amount of radiant energy they receive.

Thus, rather than

a static model, a most realistic view of a dynamic
cyanobacterial mat was achieved using both molecular and
cultivation approaches.

In addition, Synechococcus sp.

strain C9 was phototactic only toward light of low intensity,
leading to the hypothesis that it may be low-light adapted
(5) .
Estimates of the abundances of populations are better
made when data from both cultivation- and molecular-based
studies are available.

The prevalence of A- and B-type

cyanobacteria in DGGE profiles and clone libraries, and the
recent isolation of B and B '-type cyanobacteria from
enrichments inoculated with approximately 8 Synechococcusshaped cells (8), suggest that A- and B-Iike cyanobacterial
populations dominate the oxygenic phototrophic guild in the
Octopus Spring community.

Cyanobacterial populations I, J, P
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and C9 (Chapter 2) have only rarely been detected in either
clone libraries or as high-dilution isolates, and they have
not been detected in spatio-temporal, disturbance or vertical
DGGE surveys (Chapters 3, 4, 5, and 6).
they are subdominant populations.
rational explanation.

This suggests that

Subdominance may have a

For instance, if, as hypothesized

above, C9 is low-light adapted, it may require a much lower
proportion of the total light flux than the dominant
populations, thus restricting its growth.1 Population Cl (S.
lividus) has never been detected directly in the Octopus
Spring mat but it dominates undiluted enrichment cultures
(Chapter 2).

This suggests that it is a minor community

member (7).
The recovery of type-B and - B 1 Synechococcus isolates
through extincting dilution enrichments

(8) has already

enabled preliminary evaluation of the intervening transcribed
spacer region separating 16S and 23S rRNA genes as a higher
resolution genetic marker (6).

Such approaches can be used

to test the hypothesis that additional ecotypical variation
occurs whithin 16S rRNA populations.

It is hoped that

isolates of the predominant type-A-Iike.Synechococcus
populations can be obtained, so that the adaptations of all
predominant Synechococcus populations to environmental
parameters such as temperature and light, which were ■
hypothesized on the basis of distribution patterns revealed
by DGGE analysis, can be confirmed (7).
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Microbial Population Biology and Resource Management and Use
The topic of disturbance effects on thermophilic
communities was raised at a recent thermopiles conference
held in Yellowstone National Park (4).

Concern regarding the

influence of anthropogenic disturbances' on hot spring
populations stems from increased interest among biotechnology
firms in sampling Yellowstone's thermal features to search
for novel thermostable enzymes.

The stability of these

communities is also of basic interest to researchers
conducting long-term studies on microbial mats.

As

demonstrated in Chapter 5, populations in pre- and post
disturbance mats can be quite*different.

Since natural and

anthropogenic disturbances can potentially influence
population structures in experimental areas, researchers
would benefit by being advised of potential disturbance
events.

Perhaps an interactive page on the internet would

serve such a purpose.

Biotechnologists would also benefit by

taking advantage of what has been learned about the
distribution of bacteria in relation to environmental
parameters or perturbations.

This should aid in the recovery

of novel bacterial specimens, thus increasing the likelihood
of discovering new natural products.
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Epilogue
One notable impression from my graduate experience has
been that our understanding of microbial communities
increases as the scale at which we can measure them
decreases.

Technological innovations, such as the

development of microelectrodes and molecular techniques have
accounted for major leaps in our understanding of the
microbial community in Octopus Spring.

Information gained by

re-examining guild processes at the level of individual
populations has already brought us to a point where answers
to intriguing questions await those who can devise methods, to
study interactions among individual cells in the Octopus
Spring mat community.
A view expressed by the noted organic geochemist,
Geoffrey Eglinton, in his acceptance speech for the Alfred E.
Treibs Award helped me put into perspective the research I
have contributed while pursuing a graduate degree,
"Unlike the works of artists, poets and musicians, individual
works of classical scientists do not, endure in their finished
form...their contributions are rather akin to those of the
master masons who built the great cathedrals of
Europe...successive masons give their whole lives to building
upon, adding to, modifying and restoring the work of their
predecessors (3)."

I hope that my work is sufficiently sound that others can use
it as a foundation upon which to build their own scientific
careers.
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