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ABSTRACT

To understand the ecology of any environment, the fundamental spkeiagits
that interact with the biotic and abiotic components of that environment must be
understood. Previous researcmdocted in the Ward Lab has shown that 16S rRNA
genotypes have unique distributions along the effluent flow path, antia&&3S rRNA
internal transcribed spacer regigenotypes had unique distributions along vertical
gradients at some temperatures. ldg@r, out of concern that these genetic markers were
too conserved to accurately detect ecological species, in this dissertation | analyzed
Synechococcusyanobacterial diversity in Yellowstone National Parking the more
highly-resolvingpsaA(Photoystem | reaction center protéinocus and an evolutionary
simulation based on the Stable Ecotype Model to demarcate putative ecotype populations
that arehypothesized to be ecologibaldistinct species. | used denaturing gradient gel
electrophoresis to exane finescale distributions of predicted ecotypes along flow and
vertical gradients. Because this approach was not segbased, and was limited in
depth of sequence sampliagd habitat coverage, | employed rggheration sequencing
technologies (e.g. Ti45Marcoding and sequencing), which was based on sequence
information and allowednuch deeper sampling and habitat coverdgased Ti454
barcoding toextend fine-scale dbstribution studies, examinéemporal differences in
ecotypespecific gene expressipnpopulationspecific responses to environmental
perturbationsand to examine withkecotype population geneticddditionally, | used
Ti454-barcoding to analyze frozen sangpleollected in previous Ward Lab studies,
which enabled examination of (i) the biogeographic distributionsSyriechococcus
sequence variants across the Northwestern United States, (ii) theetongtability of
ecological populations in Octopus Springdaklushroom Spring, and (iii) the initial
colonization of disturbed mats. | was also able to use this technology to contribute to
other ongoing Ward Lab studies, including (iv) testing the puritySwhechococcus
isolate cultures before genome sequencing, distribution analyses of loci used in
previous population genetics studies, and (vi) linkpgpA distributions to ecotype
specific genomes. | was able to confirm that many abun8gnécbcoccusputative
ecotypes predicted by Ecotype Simulation are laggoally distinct populations,
containing ecologically homogeneous individuals. The conclusion of my research
supports applying the ecological species concept to hot spBymgechococcus
cyanobacterial populations.
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CHAPTER 1

INTRODUCTION

The debate on what constitutes a microbial species has become more complex
with the advent of modern molecular technologies. The immense genetic diversity in
nature, along with the discovery of the rgieneticexchange halad on the evolution of
mi croorganisms throughout Earthdés history,
species to surface, including the hypothesis that microbial spaoysé not exist at all
(Doolittle and Papke 2006; Papke et al., 206iQwever, many studies have shown that
populations of microorganisms can be differentiated by their distinct ecalogi
propertieg(Ferris et al., 1996a/Vest and Scanlan, 199Bamsing et al., 2000; Rocap et
al., 2002; Cohan et al., 2006; Johnson et20Q6; Ward et al., 200&Gabehiet al., 200;

Conna et al., 2010; Denef et al., 2010). Microbes exist in almost all known envaas
on Earth, and haveany uniqudife histories that expose them to different combinations
of forces causing or acting op genetic variationsuch that a single species concept that
would encompass all microorganisms is unlik@Ward et al., 2008) However, the
identification of the specidge units is paramount to understanding the ecology and

evolutionwithin microbialcommunities

Species 6ncepts for Eukaryotic f@anisms

While there is still debate as to what constitutes a eukaryotic spgdtassien,

1997) boundaries between populations are more easily obsehvetthe Biological
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Species Conceptspecies consist opopulations of individuals that are capable of
reproducing with one another and are reproductivelyaisdl from other organisms
(Mayr, 1942, 1982). Thdiological JeciesConceptwas later expanded to include the
ability to produce fertile offspring andhate reognition strategies (de Queiro2005,
2007). This reproductive isolation definition is widely used for eukaryotic organisms, but
is difficult to apply to microbial populations. Microorganisms present unique challenges
when one isattempting to orgnize groups of individuals into specidse populations
because they are asexualen though thegan exchange DNA with other unrelated
microorganisms througavariety of genetic exchange mechanisms.

In the Evolutionary Species Concept species haveuenievolutionary roles
and/or fates separate from other populations of organisms (Simpson, 1961; Mayden,
1997). While this definition can also encompass microbial speki@swing when
divergent populations should be judged to be evolutionarily distinmtoislematic.The
Ecological Species Concept expanded on the definition of evolutionary species to include
the ecology of the organisms (Van Valen, 1976) by proposing that individuals within the
same species must share the same ecological niche, allolesg abitrarwiew of what

constitutes a microbial species.

What are Microbial Becies?

In an attempt to organize the vast diversity contained in the prokaryotic domains
of life, multiple techniques have been developed to identify and classify microbia

species. Traditionally, phenotypic characteristics were used to differentiate
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microorganisms. More recently, with the advent of modern molecular techniques, genetic
methods have become more commonplace. Initially, >70% DNA/DNA hybridization was
recommendd to demarcatstrainswithin the same species (Wayne et al., 198} this
was a measure derived from examining genetic differences among strains of gyagcies
hadalreadybeendemarcatedn the basis of phenotypic distinctioffus this molecular
cutoff consides named species to be real species. The EINNA hybridization cutoff
was followed by the use of3% 16S rRNA sequence divergence to demarcate species,
which roughly correlated with the70% DNA/DNA genome hybridization technique
(Stackenbradt and Goebel, 1994; Goodfellow et al., 1997). As such, this cutoff was also
based on the demarcations of microbial species that had already been Asugetbmic
analyses were developedoncernsaroseas to whether the molecular resolution in a
consered genetic locus (such as 16S rRNA) veasficient to accurately demaroat
microbial species, whiclsubsequentlyled to a suggested®5% average nucleotide
identity (ANI) species demarcation cutoffKonstantinidis and Tiedje, 2007
Konstantinidis, 2011

Studies of microbial genetic diversity in nature highlighted complicatiotisthe
traditional approaches of cultivation and microscopy. First, through the examination of
multiple environment# was realized that organisms cultivated within the laboyadioe
usually not those thatare predominant in the natural environme@ioffannoni et al.,
1990;Ward et al., 1990; Amann et al., 199%ygenholtzet al., 1998; Head et al., 1998).
Secondstudies that examined the molecular diversity of various envirotarshoved

that systems that were thought to be simple are actually compiexuwaities consisting
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of morphologically similataxa, some containingianyecologically distinct, but closely

related population§~erris and Ward, 1997; Ferris et al., 2G8d complex ecosystems

such as soils and marine environments can consist of millions dfiespef
microorganisms@ykhuizen, 1998 analysis of the data of Torsvik90. Lastly, while
phylogenetic analysis of the universally conserved 16S/18S rRNA molaibale=d for

the mapping of the tree of lif&\(oese 1987 Woese et al. 1990including the discovery

of the Archeal Domain of life, 16S rRNA divergence cutoffs tend to lump ecolbgical

distinct microbial populationstogether because of theghly-consered natureof this

locus The fAoperational 06 taxonomic moleculdrs dem
cutoff values might actually represantiny ecologicalspecies eachadapted tats local
environment. If true, the ecological diversity imderestimatedbecause it is beg

examined through an anthromotric lens that applies molecular cutoffs that essentially
demarcate species as what microbiologists previously defined those species to be based

on phenotypic properties.

Microbiologists havelifferent ideas about what constitutes a species, and how
speciegelate to the principles of ecology and evolution (Gevers et al., 2005; Cohan and
Perry, 2007). A laissezfaire point of view supports that the traditional method of
defining microbial species by thheanorphology and phenotypic traitsapracticalway to
demarcat species (RosellMora and Amann, 2001). While thégoproachcan be used in
the identification of wekllstudied pathogens, it ignores the ecology and evolution of the
organism, and vastly uedestimates the diversity that exists in nature. Anotreme

viewpoint is that microbial species do not exist (Doolittle and Papke, 2006, Eapke
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2007).For instancePoolittle and Papk€200§ argue that lateral gene transfer, within
species geomic variability and homologous recombination make it hard to imagine a
single species concept for all genetic coherefide.e s e a ut h oNhsthersotmtt e t h 8
bacteria have species is a perennially vexatious question. Given what we now know about
variation among bacterial genomes, we argue that there is no intrinsic reason why the
processes driving diversification and adaptation must produce groups of individuals
sufficiently coherent in their genetic and phenotypic properties to merit the designation
0 s p e e ialtheaugh sometimes they mighOver the past few decades sequenced
microbial genomes have given evidence of a long evolutionary history of microbial
recombination and viral transductiqXavier et al., 2010) This has caused some to
hypothesize that lateral gene transfer is rampant so thekigtenceof microbial species
is implausiblein most cases (Boucher et al., 2003hwever, gene content differences
between close relatives do not necessantlicaie ecological distinctness (Touchon et
al., 2009).Lastly, there are those that believe that the basic principles of ecology and
evolution developed by the examination of eukaryotes hold true for microorganisms as
well (Ward, 1998,Cohan 2002Ward and Coha, 2005 Ward, 200%. In the latter case,
microorganisms evolve and adapt to unique environmental niches or though geographic
isolation generating evolutionarily distinct lineages that can be observed by examining
genetic diversity in the environment. Redanation is an important factorin the
evolution of microorganisms, but while they can be the catalysts of speciation events, the

rates of recombination are not high enough to stop the divergence of separate
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phylogenetic lineages (Cohan, 2002; Reno ef 2009; Vos and Didelpt2009

Melendrez et al., in preparatipn

Ward Lab $udies of Mushroom Spring and
Octopus SpringMicrobial Mat Communities

The Ward Lab has been researching the microbial mats of Mushroom Spring
(Figure 11) and Octopus Sprin¢Figure 12A) in Yellowstone National Park for over
thirty years. Phototrophic mats in alkaline siliceous hot springs in the Upper Geyser
Basin (Figure 2B) can be millimeters to centimeters thick. The ~1-thiok top green
layer of the microbial matat Mushroom Spring and Octopus Sprirsgdominated by
sausagehaped cyanobacteria assigned to the named @meshococcusvhich occur
in population densitiess high as 18° cells per cm (Bauld and Brock, 1973; Brock,

1978; Ward et al., 1989; Ward et al., 199Bigure 1.2 C and D). Thesynechococcus

background. (Ramted from Ward et al., 2006).
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Figure 1.2 Laminated cyanobacterial mat commynitf Octopus Spring, Lower Geyser
Basin, Yellowstone National Park viewed at different scales. (A) Landscape image
showing greerorange mat in the effluent channel. (B) Cross section of a cyanobacterial
mat sanple from ~60°C. (C) Phasmntrast microscopy image of homogenizethrh

thick upper green layer of mat showing the predominant cyanobacteria, sahapgd
Synechococcupopulations embedded in a matrix of filaments. (Butofluorescence
microscopy imag of ahorizontalcryotome section through the uppemin-thick green

layer of the 61°C Mushroom Spring mat showing banding§ysfechococcusopulations

at different depthéReprinted from Ward et al., 1998).

spp. share the upper mat layers wWithmentous anoxygenic phototrophs assigned to the
named gener®oseiflexusand Chloroflexus as well as a\naerolineadike population

of Chloroflexi (Figure 12C), other anoxygenic photoheterotrophic bacteria, including

CandidatusChloroacidobacteriumhermophilumand Chlorobialeslike organisms, and
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novel chemoorganotrophic populatior(®ubel et al., 2002 Klatt et al., 201}L
Cyanobacterial mats in Yellowstone foeohbySynechococcusccurbetween-45’C and
73C, the upper temperature limit of photohyesis Brock and Brock, 196&erris etal.,
1996a; Ward et al., 1998; Miller et al., 2000). Studies of species in the Ward Lab have
focused on theSynechococcupopulations because of the seemingly homogenous

distribution of these unicellular cyanobaaealong both flow and vertical gradients.

Comparison of Cultivation and 16S rRNAAroaches

The most readily cultivabl8&ynechococcustrain(C1, which isclosely related to
S. lividus and Thermosynechococcudongatauy from MushroomSpring and Octopus
Springis not the most abundant cyanobacterium irsemeat as once thoughteeks
and Castenholz 1971; Ferris et al., 1996. Molecular analysidbased on 16S rRNA
cloning and sequencindentifiedthata group of closely relate8ynechococcusferred
to as Alike and Blike populations are the predominant cyanobacterial members of the
community (Ward et al., 1990; Ferris et al., 1996b; Ward et al., 1998). closely
related but different cyanobacterial 16S rRNA genotypesre detectedwhich were
labe | ed ANj, AAjNj, BNj, and B ( Fer3,nnonechwhathwater d

phylogenetically similar t&ynechococcus lividy®S C1 Isolate in Figure 1.3)

Distributionof Molecular Variants

Denaturing gradient gel electrophoresis (DGGE) has been used to examine

genetic diversity in marine and terrestrial habitdtkiyzer et al., 1993; Ferris et al.,
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Figure 1.3.Distance matrix phylogenetic tree depicting cyanobacterial 16S rRNA

sequencesvhich form a monophyletic lineage in Domain BacteinaJuding those from

the Octopus Spring mat. The scale bar corresponds to 0.01 nucleotide substitutions per
sequence siteSynechococcus lividuss represented by the OS C1 isolate. The
cyanobacterial equences detected in the Octopus Spring mat are highlighteoldn b
Genotype OS Type WjNadjdetected after a disturbance experiment (Fetrias, 1997).
(Reprinted from Ward et al., 1998)

19963. DGGE uses a gradient of increasing denaturant comatiems to melt apart
doublestranded DNA based on sequence differencBsimers used for PCR
amplification havean endclamp sequence containing ~30 guanosine and cytosine
residues These nucleotideorm basepairs with more hydrogen bontisan adenine and

thymine Consequently, when the portion of the dowdilanded sequence being

amplified reaches a point in the denaturant gradient causing it to melt into single strands,



10

the end sequenceesists melting This results ina molecular confjuration that traps
partially meltedsequence at different positiors in the gelaccording to differences in
their nucleotide sequencdsachunique sequence fosra band in the gel, theoretically
migrating to a unique position dependent upon base paipa@sitton and sequence. This
allows for the physical separation of unique sequences within an environmental sample,
and along ecological gradients, even if only a few base pair differehfitesentiate
genetic variants

Whensamples collectedlong the dfuent flow path from the upper temperature
limit to ~48°Cwere analyzed with DGGEhe Synechococcus6S rRNA genotypes were
shown to have unique temperature distributions in both Oct8ptag and Mushroom
Spring (Figures 14 and 15, respectively. TheANja and Aweredoendathey p e s
highest temperatures fron7266°C, the A genotypavas found atemperatures from
~67-57°C and the B and B ategpemtorébgtpeers63and48°€ f ound
(Ferris and Ward, 1997; Ward et al., 2008ynebococcusstrains with 16S rRNA
sequences corresponding to some of these environmental 16S rRNA genotypes were
cultivatedand shown to have unique optimal growth temperatures, as well as different
temperature ranges, that correlated with thesitu distributions (Allewalt et al., 2006)
(Figure 16). These resultded to a realization th&®ynechococcushay form ecological
speciespossi bly similar to the patterns obseryv

Islands (Darwin, 1859).
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Figure 1.4.Denaturing gradient gel electrophoresis profiles of 16S rRNA gene segR@Ramplified from DNA extracted
from Octopus Spring microbial mat at temperatdeéned sites. Letters and primes indecd6S rRNA genotypessenotypes
of interesttothisd ssertati on avuleple lanes uhder eaan dempRrisjure range represent replicate samples

(Modified from Ferris and Ward, 1997
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Figure 1.5Denaturing gradient gel electrophoresis analysis of 16S rB&iesegments
PCRamplified from mat samples collected at four temperateéned sites along the
Mushroom Spring effluent channel. Letters and primes indicate 16S rRNA genotypes
Genotypesf interesttothisd s sert at i on (Reprnteddfrom Ward eaal..d B Nj

2006).



13

1.0 -
= 0.8 -
&
=
0.6 -
ol
=
= 04
2
A o2 -
0.0

35 40 45 50 55 60 65 70 75 80

Temperature (0C)

Figure 1.6.Comparison of growth rates 8fynechococcusolates with A, B, and B” 16S
rRNA genotypes with respect to temperatur&emperature distributions of
Synechococcu$6S rRNA genotypes , B  anntte m&wWgre 48-57°C for B, 55
63PC f g and IBEFC for A (refer to Figures 1.4 ardd5) Error bars correspond to-+/
1 standard erroModified from Allewalt et al., 2006).

Using a cryotome to dissect tmsamples along the vertical aspet8S rRNA
variation along vertical gradients was also anaedlyfRamsing et al., 2000). At &, the
B Nenotypewas predominantear the surface of the green layer, while the A genotype
was detected at lower deptl{gigure 1.7),where a bright band of chlorophyd
autofluorescencein Synechococcusellsis found (Figures 1.2D). At88, wher e t he

genotype is found, there were no genetic differences in the 16S rRNA sequence along the

vertical gradient. However,hé examination of thenore divergentl6S23S rRNA
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Figure 1.7 Vertical distribution of 16S rRNAlefined genotypes in the 61°C Mushroom
Spring microbial mat. (ADenaturing gradient gel electrophoresis (DG@E) of the
upper 2mm cyanobacterial layernd of 100 um-thick horizontal cryostat sections
through the upper-inm of the ma 6 s sur f ace | @Gwn.eSinglesletenp | e d
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l

— 0.001 substitutions/site

Figure 1.8.Unrooted neighbejoining tree of thermophilicSynechococcusequences
based on 396 nucleotides of the internal transcribed spagem adjacento the 16S
rRNA gene. Circles arenatsurface sequences; squares @asubsurface sequences.
Identical sequences are positioned togethderatinal branches. Bootstrap values over
50% are shownScale bar indicates 0.001 nucleotide substitutiongfstteified from
Ferris et al., 2003).
internal transcribed spac¢iTS) regon allowed for the identification of two unique
genetic populations that inhabited distinct vertical positions in the (Figure 1.8)
(Ferris et al., 2003), with the deeper population correlating with the phenotypically
distinct band of more intense chdphyll a autofluorescence (Figurs 1.2D.

No difference in 1623S rRNA ITS sequence was found at@GBetween the top

and bottom sections of the green layer despite observed differeneesofluorescing

populations with depthraising the question of whether t83S rRNA ITShad sufficient
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molecular resolution to separatere recently evolvedcologically distinct populations
(Ferris et al., 2003). Alternativelyhe differences in autofluorescenoauld in this case
result foma single speciethat isdifferently acclimated to varying light conditions.

This opened up the question of how mumblecular resolution wasequiredto
detect individuals within species populatiofard and Cohan, 20p5Additionally, a
theory based approach was needed to understand how variation from sampling related to
individual genetic varianta/ithin ecologicalspeciegpopulations as molecular resolution
was increasedl'he ability to understand the evolutionarydes that shape modeday
bacterial lineages, and the ecologies of the fundamental units (i.e. ecological species), is
of utmost importance to understanding the structure and function of any microbial

community.

Stable Ecotype Theory and Evolutionary Siation

The Ward Lab began collaboration with Dr. FrederMk Cohar (Wesleyan
University) to apply theoretical modeling to the genetic diverdétectedn these mat
systems. According to Coha2002) species have quintessential propertiegsiMost
fundamentally, genetic diversity within a species is thought to be constrained by one or
more forcesaswdl lcohesheinwg hlfronrdeversgtyrwsthinb | y s e
other species)with distinct evolutionary fatésalthough Cohan (2011) sinpeinted out
that cohesion may not always be requirBdcterial species populations can be held
together through periodic selection events, genetic drift or homologous recombination
(Koeppel et al., 2008)and can diverge through mutation, geographic ismia

heterologous recombination, niche specialization and genetic drift. These factors can
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occur to different degrees in the evolution of different organisrakng it difficult to
apply a universal microbial species definition to all taxa in all enments(Ward et al.,
2008) To accommodate different observations and incorporate the many forces that can
act on bacterial diversity, Cohan has developed multiple evolutionary naidssterial
speciation Cohan and Perry, 2007

In this dissertation Will primarily focus on the Stable Ecotype Model of species
and speciatiorfFigure 19), which best matches patterns ®fnechococcudiversity in
Mushroom Spring and Octopus Spring (Cohan and Perry, 2007; Koeppel et al., 2008
Ward and Cohan, 2005Speces evolving as predicted by the Stable Ecotype Model (i.e.
ecol ogi cal species; whi c hsharamanyeof tisealyndomec c on s
properties attributed to eukaryotic species: genetic diversity within an ecotype is limited
by a force of colgon (in this case, periodic selection); different ecotypes are free to
diverge without constraint from one another; andtgpes are ecologically distinet
(Cohan 2002).

In the Stable Ecotype Model, modern phylogenetic diversity is generated through
a wries of periodic selection and ecotype formation eve?® gnd EF irFigure 1.9).
Bacterial populations accumulate genetic diversity over time though mutation and
recombination(dashed fans of diversity in Figure 1.9%hen an individual within a
populaton gains a beneficial trait, due to a mutation or recombination event, that
individual becomes more fit than other members of the population, thereby purging the

genetic diversity within the population though periodic selection (Koch, 1973; Cohan and



Ecotype 1 Ecotype 2

Stable Ecotype
Concept

Figure 1.9.The Stable EcotypeModel of microbial speciation depicting the relationship
between ecologically distinct populations and DNA sequence clusters. Different ecotypes
are represented by different colors. EF shows an ecotypetiomevent. PS (&srisks)
showexamples of periodic selection events that purge population diversity except for one
mostfit individual. Dashed lines represent extinct lineagdedified from Cohan and

Perry, 2007).

Koeppel, 208). Hence, a bacterial specen be consliered a population of individuals

that accumulate mutations within the same ecological niche, and which are held together
by occasionakollapses in genetic diversity due doseries operiodic selection events.
However, a beneficial mutation or recombina eventmight allow an individual within

a population to utilize a new environmental niche (i.e. ecotype formation event), thereby

forming a new ecological species that is no longer affected by the periodic selection
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eventsaffecting the parental populon. The newly formed ecotype then accumulates
genetic diversity independently of the parental ecotyp# following a series of periodic
selections in each lineage, two different ecotype clades are for@edes within
populations evolving according tthe Stable Ecotype Model should exhibit1al
correspondence between ecotypes and sequence clusters, at least for genes that are not
highly recombinant.

Models provide a platfornfor tesing hypotheses in microbial ecology and
evolution. Evolutionary simation programs have been developed to hypothesize which
clusters of sequences are ecologically distinct within genetically dipeys@ations or
which sequences asssociated witla specific environment, artlusare a helpful first
step in forming hyptheses about the demarcation of species from geneticTdetawo
models that were used in this study are discussed below.

An evolutionary simulation program called Ecotype Simulation (E8)ich is
based on the Stable Ecotype Model developed by Koegipal, (2008)Figure 1.10,
was used most extensivelin the first step of ES,esjuences from nature are binned
using differentlevels ofsequence similagtin order togenerate dineagethroughtime
plot, represented by aurve of increasing numbesf sequence bins the higher the
nucleotide identityused to define a birfFigure 1.1R). As shown by the leftnost
vertical bar in Figure 1.11B, when the sequence relatedness criterion is set at 80%
sequence divergence, all sequences in the phylogeny sti@vmembers of one bin.

However, following vertical bars to the right, as the sequence relatedness criterion is
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Figure 1.10.The Ecotype Simulation Model for estimating the order and timig)go(t
periodic selectiorevents(PS) ecotype formation eves (EF) the influence of genetic
drift (D) and the number of putativexotypes from sequence data (modifiexirf Cohan
and Perry, 2007).
made more stringent, there are more bins each containing fewer sequences. When the
sequence relatedness criterionalssolute identity (i.e., 100%), all unique variants are
binned separately. The resulting curve (e.g., Figure 1.11A) summé#reevolutionary
history of the genetic diversity in tleample and is used as a reference for the simulation
(Koeppelet al, 2008).

In the second stephé ES algorithmgenerateshypothetical patternsof the
evolution of a given set of modeday variantsbased on th@arameterof the Stable
Ecotype Mode(Figure 1.10)the number o&cotypesn a phylogenythe rate of periodic

selection events, the rate of ecotype formation events and the impact of genetic drift. ES

stochastically generates thousands of possible combinations and timings of these
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Figure 1.11.Ecotype Simulation analysis oBynechococcuske 16S23S internal
transcribedspacer regionsequence data retrieved from the Mushro&pring and
Octopus Spring microbial mats. (Ajhe actual and modeled relationships between
number of sequence bins and the sequence relatedness criterion used to demarcate
(B) Phylogaetic tree showing putative ecotypes (PEs) demarcated by Ecotype
Simulation, where n is the most likely estimate of the number of PEs and the number in
parenthesess the 95% confidence intervalhin dashed lines iB demonstrate hownore

bins arisan A as one progresses from the common ancestireextremeleft of the tree
towardindividual variants at the extreme right of the ti€elors highlight location in the
mats from which variants predomtivy a PE clade were collectddee inset key)
(modified from Ward et al., 2006).
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parameters, each of which coaleseeset of variants in a backward evolutitm a
common ancestor.

In the third stepES thenruns a forward evolution to simulate the natural history
of the phylogeny using each possible combion of the parameters, and the resultant
outpus arecompared to theeference curvéo determine the most likelyattern, and thus
the most likelyvalues for each parametétinally, ES demarcates clusters of sequences
as putative ecotypes (PHsgypothesized ecological populatg)rbased on theequences
within a clade with the highest likelihood of belonging to a single ecotype (i.e. if the
value 1 is included within the 95% miidence interval) (Figure 1.B). Alternatively,
ecotypes can be demcated usinga lessconservative maximushikelihood approach,
which predicts putative ecotypes using the most probable number within the confidence
interval (Francisco et al., 2012ES has been applied to distinct systems such as the
Bacillus subtilluspopulaions of a westunning canyon in Death Vallahatwereshown
to have unique distributionsn cliff faces with varying solar exposure (Connor et al.,
2010), and th&ynechococcus6S23S rRNA ITS populations of Mushroom Spritiat
were shown to havenique distributions along temperature and vertical grad{€igsre
1.11) (Ward eal., 2006).

AdaptML, another prograrthat wasusedto a lesser extemt this thesis, analyzes
genetic diversity fronmultiple habitats and predicts the number of ecolaltycdistinct
populations (Hunt et al., 2008). However, AdaptML focuses on distribution and predicts
ecologically distinct populations dependent upon where in the environment sequences

were | ocated. It i's | argel y bat endrenthentaly t

he
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features are importarfCohan and Koeppel, 2008 contrast, ES predicts ecological
species without taking environmental features into account, but the environmental data
are used todetermine whether or n®®Es are ecologically distin¢Figure 1.11B) For
example, using 1633S rRNA ITS data, ES accurately predicted two ecological
populations from sequence diversity located at 68°C that were subsequently shown to
inhabit surface and subsurface regions of the(Figure 1.8 and 1.11B)

High-resolution Molecular
Analysisof ProteinEncoding loci.

Most microbial population genetics analyses to date have been conducted on
conservedgenetic locithat offer low molecular resolutiorMelendrez et al. (2011)
analyzed protekencoding genesvith varying degrees of genetic divergenice an
attempt to determine the influence of molecular resolution on the seqoased
discovery of ecological diversitffFigure 1.12) TheSynechococcusci apcAB aroA and
rbsK were PCR amplified and clone ldotes were created separately for thdéik& and
B MNke 16S rRNA populationsAs shown in Figure 1.1ES predicted more PEs from
proteinrencoding loci when compared 16S rRNA plusl6S23SrRNA ITS (compare
Figures 1.11B and 1.12)and as molecular divgence increased, more PEs were
subsequently predicted. All 3 loci showed temperaspecific ecotypesat 60°C and
65°C for the A-like populations (Figure 1.12jhough only two different temperature
defined habits were used in the analysis, thus limitegabilityto differentiate PEs and

provetheir ecological distinctness.
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25

Proving that Predicted Ecotypes amdBqgically Distinct

Identifying ecotypes through population genetics studies and evolutionary
simulation programs is only the first step toward analyzinggdreeticdiversity within
the environment. PEs predicted through evolutionary simulation analyses then must be
shown tobe ecologically distincfsee Figure 1.11B). Previous work was limited by the
low molecular resolution of the 16S rRNA locus, minimal sampling of genetic variation
and low habitat variability. The aim of this thesis was tevaluatethe ecological
distincions of PEs predicted by E&inga more highlyresolvingproteinrencoding locus
by analyzing(i) populationdistributions across kErge number of habitats(ii) species
specific patterns of gene expressiamd (iii) unique response to environmental
perurbation.Genetic variation in th@saAlocus was analyzed becau$git offers more
molecular resolution than the 16S rRNd&cus, (ii) it is known to be expressed situ
(Liu et al, 2@.2), (iii) it exists as a single copy in the genomes of 8ytechooocus
isolates (Bhaya et al, 20Q74)v) the protein subunitit encodes (PsaA) is necessary for
photosynthesisand (v) it sbws minimal evidence of recombinatiom the region
studied In Chapters2 and 3of this thesisl examine properties opsaAdefined

Synechococcuscological species and addressftiilowing questions

1) Do putative ecotypes predicted from psaA sequences by Evolutionary
Simulation and AdaptML exhibit unique distributions along temperature and depth
gradients?

Chapter 2 (Bemft et al., 2011) compares and contrasts the PE outputs of the

evolutionary simulation program Ecotype Simulation, ahé ecological sequence



26
clusterspredicted byAdaptML. DGGE is then used tanalyze the distribution gisaA
variants alondine-scale fow and vertical gradientshereby increasing habitat variation

and enablingletermiration of whether PEare spatially distinct.

2) Will the increased sequenceand habitat coverage provided by gh-
throughput sequencing analyses (Ti45%arcoding and sequencing)ncrease ecotype
coverage ad improve fine-scale analysis of properties expected of ecological
specie®

During my thesis work, higthroughput sequencing techniques became avajlable
which permitted deejgoverage sequencedbased analyseof psaA variants and
distributiors overa large number of habitaf§i454-barcoding and sequencing allows for
greater sequence sampling demhd allows for the simultaneous analysis of multiple
habitats. This is accomplished by ligating a short sequsegment uigue to a given
sample onto thePCR primer used to amplify sequences from that sample before
sequencing. This allows sequences from different samples to be simultaneously analyzed
in high-throughput sequencing runs (e.g., using Ti454 technologgllting in a very
large number of sequences that can be sorted to the samples from which they came based
on the samplspecific barcode sequendra.Chapter 3 (Becraft et asubmitted, deeper
sampling andncreasecdhabitat coerage provided by Ti458arcoding and sequencing
allowed me to examine PEs that were insufficiently sampled in Chapter 2, and to better
understand their distributions using sequence data instead of &@@EmigrationIn
addition to extending finecale distribution studies reped in Chapter 2, | examined
temporal differences in ecotyspecific gene expressioand unique responses of

predictedSynechococcuecological speciepopulations to environmental perturbations
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Deep sequencing also allowed me to gain insight into ¢netg structure of ecological
populdions, andto address the issue tie ecological interchangeability of individuals

predicted to be contained within a PE.

EvaluatingSynechococcuSpecies in Broader Ecological @texts

Having demonstrated the valud Ti454-barcoding, | used this approach to
examine a largnumber of samples that had been collected in previous Ward Lab studies
(Chapters 45 and § and in collaborations with bér Ward Lab students (Chapter 7

The following questions were addressed.

1) Will biogeographical patterning of psaA sequencevariants provide insight

into ecological and evolutionary processes that have affecte8ynechococcus
populations in the American Northwes®

In Chapter 41 examinepsaAsequence diversity across the terestern United
States within individual springs in different regionsBiogeographical patterns and
distributionswere examined and analyzed in relation to geographical distance and hot
spring chemical propertidgs better resolvsequencalistributions eiginally reported in
Papke etal. (2003. Variation within and between ecological spec{es geological
speciesas also examined to determine if populations were evobepgratelyamong
springs and differently withigeographiaegions.Additionally, regions and springs were
sampled atdifferent ecological settingto observe population distributions in springs
with different chemical parameters (e.g., pHs) or along ecological gradients within

individual springs (e.g., temperature).
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2) How stable areSynechococcusgcologicalpopulations over time?

In Chapter 5PE distributions and relative abundances were compared between
winter and summer months to determine whether a more highblving protein
encoding locus would resolve seasopatterns of populations changing that were not
seen in a previous study based on 16S rRNA sequences (Ferris and Ward| aB@7).
analyzel Synechococcuscological populationsemarcated by EEom psaAsequence
variation in samplesollectedfrom Mushroom Spring and Octopus Spribgtween 1989
to 2009 in orderto observetemporal changes ipopulation abundance and genetic
structureof PEs Additionally, | was able to analyze withiPE diversityover a period of
yearsat both Mushroom Spring and Octopus Springobservewhether populations

changed separately within and between springs.

3) What factors govern the recovery of Synechococcuspopulations after

disturbance?
In Chapter 6) report results ofnalyses ofpaterns ofrecolonizationin response

to physical disturbance of theat under different light conditionsThis permitted
evaluation of the roles of dispersal and ecological adaptation in the recovery process.
Since a previous study suggested that physicdibturbed sites were colonized by
upstreanSynechococcugopulations (Ferris et al., 1997T)alsoanalyzedSynechococcus
PE distributions in the water flow path, which coulte important ininfluendng

recolonization of disturbed maites

Collaborative Studiesrploying Ti454Barcode Bchnology

In Chapter 71 address other used Ti454-barcode technology | implemented
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during my graduate studigbat included () using deegsequencing technology to test
Synechococcussolate culture punt before genomic analyses, )(ianalyzing the
distribution pattern®ver a wider range of habitats of genesed in othessingle and
multi-locuspopulation geneticstudies(Melendrez et al. 2011; Melendrez et al. in prep)
and (ii) using Synechocecusisolate genomegepresentative of PEs defined at thsaA
locusto link psaAandmulti-locus PE distributions.Background for these stuesi will be

provided in Chapter.7

Conclusios

This dissertation provides a ftitude of evidence, including )ifine-scale
patterns of ditribution, (i) temporally varying ecotypspecific expression patterns, )iii
unique population responses ot environmental perturbations, (iv) sequeneed
populationspecific biogeographical distributiongv) PE-specific changesin relative
abundancendwithin-populationgenetievariationover time (vi) initial colonization of
newly forming mat after environmental disturbancand (vii) adaptations of
Synechococcusolates verifying that manyputativeecotypeSynechococcuysopulations
demarcated by ES analysis p$aA variation are ecologicallyand/or geographically
distinct specieshat are subject to the evolutionary and ecological principles that guide

thinking about plant and animal species
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CHAPTER TWO

FINE-SCALE DISTRIBUTION FATTERNS OFSYNECHOCOCCUECOLOGICAL
DIVERSITY IN THE MICROBIAL MAT OF MUSHROOM SPRING,

YELLOWSTONE NATIONAL PARK
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Abstract

Past analyses of sequence diversity in fggolution proteirencoding genes
have identified putative ecological species of unicellular cyanobacteria in the genus
Synechococcuswhich are specialized to 60°C versus 65°C in Mushroom Spring
microbial mats. Because these studies were limited to only two habitats, we studied the
distribution of Synechococcusequence variants at 1°C intervals along the effluent flow
channel, and &80 um vertical depth intervals throughout the upper photic layer of the
microbial mat. Diversity at thesaA locus, which encodes a photosynthetic reaction
center protein (PsaA), was sampled by PCR amplification and cloning and sequencing
methods at 60°C63°C and 65°C sites. The evolutionary simulation programs Ecotype
Simulation and AdaptML were used to identify putative ecologically distinct populations
(ecotypes). Ecotype Simulation predicted a higher number of putative ecotypes in cases
where habitat ariation was limited, while AdaptML predicted a higher number of
ecologically distinct phylogenetic clades in cases where habitat variation was high.
Denaturing gradient gel electrophoresis was used to track the distribution of dominant
sequence variantd ecotype populations relative to temperature variation and,t@t®d
and spectral irradiance variation, as measured using microsensors. Different distributions
along effluent channel flow and vertical gradients, where temperature, light and O
concentrabns are known to vary, confirmed the ecological distinctness of putative

ecotypes.
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Introduction

Surveys of sequence diversity have led to the discovery of ecologically adapted
populations in extremely closely related microorganisms in multiple taxhitimtgamany
different environments. For instance, molecular diversityPirochlorococcusspp.
(Johnson et al., 2006; Martiny et al. 2009; West and Scanlan) a88%rotedhodopsin
containing bacteria (Béjat al., 200) has been found to vary with degththe marine
water column in relation to variation in light intensity and quality and differences in
nutrient availability. UniqudBacillus sequence clusters were shown to be associated with
desert hillsides having distinct solar exposurdgoas and sbitextures (Conner et al.,
2010; Koeppel et al., 2008 Molecular analyses have also shown closely related
ecologically distinct populations in marin€ibrio (Hunt et al., 2008 acid mine
Leptospirillum(Denef et al., 2000and multiple pathogens includjiegionella(Cohan
et al., 200§, Escherichia(Manning et al., 2008, Walk et al., 2007, Walk et al., 3009
Mycobacterium(Smith et al., 2006 Salmonella(Soyer et al., 2009 andY ersinia(Zhou
et al., 2004 Finally, genetically distinct populations bbt springSynechococcuksave
been shown to be associated with different tempexatnd vertical distributions (Ferris
and Ward, 1997; Ramsing et al., 2000; Ward et al., 2006

In the case oSynechococcudive closely related 16S rRNA genotypes (termed
A NjNj, A Nj, A, B Nj, and B) exhibited differen
Octopus and Mushroom Springs from the upper temperditmit at 7274°C to ~50°C
(Ferris and Ward, 1997; Ward et al.,, 2D0&ultivated Synechococcusstrains

represeting some of these 16S rRNA genotypes exhibited unique optimal growth
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temperatures, as well as different temperature ranges for growth, which correlated with
thein situgenotype distributions (Allewalt et al., 2003 his provided a means of testing
the typothesis that adaptive evolution, at least in part, can explain the distribution pattern
observedin situ. Vertical distribution studies gave further evidence for adaptation of
Synechococcuspp. At 60°C, theéSynechococcuBNj 16 S r RNA genyotype
cyanobacteriagjenotype detected near the mat surface, whileStimeechococcus 16S
rRNA genotype was detected only at lower depths in the approximately-thickrtop
green layer of the mat (Ramsing et al., 20@0rrelating with a brightly autofluorescent
subsurfac&ynechococcusopulation. At 68°C, where tif®ynechococcuB Nj genot ype
found, there was no sequence diversity at the 16S rRNA locus throughout the vertical
aspect. However, examination of the ealpidly evolving 1623S rRNA internal
transcribed spacer (ITS) region allowed for the identification of two unique genetic
populations that inhabited distinct vertical posisamithin the top green layer (Ferris et
al., 2003. One sequence cluster wiasind in the top portion of the green layer, while the
other was found near the bottom of the green layer, where the more brightly
autofluorescenSynechococcusopulation resided. In contrast, at 65°C, no differences in
16S rRNA or ITS sequences were fduhroughout the vertical aspect of the mat, raising
the question of whether more molecular resolution was needed to separate ecologically
distinct populations of cyanobacteria, or alternatively, whether one differently acclimated
population was merely anftuorescing dissimilarly adlifferent light intensities (Ward et

al., 2008.
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Recently, genetic variation in proteemcoding loci of Synechococcusvas
analyzed with an evolutionary simulation program based on the Stable Ecotypéd¥lod
species and spetion (Melendrez et al. 201L1Ecotype Simulation (ES) was used to
predict from sequence variation alone putative ecologically distinct populations (i.e.,
putative ecotypes (PEs)), which group together sequences that are hypothesized to
represent ecologitlg interchangeable individuals (Cohan and Perry, 2007; Koeppel et
al., 2008). The algorithm AdaptML (Hunt et al., 2008vhich utilizes both habitat
specialization and phylogeny, was also used in this study to identify ecologically distinct
phylogenetic lusters of sequences (i.e., ecological clusters (ECs)). These two algorithms
have previously been shown to yield similar, though not identical demarcations of
ecobgically distinct populations (Conner et al., 2010; Melendrez et al.,)2@tdvious
applicdgions of ES and AdaptML have shown that the greater molecular resolution
provided by proteirencoding loci increased the numberSyinechococcuBEs predicted
by 4-14 times that observed with 16S rRNA, and the number of PEs predicted for each
gene was a fction of the rate of evolution of the genklglendrez et al., 20)1
Validation of whether PEs meet the expectations of true ecologically specialized
populations can be achieved through examination of unique spatial distributions relative
to different fedaures of the habitat (Ward et al., 200However, in the case of hot spring
Synechococcugopulations, studies done to date using preégicoding sequences have
included only two habitats, and this limited identification of habitat associations.

The aimof this study was to more thoroughly examine the distribution patterns of

populations predicted from sequence analyses to be ecologically distinct. To do so, we
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examined the distribution of genetic variation of a highly resolving pra&eaoding
locus almg finescale environmental gradients as quantified by microsensor analysis
(Kuhl, 2005. We used variation in th@saA locus, which encodes a reaction center
protein subunit of photosystem |, an essential component of the cyanobacterial
photosynthesis ajgpatus, to predict PEs. This locus was selected as it is one of the most
highly expressed genes detected in metatrarieanip analyses of these mats (Liu et al.,
201]), and thus offers the potential to reveal differences in expression patterns among
individual ecotypes, which could be useful for discerning adaptive differences among
populations that cexist spatially. Since PE clades conta@lominant sequence variants
(Melendrez et al.,, 20)1we were able to use denaturing gradient gel electrophoresis
(DGGE) to track the distributions of PEs predicted by ES and ECs predicted by
AdaptML. We show thatSynechococcupopulations predicted to be PEs or ECs do

exhibit different distribution patterns as expected of true ecological species.

Materials and Methods

Sampling

This study was focused on the 65°C to 59°C region of the major effluent channel
of Mushroom Spring, an alkaline siliceous hot spring in the Lower Geyser Basin,
Yellowstone National Park, WY, USA. Samples were collected from sites spread over a
distance of ~15 m in the main flow path defined by temperatures measured at the specific
time of collection, similar to the sample sitesAippendixA FigureAl. Temperatures at

specific sites in Mushroom Spring fluctuate over the diel cysfpéndixA Figure A2)
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and seasonally (S. Nowack and I. Klapper, unpublished results). Microbial mat samples
were collected on 20 September 2006 at temperdefieed sites along the flow path
using a #2 cork borer (19.6 MnThe ~1mrthick top green layer of the meontaining
Synechococcueells was removed with a sterile razor blade and immediately frozen on
site in liquid N. Samples for vertical distribution analyses, which included the orange
undermat beneath the green layer, were collected at midday on 134 a®eptember
2008 with a #2 cork borer and were immediately frozen in isopentane kept cold with
liquid N2. These samples were stored during transit on dry ice in 15 ml Falcon tubes
packed with Kimwipes at both ends to prevent physical damage as desgriRathbing

et al. (200, and transferred to-80°C freezer for long term storage.

Vertical Dissection

Frozen cores were embedded in Tis¥e& O.C.T. compound cryoprotectant
(Sakura, Torrance, CA, USA) and sliced parallel to the mat surface at 40 pwalsiter
using a cryotome (Leica CM 1850, Bellevue, WA, USA) with a fixed sterile diamond
knife at-20°C. Two adjacent 40 um slices were combined for DNA extraction. This
procedure was repeated throughout the entire top green layer, which ranged in thickness

from 500 to 980 pm.

DNA Extraction and Brification

Nucleic acids were extracted and purified with the fastDNA spin kit (Molecular

Bi osciences, USA) according to the manuf ac
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manufactur er Njs bed dy leadsadny intaiFastprep Gelh Disrupter
(Bio101 Savant Instruments, New York) for 45 sec at a speed setting of 6.5 meters/sec.

PCR Amplification, Cloning,
Sequencing and Phylogenetia#lyses

A 557 bp segment of thesaAgene (positions 27836, total gene length 2268 bp;
single copy in th&Synechococcus p p . strain A and BNj genomes
as it resides within the most variable region ofgieeaAgene and exhibits 8% nucleotide
divergence between homologs in tBgnechococcuspp. st rain A and BNj
(Bhaya et al., 2007 Primers for the amplification ddynechococcusd/B-lineagepsaA
genes ( ps a&dagcgguamtaatiaceaNg, Nj p s a A rcaggcuaeccttgaaggtg 5 Nj
3 Nj) were designed wusi ng tslor thepimegratedrDNA e si gn
Technobgies website; BLAST analyses (Altschul et al., 198Qainst the Genbank
nucleotide (nr/nt) database hti{p://www.ncbi.nim.nih.gov/genbank/index.hjmland
Mushroom ad Octopus Spring metagenomes (Klatt et al., 20&é&re condcted to
ensure that the top match of the primers waSywechococcus pp. st rpsaAn A or
homologs.

Primers were diluted to a final concentration of 10 uM for use in the PCR reaction
mixture (5 pl MgCl, 5 pl reaction buffer, 5 pl bovine serum albunimul of each 10 pM
primer stock solution, 1 Ol dNTP6s (10 OM

31.75 pl ddHO). Cycling conditions were as follows: initial denaturing step of 94°C for

2 minutes followed by 30 cycles of 45 sec at 94°C, 45 sec &, %8fd 90 sec at 72°C.
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After verifying sizes of the PCR products using agarose gel electrophoresis, PCR
products were purified using a QIAquick PCR purification kit (Qiagen, USA).

Purified PCR products were cloned using the TOPO TA 4.1 cloning kit
(Invitrogen Life Technologies, USA) with 2 ul of DNA solution (~1 pg/ml), and cells
were transformed following the manufactur.
picked and inserts were analyzed by PCR amplification ofpteA locus and gel
electrophoresisClones with correctly sized inserts were sequenced usingpshé
forward and reverse PCR primers at the Idaho State University Molecular Biosciences
Core Facility. Sequence data were aligned and manually edited using Sequencher 4.7.
Clone sequencends vere trimmed to achieve a final length of 523 bp to obtain the
maximum numbeof sequences for analysis. Sequences have been submitted to GenBank
(JN160275 to JN160599 Neighborjoining trees were constructed and average

evolutionary divergence was calatéd using MEGA 4.0 software (Tamura et al., 2007

Ecotype Emarcation

Sequences were assigned as eigyrechococcus-l i k e -like at 6BBMNpnd
63AC if they were 092 % psaAlgenomic tamblogstio t he
Synechococcuspp. strain AJA-3-3 Aa ) o0 £2-3 B Njal 8))\ Aigned sequences for
A-l 1 ke -bka gsaABddants were analyzed using ES to predict the number of
putative ecotypes with 1.5x sorting (Cohan and Perry, 2007; Koeppel et al.). 2008
Neighborjoining trees were consicted and uploaded into ES as Newick files for
ecotype demarcation. Sequences were classified into ecotypes using the automatic

demarcation approacht(p:/fcohan.web.wesleyan.edu/ecoSinES demarcated putative



40
ecotypes as the largest clades that weresistent with containing a single ecotype (i.e.,
the confidence interval of the number of ecotypes for the clade included the value 1).
AdaptML analysis was performed using software available at
http://almlab.mit.edu/adaptmlivith temperature habitat vation, as well as the
sequene-based phylogeny, as input (Hunt et al., 20@ngle sequences demarcated as
PEs are identified with asterisks in Figu&$ and2.2. Single sequences demarcated as
ECs were not shown because the combination of nucleatigenprphisms and habitat
variation led to large numbers of singleton ECs that only contained a single nucleotide
polymorphism. Singleton PEs and ECs are not considered in the main text so that
distribution analyses could be focused on more abundant esotyya¢ contain a

dominant allele.

Denaturing Gradient Gel Electrophoresis

The DGGE procedure, band dissection and reagentstheesame as in Ferris et
al. (Ferris et al., 1996 DGGE gels were prepared to form a@@o denaturant gradient
of urea andormamide, and gels were stained with SYBR Green and photographed with a
Kodak 200R image station. DNA was then filtered through a QlAquick PCR purification
kit (Qiagen, USA) to remove traces of acrylamide before PCR amplification and
sequencing. Sequencebbnes containing dominant alleles of closely relateliké PEs
were PCR amplified and denatured to analyzenagration patterns. DGGE patterns
observed along the main flow path were replicated multiple times, and allelic distribution
remained visibly nchanged from September 2006 to September 28@®efdix A

FigureA3).
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Physical/Chemical Aalyses

The temperature of spring water at the sampling sites along the flow gradient was
monitored using an electronic thermometer (DigiSense dual logger, Eutéahmiests,
Singapore). Ambient photosynthetically active radiation (PAR,-Z0D nm) was
guantified as downwelling irradiance as measured with a quantum irradiance sensor
connected to a battedriven datdogging light meter (LI 1400, LiCor, Nebraska, USA)

Profiles of Q concentration and pH versus depth in the mat were measuséd
with electrochemical microsensors mounted on a maiwen micromanipulator and
calibrated as ekcribed in detail elsewhere (Jensen et al., 2011, Steunou et al., 2008
Measuring sites were adjacent to and slightly upstream from mat collection sites so that
debris from sampling would not affect the microsensor measurements.

Spectral photon scalar irradiance versus depth in the mat was profiled with fiber
optic microsensorsas cscribed in detail elsewhere {{K, 2005; Ward et al., 2006
Irradiance was measured in fresh mat samples retrieved at the different temperature sites
with a core sampler (inner diameter ~1.5 cm) and brought to the laboratory for analysis
within 24 hours after sampling. Light spectra were measured with adgbierhalogen
lamp (KL2500, Schott GmbH, Germany) illuminating the mat vertically from above. A
scalar irradiance microsensor was inserted into the mat at a zenith angle of 135° (relative
to the vertically incident light) in steps of 1200 um vertical digtnce using a manually
operated micromanipulator. The scalar irradiance microsensor was connected to a

thermoelectrically cooled spectrometer (QE65000, Ocean Optics, USA).
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Results

Variation inpsaAand Prediction of
Putative Ecotypes and Ecologicdu&ers

A highly variable region of thegsaA gene was PCR amplified from DNA
extracted from mat samples collected at Mushroom Spring 60°C, 63°C, and 65°C sites
and the resultant amplicons were cloned. A samp4bfclones from the 8C site, 26
clones fromthe 63C site, and 49 clones from the°@5site were sequencéb84 BNjke
and 136 Alike) to obtain the phylogenies shown in Figu&$ and2.2. Compared to
other loci studied previouslyhe average evolutionary distances fot A k e -lken d B Nj
psaA variants were most similar to those of theoA locus (Table2.1). In separate
analyses oSynechococcus-l i k e -likenpdpul&idhys, ES predicted a total of 21 non
singl et on-like &ns 9 Alke}, a8 MdaptML predicted a total of 14 nron
singletmm E C s -likeé and BLNMike). Most of the PEs and ECs contained dominant
alleles, along with singleton variants, which were generally divergent from the dominant
sequence by one or two nucleotide substitutions. ES estimated the periodic selection rate
(sigma) to be 0.998 (confidence interval of 0.02953), and the ecotype formation event
rate (omega) to be 0.152 (confidence interval of 0A.342) (rates are per nucleotide
substitution in th@saAsequence).

Of the twelve nors i n g | €eikeoPRis p@dijted by ES, nine contained a
dominant variant (i.e., a sequence comprising >15% of a putative ecotype). PEs without a

dominant variant always contained a small numbeéfr sequenc eslke( O3) .
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Figure 2.1.Neighborjoining phylogenetic tredbased onB ke SynechococcupsaA
sequences recovered from a 60°C site in the Mushroom Spring mat. Brackets show
clusters of sequences demarcated as putative ecotypes (PEs) by Ecotype Simulation (ES)

or, as an ecological cluster (EC) by AdaptML; subctad#th dominant variants within

PEs are also indicated. The ratio of the number of dominant sequence variants to the total
number of variants in a PE or subclade is indicated within parentheses to the right of the

PE designation. Triangle orientation indit e s
based on DGGE results. The location of thgnechococcus p .
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associ at i matlayars t h

B Nj
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asterisks. Scale bar indicates the number ofifp@int mutations per nucleotide position.
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Figure 2.2.Neighborjoining phylogenetic tree based d@xlike SynechococcupsaA

sequences recovered from 60°C, 63°C and 65°C sites in the Mushroom Spring mat.
Brackets show clusters of sequences demarcatpdtasve ecotypes (PEs) by Ecotype
Simulation (ES) or as ecological clusters (ECs) by AdaptML; subclades with dominant
variants within PEs are also indicated. The ratio of the number of dominant sequence
variants to the total number of variants in the Biclade or EC is indicated within
parentheses to the right of the PE designation. Colored symbols indicate the temperature

at which the majority of sequences within a putative ecotype were collected (blue, 60°C;
purple, 63°C; red, 65°C); triangle orienta on i ndi cates associatio
| ower (¢&) mat | ayers based on DGGE resul ts
of some symbols indicate the number of sequences retrieved from each site (60°C: 63°C.:
65°C). The location of th8ynechocoacs sp. strain A genomic homolog is shown by the

arrow. Single sequences demarcated as PEs are indicated with asterisks. Scale bar
indicates the number of fixed point mutations per nucleotide position.
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Table 2.1.Molecular resolution and putative ecotype (PE) prediction by Ecotype
Simulation (ES) analysis fd8ynechococcu8-l i n e a g dineaga gbpulBtidps from
60°C and 65°C Mushroom Spring samples based opgh&locus and other loci using

70 sequences antdaving singleton PEs.

Locus AED’of Alike AED of No.ofAlkePEs No. -bké

16S 0.002 0.002 1 2
ITS 0.002 0.010 2 6
apcAB 0.016 0.010 5 5
aroA 0.013 0.030 4 13
psaA 0.014 0.021 12(9) 18(12)
rbskK 0.095 0.050 14 15

loci other tharpsaAanalyzed by Melendrez et. al. (23).
2 AED, average evolutionary divergence.

3PE, putative ecotypes; PEs reportedMslendrez et al. 201dere demarcated on the basis of variation in

70 sequences and included PEs demarcated bassihgleton sequences. Comparable PE numbers for
psaA variants were based on random samplings of 70 variants and included singleton PEs. Values in
parentheses are numbers of +simgleton PEs predicted from all theaAsequences included in this study,
which are emphasized in the text.

sequences were also analyzed with -Akdapt ML,
sequences were recovered only from the 68a@ple;there was no opportunity for
Adapt ML to di st i nguynechococoud pp.i pd ter aEiQréas\B Nj Tdheen
sequence, which was not included in ES or AdaptML analyses, is most closely related to
a singleton PE that ffell bet we h). PPENjcl| ade
subclades (PB ¥NjL and PEB ™P) did not contain enougmolecular divergence for ES
to demarcate them as unique PEs, though these groups of sequences each contain a
dominant allele (Figurg.l).

ES predicted nine nesingleton Alike PEs, eight of which contained a dominant
allele. PEs Al and A36 were mostrequently recovered from the 60°C sample, while

PE A7 was mostly recovered from the 63°C sample, and PEs A2, A8 and A9 were almost
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exclusively recovered from th€5°C sample. PE A8 and A9 are likely to b&ljke
sequences, as they showed a closer rekttiprto homologs in a metagenome produced
from DNA extracted from a 68°C mat samphgppendix A, Figure A4), where Aljke
16S rRNA sequences predominate (Klatt et al., 20The psaA sequence from the
Synechococcusp. strain A genome was 100% identitalthe dominant allele of the
most abundant Aike PE (Al) (arrow in Figure.2). PEs A1 and A9 contain four and
three subclades, respectively, each of which has its own dominant sequence variant, but
these subclades were not demarcated as separate ESs Dhe PE Al subclades were
all demarcated by AdaptML as unique ECs, one of which was only retrieved from the
60°C sample, and three of which were predominantly associated with the 63°C sample
(EC A2- EC A4).AdaptML did not resolve PE A8 and PE A9 and dot demarcate PE
A9 subclades as unique ECs, but these groups were retrieved only from the 65°C sample
(Figure2.2).

Distribution ofpsaAVariants
Along the Effluent Flow Bth

Along the flow path between 65°C and 59°C, shifts in DGGE bands were
observed at 645°C and 6162°C (Figure2.3). These shifts in population structure were
observed at slightly higher temperatures in 2088pendixA Figure A3), which might
be due to differences in the degree to which the single measured temperaturetheflec
actual average temperature of a sifpgendix A Figure A2) or to year to year

differences in water chemistry. Many of ti¥GGE bands were dissected, purified,
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59 60 61 62 63 64 65°C

Figure 2.3 Denaturing gradient gel electrophoresis analysis of -B@Rlified psaAgene

segments obtained from Mushroom Spring microbial mat samples collected at different
temperaturaefined sites §9°C to 65C) along the flow path in the effluent channel.

Labeled bands were purified, sequenced and found to correspond to the dominant
vari ants of putative ecotypes BRFagnd2B.Nj9 , Al
Direction of electrophoresis is top to bottom.

sequenced and analyzed with the clone library sequences to determine their relationship
to PEs predicted by ES and ECs pegell by AdaptML.At 60-61°C, the three most

intense DGGE bands corresponded to the dominant variants of the mesgpretiented
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PEs i nlikaeameAlBNe phyl ogenies ( BNj9, BNj7 and
sequences of clones retrieved from theé@®s§ite.In the63°C and 64°C samples, the band
that migrated slightly lower in the gel than the Al band corresponds to the dominant
variant of PE A7 (EC A10), whose dominant allele was recovered only from fie 63
clone library. Bands corresponding to th@rdnant variants of PEs Al and A7 exhibit
how cemigration limits band resolution in DGGE analysis. Multiple distinct DGGE
bands were observed at°€; the most intense of which corresponded to the dominant
variant of the most abundant PE in the 65°C cldirary (A9). A second dominant band
migrated just above the dominant A9 band, and at least 3 other intense DGGE bands in
the 65C DGGE sample were visible that could not be purified and sequenced, but might
correspond to PE A8 and subclades of PE AQeaetsvely. Alternativelythese bands
may be heterodupl exes of -lkémpuationseince theyl os el

also exhibit unique distributions along the effluent channel.

Vertical Distribution ofpsaAVariants

PCRamplified psaAsequences obtained from different vertical sections &€ 60
and 63C mat samples were analyzed by DGGE to observe vertical population structure
(Figure2.4). Bands at different vertical intervals were identified based emigoation
with bands in the wHe mat sample that had been purified and sequerfe80°C
(Figure24 A) bands corresponding to the domi n:
most intense towards the top of the mat and decreased in intensity with depth, with the

band corresponding toB® B Nj7 mo st Il ntense c¢closer to th
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Figure 2.4 .Vertical distribution ofpsaAvariants, light, @ and pH at (A) 60°C and (B)
63°C sites in the microbial mat inhabiting the effluent channel of Mushroom Spring.
(Left column) Denaturing gradient gel electrophoresis analyses of-BQRlified psaA
gene segments obtained from 80 -tlick vertical sections of the top green layers.
Arrows indicate the different positions of closely migrating dominant alleles which
appear as one band whole mat samples and-augrate with the PE A7 band that was
purified and sequenced (Figu2e3). Direction of electrophoresis is left to right. (Middle
column) Spectral scalar irradiance (4000 nm). Data were normalized to the
downwelling irradianceat the mat surface. The spectral coverage in deeper layers was
narrowed due to spectrometer stray light at wavelengths <50(Ragit column)in situ
depth profiles of @ concentration (solid symbols) and pH (open symbols) measured at
noon (between 1200 and 1300 h at an irradiance of >1600 mmol photas1y.m
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decreasing more rapidly with depth than that of the band corresponding t&8jPEMB
distinct bands migratingotpositions near that of the dominant variant of PE A1 were
most intense in the lower layers of the 60°C sample (arrows in F2gike. It was not
possible to separately purify and sequence these bands; however, we suspect that they are
most likely from FEs Al (and subclade Al, which is the same as ECAL), A4 and AG6,
which were the next most abundant PEs detected in cloning and sequencing analysis of
the 60°C sample. Further support for this interpretation comes from the very similar
DGGE migrations of th dominant alleles of these populations in DGGE analysis (Figure
2.5).

Several closely migrating bands were also observed in the 63°C vertical profile
(Figure2.4B). A band corresponding to PE A7 was found between the mat surface and a
depth of 48Qum (band 1 in Figur@.4B). Three other bands, which migrated slightly less
far into the DGGE gel, were found at different subsurface depth intervals. The most
intense and furthest migrating of these bands was found below a depth oh4®and
2). Anotherband appeared between 40® and the bottom of the mat (band 3). The least
intense of these bands, which exhibited the shortest migration distance, appeared between
240 and 72Qum (band 4). We suspect that bands 2, 3 and 4 represent PE Al subclades
Al-2, A1-3 and A4, as these were minor populations demarcated by AdapiiMich
were demarcated as ECs A2, A3 and A4, and were predominantly retrieved from the
63°C site.Other dominant bands in the ®3 sample that could not be purified or

sequenced may betieeoduplexes of these very closely relatetik& populations, since
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Figure 2.5Denaturing gradient gel electrophoresis analyses of-&@glified psaAgene
segments obtained from clones containing dominant alleles of closely reletkel A
putative ecotypes and mat DNA from 65AC

they also exhibit increasing band intensities with deplie habitat distributionfoeach

ecotype is summarized in Tal# (see below)

Microenvironmental Garacteristics

The microbial mats at the 80 and 63C sites both exhibited steep gradients of
O, pH and irradiance with depth, leading to microenvironmental niche opporturtity in
mats (Figure2.4). During midday, when samples for molecular analyses were taken,
intense solar irradiance fueled cyanobacterial photosynthesis in the upper mat layers,

where high pH (>9) and strong Gupersaturation was observed in the top 1 mnu(Eig

an
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2.4 right panel). Maximal @concentration, indicative of peaks in gross photosynthesis,
were found at 0.2 mm and 0.4 mm below the mat surface &@0fli@and 63C site,
respectively. At60°C, O, was fully depleted 2 mm below the mat surface, while O
penetrated to about 5 mm in 168 C mat.

Spectral light measurements showed distinct troughs in the transmission spectra
corresponding to absorption maxima of Ghl(around 440 nm and 675 nm) and
cyanobacterial phycobiliproteins (especially phycocyanin absorbing around 625 nm) in
the upper millimeters of the mat (Figuzel central panels). Over 0.5 to 1 mm below the
surface of the mat the phycobiliprotein absorptieaximum gradually changed to about
600 nm. Light in the visible spectral region driving oxygenic photosynthesis7@®0
nm) was depleted to about 1% of the incident irradiance 1 mm below the mat surface in
both mats. Light attenuation was highest in thp 0.30.5 mm where a peak in,O
concentration and pH was observed. A very strong attenuation was observed between 0.2
and 0.3 mm below the mat surface at @3C site, indicative of a densely pigmented
subsurface cyanobacterial layer. At B&C site, light attenuation was somewhat more

gradual and was maximal between 0.3 and 0.4 mm below the surface.

Discussion

Identification of the fundamental specidse units within a microbial community
is of paramount importance to understanding how evolutyoharces have shaped
bacterial lineages, defining their adaptations and thereby controlling their present

distributions and contributions to the community as a whole. Although many models of
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species andpgciation have been developed (Colaad Perry2007, the Stable Ecotype
Model seems to best fit theSgnechococcuspp. populationsWard, 1998; Ward et al.,
2006;Ward and Cohan, 2005

Melendrez et al. (20)1showed that the number of PEs detected by ES depends
on the molecular resolution of the prat@incoding locus used to sample genetic
diversity and the fraction of diversity sampled. In order to compare resultspisam
analyses wh those of Melendrez et al. (201tve had to reduce the number of sequences
analyzed to 70 and include singleton R&ghe analysis (Tabl2.1). In terms of the
average evolutionary divergence among the sequence variants spsdi@dffers more
molecular resolution than do 16S rRNA, ITS aa@dcAB loci, similar molecular
resolution as theroA locus, but less moleculaesolution than thebsK locus (Table
2.1). The total number of A i k e -lkenREs Badjcted by ES using these common
conditions (i.e., 70 sequences and allowing singleton PES) increased from 3 using 16S
rRNA, to 8 using the ITS locus, to 10 using tpcABgene, to 17 using tha&roA gene,
to 30 using thesaAlocus. ES analysis of thsK locus, which exhibited significantly
more evolutionary divergence, identified 29 ecotypes inSyreechococcud/B lineage
found at 60°C and 65°C. The similar nuenbof PEs detected usingsaA and rbskK
variation might be taken to indicate that both loci offer sufficient molecular resolution to
detect all PEs. However, it is difficult to draw this inference for two reasons. First, our
analysis of PEs usingsaAinvolved three temperature sites, whereas only two sites were
included in the analysis of other | oci, an

63¢eC) wer e uni que to that site. ASfjecond,
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Synechococcudominated the 65°C site we studied, whereas they comprised a small
proportion of sequences in the 65°C sitedied by Melendrez et al. (201ihich were
coll ected i n 2K Befuencé wsrp ot ihckided i &jaky done by
Melendrez et al(201). Differences in population structure at 65°C in 2006 and 2008
(Figure 2.3 and Appendix A, Figure A3) may have been due to the fact that single
temperature readings aret indicative of the true range of temperatures at a given
sample siteAppendx A, FigureA2). It is also unclear without deeper sampling whether
singleton PEs represent actual ecotypes. Stamg with previous studies (Melendrez et
al., 200}, the estimates of 0.998 for periodic selection rate (sigma) and of 0.152 for
ecotype fomation events (omega), indicated a higher rate of periodic selection than
ecotype formation, as predicted by the Stable Ecotype Model.

ES analysis, which is based solely on sequence variation, predicted PEs in cases
where AdaptML did not, due to low habit v ar i at-ike phylogemy (Eigure B N;j
21) . For instance, the twelve BN PEs predi
Adapt ML, Bilee sequences wBrdljfound only in the 60°C sample. Also, the
inability of AdaptML to discern PEs A8 and9fand subclades of PE A9 reflects the fact
that all sequences in these PEs were obtained only from the 65°C sample. In contrast,
given sufficient habitat variation, AdaptML predicted ECs that exhibited too little
sequence variation for ES to demarcate &s.PThis is exhibited by the fact that
AdaptML predicted four ECs within PE Al, discerning the closely related subclades not
demarcated by ES analysis. This supports our hypothesis that the true ecotype

populations are the smallest clades containing desidgminant variant. Clearly, both
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molecular resolution and habitat variation are important factors for identifying ecological
species.

The abrupt shifts of dominant variants of several PEs at the same locatioas (e.g.
64-65°C and 6162°C in 2006)along the flow path may indicate that common molecular
adaptations underlie temperature ranges eéxsting specietike populations. These
transition zones may relate to ecotones (i.e. a transitional zone between two ecological
communities, as betweenfarest and grassland or a river and its estuary), except on a
microbial scale. These transition zones are apparent along effluent flow and vertical
profiles, indicating that even in such a small, relatively simple environment multiple
ecotones are preseand influencing the evolution and ecology of the mat community as
a whole.

DGGE distribution analyses along flow and vertical gradients show patterns of
variation at a level of molecular resolution higher than previously attained, but matching
variation seen in DGGE gels with ecotypes predicted from the cloned sequences was
limited to abundant ecotypes that contain a dominant allele that did smeigcate with
other dominant alleles. Ecotypes identified by ES or ECs identified by AdaptML that
contain a dminant allele appear to occupy different spatial niches, though many ecotype
distributions have overlapping regions where they spatiallyexist (Table 2.2).
Overlapping spatial niches were also reported in the studRaaiifusand marineVibrio
ecolagical species (Conner et al., 2010; Hunt et al., 2008; Koeppel et al), 2a08wer

t emper at dike emtypeshaee mBsNpbundant amere detected primarily at the



Table 2.2Summary of Alike, ANjke a n d-likBI3yjnechococcysutative ecotypes and subclades containing a dominant allele
indentified by Ecotype Simulation, and ecological clusters identified by AdaptML, and their distributions along flow and
vertical gradients.

ES Subclade DA ratio 3 No. Sequences Frm Vertical AdaptML ® DA ratio No. Sequences From
PE’s 60°C 63°C 65°C habitat* 60°C 63°C 65°C
PEA1 10/44 26 14 4 160-960pm
Al-1 4/10 10 O 0 ECA1l 4/10 10 0 O
Al-2 0/3 0 3 0 ECA2 2/3 0 3 0
Al-3 2/3 0 3 0 ECA3 2/3 0 3 0
Al-4 3/3 1 2 0 ECA4 33 1 2 0
PEA2 2/3 1 0 2 ECA5 2/3 1 0 2
PEA3 0/3 3 0 0 ECA6 0/3 3 0 0
PEA4 4/11 11 0 0 ECA7 4/11 11 0 O
PEAS 2/4 4 0 0 ECA8 2/4 4 0 0
PEAG6 4/12 10 1 1 ECA9 4/12 10 1 1
PEA7 4/13 3 9 1 0-480pm ECA10 4/8 1 7 0
PEA8 3/11 0 0 11 ECA11l 10/43 0 0 32
PEA9 10/32 0 0 32 al
»
P E B Nj1 9/18 18 0 0
P E B Nj2 2/8 8 0 0
P E B Nj3 3/6 6 0 0
P E B Nj4 2/11 11 0 0
P E B Nj5 0/3 3 0 0
P E B Nj6 2/3 3 0 0
P E B Nj7 8/21 21 0 0 0-80pm ECB Nj1 - 184 0 0
P E B Nj8 7122 22 0 0
P E B Nj9 12/78 78 0 0 0-400pm
PEBNj10 0/3 3 0 0
PEBNj11 2/3 3 0 0
PEBNj12 0/2 2 0 0
Singletons 0/11 11 0 0 Singletons 0/10 7 1 2

TES, Ecotype Simulation.

2 PE, putative ecotypes. Dashed numbers indicate subclades within a demarcated PE that contain a dominant allele, bdemereateat as a
putative ecotype.

3ratio of dominant allele (DA) number to total number of sequences within a putative ecotype.

*Vertical depth intervals are for PEs indicated only. PEs without vertical depth intervals could not be indentified igsisl ana

®EC, ecological clusters.
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top of the mat, which was consistent with previous research codduadth lower
resolution loci (Ramsing et al., 2000 However, t he-likekcotypety t o
distributions was limited since they were recovered from onlytemperature site. The
A-like ecotypes were recovered from all three temperature sites, and clusters of
sequences identified as ecotypes by ES, subclades with dominant variants, and ECs
identified by AdaptML showed different distributions. The vertical gsialof 60°C and
63°C samples showed multiple bands in the lower layers, which we hypothesize are
associated with closely related PEs or ECs (i.e., PE Al subclades) containing dominant
alleles that could not be differentiated within the whole mat sampRGBE due to co
migration. We speculate that these deeper populations could possibly align with the
observation othe phycobiliprotein absorption maximum shift to about 600 nm in deeper
mat layers. Ecological populations of both -Ai k e dike dSyndghidjoccus
cyanobacteria are specialized to very fine gradations of temperature (horizontal flow
position) and parameters that vary with depth (e.g. light intensity, light quality and/or
chemical gradients).

In order to achieve increased sampling of diversier a larger variety of
habitats, we are currently examining theewf Ti454 bacode analyses (Andersson et
al., 2008; Mehrdad et al., 200Avhich will also alleviate cenigration problems by
providing sequence data that discriminate variants basedsiogle nucleotide
polymorphism patterns. This will permit clearer distinction of dominant variants of PE
clades, based on much larger numbers of variants observed in a much larger number of
habitats, and allow us to determine if the single sequences teeedx be ecotypes

represent additional rare ecologically distinct populations. We are also ushogdear
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analyses to examine the possibility of-exsting PEs that are differently adapted to
temporally varying environmental parameters. Such PEs mighindtance, be adapted
to nutrients like F& or fixed N forms whose availability is discomtious throughout a
diel cycle (Bhaya et al., 2007; Cohan and Perry, 2007; Klatt et al.).2Bihte spatial
co-occurrence does not test whether the members of REe ecologically
interchangeable, we are also currently conducting population dynamic studies to observe
whether or not PE populations change as an ecological unit in response to environmental
perturbations. Finally, we are investigating the alternaéixplanation that horizontal
gene exchange may have caused >1 dominant alleles to occur within individual

ecdogical populations (Melendrez et al., in pyep
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Abstract

Previous analyses of sequence variation in the pret®ioding genepsaA
showed that putative ecological species (putative ecotypes) predicted by Ecotype
Simulation had unique distributions along flow and vertical gradients in alkaline siliceous
hot sprirg microbial mats. However, the previous analyses were limited in their ability to
deeply sample and resolve sequence variants in a large variety of habitats. In this study
Ti454-barcode higkithroughput sequencing was used to 1) sample more habitat types, 2
obtain deeper sequence coverage per habitat, and 3) sample greater sequence variation
within predicted ecological species populations. Ecotype Simulation was used to
demarcateputative ecotypesacross all higHrequency sequences and microbial mat
habitats. More putative ecotypesere detected than in previous studies, and most
exhibited unique distributions along the effluent channel and with depth in the mat.
Putative ecotypes with different vertical distributions differed in temporal patterns of
expression of th@saAgene consistent with patterns of light availability at each depth.
Putative ecotypesesponded uniquely to experimental perturbations of temperature and
light environment. Genetic variation predicted to be contained within putativiypes
was maintained as the relative abundances of ecotypes changed, indicating that each
population responded as a set of ecologically interchangeable individuals. Thus, Ti454
barcode analyses demonstrated that putative ecoprpescted by Ecotype Biulation

have the properties expected of ecological species.
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Introduction

Studies of diverse microbial habitats have shown the existence of multiple closely
related populations that are distributed differently along environmental graféatt
and Scanlan, 1999; Béja et al, 2001; Ward and Cohan, 2005; Cohan et al, 2006; Johnson
et al, 2006; Ward et al, 2006; Walk et al, 2007; Hunt et al, 2008; Manning et al, 2008;
Martiny et al, 2009; Connor et al, 2010; Denef et al, 2010; Shapiro eDH?).2ZThese
observations have prompted the realization that some microorganisms might exist as
ecological species (Ward, 1998; Ward and Cohan, 2005), because they meet one of the
basic expectations that ecological species occupy distinct niches. Howevseyéral
reasons, ecological distinction alone may not provide sufficient evidence of ecological
species populations. First, while molecular resolution may be sufficient to discern ancient
adaptations, it may be too low to detect younger, more clodalgdedescendant species
whose subsequent adaptations require greater molecular resolution to detect (Ferris et al.,
2003; Martiny et al, 2009). This is especially problematic with slowly evolving genetic
markers like 16S rRNA. Second, ecological specidh different behavioral ecologies
might share a single spatial niche (e.g., nocturnal and diurnal eukaryotic species). Finally,
theory predicts that the members of an ecological species population are ecologically
interchangeable (Cohan, 2011; Koeppehle2013). In other words, each member of an
ecological species population would have the same opportunity to perpetuate the species
during its evolution.

Earlier molecular studies of hot spring microbial mat communities provide an
example of the problerof limited molecular resolution. 16S rRNA analyses revealed

cyanobacteri al v ar i Symethscocéuavtiich exhibited diferentB g a n
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distribution patterns between -72°C and ~50°C along the effluent channel flow path
(Ferris and Ward, 1997)r in vertical position within the photic zone of the mat
(Ramsing et al, 2000). However, subsequent studies revealed the need for higher
molecular resolution to detect ecological species populations (Ferris et al, 2003).
Population genetics analyses (Medeez et al, 2011), and firszale distribution analyses
of Synechococcusequence diversity along effluent flow and vertical gradients (Becraft
et al, 2011) using proteiancoding loci showed how molecular resolution influences
identification of ecologidaspecies populations in the Mushroom Spring mat. In these
studies, rather than using an arbitrary molecular divergence cutoff, an evolutionary
simulation algorithm based on the Stable Ecotype Model of species and speciation was
used to predict ecologicalpecies. The algorithm, Ecotype Simulation (Koeppel et al,
2008), hypothesizes, frormequence variation alone, the phylogenetic boundaries of
ecological populations, each representing a set of ecologically interchangeable
individuals. Each of these poputats is considered a putative ecotype (PE), because the
output of the algorithm is hypothesized ecological species, whose ecological distinctions
and ecologically interchangeable membership have not been demonstrated. Ecotype
Simulation models the sequend&ersity within a bacterial clade as the evolutionary
result of net ecotype formation, periodic selection (Koch 1973) and drift, yielding the
number of PEs within an environmental sample; Ecotype Simulation also identifies the
sequence variants groupeda each PE.

In Becraft et al. (2011), genetic variation at ggaAlocus was analyzed because
(i) it offers more molecular resolution than the 16S rRNA locus, (ii) it is known to be

expressedn situ (Liu et al, 2012), (iii) it exists as a single copy in the genomes of mat
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Synechococcusolates (Bhaya et al, 2007), (ithe protein subunit it encodes (PsaA) is
necessary for photosynthesis, and (v) has shown no evidence of recombination in the
region studied. Sequences ofpsaA retrieved by PCR amplification, cloning and
sequencing from samples collected along the effluent flow chaverel demarcatenhto
SynechococcuBEs. Since PEs contained dominant variant sequences we used denaturant
gradient geklectrophoresis (DGGE) to demonstrate their distinct distributions along flow
and vertical gradients. However,-pagration of dominant variants in DGGE analyses
made band purification and sequencing difficult, and both sampling of variation and the
numberof habitat samples analyzed were limited. Furthermore, because these studies did
not consider all variants within a putative ecotype, they did not address the problem of
ecological interchangeability.

In this study, we used Ti484arcode pyrosequencing tovercome these
limitations resulting in a more complete, sequebased view of the genetic and
ecological diversity within the Synechococcuspopulations of this community.
Pyrosequencing has been shown to overestimate the diversity within microbial
popuations because of a high rate of sequence ermReeder and Knight, 2009
However, since reference clone library sequences and genomes of representative
Synechococcusolates were available (Allewalt et al, 2006; Bhaya et al, 2007; Becraft et
al, 2011) it was possible to recognize such artifacts by alignment to known reading
frames. To test the ecological distinctions of PEs we (i) extendedgdade distribution
studies, (i) examined REpecific transcription patterns over a diel cycle, and (iii)
investigated the responsesQynechococcusopulations to environmental perturbations.

Additionally, since the greater depth of coverage led to recovery of multiple sequence
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variants within PEs, responses to perturbations allowed us to test for ecological
homogeneity within each PE, based on the expectation that all members of an ecological
species population would change uniformly in response to environmental perturbations.
We provide evidence that many of the most abundant PEs predicted by Ecotype
Simulation are ecologically distinct from one another and that the individuals of a given

PE are ecologically homogeneous.

Materials and Methods

Sampling

This study was focuseoh the ~60to 68°C region of the major effluent channel of
Mushroom Spring, an alkaline silises hot spring in the Lower Gsgr Basin,
Yellowstone National Park, WY, US/Aamples were collected from sites spread over a
distance of ~1@n along the main floyath defined by temperatures measured at the time
of collection (seeAppendix A). Mat samplesfor distribution studiesvere collectedbn
12, 13, 14 and 15 September 2008 (60, 63 and 65°C), and 12 and 13 September 2009
(68°C) using a #2 cork borer (11@°) and were immediately frozen in liquicd.NCores
for vertical analysis were instantly frozen in isopentane cooled with liquicdioN
minimize decomposition of nucleic acids and to preserve core integrity. These cores were
subsequently dissected at ~80 jntervals using a cryotome, as described in Becraft et
al. (2011). Samples for transcript analysis over a full diel cycle were taken at hourly
intervals starting at 0500 h on 11 September 2009, and continuing until 0400 h on 12
September 2009 using a #4k®orer 38.5 mnf). Replicate samples were collected over

a ~1 nf areathen pooled.
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Perturbation Experiments

Temperature Kift. Samplesfor temperatureshift experimentsvere collectedn

replicateusing#2 cork borersplaced into 3 ml glass perfume vials that were filled with
spring water flowing above this region of the mat, capped, and suspended in the effluent
channel at a higher temperature sitedhyminum wires attached to wooden stakes on
either side of the clmmel (seeAppendixB Figure Bl). Duplicate samples were retrieved

two and four days after the disturbance was initiated on 27 October 2008. Previous
studies showed that confining samples in this way did not alter the initial population
structure of sampleshen incubated at the collection site (i.e., not shifted in temperature)
(Ruff-Roberts et al, 1994). Some bleaching was noticed in later stages of the incubation
period, likely due to the altered flow in the closed vials which severely impacts mass

diffusion, or other inhibiting factors.

Light Shifts. On 27 October 2008two 254 cnf rectangular wooden platforms
were placed ~2.5 cm above the mat surfaca ~63°C site. One wa®vered with 4
layers of stretched muslin to reduce ambient light by ~9P86. other was covered with
UV-blocking PlexiglagUF-5; 3.2mm thick; PlexiglassAutohaas N. Am., Philadelphia,
PA, USA) which transmits-90% of the visible spectrum, but onl$% of the nealJVA
spectral region andonmeasurable light in the UVB regi¢Norris et al, 2002) (Appendix
B Figure Bl). Samples were immediately frozen on dry i€20{C) in the field and kept
frozenat -80°C until analysisUnaltered controls are describedAppendix SectionB

V.
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Molecular Methods

DNA was extracted and purified as described in Becraft et al. (2011), and RNA
was extracted and purified as described in Liu et al. (2011). Primers famghidication
of  Synechococcus A/B-lineage psaA genes (psaAcenteror wa r 4d : 5N
TTCCACTACCACAAGCGGGCTCE3 Nj, psaAe ver se: - 5 Nj
CAGGCCACCCTTGAAGGTG3)Npere designedto yield a 324 bp segment to
maximize the number of singlaucleotide positions that could be used to differentiate
PEs, and were tested f@&ynechococcud/ Ba speci ficity as descr
(2011). Reduced sequence length caused subclad8saAd A4 identified in Becraft
et al . (2011) based on 523 nt sequXxtmces t
coll apse int3d) PEpAN|Si obTgbliaedi cati sigeoft hat P
_1 ecotype.

To estimate ecotypspecific expression patterngsaA cDNA was synthesized
from RNA (after DNase treatment) using psaAcenterforward primer (see above) with the
SuperScript Il FirstStrand Synthesis Supermixdnyitrogen Carlsbad, CA,USA)
according to the manufactur er 6s-amplifiest r uct i
according to protocols described in Becraft et al. (2011). Controls with only RNA (i.e.,
without cDNA) were used during amplification to insure that all DNA had been
degided. Ti454barcoding and sequenciri@hapter 1)were completed at the J. Craig
Venter Institute according to the GS FLX Titanium Series Rapid Library Preparation
Method Manual. DNA was sheared using the Covaris S2 System, and qPCR was used to

accurately stimate the number of molecules needed for emulsion PCR
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Identification of Sequences
Containing Homopolymeric #ifacts

The Ti454-barcoding sequence data were first processedo remove
homopolymeric errors (base pair insertions or gaps following strofgsdentical
nucleotides) and sequences of poor quality. Using ClustalW to generate alignments, a
errorfixing Perl script(Homopolymer Extinguisher; custom scripts are available upon
request) aligned each raw sequence (plus @emplement reverse, and ewerse
complement sequences) with anfiame consensus reference sequence ofpsdA
sequences from Becraft et al., (201th) determine the best possible alignment.
Nucleotides in the raw sequences that caused a gap to form in the reference sequence
readng frame with the best alignmenf these sequencegere assumed teesult from
erroneoushomopolymergQuince et al, 2009, 2011; Reeder and Knight 20@%)these
nucleotidesvereexcised This stepalsotrimmed the raw sequences to the same length as
the reference sequence. Any trimmed raw sequeocetaining gaps relative to the
consensus reference sequeweeeremoved from further analysis. This yielded 164 467
sequences, with an average of 1 713 (standard deviation of 251) for e@@lurafue
environmental samples. Separately, 17 total cDNA samples yielded, on average, 360
sequences per sample (standard deviation of 120). cDNA sequences were trimmed to a

247 bp segment to obtain the maximum number of sequences for analysis.

Ecotype @Emarcation

It was too computationally challenging to analyzesatjuence variation using the
current version of Ecotype Simulatiofthus, a cu®m Perl script algorithm (High

Frequency Sequence Finder) was used to genetateoh high-frequency sequencésy
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counting the number of occurrenagseach unique sequenddigh-frequency sequences
were defined asesjuence types numbering more thandstical representativescross
all samples (96 DNA and 1@DNA), which included all PElominant variarg identified

in Becraft et al. (2011).High-frequency sequenceshowed no evidence for
recombination using the RDP3 software package (Martin et al., 2010). Iigleh
frequency sequenceas assigned as eith&ynechococcus-like or B ke if it was
G5% identical tothe respectiv@saAgenomichomologsin Synechococcuspp. strain A
(JA-3-3Aa) or BN(JA-2-3 BaNR-13)) (Bhaya et al, 2007)Sequences suspected to
correspond to th& Mke 16S rRNA sequence (Ferris and Ward 1997), slmalving the

highest similarity to 68C metagenomic library sequences, which contains predominantly

A'-like variants (sedppendixB Figure B4 Klatt et al, 2011), were included in the A

like phylogeny. Single copies of each unigbigh-frequency sequenceere pooled
(separ atl elky famrdlikeNNppges) antiigh-Requency sequensef each
lineage wereanalyzedseparatelyusingEcotype Simulatiorfwith 1.5x sorting to predict

the number oPEs(Cohan and Perry, 2007; Koeppel et al, 200&ighlor-joining trees

were consucted and uploaded into Ecotype Simulation aswidk files for ecotype
demarcation. Two methods for Ecotype Simulation ecotype demarcation have been
developed (Melendrez et al, 2011; Becraft et al, 2011; Francisco et al, Z@&2nore
conservative approach tends to yield ecotypes that are more inclusive clades; here an
ecotype is demarcated as the most inclusive phylogenetic group for which the confidence
interval for the number of predicted ecotypes includes the value 1.rlalteunative,
fine-scale demarcation, ecotypes are demarcated as the largest groups for which the

maximum likelihood solution fothe number of predicted PEs is the value ik’ high
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frequency sequensewere phylogenetically more divergent and wermaleated using
the conservative demarcation approach, while the less divergigtg And A‘like high-
frequency sequensewere demarcated using the fs@ale approach (se&ppendix B
Section | and Appendix Figure 2Bfor comparisons of finscale and comsvative
demarcations). The Ecotype Simulation software and instructions for its use are freely
available atttp://fcohan.web.wesleyan.edu/ecosim/

Determination of All Variants
within Putative Ecotype ébulations

To expand the number of sequences associated with le@bHrequency
sequencea neighbofoining phylogenetidree was created fall unique Al i ke -pl us
| i k e ,-likeosequeBcesising Phyligdj dnadst and neighbejoining programs Any
low-frequeny sequencé<50 copies in all sample&lling into the same clade as a single
high-frequency sequenasas then grouped with that sequence. Finally, a matrix of the
number of occurrences of eahlgh-frequency sequendgand expanded cladein each
samplewas generated for further analysis. The numbedofminant variansequences,
other high-frequency sequensepredicted to belong to a PE, and the -fosquency
sequences associated with them were summed to obtain the total number of variants
detected foreach PE in each sample (PE sequencdsminant variansequence + all
other high-frequency sequense+ all lowfrequency sequences). The percentage
contribution of each PE in each environmental sample was calculated by dividing the
total number of sequeas within a PE detected in a sample by the total numbasask

sequences in that sampl[@E sequences in sample / all associated sequences in sample)

A
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x100) Absolute quantitation of PE abundance was not achieved in these analyses

because PCR and sequergconly samples proportions of populations in the data.

Statistical Aalyses

G-tests were conducted opsaA sequence counts along all environmental
gradients for abundant PEs, and fol A k e -like BEs BepNarately, to determine
whether there was statical significance for unique PE distributions (s&ependix
Table B1). Ancova tests were conducted for replicated perturbation experiments to
determine whether PE populations differed in their response to environmental change
(seeAppendix Table B2). Gtests and Ancova analyses were done in S@i@aCorp
LP, Stata Statistical Software: Release Cdllege Station, TX Additionally, over the
course of the light reduction and temperature shift experiments we tested whether PEs
changed their relative fgeiencies, and we tested whether the membershipigbf
frequency sequensdand associated lefrequency sequences) in a given PE changed in
unison. This was done by evaluating whether the percent of kiathrequency
sequencewithin a PE, and the ratiof low-frequency sequences tagh-frequency
sequence within a PE, changed separately over time using a generalized linear model (a
flexible generalization of ordinatinear regressiothat allows for binomial distributions;

seeAppendixB TableB3).

Microsensor Masurements

Diel sampling for molecular analysess closely coordinated with simultaneous
logging of the incident downwelling solar irradiance aimasitu microsensor

measurements of Oconcentration profiles in the microbial mats at the @ansite
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following the same calibration and measurement procedures described in detail in earlier
studies (Becraft et al. 2011, Jensen et al. 2011). At the end of the diel measurements, ~3
cn? of mat was sampled with a glass corer and transported totibeadary in spring
water for subsequent measurements (within 24 hours) of spectral light penetration using
fiber-optic scalar irradiance microsensors (see details in Kiihl 2005, Ward et al. 2006).

Scalar irradiance spectra measured in particular depthsheof mat were
normalized to the incident downwelling irradiance at the mat surface and expressed in %
of downwelling irradiance at the mat surface. Additionally, measured scalar irradiance
spectra in each deptivere integrated over 40000 nm(i.e. photosyritetic available
radiation (PAR) and normalized to the downwielg irradiance of PAR at the mat
surface. This depth profile ofoAR) (in % of downwelling irradiance) was then used
together with the actual measured downwelling photon irradiance at lthesifee during
the diel study to construct depth profilesimfitu Eo(PAR) in units of pmol photons
s for all sampled time poistn the diel study.

Isopleth diagrams of Oconcentration and photon scalar irradiancg(PER)
depth distribution ovethe diel cycle were constructed from depth profiles measured at
different time points using the graphing software Origin Pro 8.5 (Origin Lab Corp.,

Northampton, USA).

Results and Discussion

Ecotype Simulation Aalysis

A total of 118 highfrequency sequences were found in the variation detected in

113 samples (96 DNA; 17 cDNA) and were analyzed ugtegtype Simulationto
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predict PEs (Figur8.1). Most PEs contained multiple higiequency sequences (Figure
3.1), and each higlrequency sequence also contained nrmdpy low-frequency
sequencevariants as well as singleton sequences (not shown in FRjlje Low-
frequency sequensewere the result of one or two bgsar differences from high
frequency sequeers.Dominant variard which representdtie plurality ofsequences in a
PE were closely related to higrequency sequences containing fewer total sequences,
and thesedominant variantand highfrequency sequenceasere predicted to belong to
individual PEsby Ecotype Simulatiomlepending on the criteria used for demarcation. To
simplify figures, all intext figures report predominant PE populations represeGBff
of the total diversity in an individual habitat sample; results for all PE populations are
included inAppendixB.

Ecotype Simulatioranalysis of higHrequency sequences from the clade ef A
like and ANjke lineages predicted 22 PEs (15 and 7 PEs, respectively) and analysis of the
B Mke lineage predicted 24 PEs (Figure 3.1; also see Tableand.B.2). PEs predicted
from Ti454barcode sequences (2008 collections) largely matched PEs previously
demarcated in cloning and sequencing studies (2006 collections; Becraft et al, 2011).
Newly discovered PEs in pyrosequencing analyses were labelechsaliyid¢ollowing
demarcated in cloning and sequencing studies (2006 collections; Becraft et al, 2011).
Newly discovered PEs in pyrosequencing analyses were labeled sequentially following
the PEs previously identified and numbered in Becraft et al. (2&tbyype Simulation
calculatedperiodic selection and ecotype formation rates of 2.71 (sigma) and 0.94

(omega)events/nucleotide substitutidor A-l i k e -like sequendgs, and 1.86 and
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0.94 events/nucleotide substitutioh o r -likeBsgguences, indicaty that he rate of

periodic selection wasigher than the ecotype formation rate.
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Figure 3.1.Neighborjoining trees containing all higftequency sequences (including
dominant variants) identified by the Perl algorithm kiggquency sequence Finder.
Black vertical bars represent putative ecotypes (PEs) predicted by Ecotype Simulation
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sequences,
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like sequences). Numbers indicate the total number of sequences sampled with a
particular variant across all 96 DNA samples. Filled circles represent PEs newly
identified in Ti454bacode analysis, and open circles indicate previously identified
ecotype subclades in cloning and sequencing studies now demarcated as separate PESs.
Colored PE designations represent predominant populations discussed in the main text,
and colors corresponacross all figures. Scale bars represent (A) 0.005 and (B) 0.002

substitutions per site.
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Distribution Along the Effluent Flow &h

PEs were found in different relative abundances at different temperatures
(P<0.001; sed\ppendix Table B1). While distribuions overlapped across temperature
sites, several abundamEs declined in relative abundance abruptly and together at
certain boundaries, thus demarcating three temperdaimeed ecological zones (EZs),
which we term EZ1 betwee@60 and 63C, EZ2 betwen 64 and 6% and EZ3 at
&56°C, separated by two ecotones (between 63 af@ &4ad between 65 and €5

(Figure3.2).

Distribution Along Vertical Profiles

Vertical profiles in EZ1 shoed clear evidence ofdifferences in vertical
distribution of PEqFigure 33) (P<0.001; seéppendix Table B). From the top to the
bottom of the green cyanobacterial layer a progression was observed oNRifs! B9,
to PE Al, then to a set of PHscluding A4, A6 and Al4. Additional profilesere
assigned to EZs arate shown irAppendixFigure B3 and Appendix TablesB5 through
C11, where it can be seen that despite samplesample variation, trends in vertical
distributions in EZ1 are evident. Generallyyltiple ecotypes did not abruptly disappear
together at ceain boundariesbut coexisted along depth rang&ke only evidence of
ecotones in the vertical distributions was thedwsiribution of PEs A4, A6 and Al4 deep
in the EZ1 mat. These vertical distribution patterns alone do not distinguish among these
three PEs, and could not be taken as evidence that these PEs are different ecological
species. Since there are dramatic changes in the light and oxygen microenvironments in

these mats (Figure 3.3B), as well as in pH (Jensen et al, 2011), PEs may be differently
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(A) ecological zone 1; (B) ecological zone 2; and (C) ecological zone 3. Samples correspertage midday temperatures within
ecological zones. Bars indicate the range between replicate samples; points indicate averages.



78

A (ecological zone 1) B (ecological zone 1)
Relative abundance Oxygen Concentration
(% of population) (% air saturation)
0 5 10 15 20 25 30 35 40 0 500 1000
Opm ! ' ' ' -800 i T v T
{ © 4
Ao 8004 & 4
\
i () 1 ¢ :
160pm | :: 2 400 - $ i
Z : \3 o 1
240pm | S -
= -200 4 (o) -
-
= = - \o -
S 320um = N
o £ 0 o p—
_ @
400pm = il 7 7
~—
200 A O/O -
= E(PAR f
480pm - -E , /./,)'/ 0 -
= 4004 ® o/ .
560, :E ./ /
560pm - =9 .l /{) -
@
a 600 & =l
640pm - I o/ -
17—
P 0 500 1000 1500 2000
Scalar irradiance E, (PAR)
800pum (umol photons m2s1)

Figure 33. Relative abundance of predominant putative ecotypes iurBSubsegbns
along he vertical gradient (A) relative to light (PAR) and oxygen profiles (B) in
ecological zone 1. Solid lines represeiljBe PEs and dashed lines represeditk&
PEs. Additional profiles are shown in Supplementary Figure 3.

adapted to light intensity dfor quality or to other differences, such as availability of

dissolved inorganic carbon.

psaATranscription Rtterns

In EZ1, SynechococcupsaA transcripts were expressed in a diurnal pattern

(Figure 3.4A). Highkthroughput sequencing demordéd differential expression of
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Figure 3.4 Diel expression opsaAtranscripts(A) Downwelling photon irradiance (400
700 nm) measured overdiel cycle on September 11 and 12 2009 (orange line), and
normalized totapsaAtranscript count (red line). (B) dkative abundances of transcripts
of abundant PEs in EZ1 measured frgsaA cDNA over the diel cycleSamples
corresponding to time points at 0500, 0600, 09000 1@&ertical lines), 2100, 2200 and
2300 are missing due to failed sequencing reacti@ekatve transcript abundances are
high throughout the night most likely because of PCR amplification of low abundance
sequenceand expressing results as relative perdg&jtisopleth diagrams showing depth
distribution in EZ1 of scalar irradiancarfol photms m? s*) and Q concentration (%

air saturation) over the diel cycl8amples at time points 1700, 1800, 1900 and 2000 h
were from the previous evening, 11 September 2009.
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transcripts contributed by the domingynechococcuB Es BNj9 and thel, as
|l ess abundant PEs BNj2 and BNj8 (Figure 4B)
transcription of PE Al transcripts may result from the limited penetration of light into the
mat until between 1000 and 1100 h, when photon irradiance increasetiOtusnol
photons nf s* between 32720 pum in depth (Figure 3.4C), where this population is
predominantly located (Figure 3.3A). Oxygen concentrations at these mat depths
increased between 1000 h and 1100 h to-GUD times air saturation, and further
accumul at ed t o satur8tior0 by t1306n én,s whieh reflects increased
photosynthetic activity at depth (Figure 3.4C). In contrast, photon irradiance increased to
between ~500250 pmol photons hs™ at the mat surface between 1000 h and 1100 h
in parallel with a decline inPE B'9 transcript relative abundanceower relative
abundance gbsaAtranscripts associated with PEs residing close to the mat surface under
high irradiance might be the result of dilution by the increase in PE Al transoupts,
results from a similaDGGE analyses (Appendix Figure B4) suggested that there was
likely a mid-day decline in the abundance of B& transcripts.

PE-specificexpressiorpatternsover morningand evenindight transition periods
in EZ1, EZ2 and EZ3 are included in the Appen@ypendix Figure B5 and Appendix
Table B12). Those for EZ1 were similar to the results of the full diel pattern shown in
Figure 3.4B, and a similar pattern was observed felikA PEs in EZ3. However, in
EZ2, PEAL transcripts were high at all times, tHfolRE Al was evenly distributed

throughout the vertical aspect of the mat in EZ2 (Appendix Figure B3 E).
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Responses to EnvironmentarRirbations

Environmental perturbation studies were conducted in order to test whether
differences in PE distributiongftect adaptations to different temperature and irradiance
levels. Results are summarized in Table 1. Data presentedpppendix Figure B6
demonstrate that during similar light alteration experiments in 1996 populations in
control samples remained stable over the period of time studied (p = 0.3 EEaElix

TableB2).

TemperaturercreasePE composition changed in the four days followsiidft of

samples collected within EZ1 (D) to a temperature characteristic of EZ2 €55
(Figure 3.5A; Appendix Table B13), where lhe six most abundant ecotypes in the
temperature manipulation experiment were significantly heterogeneous in theirsesspon
to increased temperature (P6155 seeAppendixTableB2). In particular, PEs A6, &,

B@ and declined, while PEs Al and Al4 increased in relative abundance.
Effectively, the composition of abundaBt{nechococcuBREs within the sample shifted
from that roughly characteristic of EZ1 to that roughly characteristic of EZ2, as expected

from temperature distributions (Figure 3.2).

Light Alteration Light alteration experiments were conducted at a site typical of

EZ2 in order to focus on very closely relatedilde PEs (also see Appendix Section B IV
and Appendix Figure B7 A).Re four most abundant putative ecotypes were significantly

different in their responses to shading ([P8262 see Appendix Table B2).
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Figure 3.5.Change in relative abundance of abundant PEs over a four day period after
environmental perturbationsA) Temperature shift of mat samples from EZ1 to HR).
Reduction of downwléng photon irradiance by ~92% at EZZ)(UV light removal at

EZ2. Solid lines representNgke PEs and dashed lines represerik& PEs. Bars in A

and B indicate the range between replicate samples.
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Following removal of ~92% of the ambient light, P&4 and A6 declined, whereas PEs
Al and Al2 increased in relative abundarfiEegure 3.5B; Appendix Table Bl). In
response to nearly complete removalf light, PEs showed differential respongps<
0.001; see Appendix TablelB) . PEs B Njl 5aredomwdbundax® PEswEZ2¢ h
tripled in relative abundance (Figure 3.5C). PEs A4 and A6 sdbistantiallydecreased
in relative abundance, responding in a mansienilar to that observed in the light
reduction experiment. Unfortunately, replicate samfita® the UV light exclusion study
were lost during higlthroughput analysis, however, the differential response of surface
oriented PE BN9 in a | ower temperature mat

blocking experiment (se&ppendix Figure B B).

Genetics of Population @&8ponseHere we tested whether the variants contained

within a given PE were really ecologically homogeneous as predicted. We attempted to
reveal ecological variation within a PE by determining whether-frigdluency sequences
within a PE changed differently, and if the ratio oflal-frequency sequenseavithin a

PE to the total count of sequences within the R@vEfrequency sequenced@dminant
variant+ high-frequency sequengedow-frequency sequence)) x100) remained the same
as PE relative abundances shifted after an environmental perturl{&igure 3.6)
Throughoutthe light reduction experimehigh-frequency sequensechanged in concert

with thedominant variansequence, anthe ratio oflow-frequency sequenaceariants to

the total sequencesf abundant PEs never fluctuated more than 6% between samples

(P>0.25; see Appendix Table B3despite increases or decreases in reRtive
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abundancein response to environmental perturbati®milar results were observed in
temperatureshift experiment (Appendix Figure B8). That the membership of a given PE
(dominant varianthigh-frequency sequenseand lowfrequency sequences) rose or fell
together in response to environmental change indicates that the individuals contained

within a PE were ecologically interchangeable.

Discussion

The deeper coverage of genetic variants and habitats provided by pyrosequence
analyses resulted in the demarcation by Ecotype Simulation of a greater number of PEs
(15 A-like, 7 A-like and 24 Blike PEs)than had been observed in earlier cloning and
sequencing studie€lO0 Al i ke -l i X e ANjrlike P290(Be&adflj et al, 2011).
Although more samples were included in the barcode study, alfit@ghency sequences
were detected in habitatreales that corresponded to the cloning and sequencing work,
suggesting that the greater number of PEs demarcated resulted from the deeper coverage
provided by highthroughput sequencing. PEs thaere newly predicted in barcode
analyses corresponded to slagles previously embedded within PEs that had not been
identified from more limited clone sequence data (e.g., PE Al12; as shown in Tables 1 and
2), or to lowabundance populations not detected in clone libraries (@K AL0).
Cloning and sequencing sied analyzed 0.1% of the amount of sequence data obtained
in the 2008 Ti454arcode study, yet detected 70% of the currently demarcated PEs. In
addition, newly demarcated PEs were in low relative abundance, indicating that the

predominanSynechococcysopulations in theséabitats have been identified.
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Differences in the relative abundasa# PEs suggested minor changes, perhaps
due to environmental change or random drift in species abundance. For instance, PEs
B Nj1 0, BNj11 and B Njl bwabundanee in 200@ were ndt edteetedtine d i
2008. Al s o, o&olmimantBatjdre aachhigHr&)dgBcy sequences were less
frequently detected in 2008 than in 2006. The deep sequencing provided by barcode
analyses also allowed us to detect subtleegierdifferences within PEs. The genetic
structure of PE populations remained relatively constaithough minor differences
were observedindicating that the Mushroom Sprirf§ynechococcupopulations were
relatively stable throughout the study period.

As summarized in Tabled1 and3.2, Ti454barcode technology allowed for the
confirmation of ecological distinction for most of tipeedominantPEs predicted by
Ecaype Simulation. PEs were shown to have different distributions along flow and
vertical gradients at given temperaturdgferent ecotypespecific expression patterns
that corresponded to their vertical distributions in the raad different responses to
environmental perturbation3he distribution of PEs within samples collected along a
temperature gradient in 2008 and analyzed by TFig#4oding corresponded to EZs
suggested by analysis ¢glamples collected in 2006 and analyzed by cloning and
sequencig (Tables 1 and 2; Appendix Table E4Diversity observed at thgsaAlocus
between ecotones correlated to 16S rRNA sequence divexisityg the flow path
observed in Ferris dikedl6SWRNAdive(sily as7detectedvh er e

between ~57 to 6, A-like diversity was detected between ~60 anti®Bp adfike A N;j



Table 3.1.Summary of a b dikedP& pdpulatton percentagkd\for individual habitat samples corresponding to
distributions, expressingming and responses to environmental perturbations. PEs without identified vertical distributions or
perturbation responses (arrows) were too low in relative abundance to track with confidence.

Percentpopulation and vertical position Expression timing Perturbation response
2006 cloning & sequencing 2008/09 Ti454 bar code
Becraft et al.
PE 2011 60°C 2  63°C 65°C 60°C 63°C 65°C 68°C 63°C 65°C 68°C 60A 65°C light reduction UV reduction
Ti454 desiglnation (Ez1) V (Ez1) VvV (Ez2) (EZ1) V (EZ1) V (EZ2) V  (EZB3) (EZ1) (EZ2) (EZ3) (EZ1A 2) (EZ2) (EZ2)
Al AlA(ﬁf’ 91 Z 438 2z 62 26 2 20 7 268 2 47 09301300 07001900 g g
A2 A2 0.4 0.0 3.3 0.2 0.3 0.4 2.0 - z z
A3 A3 11 0.0 0.0 0.1 0.1 0.5 0.0 -
A4 A4 4.2 0.0 0.0 27 z 0.5 3.6 z 0.6 g z z
A5 A5 15 0.0 0.0 15 1.0 8.1 z 0.6 g g z 0
A6 A6 38 5.6 16 64 2 32 2z 132 2z 19 oezo1100 800 and z z z ~
A7 A7 11 50.0 ¥ 1.6 0.0 0.2 45 z 3.2 07001100 - g z
A® A® 0.0 0.0 18.0 0.0 0.0 0.0 10.7 1900
A® AQ®( A-®)9 0.0 0.0 52.5 0.0 0.0 0.3 23.1 1100
A10 0.3 0.2 0.8 0.5
All 0.1 0.1 1.4 0.1 - z z
Al2 Al-2 0.0 16.7 0.0 0.1 0.3 126 Z 1.8 - g g
Al13 0.0 0.0 0.1 0.2
Al4 Al-1 3.8 0.0 0.0 2.0 z 1.3 z 107 2 0.6 g g z
Al5 0.1 0.0 0.7 0.1 07001100 g
Ad6 0.0 0.1 0.2 8.3 1300
Ad7 A®-1 0.0 0.0 115 0.0 0.0 0.0 14.6 1900
Agl¢ 0.0 0.0 12 04

1 PE subclades that were demarcated as a single ecotype in Becraft et al. (2011) that were separately demarcated ifybascadeind@ated with
hyphenated numbers next to PE designations. PE subclades that were not otebestamtie analysis due to decreased sequence length are indicated in
parentheses next to the PE they were demarcated with in Becraft et al. (2011).

26V6 indicates vertical posi ti oni nificatethighast relggee ca f U redda ntceempienr ad pup eer. mMAatr

oway el

relative abundance in |lower mat | ayers (2Z), highestlrelayvewvs @BuynBanterhb

responses are indicatedamyey fZord oirfomheehangea sien raeldati ve abund



Table 3.2.Summar y of -likeb REngbpulation p@ridgntagder individual habitat samples corresponding to
distributions, expression timing and responses to environmental perturbations. PEs withoutddesttiical distributions or
perturbation responses (arrows) were too low in relative abundance to track with confidence.

Percentpopulation and vertical position Expression timing Perturbation response
2006 cloning & sequencing 2008/09 Ti454 barcode
Becraft et al.

PE 2011 60°C 2 63°C 65°C 60°C 63°C 65°C 68°C 60°C 65°C 68°C 60A 65°C light reduction UV reduction

Ti454 desiglnation (Ez1) Vv (Ez1) V (Ez2) (Ez1) V (Ez1) V (EZ2) V (EZ3) (EZ1) (EZ1) (EZ1) (EZ1A 2) (EZ2) (EZ2)

Bd Bd 6.9 0.0 0.0 0.4 0.3 0.0 0.4 - - y

B Be 3.1 0.0 00 157 Z 97 14 05 9590 and z . 9

B@ B@ 2.3 0.0 0.0 0.1 0.3 0.0 0.9

Bat Bet 4.2 0.0 0.0 0.0 0.2 0.0 0.0

B& B&® 1.1 0.0 0.0 0.0 0.3 0.1 0.0

B & B & 11 0.0 0.0 0.1 0.0 0.0 0.8 [0}

B B 8.0 g 0.0 0.0 0.8 5.2 g 0.1 0.2 - - g ©

B& B& 8.4 0.0 0.0 8.6 % 2.5 1.6 1.0 11001300 z - g

B& B%& 299 § 0.0 g 0.0 235§ 279 § 3.4 3.2 11001300 z z ¥

none B 10 1.1 0.0 0.0

none B td 1.1 0.0 0.0

none Bd2 0.8 0.0 0.0

B 10 0.2 0.0 0.2 0.0

Bl 0.6 1.0 0.1 0.1

B2 B‘g';_g”d 111 0.0 0.0 48 § 78 10 11 7 . g

B3 0.1 0.2 0.0 0.1

B4 0.0 1.0 0.0 0.1 - ¥ g

B 15 0.2 0.3 gy 5.1 1.0 ¥

Balc¢ 0.0 0.4 0.0 0.0

Bal: 0.9 0.8 0.0 0.0

Bal¢ 0.8 0.7 0.1 0.0 - - -
1 PE subclades that were demarcated as a single ecotype in Becraft et al. (2011) that were separately demarcated ifybascadeiad@ated with
hyphenated uimbers next to PE designations.
20V6 indicates vertical apaowsieti AAmirroguda tc adl es fhe Jibfeised rted mpdrve abundance in
relative abundance in | ower mat | ayers (2), hi ghestllirelayéve @bundRaectur

responsear e i ndicated by § for rdeaeasasderndanangeel ati ve abundance, Z fo
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diversity was detected at >85. Temperature shift experiments provided further
evidence that different PEs exhibit different temperapmeferences, consistent with
results of previous culture studies (Miller and Castenholz, 2000; Allewalt et al, 2006).

Vertical distribution results also matched patterns presented in Becraft et al.
(2011), where bands that correspondedidminant variarg observed in DGGE gels
often showed significant overlap with oth@@minant varianbands, even though band
intensity varied, and was most intense within a particular depth ré&ifijerential PE
responses to reduction in light intensity suggest that atiaptto light may, at least in
part, underlie these distribution patternedeed, in othemongoing studies we have
observed that strains representative of populations residing at different dhepth
adaptations to light intensity that are consisterthwhe amount of light present thiese
depths (NowacksS., M. Olsen,E.D. Becraft andD.M. Ward, unpublished)However,
without quantification the relative respondeslight alterationare difficult tointerpret
While populations can be seen to respdiifferently, it is not known whether the
decreasing relative abundance of one PE is due to the increasing relative abundance of
another PE, or vice versa.

Differential responses of PEs to UV light remoeajpanded upothe results of
Miller et al. (1998)who demonstrated that photosynthesis in suspensions of mat samples
was different with fulllight exposureghan when UV light was removeth Norris et al.
(2002), Synechococcu&6S rRNA genotypes showed little change after a two month

period of exclusiomf UV light. PEs predicted from the more highly resolvipsgAlocus
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showed population changes after only two days of UV exclusion, suggesting that the 16S
rRNA locus is too conserved to accurately demarcate ecologically distinct species.

As has been préwsly observed for other photosystem reaction center genes
(Steunou et al, 2008; Jensen et al, 2011; Liu et al, 2@k transcripts showed a
diurnal expression pattern. The earlier expression of BErBnscripts compared to PE
Al transcripts matchethe relatively longer and shorter photoperiods experienced by
these surface and subsurfacassociated populatisn respectively. Interestingly,
Ramsing et al., (2000) conducted microsensor studies that demonstrated that peak
oxygenic photosynthesis movelwwnward to deeper mat layers as light intensity rose
during the morning (Ramsing et al., 2000phe transcription results agdso consistent
with the downregulation of photosystem | in cyanobacteria uhugrlight conditions
(Muramatsu et al, 2009 Interestingly, the surfaeagssociated PE B'Q population
consistently increased in relative abundance following removal of UV, lgbgsibly
suggesting its sensitivity to high UV irradianc&V sensitivity of a surface
Synechococcuspecies population might explathe decline in photosynthesis the
afternoon observed by Miller et al. (1998

The highthroughput analysis of sequence variation of an essential divergent
proteinencoding locus showed that most relatively abundant [tEdicted through
evolutionary simulation analysis meet the expectations of ecological species. They are
ecologically distinct populations andnportantly, the genetic diversity within PEs is
maintained as they increase or decrease in relative abundancesponse to

environmental perturbationBiversity within populations changing in unison in response
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to environmental perturbation indicates the ecological interchangeability of the
individuals within those populations, and is an expected property tfgical species
These and other results (Melendrez et al.,, 2011) indicate that molecular divergence
among ecological species is much less than among the species recognized by
systematists, including definitions 0f3P6 16S rRNA divergencéNayne et al 1937,
Stackenbrandt and Eber2006 or >95% average nucleotide identity (ANI)
(Konstantinidis and Tiedje2005; Konstantinidis 2011) In the case of hot spring
Synechococcuspp. we have observed evidence that temperature adaptation, which can
be observedn 16S rRNA distribution studies (Ferris and Ward, 1997), most likely
preceded light adaptation, which must be observed using more rapidly evolving genetic
markers. Interestingly, while the problem of molecular resolution is similar, in the case of
marine Prochlorococcudight adaptation appears to be more ancient than temperature
adaptation (Martiny et al. 2009). In these and other habitats, where microbial diversity is
organized by environmental parameters, ecological species populations are likely to be

the fundamental units of community composition and structure.
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CHAPTER 4

DISTRIBUTION OF A/B-LINEAGE SYNECHOCOCCUGENETIC AND

ECOLOGICAL DIVERSITY IN HOT SPRINGS OF TH AMERICAN NORTHWEST

Introduction

Evolutionary processes, historical events and physiological constraints all dictate
the content of the regional species pool, which can be thought of as the upper limit of the
species composition for a given area (Figure 4.1) (Morin, 2011). Species saraiyt
thrive outside their physiological adaptive range, limiting the local distribution to habitats
with physiochemical parameters that can be tolerated. Dispersal capabilities and habitat
selection (e.g. presence of needed resourciespact local popution diversity by
determining which species can arrive at and colonize a given location, essentially
filtering species from the region. Finally, interspecies interactions affect the success or
failure of any species within or entering the local communithile the local microbial
communities inhabiting the mats of Octopus Spring and Mushroom Spring are becoming
increasingly well understood, the relations of the species in these local communities to
the regional species pool have not beethasughlystudied.

As predicted by the Stable Ecotype Model (Chapter 1, Figure d.18,
populations can diverge though local niche adaptation as a consequence of ecological
specialization to varying environmental parameters (sympatric speciatitemhatively,

the Geotype Plus Boeing Model (Figure 4.2) predicts that popuktcan also diverge
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Figure 4.1 Relationship of species in a local community to the regional species pool. The
composition of the species pool of potential community members depends on past
evolutionary and historical events, as well as physiological constraints. Dispersal ability
and habitat selection influence which members of which species can manage to arrive in
a particular location. Interspecific interactions among those species thajen arrive

in a particular place further inhibit or facilitate the inclusion of species in the community
(from Morin, 2011).
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B Geotype + Boeing

Figure 4.2.The Geotype + Boeing modelf species and speciatiod history of
geographic isolation, followed by recentmanai ded transport (duri
Boeingd), al@patric bpecesd with similar adaptations being separately
demarcated (e.g. > 1 clade per ecotyph@&)eages from different regions are represented

by different line thicknesses (Cohan aretry, 2007). Details are as described in Chapter

1, Figure 1.9p.18 except that the single color indicates that the two clades are formed
within a single ecotype.

through mutation and recombination if physical barriers, or separation by large
geographial distances, reduce or prevent dispersal (allopatric speciation). In this case,
two phylogenetic cluster@istinct geotypes) are formed within a single ecotype and, in
contrast to the 1:1 ratio of clusters and ecological species in the Stable BEdoiyek

the ratio is 2:1 (or many to one). As the name of the model suggests, in the age of
AfBoei ngo, -distamee riravdl © nmgre frequent, the redistribution of geotypes

could complicate the sequeribased demarcation of ecological species.
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For many years it was widely believed that barriers to the distribution of
mi crobial species did not exist, and that
s el ect Backing B9&4. dn essence, microorganisms were thought to primarily
evolve through sypatric means, and to be distributed globally without geographical
barriers limiting their dispersal. Observations leading to such inferences were often based
on organism morphology (Fenchel and Finlay, 2004). However, morphology is often a
poor indicatorof species richness and can mask the genetic diversity that exists in nature.
Hot springSynechococcuspp. provide a good example of this problem (see Chapters 1
3). It can be challenging to study the spatial dynamics of microbial populations at large
scde because (i) evolutionarily distinct organisms can share similar morphologies, (ii)
cultured organisms are not always representative of predominant natural populations
(Ward et al., 1990), (iii) different taxa can have a variety of evolved dispersal
meclanisms KcDougald et al., 200)2and (iv) the immense bacterial diversity that exists
in nature can make identifying ecological species in their natural habitats difficult
(Dykhuizen, 1998; Ward et al., 2006).

Despite these complications, modern molecwdahmhologies have allowed many
researchers to show biogeographic patterns of microbial distributtughésMartiny et
al., 2006). Pathogenic and symbiotic microorganisms that are associated with specific
eukaryotic hosts have been shown to be restrictélet range of their hosts (Falush et al.,
2003; Taylor et al., 2005), microbial diversity has been shown to increase with increased
geographic area (Noguez et al., 2005; Reche et al., 2005; Fierer, 2008), geographic

barriers were shown to isolate popwat of hyperthenophilic Archaea (Whitaker et al.,
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2003), and thenophilic cyanobacterial populations were shown to be differentiated by
geography (Papke et al., 2003; Miller et al., 2006; Ward and Castenholz, 2000; Ward et
al., 2012). These studies progttl evidence that geographic isolation and allopatric
speciation have been important factors in the evolution of microbial populations.

In Papke et al. (2003), the 16S rRNA locus and-28S internal transcribed
spacer (ITS) region were sequenced to detenwhether hot spring cyanobacterial
populations showed unique patterns of distribution globally and regionally. If hot springs
act as isolated isladée environments, restricting gene flow between populations, and if
this is not counteed by frequent dpersal, such systensbiould facilitate evolutionary
divergence between geographically sepad microbial populations. plke et al. (2003)
collected hot spring mat samples from multiple springs within multiple geographic
regions in the Northwest Uniteda®¢s, Japan and New Zealand, so that they could study
geographical variation on spatial scales ranging from springs within individual basins to
springs on different continents. They made additional collections at some springs and
basins to enable studietlocal distributions along ecological gradients (e.g., temperature
and pH). Springs in different countries are cdiashlighted in Figures 4.3 and 4.4 and
abbreviated names of all springs are provided in the Figure 4.4 legend.

Papke et al. (2003) showeithat cyanobacterial 16S rRNA genotypes had
different global distributions (Figure 4.3), even when inhabiting chemically similar hot
springs (Figure 4.4 and Table 4.1A and B). Bymechococcua/B lineage was shown

to be endemic to North America, and tBscillatoria amphigranulatdike lineage was
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Figure 4.316S rRNA phylogenetic tree demonstrating the relationships of cyanobacterial
clones retrieved from hot spring cyanobacterial mats in different countries to other
cyanobacterial 16S rRNA sequenceéscluding hot springSynechococcuspp. and
Oscillatoria amphigranulataisolates. The tree was rooted wilscherchia coli and
Bacillus subtilis 16S rRNA sequences. Color highlighting: green, New Zealand; blue,
Japan; yellow, Italy; red, Greater Yellowse Ecosystem; purple, Oregon. Scale bar
represents 0.10 substitutions per site (modified from Papke et al., 2003).
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Figure 4.4 Hierarchical cluster analysis of chemical parameters in hot springs included in
biogeographical analyses of Papke e(2003). Hot springs are colaoded by country:
green, New Zealand; blue, Japan; yellow, Italy; and red, North America. JS, Jack Stream;
Per, Perpetual; Lev, Levee; Boz, Bozeman; LaD, La Duke; NM, New Mound; BLV, Bath
Lake Vista; WE, White Elephant Back\WE, Clearwater East; CWS, Clearwater South;
CWN, Clearwater North; OS, Octopus; TBV, Twin Butte Vista; MS, Mushroom; Man,
Mantrap; HP, Heart Pool{(odifiedfrom Papke et al., 2003).



Table 4.1APhysical and chemical parameters for hot spreagspled across the Nofkestern United Statdsnodified from
Papke et al., 2003)

Spring °C pH PO/ NH:® NO," NOs C€CaCO® Ca" CI° Ms®
JS-60 598612 81 037 25 057 0.54 64 9 130 0.5
JS-50 497-502 88 004 25 057 0.54 65 9 130 0.5
Per 60.1-609 82 037 41 057 0.54 65 10 120 0.5
Lev 595618 81 037 10 057 0.54 72 10 120 0.5
Boz 572-575 88 045 25 057 0.54 87 1 53 05

LaD 508-602 6.7 037 2.5 1.09 0.54 230 340 49 59

NM 564 6.6 037 24 0.57 0.54 720 350 160 65

BLV 570-573 66 037 27 0.57 0.54 720 330 170 63

WE 597-800 69 037 19 0.57 0.54 610 330 170 &7

CWE 573619 52 037 14 0.57 0.54 8 6 130 0.5

CWS 563565 61 037 6.5 0.57 0.54 31 7 140 0.5

0Ss 540-840 82 037 35 1.09 613 290 0.5 290 0.5

TBV 593-60.7 84 037 25 0.57 0.54 270 0.5 320 0.5
Man 582-618 83 037 25 0.57 1.12 350 0.5 180 0.5
HFP 566-583 92 037 25 0.57 258 480 0.5 350 0.5

& uM.
mg

00T



Table 4.1BPhysical and chemical parameters for hot springs sampled across th&\Wstdrn United Statgsodified from
Papkeet al., 2003)

Spring °C pH Si0,° Na® SO As B’ Cr’ Cu’ Fe’ Mn’ Zn®

JS-60 598612 81 73 190 270 02 74 001 001 O 0 003

JS-50 49.7-502 8.8 74 200 280 0 75 001 001 O 0 0.03
Per 60.1-609 &2 73 190 260 02 74 001 001 O 0 0.03
Levn 3593618 §.1 71 190 260 0.1 72 001 001 O 0 0.03
Boz 572-575 &8 34 130 130 0.1 06 001 001 O 0 0.03
LaD 598-602 6.7 23 220 1300 0 093 001 0.01 02 0 0.03
NM 56.4 6.6 27 120 600 08 43 001 001 07 01 003
BLV 57.0-573 6.6 27 120 600 09 47 001 001 O 0 0.03
WE 597-600 609 30 120 670 08 44 001 001 0.2 0 0.07

CWE 573619 512 40 74 26 0.7 27 001 001 0.5 0 0.03

CWS 3563-565 6.1 45 94 33 07 28 001 001 01 01 003

08 540-640 82 110 300 26 14 33 001 001 O 0 0.03

TBV 593-607 &4 110 290 21

[ 2=
-
[
[}

001 001 O 0 0.03

Man 582618 E3 94 270 29 1 25 001 001 O 0 0.03

HP 566-583 92 120 410 44

[ 3%
—
=
a

001 001 O 0 0.08

UM,
mg
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foundonly in New Zealand and Japan. T&gnechococcu€l lineage was dominant in
Japan, and th&ynechococcu€9 lineage was detected in all three countries studied.
These unique geographic distributions indicated that thermophilic cyanobacteria are not
evenly distributed globally, but have a history of geographic isolation.

Springs in the American Northwest inded seven different geographical regions
separated at the scale of springs within the same basin, to springs as distant as those in
Oregon and Yellowstone National Park and the surrounding regiguaréM4.5 and Table
4.2). Hierarchical cluster analysisf ¢not spring chemical parameters showed that La
Duke (LaD) and Mammoth Springs (Mam; consisting of New Mound Spring (NM), Bath
Lake Vista (BLV) and White Elephant Back Spring (WE)) had significantly different
chemistries compared to the other springs stlidiy Papke et al. (2003) (Figure 4.3),
which was mostly due to higher concentrations of calcium, magnesium, carbonate and
sulfate in these springs (Table 4.1A and B; gray shading). Springs in all other
geographical regions in the Northwestern United Stdited water chemistries that
clustered together, and formed an even larger cluster with most other springs located in
New Zealand and Japan.

Analyses using the moreapidly evolving 16-23S rRNA ITS locus showed
evidence of genotypic variation embeddedhwit n  t-likee 1L6SBrRN\ genotype
(NACy10; Figure 4.3), whichwas specific to Yellowstone geyser basins, possibly
indicating more localized geographic isolation (Figure 4.6). For instance, sequences from

West Thumb (WT) and Lower Geyser Basin (LGB) (regighand 5, respévely in
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Figure 4.5. Approximate locations and geographic distances (km) among the 7
geographic regions studied across the Northwest USiiates by Papke et §2003).

Figure 4.4B) mostly formed cladegparately from those obtainédm the Mam, CW

and LaD springs (regions 3 and 4). However, the low molecular resolution of the 16S
23S rRNA ITS locus was still possibly grouping many separate ecological species that
can be detected with highegsolution genetic markers likesaA (Chapters 2 and 3),
obscuring biogeographfatternsacross the Yellowstone region.

Understanding the impact that geographic isolation has on ecological species



Table 4.2.Summary of the samples andmber ofpsaAsequencesisedfor biogeographical analyses. Regions and springs
shaded grey indicate different ecological settings that were used in ecological gradient analyses, and were not iheluded in t

biogeography study.
Geographic region Latitude Longitude Spring Average pH value Collection  Total Total
Lower Geyser Basir 44° 32'35"N  110° 46' 06"E Octopus Spring 54°C 8.2 30-May-96 121 1253
Lower Geyser Basir 44° 32'35"N  110° 46' 06"E Octopus Spring 60°C 8.2 30-May-96 1535
Lower Geyser Basir 44° 32'35"N  110° 46' 06"E Octopus Spring 64°C 8.2 30-May-96 1479
Lower Geyser Basir 44° 32'35"N  110°46'06"E ~ Mushroom Spring 60°C 8.2 30-May-96 90 2639
Lower Geyser Basir 44°32'35"N  110°46'06"E  Twin Butte Vista 59.360.7°C 8.4 30-May-96 99 2380
Clearwater 44° A47'19"N 110° 44'21"E  Clearwater (east) 57.361.9°C 5.2 30-May-96 82 5516
Clearwater 44° A7'19"N 110° 44'21"E Clearwater (south) 56.356.5°C 6.1 31-May-96 1476
West Thumb 44° 24'56"N  110°34' 29"E Mantrap 56.4°C 8.8 31-May-96 30 664
West Thumb 44° 24'56"N  110° 34' 29"E Heart Pool 56.6-58.3°C 9.2 31-May-96 28 2266
Mammoth 44° 57'90"N  110° 42'50"E White Elephant Back 59.7-60°C 6.9 31-May-96 8 3270 -
Mammoth 44° 57' 90"N 110° 42' 50"E New Mound 56.4°C 6.6 31-May-96 11 4384 E
Mammoth 44° 57'90"N  110° 42' 50"E Bath Lake Vista 57-57.3°C 6.6 31-May-96 13 4100
La Duke 45°5'25"N  111° 46' 28"E La Duke 59.860.2°C 6.7 31-May-96 10 955
Bozeman 45°39'39"N 111° 1112"E Bozeman 57.257.5°C 8.8 8-Jul96 12 1125
Oregon 42°11'20"N  120° 20'41"E Levee Spring 59.561.8°C 8.1 7-Jul96 17 2946
Oregon 42°11'20"N  120° 20'41"E Perpetual Spring  60.1-60.9°C 8.2 7-Jul96 22 1418
Oregon 42° 11'20"N 120° 20' 41"E Jack's Spring 50°C 8.8 7-Juk96 24 1297
Oregon 42°11'20"N 120° 20'41"E Jack's Spring 60°C 8.1 7-Jul96 1625
®Highf requency sequences (050 100% identical copies in al combined sampl ec
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Figure 4.6.Phylogenies for internal transcribed spacer (ITS) variants detected in
Yellowstone relative to springs and regions from which they were retrieved. (A) ITS
genotypes with an identical 16S r RNA genot
16S rRNA sequergfrom previous work (Warakt al, 1998)). (B) Map of Yellowstone
National Park indicating regions sampled. Values at nodes indicate bootstrap percentages
for 1000 replicates. Values less than 50% are not reported. Scale bar indicates 0.01
substitutions pesite (modified from Papke et al., 2003).
populations within the regional species pool is important to understanding the forces that
influence the ecological diversity and stability of these communities, and facilitates a
better understanding of th®ynebococcuscyanobacterial diversity contained within
Yellowstone National Park, allowing for more directed measures in studying and
protecting these natural resources.

To better understand the distributions S}fnechococcuscological variation in
the Amercan Northwestl analyzedsamples from Papke et al. (2003) using a mgray
resolving protein encoding locupsaA. Geographic regions and springs were found to
contain unique sequence and ecological variation, which decreased rapidly with

geographic ditance, indicating the importance of geographic isolation in the evolution of

Synechococcusopulations. Additionally, samples from ecologically distinct locations in
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local environments were analyzed to determine how population distributions were

affectedby ecological, as omsed to geographical parameters

Materials and Methods

Replicate mat samples for biogeographical analysis were collected from hot
springs across the Northwest United States between 30 May and 8 July 1996 using a #4
cork borer (38.5nn7) by Papke et al. (2003), as summarized in Table 4.2. Samples used
in biogeographical comparisons were collected at ~60°C and fromnaaeaal to
alkaline pH sites in order to constrain ecological differentiation among populations,
though some localoelogical variation was present in the sample set. For instance, CW,
Mam and LaD had lower pH than the other springs analyzed (5.2 to 6.9), but all other
samples were from springs of pH 8.1 to 8.8. Also, as mentioned above, Mam and LaD
had higher concenttians of calcium, magnesium, carbonate and sulfate compared to
other Yellowstone springs. Data from chemical analyses are presented in Table 4.1, and
samples were taken and analyzed as described in Papke et al. (2003). Additionally, in
order to evaluate viation along ecological gradients, CW was sampled at 2 springs with
different pH values, JS was sampled at 2 temperatefiaed sites, and OS was sampled
at 3 different temperatures along the effluent flow path (see Table 4.2). Samples were
immediately fozen on dry ice-20°C) in the field and kept frozen €80°C until analysis
in 2011.

DNA was extracted, and thpsaAlocus was PCRimplified and sequenced using

Tid54-barcoding technology, as described in Chapter 3 (Becraft et al., submitted).
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Sequencewvere then trimmed to 302 base pairs to obtain the maximum number of
sequences, cleaned and analyzed to identify-highe quency sequences
identical representatives across all combined samples) and associated low frequency
sequences (LFSs; <50 mes in all samples) as described in Chapter 3 Materials and
Methods. Phylogenies were constructed with MEGA 5.0 using the Neighiborg
method (Tamura et al.,, 2011). Sequences were aligned using Clustal X (Larkin et al.,
2007), and average pairwise featide identities were calculated with MEGA 5.0. The
percent contribution of each HFS (and associated LFSs) fmsafl sequences in each
individual sample from ~6C sample sites (ranging from ~57 to 62%gs calculated
((HFSs+LFSs) / total sequencesdample)) x 100). Some samples (LaD, Boz, OS, Per
and JS) could not be analyzed in duplicate due to failed sequencing reactions.

To anal yze t h dikedFSsvariatiorbwithini ecological popuBakipns
between chemically similar springs and e, putative ecotypes (PEs; populations
predicted through evolutionary simulation analysis to be ecologically distinct) were
demarcated using a newer version of Ecotype Simulation (ES; an evolutionary simulation
program based on the Stable Ecotype Modedpcies and speciation) currently being
optimized by doctoral student Jasoro®d andDr. Fred Coharand Dr. Danny Krizanc at
Wesleyan University Pr evi ously identified PEs BNj5 ar
this analysis. With the exception of therepecific clade(which was analyzed
separately)the Alike lineage was not analyzed by ES because reduced sequence length

lumped many PEs described in Chapters 2 and 3. PEs contained dominant variant



108
sequences (DVs; identical sequences that nadée plurality of a PE clade), and PE
DVs identified in Chapters 2 and 3 are indicated in Figures 4.7 and 4.8 for reference.

PEs were also demarcated with ES at sites sampled in order to analyze
populations in regions or springs with rple ecological settigs (CW, $ and OS
separately. Analysis of individual regions and springs with multiple ecological settings
was conducted with the version of B8scribed irChapter 3, Materials and Method3E
percent population was calculated by dividing the total nurabsequences within a PE
detected in a sample (PE sequences = DV + all other HFSs + all LFSs) by the total
number of sequences in that sample ((PE sequences in sample / all sequences in sample)
x100). PEs mostljound ina particulargeographical regioare labeled according to that
region. Additional PEs from MS and OS were demarcated in this analysis that were not
identified in 2006 and 2008 studies andrevéabeleda s 6 newl y demar cat ed
where # is numbered sequentially from 1 toPmeviously uridlentified PEs that were
mostly found in regios other than MS and OSvere labeledwith abbreviations

corresponding tthatregion(e.g. Ore PEAL), and labeled sequentially.

Results and Discussion

To examine the biogeographical patterns of hot spf&ygechococcupsaA
sequence variants, a total of 43,757 (average of 1,492; standard deviation [mér850
sampl@ sequences were analyzdidhese analysegelded 133 HFSs that corresponded to

samples fron 13 springswithin 7 different geographibasins(LGB, WT, CW, Mam,
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LaD, Boz and Ore) that were separated bmiaimum of 9 km, and anaximum of
836.35 km at the most distant sites (Figure 4.5).

As shown in Table 4.2ndividual springs within LGB (OS, & and BLVA)and
CW had the most genetic diversity, with 121, 90, 99 and 82 HFSs, respectively. Man and
HP (WT) had considerably less diversity, containing 30 and 28 HFSs, respectively. Lev,
Per and JS (Ore) contained 17, 22 and 24 HFSs, respectively. W/BLY/, LaD, and
Boz (Mam and outlying springs) had the lowest genetic diversity observed, containing 8,
11, 13, 10, and 12 HFSs, respectively.

Distribution of HFS Variation in
Springs of Similar Temperature and pH

HFSs were separated into-like (Figure 4.7), and Rljke (Figure 4.8)
Synechococcushyl ogeni es and the percentage of
sample are shown for each spring; HE%# were <1% of the sample are indicated with
asterisks. Individuakprings are colehighlighted by geographic region (LGB, green;
WT, red; CW, light blue; Mam, gray; LaD, orange; Boz, yellow; Ore, dark blue).

The LGB springs (MS, OS and TBV) had the most genetic variation spread across
the Alike and BNjke phylogenies, and HFSs were mostly comsistwith those
identified at ~60C in MS and OS in previous studies (Chapters 2 and 3). LGB springs
contained 1 Al i k e alikalclades tBaNjwere specific to this region, but a large
amount of the genetic variation detected in LGB springs was alsatetkten the

neighboring WT and CW regions. In addition, Wdgion springs (HP and Man) also

HI
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Figure 4.7 Phylogeny of Alike high-frequency sequences (HFSs) across 5 geographical
regions in the American Northwest containinglike diversity (Lower GeyseBasin

(LGB), green; West Thumb (WT), red; Clearwater (CW), light blue; La Duke (LaD),
orange; Oregon (Ore), dark bl ue). Percent
indicted adjacent to the sequence variants; asterisks indicate HFS percentagesethat
<1% of the sample. Coleshaded monophyletic clades indicate genetic diversity that is
mostly specific to a region. Vertical bars represent putative ecotypes (PEs) demarcated by
Ecotype Simulation; PE dominant variants (DVs) for each spring are colatp®Ves

from PEs identified in Chapters 2 and 3 (vertical lines not shown for these PEs) are
indicated in the phylogeny next to the identical HFS. Scale bar indicates .005
substitutions per site.
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contained Al i k e -likenddrersByNwith some springpecific HFSs. For instance, HP
had 1 monophegtic clade of unique Aike HFSs that were mostly located at that spring
(Figure 4.7, red box).

The most predominant HFSs from CW were specific to this spring, including one
clade of relativelyi BbuhdaeaagBFELWMPEL IB&2]
CW HFSs were also located in the neighboring LGB, Mam, Boz and LaD geographical
regions in lower relative abundance. NM, WE and BLV only contairdké8sequences
that formed a clade of HFSs that were mostly unique to the Mam region (Figure 4.8; grey
shading). LaD contained 11 genetically divergent HFSs, 4 of which were specific to this
spring. Boz contained 9 genetically divergemjlike HFSs, with the 2 most relatively
abundant being sprirgpecific. Boz and LaD each contained 1 small monophydésibe
of relatively abundant HFSs that were uniquehose regions (PEs Bd& Ndnd LaD
BNj1) . Ot her relatively abundant HF Ss i n
neighboring Mam and LGB regions in lower relative abundance.

Sequences from hot springs located in Ore were monophyletic, genetically
distinct and consisted of only-kke sequences. This was unexpected, since Papke et al.
(2003) detectedB ke 16S rRNA sequences in JS (Figure 4.3) and Miller and
Castenholz (20003ultivatedB INke Synechococcuisolates from JS. It is possible that
B Nlke sequences are only located at average temperatures <60°C in JS. Another
possibility is that genetic divergence within Ore populations was great enough to cause

primerpair misnatching, and the Org ke sequences failed to PCR amplify.
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HFESRelative Abundance vs. Geographic Distance

The average nucleotidBvergenceof HFSs within each geographic region ranged
from 0.09 in LGB and CW, to 0.031 in WT, to 0.02n Boz and laD, to 0.019 in Mam
and to 0.015 in Ore, andas correlated with the number of HFSs identified. The ANI
was also calculated for HFSs between all regions, and no pattern of increased nucleotide
divergence with increased geographic distance was obsefveda(f ues of- 0. 03
like, and 0.4 for Alike sequences) (data not shown). However, there were clearly unique
sequence variants at different springs across the NastbmeUnited States (Figures 4.7
and 4.8§. With the exception of Ore HFSs, many sequsneere equally genetically
divergent from one another when the total variation was calculated, possibly due to the
close geographical distance of the majority of the springs analyzed. This, in combination
with the high level of HFS diversity in the LGB a@¥V regions, blurred the correlation
between quantitative genetic differentiation and geographic distance.

All 13 springs analyzed contained unique HFSs, and many regions contained
unigue monophyletic clades of HFSs, though in many instances HFSs waied ot
multiple springs or regions. HFSs of high relative abundance were detected in
neighboring springs and regions more often than geographically distant regions, and the
relative abundances of HFSs declined with increased geographical distance. #igures
and 4.10 show the relative abundances df A k e -liken HFSBfblj each region
analyzed, respectively. Geographic regions are separated along the horizontal axes

(width), and geographic distance roughly increases with separation along the axis. Mos
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HFSs were only found in one spring or declined in relative abundance in adjacent springs
and regions, further declining to zero ckly with increased geographic distance.
Recurrent dispersal is insufficient to influereequence frequencies directiyowever,
dispersal will be important in introducing new variation into a spring, either in populating
a newly formed springor by intoducing a sequence into an established spring where it

previously did not exist.

Ecological Diversity Analyses

To analyze ecological populations within localized regidAESs from these

regions were analyzed by ES and demarcated into PEs.

PE Diversity Among Chemically
Similar Springs in the LGB and WT Regior8 ke HFSs were analyzed by ES

to determindf different sequencevariantswithin a PE are found in different basirsS
dema r c at elide PEin tieNjgeographic regions tha ¢ o n t -Bke diverdity B Nj
(Figure 4.8). ES calculated a periodic selection rate of 0.89 and an ecotype formation rate
of 0.82 evets/nucleotide substitution (also see Table 8.21§. On average, despite the
inclusion of individual regions and sprmdhat had higher rates of periodic selection,
ecotype formation events were calculated toapproximatelyas frequent aperiodic
sel ect i on -lilesgnachosocdugopulatiBnlljin the American Northwest. The
inclusion of geotypes in the analyst®uld have artificially increased thapparent
ecotype formation rate calculated by ES.

Springs located in the LGB and WT regions have a high degree of chemical

similarity (Figure 4.4, Table 4.1A and B), and provide the opportunity to observe the role
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of geographic isolation on microbial populatiobsfferent ecotypes among springs in the
same region suggethat geographic isolation is more important than local ecological
adaptati on i nliketPBsathateare presgnt in lmoth the IBSBjand Woregy
had different relative abundances and DVs (Figure 4.8; red highlighted numbers), and
PEs were usually more abundant within an individual spring. The DV dB B was
identical in all three LGB springs, but was different in CW. In contrast, the INDoPE
BNj1 was different in al/l three springs 1in
>1% of the populationSequence varianthat were present i@ 2springs wereusually
more dominant in one springand only 3DVs were identicaWwithin a PEamongall
spring wi t hi n a r egido nBNjlel. ¢?.B MBEEB/ BaNj2dn WT) .

The presence of some and the absence of other PEs in both WT and LGB regions
could indicate that different ecological species have different dispersal capabilities and
ability to invade established communities. This could be due to species populations
having different abundances along the vertical aspect of the mat, with somEced
populations having a greater chance of dispersal to neighboring regions (see Chapter 6,
Figue 6.6p.17) . For exampl e, PE BNj7 is a surface
3.3 p.79, and was found in high relative abundance at OS and HP, and in lower relative
abundance at MS and Man. This could be an example of a sorieoéed ecologida
population that was dispersed to MS and Man, followed by a change poplgation
structureover time due to periodic selection events, genetic drift and/or interspecies
competition acting on the population separately in each spring (also see Chapter 5

Figures 5.5 and 5,6p. 140 and 144 Alternatively, there could be multiple ecotypes
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containedwithin one PE, each better adaptedbimtic and abiotic conditions ione or the

other spring

PE Diversity Among Springs in the Mam Reqi®t denarcatedfive Mammoth

Spring PEs (Figure 4.8; grey shading). Mam HFSs were also analyzed separately, and ES
calculated a periodic selection rate of 3.5 and an ecotype formation rate of 0.9
events/nucleotide substitution (3.7:1), indicating that Mam populations d&avigher
periodic selection rate on average than other ecological populations identified in the
American Northwest.

NM, WE and BLV each contained orm@edominant HFS that comprised the
majority of the sequences in each spring (71.5 to 89.6%), a popuaticcture that was
unique to springs in the Mam region. ES demarcated 2 of the predominant HFSs (located
in NM and WE) into Mam PE 5. If this demarcation is correct, this would suggest that
populations of the same PE inhabiting different springs hatereift DVs, as was found
in springs in the LGB. However, the DV at WE was located in a monophyletic subclade
contained within Mam PE 5, and could be a young ecological population that was
recently dispersed from NM to WE that was not demarcated separgtely. Mam PE 2
contained as its DV the other predominant HFS, and was located mostly in BLV. Mam
PEs 3 and 4 were lower in relative abundance and located primarily in both BLV and
NM, though the PE DVs were different between the spsipegific populatios.

The high relative abundance of the DV compared to the low relative abundance of
other HFSs contained within these spfspgcific populations could indicate that Mam

PEs have recently experienced a bottleneck (e.g. recent dispersal and initial tolgniza
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Springs that form in the Mammoth region are typically ephemeral, forming and drying up
over a period of a few years because of carbonate deposition. This could result in an
environment where populations are initially dispersed to inhabit newly &brme
neighboring springs, take advantage of arriving at an uncolonized location first, and
subsequently rise to abundance and diversify to a limited extent during thdifebpéen

of the spring, without having to compete with locally adapted populations.

PE Diversity Among Springs in the @yen Region.ES demarcated 4 Ore PEs

(Figure 4.7, dark blue box). ES calculated a periodic selection rate of 1.73 and an ecotype
formation rate of 0.97 events/nucleotide substitution, indicating that Ore populations have
a lower periodic selection/ecotype formation ratio (1.7:1) than the ecological populations
identified in Mam and MS (Chapters 3). Ore PE 2 was unique to Per, and contained the
majority of the genetic diversity detected at that spring. The remaining geinarsity
contained in the Ore regiespecific clade was dispersed across all 3 chemically similar
springs (Figure 4.4), though the relative abundances of DVs and HFSs within PEs varied
among springs. With the exception of Ore PE 4, PE DVs were theigaaie€3 springs
analyzed, indicating that frequent dispersal could be more important to ecological species
distributions in this region. A single-fke sequence detected in Ore corresponded to a
variant located primarily in the LGB, WT and CW regions (REDV in Figure 4.7),

which could be the result of rare long distance dispersal or anthropogenic contamination.
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PE and HFS Diversity in
ClearwateSpringsWith Different pHs

CW was sampled at two sprin¢lSast and Souththat had pH values of 52nd
6.1, and temperature ranges of 57.3 to ®1,%nd 56.3 to 56°&, respectivel CWE
and CWS, respectivelyFigure 4.11). ES predicted 21 PEs from the CW samples, 8 of
which werebased on a singldFS. ES calculated a periodic selection rate of Ocbaam
ecotype formation rate of 0.1 eventstlmotide substitution, yieldinga periodic
selectiorecotype formation event ratio of 5@W PE 1in Figure 4.11 consisted entirely
of A-like sequences that were more relatively abundant at thephigdite CWS, 56.3 to
56.5°C). A-like diversity in CW contained a high number of relatively dalundance
HF Ss, and only 10 of 48 HFSdike €W iRy had e d
genetic variation found alike PEsSt 10 arsl 42nyetee s
more relatively abundant at low pl€WE), a nlike CB/NJE 11 was more relatively
abundant at high pKCWS).

PE and HFS Diveity at Different
Temperatures Within theathe Spring

JS was sampled at two temperatdefined sites (~50 and 80) along the
effluent flow path (Figure 4.12A; also se@pendix C FigureCl). The lowtemperature
sample contained more HFS variation, which was also observed at CW and MS (see
Chapters 2 and 3). ES predicted 6 PE3S 2 of which werbased on a single HEES
calculated a periodic selection rate of 0.6 and an ecotype formation rate of 0.4

events/nucleotide substitution, indicating that ecetyprmation rates are almost as

01

t
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Figure 4.11Phylogeny based ohigh-f r equency sequences (HFSs)
the samples at Clearwater Spring (CW). C8&mples corresponded to pH @Ad a
temperature range of 57.3 to 62C9(CWE, left), and pH 6.1and a temperature range of

56.3t0 56.8C (CWS,right). Al i ke HFSs ar e |-likecHF$sea betowo v e,
the doted horizontal line. Verticabarsindicate putative ecotypes (PEs) demarcated by
Ecotype Simulationblack dots represent PBased on single HFSBercent HFSs in the

total sample isndicatedto the left, and PE percent population is indicated to the right of

the vertical barsShaded boxes indicate HFS clades that are mostbompletelysite

specific. Scale bars indicate 0.005 nucleotide substitutions per site.
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frequent as periodic selection rates in JS, and similar to ES predictions for the entire Ore
region. JS PEs 1 and 3 were cladesscsiing of HFSs located abstexclusively atow-
temperature siteyhile JS PE 6 was exclusively located at the Heghperature site. JS
PE 2 was moreelatively abundant at the higamperature site, though HFSs within JS
PE 2 were also found downstmean lower relative abundances. JS PEs 2 and 4 could be
ecological populations that can persist at both temperature sites, though are better adapted
to onesiteor the otheror soméhingin between

OS was sampled at 3 locations along the effluent floth,pacluding high
(~64°C), medium (~60°C) and lowtemperature (~5£) sites (Figure 4.12B). As
observed with MS flow path distributions (Chapters 2 and 3; Figures 2.3 gnup347
and 77, there appeared to be ecotone boundaries where geneticovadasinges along
the effluent f1l ow pat°@ (EZ3) andBljkeAaNgd Aikegin | oc at ¢
lesser abundance) PE diversity located a6and 54C (EZ1). In addition to PE K
ND PE ANj1 and PE ANj18 were morRETrANBR8 i wast"
nearly 50 percent of the samfde t ot all di versity. ND PE BNj3,
BNj12 and Al were the most relatively abun
Figure 5.6, 1996p.149 . With the exception adswde BNjl?2

different between the 60°C and 54°C EZ1 sites.

Conclusions

Advances in molecular biology are providing a multitude of evidence that the

once widely held belief that Aeverything i
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not correct for all axa. Here | present evidence that hot spriBgnecbcoccus
populations have strong barriers to frequent geographic dispersal-thfogighput
sequencing ofpsaA variation across the Northwestern United States better resolved
biogeographical patterns &yrechococcusequence varianfgst observed by Papke et
al. (2003)andenabled analysis d@lfie population genetic structuresemological species

Many regions contained monophyletic clades of unique HFS variation. HFSs that
were shared betweegeographical regions, and between springs within the same region,
varied greatly in their relative abundances. There were higher levels of migration of HFSs
between neighboring springs and geographic regions, and the relative abundances of
HFSs decreasedith geographic distance. This could be because HFSs corresponding to
ecological populations can migrate short distances and persist at chemically similar
springs( e . dike pdpNations between LGB and WTHut do not reach abundance
because they are nas well adapted as are the sprapgecific biota to biotic and abiotic
conditions of the local community (i.e. are unable to invade due to interspecific
competition). All springs contained unique HFSs, even if only slightly different from
other variants etected in nearby springghe Oregon region contained uniquelike
variation, and CWLaD, LGB and WT all containecatlosely relatedA-like HFSs that
varied inpresence ancklative abundance acrosgrings andegions €.g. LGB compared
to WT). -liReNPEs werecompletelyomo st |l 'y regi on 7sqndPEshad ¢ ( e.
different HFSsand genetic structuresmong springs and regions (
P E BTNjB rould indicate that the forces of periodic selection and genetic drift are

acting upm ecological populations independently in these local communities (hot



126

springs), and despite short geographic separation, these populations are changing
separately and irreversibly diverging from one another due to geographic isofatian.
exception Ore PEs1 and 3had the same DV among thesfrings analyzed, indicating
that frequent dispersal could have more impact on the ecological species in thisaegion
that these springs are closer in proximity

SomePEs in thechemically differentMam regio contained one highly abundant
HFS with minimal surrounding variation, possibly because these populations have gone
through a recent bottleneck event (e.g. recent dispersal to a newly formed spring) since
carbonatelepositing springs are ephemeral in nat’he high relative abundance of one
sequence variant in relation to others within a population indicates that these are possibly
young ecological/geographical spediaso see Chapter.8)

Ore and CW both contained ecological species that were megilynspecific,
though many populations shared variation between springs in varying relative
abundances. The relative abundances of populations changed along environmental
gradients (temperature) at JS and OS, similar to patterns observed at MS (Chapters 2
3). OS contained many of the PEs identified in MS, although the relative abundances
varied greatly between springs (e.g. PEs /
BN9 in MS compar e dalsd seeChaptet 2 Figure 3,0%7). Whild )  (
some PE DVs were identical across all spri
mo s t often different bet ween springs, and

identical.
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The ratio of periodic selection to ecotype formation events va@dewhat
between springs and geographical regions. The ratio of periodic seledtypec
formation events was 1.78in Ore(1:1.5 at JS), 2.9:1 in MS, 3T7in Mam, and 5:1 in
CW. Assuming that mutation and recombination rates are conskesste tratiosnight
indi cate that popul ations are more O0stabl e
the last priodic selection event) in Qréhe amount of genetic diversity within ecotypes
should bedependenupon the amount of time that has passed since the déatneck
event (e.g dispersal to newly formed spring or periodic selection event), and older
populationsshould contain more sequence variants surrounding aal@ssdahdominant
variant(Chapter 8, Figure 8,p.211.

T h e Syéghococcuspecies divesity in the American Northwest yielded a
periodic selection/ecotype formation ratio of ~1:1, indicating that ecotype formation
events are nearly as frequent as periodic selection events in these populations. Higher
rates of ecotype formation events wersoabbserved foBacillus subtils populations by
Koeppel et al. (2013). Alternatively, the higher rate of ecotype formation could be due to
the inclusion of multiple geotypes (i.e. ecologically interchangeable species separated by
geographic distance) thdtave diverged apart, but maintain the same ecology in

chemically similar springs.
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CHAPTER 5

SEASONAL AND YEARLY CHANGES OFSYNECHOCOCCUEGCOLOGICAL
POPULATIONS IN MUSHROOM SPRING AND OCTOPUS

SPRING MATCOMMUNITIES

Introduction

Population dynamics is the lotgrm study of changing abundance and
composition of species within communities due to ecological processes, such as
environmental change or dispersal from neighboring communities in the regjatiés
pool (Morin, 2011; Chapter 4 Figure 4{.94. Population genetics is the study of gene
frequencies and change within populations over time (Lincoln et al., 1998) due to
evolutionary processes. For instance, periodic selection events might quasdityd
within ecological populations, mutation and/or recombination might introduce new
variation into populations, and drift might cause genetic variants to rise and fall in
abundance. Furthermore, populations can go extinct and speciation mighsgitenew
ecologically specialized populations. All of these forces might act upon microbial
populations and local communities, influencing the diversity and stability of the
ecologicalspecies they contain.

Microbial populations have been shown to chamsgasonally in relation to
fluctuating environmental conditions (DuRand et al., 2001; Thompson et al., 2004;
Giovannoni and Vergin, 2012). Although Mushroom Spring (MS) and Octopus Spring

(OS) have been extensively studied for over 30 years, these stadesnostly treated
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the systems as if they were static. To determine if populations in these mats dnanged
response to changing environmental conditidhsrris and Ward (1997) analyzed the
population diversity at OSeasonallyusing denaturing gradientegelectrophoresis of
partial 16S rRNA gene segments. Results for June and December are shown in Figure
5.1 Light availability changes over the diel cycle, and total available light at OS changes
seasonally. The day length is considerably shorter in wmmosths, and th24 h average
irradiance is about 25% of that in the summer (Figure 5.2). Ferris and Ward (1997) found
that despite differences in light intensi8ynechococcupopulations did not change
seasonally. However, the study was complicatechbyfdct that the 16S rRNA molecule
lacks the molecular resolution needed to accurately demarcate ecological species
(Melendrez et al. 2011; Becraft et al., 201dubmittegd Chapter 3). In addition,
disturbance events are more stochastic environmental eéhdhgt might affect species
composition and structuie time (Brock and Brock, 1968; Ferris et al., 1997).

Using Ti454barcoding and sequencing p$aAsequences, | was able to better
understand the temporal variation®fnechococcuysopulations in MS and OS at greater
molecular resolution than is provided by 16S rRNA sequences. | analyzed samples
collected in different seasons, and reexamined samples collected over a 20 year period by
various members of the Ward Lab in order to molearly resolve the population
dynamics of ecological species in response to fluctuating environmental conditions or
environmental perturbations. Ti4®ércoding and sequencing also provided the ability to

observe individuals within ecological populatiomsid thus to examine the population
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Figure 5.2Light intensity averaged over 24 h measured from January 12 2011 to January
12 2012 at Mushroom Spring (MS). Inset box identifies light intensities over a series of
samples collected between June 1996 to September 2009 at MS in ecological zone (EZ) 1
(seebelow). Arrows indicate montha which Octopus Spring samples were collected in
EZ1.

genetics of ecological species, and the forces that influence ssjikbiries variation over

time within these local communities.

Materials and Methods

Sampling

Samplesfor comparison of population structure in summer and winter were
collected by collaborating d@toral student Shane Nowack onJRne 2011, and 15
December 2011, as a part of a collaboration between the Ward Lab and the laboratory of
Isaac Klapper (MSU Deptnent of Mathematics and Temple University Dept. of
Mathematics). A #2 cork boret9.6 mnf) was used to collect mat samples at 4 spatially
fixed sites along the effluent flow path at MS and OS. Temperatures at sample collection
sites were recorded evebyminutes, and averaged over 30 minutes, using the DS1922T
Temperature Logger iButton with 8KB memory (Maxim Integrated, San Josea@h)

are reported in Table 5.1.
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Samples from different years were collected between 1989 and 2009 by members
of the WardLab, using a #4 cork borer (38.5 Mjnat temperatures ranging from 55 to
64°C and are summarized in Table 5.2. All samples were immediately frozen on dry ice

(-20°C) in the field and kept frozen €80°C until analysis in 2011.

Molecular Methods

DNA was «tracted as described in Chapters 2 and 3 (Becraft et al., 2011; Becraft
et al., submitted), and thesaA locus was amplified and sequenced with the
6centerfowardprimeré (see Chapt earcodhg Mat er
technology. Yearlymat sampes were sequenced at the J. Craig Venter Institute as
described in Chapter 3 Materials and Methods,smaonal mat anglater samples were
sequenced at the Research and Testing Laboratory, Lubbock, TX (Rhoads et al., 2012).

Sequences were trimmed to23Base pairs to obtain the maximum number of
sequences, cleaned and analyzed to identify-highe quency sequences
identical representatives across all combined samples) and associatérdglosncy
sequences (LFSs; <50 copies in all samplesjiemeribed in Chapter 3 Materials and
Methods. Phylogenies were created in MEGA 5.0 using the neighiborg method as

described in Chapter 4 Materials and Methods.

Ecotype Demarcation

Putative ecotypes (PEs; populations predicted through evolutiomanfaton

analysis to be ecologically distinct species) were demarcated using Ecotype Simulation
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Table 5.1.Collection sites and temperatures for seasonal study. Average, minimum and
maximum temperatures taken over a 24 hour period at Mushroom Spanmple sites
progress downstream along the effluent flow path from site O (just downstream from the

source) to site 4. Average ambient temperature is also reported.
Site 0 Site 1 Site 2 Site 3 Site4  Ambient °C

June 6 2011
24 hr-avqg ¥ 65.40°C 62.27°C 57.38°C ¥ 10.26°C
Max 66.83°C 63.99°C 60.47°C 25.66°C
Min 62.68°C 59.54°C 52.91°C 2.65°C
°C 64.1°C 42.1°C
December 15
24 hr-avqg ¥ ¥ 62.36°C 58.30°C 51.03°C -5.40°C
Max 62.53°C 58.77°C 51.66°C -1.47°C
Min 61.79°C 57.41°C 49.49°C -7.58°C
°C 66.3°C 66°C

¥ Missing data are due to failed temperature diaggers, usually because of prolonged exposure to high
temperatures, and point measurements taken at the time of collection are reported in these cases.

Table 5.2.Summary of samples and sequences used for temporal analyses in Mushroom
Spring and Octopus Spring from 1989 to 2009.

Spring Average Collection Total HFSsa Total
temperature date sequences
Octopus Spring 55°C 16-Oct-89 88 1498
OctopusSpring 60°C 16-Oct-89 131 1650
Octopus Spring 5961°C 8-Aug91 127 1396
Octopus Spring 54°C 30-May-96 121 1253
Octopus Spring 60°C 30-May-96 90 1535
Octopus Spring 54°C 18-Nov-99 132 1154
Octopus Spring 52-64°C 18-Nov-99 79 2296
Octopus Spring 55-64°C 23-Jun05 66 2459
Mushroom Spring 56.4°C 12-Jun96 114 1157
Mushroom Spring 54-60°C 7-Oct99 89 1446
Mushroom Spring 56.4°C 11-Aug06 137 1592
Mushroom Spring 60°C 13-Dec07 79 1504
Mushroom Spring 60°C 9-Sep08 120 1636
Mushroom Spring 60°C 18-Jun09 229 12492
dHigh-frequency sequences (O50 100% identical copies

(ES; an evolutionary simulation program based on the Stable Ecotype Model of species

and speciation; see Chapter 1), and PE population percentages were calculated as
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described in Chapter 3 Materials and Methoddiké PEs were demarcated using the
finesa | e appr claickhe -lgsaiRBs viBaNidemarcated using the conservative
approach, as described in Chapter 3 Materials and Methods (alsappeadix B,
Section 1). MosPEscontained a dominant variant (DYdentical sequences that made
up the pluality of a PE clade) surrounded by legsundant HFS variation and associated
LFSs. Only HFSs that were O01% in any samp]l
percentages sum to between 70 and 90% for each sample, and the remaining diversity
consisted bsequences that were <1% of the total in any sample analyzed over the 20

year period (data not shown).

Results and Discussion

Seasonal Effects on PE Distributions
in Mushroom Sprindvlat Samples

Samples from December and June were compared to determine whether PE
population distributions and relative abundances differed (Figure 5.3). Water temperature
was nearly identical between June and December, despite differences in ambient
temperature (TablB.1). In June (Figure 5.3, left), the upstream mat samples (sites 1 and
2) were indicative of EZ3 and contained mogilyNke PEs, and PEA 8ljandA 8ljwere
the most relatively abundant populations. The lower temperature samples (sites 3 and 4)
wereind@at i ve of EZ1, and PEs Al (site 3), B N
relatively abundant populations. Overall, there was a general downstream progression

from A Nlke, to A-like to B ke PEs.
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Figure 5.3Per cent popul ati on o-fike BeA-laitkieved ryd a(bQ)n
like Synechococcugutative ecotypes (PE#) mat sampleslong the effluent flow path

in Mushroom Spring in June (left) and December (right). Ecological zones (EZs) were
determind by comparison of summer samples to flow path samples collected in 2006

and 2008 studies (Chapters 2 and 3). Temperatures are given for each sample site (also
see Table 5.1).

I n the December sampl es, PEs AN8 and A
site 1, and PEs A3 and A5 were higher in relative abundance (Figure 5.3, right). At site 2

ANji ke PEs ANJ8 and ANj18 wer e-ikkBBg8dXandAb r el a
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were higher in relative abundance. At site 3 PE Al, which was the only predorAinan
like PE found in EZ1 in summer, was lower in relative abundance (Chapter 3; Figure 3.2
p.77, and Alike PEs A4 and A5 were higher in relative abundance. Additionally, PEs
B Nj2 , BNj3 and BN8 were | ower in raskl®&tof ve ab
the total sample, despite comprising >15% of3$lyaechococcusopulation in June, and
PE BNj2 was hi gher -liknPEswelemtighev relatizelmhunddneenic e . A
winter at both warmer and cooler temperatures (EZ3 and EZ1, respgctiaed
appeared to cross ecotone boundaries and uypiiziional location® c c u pi elike by A N;
a n d-likBmMgs in the summer.

Despite similar water temperatures, PE relative abundances were different in
December and June, which could indicate that e¥atpre only partially determines
ecotype distributions along the effluent flow paihile there are currently no vertical
distributions analyses for winter maamples a lower light intensities deeper PE
populations (e.g PE A4 hapter 3, Figure 3,3.78) might increase in relative abundance
higher towards the mat surface where they are better adapted to the reduced irradiance
conditions, and have a higher relative abundance in the wihatlesample. Surface mat
conditions in the wintemay resemble subsurface conditions in sumnag may be
similar in relationto maximum light intensity and day length (i.e. amount of time PE
populations are exposed to light) (Chapter 3, Figure ,340).

Ecological populations occupied intervals closerthe mat surface in EZ2
compared to EZ1 at MS (Chapter 3, Figure, %38, possibly because they require

higher light intensities to reach the compensation point where net photosynthesis can
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occur at higher temperatures (Meeks and Castenholz, 1971yalllet al, 2006). At
lower light intensities in December, PEs Al and A5 increased in relative abundance in
EZ3, possibly indicating that they are surfaweented populations in months with
reduced light intensity in order to be able to reach the compemgaoint where net
photosynthesis can occur ke PEsidgnotencreaseenmp er a
relative abundance at warmer temperatures in months with reduced light intensity,
possibly because they are incapable of crossing the 63/64°Gnecbbundary. In
contrast, populations at different temperatures and depths could be young ecological
species that could not be separately demarcated usingpgh@ locus. Further
experiments are needed to confirm the seasonal differences observed as#s® a
vertical distributions in different seasons.

psaASequence andutative Ecotype
Variation in MS and OS between 1989 and 2009

Comparisons among samples collected over a period of 20 years was complicated
by the fact that collections were made ififetient springs, in different months and at
different temperatures. Thus, as outlined in Figure 5.4, it was necessary to separate these
samples by spring, month of collection and EZ, as inferred from comparison of PE
distributions to temperatw@efined senples collected in 2006 and 2008 (Chapters 2 and
3) . MS samples were collected from EZ1 (b
and 65°C) in 1996, 1999, 2006, 2007, 2008 and 2009, and OS samples were collected
from the same EZs in 1989, 1991, 1996,942%d 2005 (Table 5.2). A total of 30,595

sequences (average of 2,353; standard deviation of 492) were analyzed yielding 118
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HFSs. In Figures 5.5 and 5.6, PEs demarcated by ES are indicated with vertical bars; the
percent of each HF@and surrounding vairi@n) in the total sample (numbers left of
vertical bars), and the PE percent population ((PE sequences in sample / all sequences in
sample) x100)) of the total sample (humbers to the right of vertical bars) are also
reported. Separate sampling by springl &7 allowed me to better observe within
population changes that had occurred within clusters of sequences predicted to be
ecologically distinct over the period of time studied, as well as total PE population

fluctuations.

Mushroom Spring Octopus Spring

Spatial variation

EZ1 EZ2 EZ1 EZ2

June, Aug, Dec Oct, Dec May, Aug, Oct, Nov June, Nov

Figure 5.4.Pattern of anabes in Octopus Spring and Mushroom Spring (MS) samples
based on collection in different ecological zones (EZs) (EZ1, EZ2 and &3jnonths
that correspond to variation presented in Figures 5.5 and 5.6.

PE variation within ecotone boundaries generalftahed the diversity observed
in 2006 cloning and sequencing studies (Chapter 2; Becraft et al., 2011) ar20P008
Ti454-barcoding studies (Chapter 3; Becraft et al., submitted). Reduced sequence length

(from 324 to 302 base pairs) caused ES to lump together selike RE populations

previously shown to be ecologically distinct (e.g. PE Al4 is lumped with PE Al) (see
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Chapter 3, Tables 1 and Pp.87 and 88 Additional PEs were demarcated in this
analysis that were not identified in 2006 and 2008 studies when samples from previous
years were included, and are | abeled as 6
numberedsequentially from 1 to n, and correspond to PE designations in Chapter 4.

Mushroom Spring Phylogenetic
Analysis and Population Dynamic8S predicted a total of 13Ng i k e ;like 2 A Nj

and 14 Alike PEs at Mushroom Spring (Figure 5.5). ES calculated periodic section and

ecotype formation rates of 11.0 and 0.61 events/nucleotide substitution, respectively,

indicating a much higher rate of periodielection than ecotypermation. Samples from

1999 and 2007, which were likely taken at higher average temperatures, are

representative of diversity in EZ2. Samples from 1996, 2006, 2008 and 2009 were

representative of EZ1; however, the 2006 and 2009 samples appear to becbolara

average temperature where PEjBs more relatively abundant compared to samples

taken closer to the EZ2 ecotone boundary, and there are lower numbef&ketkSs

(see Chapter 3, Appendix B FiguBd). There werdive ne wl y d e mdike®Bst e d B N;

as well asone newly demarcated Ake PE, that were ndbased orsingle HFSs. New

PEs not sampled imore recent year&Chapters 2 and 3) could be populations that have

since declined in relative abundance andiat were not detected in previous sae¥l

(e.g. 2006 cloning and sequencing and 2008 Fig&i¢oding studies (Chapters 2 and 3)).
MS provided the best opportunity to analyze the population dynamics of PEs over

a period of years, as samples were all from summer months when light was relatively
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vl

sequenc elkg, AF ISk e plhagptadBalinwe mde sANj hat
a given sample at Mushroom Spring from 1996 to 2@ading represents different ecological zones (EZs) (blue =

wer e

EZ1; purple = EZ2); color shading on top represents season (red = summer; blue = winter; white = fall/spring). Vertical
bars indicate putative ecotypes (PEs) demarcated by Ecotype Simulatioentpef each HFS in the sample is

indicated to the left of the vertical bars, and PE percent population is shown to the right ofitiaé¢ var$ (summed
HFSs). Newly demarcated PEs are labeled NDFEEdominant variants are colored red. Dots represagieton HFS
PEs. Arrow indicates a shift in the main flow path from the source. Scale bar represents 0.005 substitutions per site.
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similar so that seasonal variation should have contributed little to the sample diversity
(Figure 5.5; EZ1, 1992 0 0 9) (al so see Figure 5.2, i nse
BNj12 were higher in relative abundanthnce in
other years analyzeffanging from10-1.4%, 17-<1% and19.24.8%, respectively)In
contrast, PEs BNj2, BNj8 and B2 andafteravatchi gher
and were lower in relative abundance in 1986hging from2.7-24.8%, <114.3% and
4.520.6%, respectively) ND PE BNjl1 was | ower in relatiyv
though was higher in relative abundance in 1996 and @B6.2%)

In 2005, the main flow path shifted directions ~180° at a point ~5 m downstream
from the source podat MS (Figure 5.5, arrow)his change of direction in the main flow
path could have occurred as a result of the damming of lower temperature areas or
upstream depressionseating new outflows(Ward, 2012) which would have the
greatest impact on the dowstr eam popul-like ieaotypss) This . g . B
environmental disturbance would haveoyided the opportunity for growth on the
uncolonizedsurface PE BNj7 mi ght be an example of a
other populations after the disturbaremeent(Figure 5.5) I n contrast, PE
example of a population that was able to take advantage of the newly forming mat
environment after disturbance. However, this argument is weakened by the absence of
data in the ten years between sample ctotas (1996 to 2006).

In EZ2, Alike PE populations appeared to shift significantly between 1999 and
2007; PEs A4 and ND PE ABere higher in relative abundan@anging from<1-4.5%

and 122.5% respectively, while PEs A6 and Al12 were lower in relatiabundance
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(ranging from26.62.5% and 14.8.7% respectively, in 2007 compared to 1999. The
1999 and 2007 samples were collected in different seasons, mhicihavecontributed
to the observed differences inlike PE relative abundances.

Octopus Sprig Phylogenetic
Analysis and Population DynamicES predicted 16 8j i k e P-Eke PEs,6 A Nj

and 8 Alike PEs at OS (Figure 5.6). ES calculated a periodic section rate of 75.0, and an
ecotype formation rate of 0.85 events/nucleotide substitution, resulting in an even higher
ratio of periodic selection/ecotype formatiorathwas observed in the MS ydaryear
samples. Samples from 1999 and 2005 correspond to EZ2 and all other OS samples
contained PE diversity representative of EZ1, though samples were collected in various
seasons (spring, summer and fall) (Figure 5.2D&there were 5 newly demarcatetlB
like PEs (including 3 new PEs not identified in MS), 1 newly demarcatkkeAPE and
4 newly demarcated Mjke PEs that were not singleton HFSs.

PEs were observed to change in relative abundance in EZ1 at OS fromtd 989
1999 in multiple seasons, though the samples from October 1989 and November 1999
were both collected in fall at similar temperatures. Additionally, the 60°C August 1991
sample and the May 1996 sample had similar average light intensities during tloé time
collection (Figure 5.2, arrows) . Il n EZ1,
were higher in relative abundance in 1989 (54°C), and lower in relative abundance in
November 1999 (54°Cfranging from 12.64.8%, 25.81.2%, 10.8<1% and 8.%<1%,

respetvely). PEs ND BNjl, B Nj5 ,r in BeNjfive abundancB Nj8989w e r e
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(54°C), and higher in relative abundance in subsequent years includingra@gthg
from 1.76.3%, 15.2%, <310.1% and 81.3%, respectively) Addi ti onal |l vy, P
washigher in relative abundance in May (60°C) compared to August (t88ging from
5.1-1.1%) and NDBNj6 was | o we(rangingnfromm €U4a2%) v e ab
providing further evidence that these PEs were different in relative abundance as a result
of yearly population dynamics.

In 1996, a hail storm heavily damagee timat at OS (Figure 5.6, arrow). This
environmental disturbance may have provided the opportunity for the colonization of
newly forming mat at damaged sites betwee
example of a population that was displaced by other ptipuk after the disturbance
event . I n contrast, P E opuljion thet gds eble hoetakea n e x
advantage of the newly forming mat environment after disturbance.

In EZ2, PE Al was lower in relative abundance in 1999 compared to 2005
(ranging from 11.169.7%) and ND PE A3 and PE A7 were higher in relative abundance
(ranging from 29.8<1% and 22.36.9%, respectively)in 2005, ND PE A3 was <1% of
the sample and PE A7 was also in lowadative abundance, while PEs Al and Ad&re
higher inrelative abundance, with PE Al equaling ~70% of the total sample diversity.
Similar to MS, total Alike diversity changed between 1999 to 2005, but these samples
were also collected in different seasons (late fall and summer), and the observashvariati

in PE relative abundance is posgible to seasonal population dynamics.
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Population Genetics ofufative
Ecotypes at Mushroom Spriramd
Octopus Springirom 1989 to 2009Figures 5.5 and 5.6 shotne DV (red

numbers) and other HFSs contained within PEs changing yearly. The observed changes

in the DV and surrounding HFSs are what would be expected if periodic selection events
and/or neutral genetic drift were acting upon the variation predictdsk toontained

within PE populationsAdditionally, this could indicate that there are multiple ecotypes
cryptically contained within a PE, and their DVs are changing independently of one
anotherPEs BNj2 and BN12 in MS, a n dnedPtiiessamé 1 , A7
dominant variant across all years studveldere the percent population was >1&nd

there were only minor fluctuations in the less abundant HFSs. This could indicate that
these populations have not experienced a periodic selection evenhewené period

analyzed, even in response to recolonization after environmental disturbance. In other
cases, PE DVs changed between 1996 and 2009; PE DVs sometimes shifted only once
over the period of ti me 18% lail sjomg ahds¢nmeePEg . B Njl
DVs also changed nearly every year sampl e
consistent with the high rate of periodic selection calculated by ES. While difficult to
conclude that changes in the relative abundance of DVs and HF3s avBfE are due to

periodic selection events and/or genetic drift, the patterns are what would be expected of
ecological populations responding to these evolutionary forces overltiménteresting

to note that the DVs of predominant$d not changseasonally in 2011.

Table 5.3 summarizes the number of times a DV changed within a PE clade in MS and

OS. MS PEs shifted DVs 17 times over 13 years, and OS PEs shifted DVs 35 times over
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16 years. The basis for this difference is unclear, though thereris emvironmental
variation in Octopus Spring due to flow surges, and the types of disturbances in MS and
OS were different, and these factors might have been involved. For instance, in MS, the
flow-path redirectiorof 180 degreewould have necessitatedlonization of uncolonized
surfaces, whereas in OS, recolonization after a hail storm might have involved
reestablishment atop damaged mat where PEs that were present before the disturbance
may have also been present after the disturbance.
Table 5.3.Number of dominant variant (DV) changes for abundant petagcotypes

( PEs) wi-treljuencylsedquéncglfHFS), and that®tall % of any sampl e
Number of DV shifts

PEs Mushroom Springa Octopus Sprin&

M 3 2

H 0 4

p 1 4

T 1 4

y 2 1

(00} 4 0

M M 0

. M H 0 4

b5. M 3 4
b5. H 1

b5. o] 1 3
b5. n 1

b5. p 1

b5. c 3

b5. T 3

Al 0 0

A4 0 1
A6 0

A7 0
Al2 0
NDA1 0
NDA2 0

NDA3(A5) 0 0

TOTAL 17 35

& Mushroom Spring samples were collected over a 13 year period in ecological zone (EZ) 1, and over a 8
year period in EZ2.

b Octopus Spring samples were collected over a 10 year period in EZ1, and over a 6 year period in EZ2.
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Additionally, while there wex fewer EZ2 samples, and the periods of time
between sampling were shorterlike populations very rarely shifted DVs within a PE
despite large fluctuations of PE relative abundances between seasons. This could indicate
that A-like populations are moreailet h a +ike BEYj, or alternatively, this could be an
effect of less HFS diversity contained withinlike populations at thgsaA region
analyzed (i.e. Aike PEs are younger ecotypes), and reduced wRlgindiversity is
essentially hiding the DVs chging within Alike PEs over time.

The percent of DVs and HFSs withHES was calculated to observe within
ecotype population structures over the period of time studieel Chapter 8, Table 8.1,
p.219. While there was yedb-year variation in the numbe&f HFSs contained within
PEs, it usually correlated with the total relative abundance of the PE in the mat.-Within

ecotype genetic structure is examined in more detail in Chapter 8.

Conclusions

Ferris and Ward (1997) suggested that 16S rRNA genotgmained constant
seasonally in OS, though 16S rRNA sequences lacked the molecular resolution to track
ecological populations. When a more high#golving proteirencoding locus was
analyzed, there was a higher relative abundance -keAPEs in EZ1 andEZ3 in
December. PEs typically found in EZ& fiypes) were lower in relative abundance, and
PEs typically only relatively abundant in EZ2 (PEs Al and A5), were higher in relative
abundance. Also, Aike PEs A4 and A5 were higher in relative abundancezih, Bvhere

B MNke PEs are typically more predominant in the summer. This could indicate that PEs
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A4 and A5 are better adapted to winter light conditions, and provides evidenpsdahat
defined PEs shift in their relative abundances seasonally. Similaltsrasere also
observed foSynechococcuBEs in the water flowing overaimat (see Chapter 6, Figure
6.6, p.17]). PE seasonal population dynamics provided evidence that ecotone boundaries
are not necessarily determined by temperature alone,blua comlination of
environmental parameters (e.g. light and temperature), though more studies are needed to
analyze the seasonal distributions and population dynamiggnafchococcuscotypes.

While difficult to compare MS and OS directly, PE relative abundaimcttee OS
1999 (November; late fall) and MS 2007 (December; winter) samples shown in Figures
5.5 and 5.6 corresponded to differences in PE relative abundance observed in the
December 2011 samples (Figure 5.BE A5 was observed to be higher in relative
abundance in winter months in 2011 (Figib.3and Chapter 6, Figure 6.6, p.}7While
demarcated separately in this analysis, ND PE A3 branches close to the DV of PE A5
(Figure 5.5) The resulting change of DV could be the result of periodic selection and/or
genetic drift acting upon PE A5 between 2007 and 201MS, PE A4 and ND PE A3
were higher in relative abundance in the December 2007 sample; in OS, PE A7 and ND
PE A3 were higer in relative abundance in November 1999.

PE relative abundances fluctuated between samples over the period of time
analyzed in both MS and Ofgssiby because of seasonal differences. However, subsets
of samples that were taken in the same EZ andoseabowed that the relative
abundances of PE populations in both springs changed yearly. In MS, th2Q@D&Z1

samples were all collected in summer, and two subsets of samples at OS were collected
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during times of the year with similar average light nsiges (October/November and
August/May) which allowed for the differentiation between seasonal changes and long
termchanges Some popul ations decreased in relat
more recent years (e.g. ND PEpn Figure 5.5), thogh no PEs went completely extinct
within an EZ. PEs also increased in relative abundance from <1% to predominance (e.qg.
PE BNj2 in MS).

Changes-lika PE rBlative abundances corresponded to historical
environmental disturbances. In 2005, the main fioath shifted directions from the
source pool at MS (Figure 5.5, arrow), and in 1996, a hail storm heavily damaged the mat
at OS (Figure 5.6, arrow). Additionally, the relative abundances of PE populations in the
OS 1989 sample could have been influencedheyYellowstone fires of 1988, which
possiblyinfluenced carbon and nitrogen levels in water sources (Romme et al., 2011).
The minimal seasonal variation of samples collected from the same EZ and time of year
supports the inference that the decreasedivelabundance of prominent PEs, and the
increased relative abundance of fabundance PEs were the result of yeayear
population dynamics in these local communities, possibly in response to environmental
disturbances.

Periodic selection rates were ethely high compared to all other analyses (see
Chapters 3 and 4), which could have been the result of including Wthimariation
from multiple years. DVs and HFSs within PEs did champgssiblyas a result of the
forces of periodic selection and/ornggic drift acting upon these populations. The high

rate of periodic selection calculated by ES in MS and OS over the period of time
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analyzed would predictably result in the more frequent changing of PE DVs and HFSs
temporally, as was observed for many RHEBigures 5.5 and 5.6 (Table 5.3).

Differences in the stability of DVs between springs could have been the result of
PEs initially colonizing newly forming mat after environmental disturbance under
different circumstances (colonizing a newly formindwefht channel in MS vs. sporadic
hail storm damage in OS that miagve leftsome populations undisturbed along the flow
path).The gnetic structure of PEs differgddicating that PEs changed differently from
one another seasonally and yearly. In sonse€®E DVs remained constant, and other
PE DVs changed nearly every year sampled over the period of time analyzed. These
results indicate th&ynechococcuBEs are evolving separately from one another, which
would be expected of ecological populationsugggng unique environmental niches or

separated by geographic distance (e.g. MS vs. OS, see above).
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CHAPTER 6

COLONIZATION OF DISTURBED MUSHROOM SPRING MATBY
SYNECHOCOCCUSECOLOGICAL POPULATIONS UNDER

DIFFERENT LIGHT CONDTIONS

Introduction

Hot spring microbial mats in Yellowstone National Park are at the mercy of
nature, often experiencing major natural disturbances such as hail storms, flow path
changes, source pool temperature fluctuatitorest fires and damage from wildlife. To
better understand and preserve these natural resources, it is important to understand the
impact these disturbances can have on microbial communities, the ecology of recovering
mats, and the role of cell dispersadd adaptation on initial colonization (Morin, 2011;
Chapter 4, Figure 4,1p.94. The following chapter addresses the effects of mat
disturbance on th&ynechococcusyanobacterial populations in recovering mats, the
possible role of adaptation to diffetelight environments during recovery, and the
cellular content of water that flows above the mat surface as a possible factor contributing
to dispersal and mat recolonization.

Microbial succession is the sequential development of microbial populations on
uncolonized surfaces or after an environmental perturbation. The process of succession
has been studied in many diverse microbial ecosystenfsr instance(i) understand the
effects of climate chang&(a g t oetvad.,KR@0%, (i) analyze fermentation processes in

human diets (Coppola et al., 2000), (iii) examine colonization of the human mouth after
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extensive dental work (van Winkelhof et al., 1988), @iigcern the patterns of succession
during litter decomposition in forests (Torres et al., 2005), (v) better understand large
scale composting processes (Ishii et al., 2000), and (vi) better direct reclamation efforts of
humancontaminated sites (Fries &, 4997 Mueller et al., 2011

It is important to understand succession in Yellowstone hot spring microbial
communities to assess whether anthropogenic or natural disturbances affect colonization
of newly forming mats. Microbial mats in Yellowstone alkel siliceous hot springs are
well-studied systems that allow for the opportunity to conduct fundamental studies of
disturbance ecology and mechanisms of cell dispersal (Ward et al., 1998; Ward and
Castenholz, 2000). As described in the previous chapterbave a good understanding
of Synechococcusecological species inhabiting Mushroom Spring (MS), their
distributions and their responses to environmental perturbations. As a consequence, it is a
system in which to better understand the involvement ofegsss related to dispersal
and initial colonization, and to the role of adaption in community reassembly.

The ~1 mmithick top green layer of the microbial mats at in Yellowstone alkaline
siliceous hot springs hav@ynechococcupopulation densities as tigas 16° cells per
cm® (Brock, 1978). Brock and Brock (1969) studied the recovery of a hot spring
microbial mat following a hail storm by analyzigynechococcusell density with time
after disturbance. These investigators found that there was partisdcogery after only
10-17 days (from ~1Dto 1@ cells/ml), and further recovery after 152 days &10

cells/ml). With the advent of molecular methods, Ferris et al. (199&)l denaturing
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Figure 6.1.Denaturing gradient gel electrophoresis (DGGE) profiles of 16S rRNA variants found with time o or
physical disturbance by removal of the top green layer of the Octopus Spring microbial mat. (A) Site 1 (55t o C)
mat sample control (lane C), and triplie profiles immediately (day 0) and 5, 12, and 21 days after disturbanc )
Site 2 (58 to 62°C) mat sample control (lanes C) and disturbed (lanes D) samples immediately (day 0) and ', .o, 27,
and 40 days after disturbance. Single letters indicate 1B% $equence types; double letters indicate heteroduplex
bands (modified from Ferris et al. 1997).
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gradient gel electrophoresis (DGGE) analysis of 16S rRNA sequences to investigate the
recovery of microbial community structure after removal of the top green mat layer
containingSynechococcusells at two different temperatudefined sites (Site 1 (5%t
62°C) and Site 2 (58 to 62°C)) in Octopus Spring (OS) (Figure 6.1). At these sites, which
are in ecological zone (EZ) 1 (a region of the mat with unique genetic diversity located
bet ween -&%C8alst see Ghapter 3, Figure,37, the SynechoaccusA , B Nj,
and B 16S rRNA genotypes normally present in the upper green mat layer (Ferris et al.,
1996) were removed by scraping (compare lanes C and 0 in Figiea@dday 0C and
D in Figure 6.1B. During mat recovery, genotypes previouslgntified at that location
mostly remained absent for the duration of the study, although A aré® rRNA
genotypes did begin to return in | ater st:é
genotype, which is normally located at higher temperati£8;(region of the mat with
di stinct geneti c dChapter 8, iFigwe 3|20/9, avaseddtectad 06 6,
after disturbance at Site 2, and a previously unidentified 16S rRNA genotype related to
t he ANj genotype ( ANjNjNje awsitesl. Thossieappeaatl thatf t e r
dispersal of cells from upstream populations might be important in the early successional
phase. There was also concern that the 16S rRNA locus may have been too conserved to
discernSynechococcuspecies (Melendrez et.a2011), as it has been shown to lump
many different ecological species that were subsequently shown to have different
ecologies (Becraft et al., 2011; Becraft et al., submitted). Furthermore, Ferris et al.,
(1997) did not examine colonization until fite seven days following disturbance

(Figure 6.1). To determine whether the newly colonizing cells were different ecological
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species, the more highhgsolving genetic markepsaA used in the previous chapters of
this thesis, was analyzed in samplesexi#td at daily intervals after disturbance. In some
cases, disturbed environments were altered to assess whether ecological factors,
specifically removal of UV light or reduction of light intensity, played a role in
recolonization during this period.

Becas s e-likAdsjls had been observed to recolonize disturbed sites (Ferris et al.,
1997), | also investigate8ynechococcugenotypes in the flow. The microbial mats of
MS and OS have different hydrodynamic properties and flow rates, which in turn can
influence sloughing of cells from the mat surface, cell dispersal and colonization after
mat disturbance. PE populations identified in MS were shown to have unique
distributions along vertical gradients where light and oxygen are known to vary (Chapter
2, Figue 2.4 and Chapter 3, Figure 3. 49 and 78 Populations located upstream and
surfaceoriented populations should theoretically make greater contributions to the cell
content in the watemverflowing a downsgam site than the populations tite
downsteam siteglue to cells sloughing from the mat surface and accumulated dispersal
along the flow pathHence, they should have more influenceinitial colonizationat
downstream sites Additionally, populations better adapted to different light
environmets should be able to colonize newly forming mat under different light
conditions. To test these hypotheses about the roles of cell dispersal and population
specific adaptation in mat recolonization in these springs, the PE diversdlgriiltered
from water samplegollected atdifferent temperaturalefined sitesvas analyzedalong

the effluent flow path, and during different seasons.
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Materials and Methods

Fieldwork

Disturbance and Light AlteratiorA 58.6 to 62.2°C (EZ1) site in the microbial

mat ofMS was covered with a wire mesh screen supported by a wooden platform placed
~1 to 2 cm above the water surface to protect the experimental area from possible hall
damage (Figure 6.2). The area underneath the screen was divided into 6 separate sections,
each of which corresponded to a different environmental condition: (i) undisturbed mat
(control), (ii) scraped (removal of top green layer), (iii) OMcked, (iv) ~92% light
reduction, (v) scraped and Wlocked and (vi) scraped and ~92% light reductibo.
examine the effects of light alteration, one section was covered with 4 layers of stretched
muslin to reduce downwelling photon irradiance by ~92%, and another section was
covered with UVWblocking Plexiglas JF-5; 3.2mm thick; Plexiglass: Autohaas NnA,
Philadelphia, PA, USA) as described in Chapter 3 Material and Metfhodsnalyze the
recolonization of newly forming mat after disturbance, the upper green mat layer was
completely removed in 3 separate 7 x 10 cm areas using a bent spatula, witalminim
removal of the red undermat. For the light alteration experiments, the scraped areas were
located beneath the center of each light cover. Samples were collected in duplicate from
each of the six sections by David Ward from 21 to 26 July 1996 usingcark4orer

(38.5 mnf) every day between 1200 and 1800 h. Siaswere immediately frozen on

dry ice €20°C) in the field and kept frozen aB0°C until analysis in 2011. The 1996
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Figure 6.2 Experimental design for 1996 disturbance and perturbatiaiestuschematic
diagram showing the orientation of the six experimental sections under the protective
screen. Blue arrow incates direction of water flow.

experimental design included studies of the effect of light and temperature alteration
similar tothose reported in Chapter 3. In order to focus on colonization after disturbance,

results of these perturbation analyses without disturbance (i.e. mat scraping) are reported

in Appendix D, Sections | anitt Appendix TabledD2-D4).

Cells in Flow Water samples (which contained *1® 1¢® Synechococcus

cells/ml) were collected by collaborating doctoral student Shane Nowack (Isaac Klapper
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laboratory, MSU Dept. of Mathematics and Templeiv. Dept. of Mathematics) on 2
June 2011, and 15 December 204tl5 sites along theffluent flow path at MS and OS
mat. Taking care to avoid mat materidl)0 mlof water was collected ~1 cm above the
mat surfacdrom each siteandwas passed through a 0.2 um Whatman Millipore filter,
which was immediately frozemadry ice €20°C). Temperature data were recorded using
the DS1922T Temperature Logger iButton with 8KB memory (Maxim Integrated, San
Jose, CA) as described in Chapter 5 Materials and Meffiadide 6.1)
Table 6.1 Average, minimum and maximum temperattaken over a 24 hour period at
Octopus Spring in June 2011. Sample sites progress downstream along the effluent flow

path from site O (just downstream from the source) to site 4. Ambient temperature is also
reported. Temperature data for Mushroom Sparggpresented in Chapter 5, Table 5.1.

Site 0 Site 1 Site 2 Site 3 Site 4 Ambient
a
June 6 OS
24 hr-avg ¥ 66.2C 57.3C 54.7C 45°C 10.26°C
Max 74.3C 67.1°C 59.4C 48.2C 25.66°C
Min 60.3C 52°C 49.5°C 41.1°C 2.65°C

a
OS, Octopuspring

¥ Missing data are due to failed temperature -daggers, usually because of prolonged exposure to high
temperatures, and point measurements taken at the time of collection are reported in these cases.

Molecular Methods

Cells filtered from watesamples were lysed directly from the filters by bead
beating as described in Chapter 2 Materials and MesthBDNA was extracted from
waterderivedand mat samples, PCR amplified at pisaAlocus, and sequenced with the
6centerf owar dp rbarcoding dechnokgy ratgeith&rithe 5.4Craig Venter
Institute (mat samples) as described in Chapter 3, or at Research and Testing Laboratory,

Lubbock, TX (filtered water samples), as described in Chapter 5 Materials and Methods.
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Sequences were trimmed to 3@&se pairs to obtain the maximum number of sequences,
cleaned and analyzed to identify hiffequency sequences (HFSs; sequences equaling
050 identical copies in al | -fresuemypdequences 0 mb i r
(LFSs; sequences equaling <50 iesgn all samples combined) as described in Chapter 3
Materials and Methods (Becraft et. al., submitted). Replicates at some time points were
lost due to failed PCR or sequencing reactions.

A-like (finesscal e d e mar c dikei (@amgervatizen demarBakipn)
SynechococcuBEs were demarcated separately as described in Chapter 3 Materials and
Methods (also sedppendix B, Se ct i o fike diyersity waddj greatly increased
compared to previss studies (Chapter 3), possibly because of the inclusion of
populations that inhabited the source pool and water flowing above {teghperature
mat r e gi o n slikelifeagewas mdretdieergantihan thdilée lineage, APEs
were demarcated ug] the conservative approach. Newly identified PEs were labeled
6newly demarcateddé (ND) PE #, where # is
corresponded to those identified in Chapters 4 and 5 unless discovered in this disturbance
experiment. Reducesequence length causedlawb undance PEs BNjl, B Nj:
to be demarcated within PEs BNj4, BNj6 and
each PE in a sample was calculated by dividing the total number of sequences within a
PE detected in a sangp(PE sequences = DV sequence + all other HFSs + all LFSs) by
the total number of sequences in that sample ((PE sequences in sample / all sequences in
sample) x100). Only PEs that were O5% in

results for all PEs angresented in Appendi® Tables 2 and D5D?7.



162

Results and Discussion

The 1996 disturbance experiment yielded 178,709 total sequences (average of
1,477 per sample; standard deviation of 537) fthenanalysis of 121 samples, and 340
HFSs were identifiedrom these sequences. The high number of HFSs was due to
previousl!l y -like PEsedamaicdted eluding Ablj recovery studies, and the
increased total number of samples and sequences analyzed. Most newly identified A and
B ke HFSs were containeditiin PE clades that had been observed in previous studies
(Chapter 3, Figure 3,.79, as opposed to defining new PEs. ES predicted a total of 40
PEs (-lke& 12BANji k e a Hikk), thaugh Alke PEs were low in relative
abundance in nearly all samples analyzed. ES calculated a periodic section rate of 0.8
events/nucleotide substtion and an ecotype formation rate of 0.4 events/nucleotide
substitution, indicating a higher rate of periodic selection than ecotype formation (2:1

ratio of periodic selection/ecotype formation events).

Site Characterization and Immediate Effect eftbDrbance

As shown in Figure 6.3A, PE diversity of the undisturbed experimental site
mostly matched the di v e rlikeiPEyareahe predomimant i n |
populations (Chapter 3; Figure 3)277. However, the 1996 disturbance site appeéoe
be at a slightly cooler average temperature than EZ1 sanapllected at sites closer to
the 6364°C ecotone boundary in 2006/2008 (see Chapter 2ré~@)3@ ad Chapter 3,

Figure 3.2, pp. 4@nd 77. This inference was based on the greater relatiwmdance of
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PEBY] compared to PE BN PEs&niad6 darhpies (seb Ghaptec e o f
3; Appendix B. However, the disturban@xperiment was conducted on the old effluent
channel i n 1996 before it dried up and sh
lower in relative abundance in the 1996 mat (Chapter 5, Figur&%®g p.140.

Comparison of samples taken before anchediately after scraping (Figure 6.3C;
compare Day 0 and Day 0S, where S indicates that the sample was collected just after
scraping off the top green layer) showed similar PE relative abundances, even though the
top green layer had been removed. Simisuits were observed in comparing other day
0 and 1 samples (Figure 6.3B and D). This suggested that templates whose abundances
had been dramatically reduced could still be amplified. A similar amplification must have
occurred in thg@saAtranscription expriment described in Chapter 3, in which nighttime
PE-specific transcript relative abundances resembled those detected in the evening, even
though totalpsaAtranscript levels were extremely low at night (Chapter 3, Figure 3.4
p.79 Liu et al., 2012).

PE Colonization and Succession
After Removal of Top Green Layer

Recovery under Ambient Light Conditianis the unaltered control samples there

was minimal change in the relative abundances of predominardveEshe 5 days past
disturbance(Figure 6 . 3 AJike divgmsity made up nearly all of the variation within
control samples for the duration of the stu@eproducibility was reasonable in the
undisturbed control samples (standard deviation was33dercent of mean values; 43%

average percentfameans), but much poorer in samples collected after disturbance
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(standard deviation was B9 percent of mean values; 63% average percent of means)
(Figure 6.4). PE relative abundances also fluctuated significantly at some time points
(Figure 6.3BD). This irreproducibility may have been a consequence of the complex
events occurring during recolonization. Lowumbers of cells may have been
heterogeneously dispersed across the disturbed area, adding to a backgrpsad of
sequences remaining after scrapiagd most predominant PEs contained multiple HFSs
that contributed to the populations diversity. Additionally, competition among
populations establishing themselves at different rates after initial colonization at different
parts of the disturbed area mlagve occurred. Consistent with this hypothetical scenario,
thin yellow-green to green films were noted in the initial days following disturbance, but
by day 3, ctonies began to appear randonggattered throughout the site. By day 5
colonies had become siumerous that it wadifficult to avoid them during collections,
and in some cases patches had begun to(feigure 6.5)

Since reproducibility was poor, mean values are shown without error bars in
Figures 6.3BD; standard deviations of abundant PEs raported in Appendi® Tables
D10 and are summarized in Figure 6.4. However, percent standard deviation between
replicate samples decreased by days, 4ndicating that initial colonization and
competition may have contributed more to variation olegkin the first few days after
disturbance, but that populations stabilized at later time points, possibly as they began to
grow.

During mat recovery after disturbance under ambient light conditions (Figure
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Figure 6.4.Average percent standard deviati¢hp STD) of all abundant putative
ecotypes (PEs) founaltered mat (solid green), scrapped ambient Iligbtted green),
reduced light@grange) and Utblocked (purplesamples collected over the 5 day period.
Dotted lines indicate recovery after mat disambe (i.e. scraping off the top green mat
layer under all light conditiongplso see Appendix D TablelD).
6. 3B ] k 8 Njl&ken PEs wekg present in most scraped samples and fluctuated in
terms of their relative abundances:like diversity was ont observed in high relative
abundance in one sample (Fi glkeREsvwereboBer day
in relative dilewasdnrmalle lpcated ratdhigheNjemperatures (EZ3)
were higher in relative abundance at the experimentalt dike PES Rjade up ~70% of
the diversity in day 5 samples (Figure 6.3B).

Despite thki KacPEgs hate ANjypi cally -found
|l i ke ND PE AN4, ND PE ANj7 and PEs AN9 and

By day § ND PE AN4 and ND PE ANj7 were the mo
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Figure 6.5.Porcelain blockadjacent to scraped mat surface showing heterogeneous
colony formations on both the scrapped surface and the détesral days after removal

of the top green laydMike Ferris and David Ward, unpublished)

s amp | e s-like REs dereBBlrly absent. One sample contained large amounts of
genetic variation at low relative abundance (e.g. Figure 6.3B), and onatdy REs A6

and BNj12 were O5% of-dt Beuskampt-tke BEs thatls@sne |
were below 5% in relative abundance before disturbance were detected in high relative
abundance (e. g., PE BNj9) . I nt erltiplsHFSs Y | vy, a

single DV was responsible for the increase

replicate sample at day 3 (Figure 6.3B; Day 3). This could have been a result of clonal



168
growth after colonizati on a mwdelative abih&ancB,Nj9 b e
with minimal HFS variation, at this site in 1996 (Chapter 5, Figurgb1z10.
The majority of PEs that were capable of recolonization of newly forming mat
after disturbance were PEs ideBNPfaed 88§12
or highertemperature PEs that could possibly be surtaented populations residing

closer to the source pool (e.g. ND PE AN4,

Recovery Under Altered Light Conditions

As shown in Figure 6.3 C and D, andmparativey in Table 6.2, similar trends
were observed during recovery of disturbed mats when the light environments were
altered bydi mmi ng or excl usi on o f-likeURE divarsgyh t . I r
d ecr e as elike P& diwkrsitp iNcreasedReproducibility was also lower than in
controls (Figure 6.4). In margases the specific PEs were similar during recovery under
all light conditions. However, the differences in recolonizing PEs under different light
conditions suggest that sorapecies cmpeted better in the different light environments.
For i nstance, ND PE AN5 and PEs A6 and B
abundance during recovery under ambient, dim or-light removal conditions,
respectivel y. I n addand oREs NBNj® Ea BdNj5 A NJN®
during recovery in ambient and dim light conditions, but not whenlight was
excluded. These differences provide evidence that the recovery environment influences
which species recolonize, suggesting that competitiomlss a factor involved in

determining species composition in the recovering mat.
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Table 6.2Summary of abundant put at i v aeteetedot ypes
during recolonization of newly forming mat after disturbance. High temperature PEs are
indicaied in red; known surfaeeriented PEs are indicated in green. The mean percent
population and percent standard deviation (%STD; in parentheses) for combined samples
are reported. Arrows indicate an increase in PE relative abundance after disturbance at a
time point during the duration of the study.

Percent of population

1996 sites
2011PEs in
flow sites 3 1996 ~92% pE
PE and 4 Controlsite Scraped scraped "UV Scraped
(June)
H 3.4 6.4(45) y PHO P .
. 0 3.2
b5. r
b5. ¢ 4.5(18) ndPHOpP pPHOO
T 4.5(57)
y 2.6 13(34) odPmMoo ndnon c PHOC.
d 3.4 TPvMOH ndnodc
M H 11(12) cdPnon pPdcowm 7.9(26)
. M p 7.2(49)
Al 6.1 1(89)
A5 3.6
A6 1.4(74)
b5! r MOONO MAonNM ndcorT.,
b5! ¢ bPpoy
b5! 1 13.6 dPnon TdDyon
Iy 14
I & 7.5 ndoop odPTOC HODPMOY
I Mc 6.6 ndPoop odPmop
%STD 3553% 3394 30-77 40-95

2 umol photons rif s*

Cells in the Flow

Water samples were analyzed to gain insight into cell dispersékatalong the

flow path. Although these analyses were made on samples collected many years after the

disturbance experiment, they provide insight into patterns of dispersal of cells via water

as potential colonizers of the downstream mat. A total ofabdptes (5 from OS; 9 from

MS) yielded 6013 sequences (average of 430; standard deviation of 408); ES predicted a



170
total -bké, 5ADi KAd] alikel PEF. PBdiersity was lower in the water
compared to corresponding mat samples (Chapter 5, Figgire.539, and PE relative
abundance in the water increased along the effluent flow path downstream from where
they are typically observed in the mat (Chapter 5, Figure 5.3 and Chapter 3, Figure 3.2
pp. 135 and 77 Relatively abundant PEs in the watentained >1 HFS, which would
facilitate colonization of newly forming mat by populations with diversity, as was

observed for thenajority of PEs in this experiment.

Mushroom Spring (June 201Tjhe water in the ~682°C source pool of MS was

dominated byA NMke PEs, which made up most of the PE diversity in the whieing

above site 0 (Figure 646 slanted bar fill). The most ahdant Alike PEs (checkered bar

fill) were found in low relative abundance at all temperature sites, possibly indicating tha
lowertemperature side pools contributed to the PE cdritethe water flow. PE Al was

the most relatively abundantlike PE surface population in the mat at EZ2 (a region of

the mat with primarily Alike PE genetic diversity located between 64 andC§s5and

was found deeper in the mat at cooler temperatures (EZ1) (Chapter 3, Figure 3.3

B ke diversity was in very low abundance at site®, @ut was readily detected in water
flowing above sites 3 and 4. Br& elati®Nj8 and
abundant surface r i e n-kike populatidps in the mat at cooler temperatures (EZ1,;
Chapter 3, Figure 3.3/p.79, were higher in relative abundance in the water at the most
downstream sites (sites -likePEdiversi¢ Jotaledywbter e t

~20% of the sample&SynechococcuBEs in the flow at sites 3 and 4, where temperatures
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were comparable to that at the 1996 disturbance site, are summarized in Table 6.2 for
comparison tdPEs recolonizing disturbed sites in 1996. Interestingly, to the extent that
2011 samples represent PEs in the 1996 flow above this site, not all PEs in the flow
colonize the disturbed mat (e. g. B Nj2 , B Nj3,
possibé ecological distinctness, as some PEs are able to colonize newly forming mat

better than others.

Mushroom Spring (Decemberlight is reduced in the winter to ~25% of the

photon irradiance observed in the summer, declining from >2000 to ~500 umohghoto

m? s* average midday light intensity (see Chapter 5 Table 5.1 and Figurppb.85

and 135 Samples were analyzed to determine whether PE content and relative
abundances along the effluelivi path in December (Figure @pwere similar to thse

observed in June (Figure 89§ . -likeAMEs still dominated in the water flowing above
site O, t hough ND PE ANj7 was not detected
a b u n d dike PEs Avblje present in both December and June water samples. More A

like PEs were detected in December (e.g. PEs Al, A5 and A7), and PEs Al and A5 had
increasedin relative abundance at downstream sites compared to June water samples
(sites 3 a-iike PEs)were pyébentlinghe BWst temperature sample (site 4),

t he o vlke RElIdiversiB/Nind relative abundance in wegerflow was lower. PE

BN9 was present at <1% of t he t o-ikae | di v e
popul ations in the water were PEs BNj3 and
obsened to increase in relative abundance in EZ3, and PE A5 increased in relative

abundance in EZ1 i n -like divecsieyr(Thapteri 5t Rigure 8.8 uc e d
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p.139. Additionally, these PEs might have different vertical positioning relative to light
pendration and quality at different times of the year, whimould influence cellular

waslout and transport downstream.

Octopus Spring (June)OS water samples had similar PE distribution patterns

compared to MS in June (Figure €6 . -likeAMEs were predomant in water flowing

above site 0, t hough ND PE ANj7 and PE ANj8
was detected in high relative abundancelikd PEs were present ihigher relative
abundance in all samples analyzed compared to MS, possibly duektealsh after flow

surges or to the inclusion of cells from lovtemperature side pools. Additionally, OS

has larger temperature oscillations because of periodic spring overflow every 4 to 5
minutes, and this causes the upper and lower temperatures #ic slpeations to

fl uct @ from th®Adverage (Miller et al., 1998; Shane Nowack, data not shown).

This could facilitate selection for more-lke diversity in the EZ1 mat if the upper
temperature limit is the primary selective force determining eeotmundaries and PE
distributions along the effluent flow path, and could explain the higher relative
abundances of Ai ke PEs i n s umme rlikewks were relativelyw a't
abundant in the | owest temper at erthe mastampl e s
predomi nant popul at i ohigher inPelative dbiNjdahde @R d A7
water flow in EZ1, which was consistent with results from studies conducted over several
years in OS mat samples (Chapter 5; Figure p.644. While difficult to directly
compare OS with MS, PEs B Njl-dbundancd, suifake wer e

oriented populations in the MS mat (Chapter 3; Figure 872 . PE BNj9 was hi
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relative abundance further downstream at water flowing above site 4 (~4BEC).
differences between springsould possiblyresult fromdifferent populations being able
to colonize newly forming mat after disturban@e springspecific adaptations to the

local biotic and abiotic conditions

Conclusions

In Ferris et al. (1997%ynecbcoccusl6S rRNA genotypes were not detected by
PCR and DGGE analysis immediately after mat disturbance (Figure 6.1A). However, in
this analysispsaA variants were never completely absent at any time point, even
immediately after scraping the top greeneliayit is important to point out, however, that
the barcode approach provides information about relative, rather than absolute
abundances of populations. The observed relative abundances of populations immediately
after disturbance could have been duehto@amplification and sequencing of only a few
cells remaining after the disturbance, remnant DNA from these cells in deeper mat layers,
or cells that are rapidly deposited onto the mat surface. As such, the relative abundances
of these lowabundance popuians might be more difficult to reproducibly determine.

After removal of t h-kei k ® p alkal FE@opuldidjy e r , S
were present i n recol oni zi rlikge PEsawere ablertod er a
colonize recovering mat despinot typically being found in EZ1. Ferris et al. (1997)
observed colonization of the AN and ANjNjNj
Results from Ferris et al. (1997) were verified in this experimemisa&d e f i nliked A N;j

PEs colonized disturbealats, likely because they are more abundant in the water flow.
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Ev en t hligeygphlatiéndlipre not optimally adapted to temperatures corresponding
to disturbed sites, it has previously been shown thatdaeygrow at these temperatures,
albeit more siwly (Miller and Castenholz, 2000).

In MS, different PEs recolonized newly forming mat under different light

condit-l phe. dBWjersity dominated 4dkednd#t ur bed

' i ke di ver si ty-likeeiversity during eedvery in reshoase to Bdgping.
ANji ke diversity was higher -likenPEg weleastilli v e
competitive duringrecovery under educed | i ght -likeadivatsitytwa®o n s ,
gr e at e rliketahdaAlike Aivgrsity duringrecovery in the absence of tght.
Colonization by different PEs during recovery under different environmental conditions
indicates that ecological adaptation, as well as dispersal, is important during the
recolonization of newly forming mat, as suggdsityy Morin (2011) (Figure 4.1). Some
A Nke PEs that are heavily dispersed appear to have an initial advantage in the short
term, though PEs that are better adapted to the disturbed site should still have the
advantge in the long e r m, -lika BEs akeNypically not found in the EZ1 mat.
However, to the extent that PEs in the flow in 2011 resembled those in the flow in 1996,
not all heavily dispersed populations are capable of colonization, providing further
evidence that adaptation is involved duringial colonization of disturbed mat.

Percent standard deviation immediately increased in response to scraping under
all light conditions, though declined again by dayS & match control samples. The
observed differences in PE relative abundancestoverbetween replicate samples may

have resulted from sampling low numbers of cells that are deposited heterogeneously

al
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over the recolonizing surface and/or ecological populations competing under different
environmental conditions, reshaping the local comitywduring primary succession after
disturbance.

The PEswith greatestelative abundasein the water overflowing the mat at the
temperatures at which the disturbance experiment was performed are the predominant
high-temperature andargely surfaceorientated PEs identified in previous studies
(Chapter 3, Figures 3.2 and 3@p. 77 and 78 Thepredominancef sourcep o o Hike A Nj
PEs and surfaceoriented PEsn recovering matsamples collected at disturbed sites
supports the hypothesis thaighly dispesed populationsthat are morerelatively
abundant in the watdtowing above the mat surface are tinétial colonizersduring
primary succession

The relative abundances of PEs in the water flow in December compared to June
are similar to the results @mented in the seasonal study of PEs in the mat (Chapter 5,
Figure 5.3 p.135, further indicating that light is a powerful selective force in
determining PE abundances and distributions seasonally. As a result, PE population
distributions differ between sumer and winter months along the effluent flow path, and
possibly along vertical gradients as well, which would have an effect on dispersal and
initial colonization of damaged mat after disturbance in different seasons. However, more
studies are needed tnalyze the vertical distributions and population dynamics of
Synechococcuscotypes in different seasons.

OS and MS have similar chemistries but different hydrodynamic properties,

which could influence PE distributions along the effluent flow path. Aaithily, while



177

PE diversity in the mat is shared between springs (Chapter 5, Figures 5.5,5m #6

and 144, predominant PEs have different relative abundances at similar sites defined by
average temperature, which could be due to sgmpsgific PEadaptations acting on
these populations independently. Differently adapted PEs are at varying relative
abundances along the effluent flow paths, and the different hydrodynamic properties
between these springs may mix PEs from different EZs, such thafaettins probably
contributed to the observed differences in PE relative abeedan the water flow
(Figure 6.8 and C). These results could indicate that different PEs are more or less
likely to be dispersed in the water flow and recolonize newly fornmg mat at

downstream sites in OS and MS after environmental disturbance.
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CHAPTER 7

COLLABORATIVE TI454-BARCODING PROJECTS

During my dissertation research | was also involved in three additional projects
involving barcode applications, which are described in this chapter: (i) assessing whether
or not Synechococcusultures were unicyanobacterial before genome sequencing, (ii)
analyzing distributions of genetic loci used in previous population genetics and multi
locus sequence analysis (MLSA) studiesSghechococcysopulations (Melendrez et al.,
2011; Melendrez et al., in prep) and (iii) usiBgnechococcugenome sequences ltok

distributions of MLSA angsaAloci.

SynechococcuSulture Work and Obtaining Ecotysseecific Genomes

Rationale

In order to test hypotheses about ecotyguecific adaptations infered from
environmental distribution studies, and to understand the underlying genomic basis for
these adaptations, individuabynechococcussolates corresponding to ecological
populations predicteddm thepsaAlocus were obtained using filteultivation methods
(de Bruyn et al., 1990) (Figure 7.1), and their genomes were sequeiticestipport from
a DepartmentfoEnergy Joint Genome Institute Community Sequencing Program award.
The proposal was tobtain complete genomes of 18 cultivated isolates representative of

3 strains for each of 6 putative ecotypes (RiBpulationgoredicted through evolutionary



Figure 7.1.Synechococcusultures. (A) Separated colonies on 47 mm polycarbonate
filters. Left and right plates are from *0and 10-fold mat dilutions, respectively. (B)

50 ml Erlenmeyer flasks (20 ml medium) $§nechococcusultures that were grown at
52°C and at ~35 to 50 pmol photon# st exhibiting phenotypic differences.
simulationanalysis to be ecologically distinct) in order to permit comparative analyses of
replicate strains in different species. It was of utmost importance to obtain
unicyanobacterial cultures in this work. Genomes that had been obtained previously were
from matSynechococcusolates that had been cultivated from {dilution mat samples

(i.e., samples containing MBynechococcusells/ml that were only diluted by a factor of

102 to 10°% (Allewalt et al., 2006; Bhaya et al., 2007), and it was suspected that these
genomes might be based on multiple ecotypes. In order to test whether these and new
isolates were unicyanobacterial, Ti4bdrcode higithroughput sequencing was used to
obtaindeep sequence coverage at psaAlocus to examine whether or not the genetic
variation in a culture was consistent with expectations for a strain of a single ecotype (see

below). A pipeline to obtain unicyanobacterial cultures for genome sequencing was

established (Figure 7.2), and a team was formed camgist current doctoral student
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Shane Nowack (sample dilution, I s dMilliat i on
Olsen (molecular biology and comparitive genomics) and myself (molecular biology and

Ti454-barcode sequence analysis) to achieve this goal.

Materials and Methods

Samples for cultivation were collected from Mushroom Spring (MS) on 10
September 2008, 7 September 2011 and 2 October 3yh2chococcustrains (Table
7.1) representative of different PEs detected in egsBaAstudies (Figure 7.2; also see
Chapter 3Figure 3.1 p.75 were cultivated and purified by Shane Nowack.

Cultures were first analyzed at thgsaA locus using Sanger sequencing to
determine the predominant cyanobacterial sequence in each culture. In this case, DNA
was extracted and thgsaAlocus was PCRamplified as described in Chapter 2, and
amplicons were sent to the Idaho State University Molecular Biosciences Core Facility
for Sanger sequencing. Sequenmarity was estimated by analyzing the sequence
chromatograms and associated nucleotidalityuscores. Culture sequences that had
single chromatogram peaks at all nucleotide sites, and high nucleotide quality scores,
were further analyzed by Ti48garcoding and sequencing at the Research and Testing

Laboratory, Lubbock, TX, as described in @tex 4, where unique barcode sequences

a

were | igated onto the O6psaAcenterforwardd

before PCR amplification for each cultuend amplicons were sequenced. This yielded
an average of 2,628 sequences per sample (rafrgimg449 to 7,669 sequences). Using
ClustalW to generate alignments, sequences were processed through-érirgréerl

script (Homopolymer Extinguisher) as described in Chapter 3. Sequences were aligned
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and manually edited using Sequencher 4.7, arghlerjoining trees were constructed

using MEGA 5.0 software as described in Chapter 4 Materials and Methods. Cultures

shown to be unicyanobacterial were sent to the Joint Genome Institute for genome

sequencing.

Table 7.1.Summary ofpsaATi454-barcode ad sequencing analyses $ynechococcus

cultures.Sequences withystematic errors were excluded.

dominant variant sequence$

other sequences

Strain name®  total sequences Putative Ecotype DVs % total %
JA-2-3 B Njal3) ( 2054 all 1690 82.3 364 17.8
u 1385 67.4
BNj 24 300 14.6
B Nj1 1 5 02
JA-3-3Aa 1116 all 931 834 185 16.5
Al 930 83.3
Al4 1 0.1
65AYBA5 1325 all 1106 83.5 219 16.5
Ad 1105 83.4
Al 1 0.1
63AY4M2 2027 A6 1756 86.6 271 134
63AY4M1 1007 Al4 816 81.0 191 19.0
60AY4M2 443 Al4 374 84.4 69 15.6
65AY640 920 Al4 756 82.2 164 17.8
60AYG6LI 980 Al 780 79.6 200 20.4
63AY4Ap-74 2244 Al 1977 88.1 267 11.9
68DH1S1 843 B Nj1 2 703 834 140 16.6

& Strain JA-3-3Aa corresponds to the straingenome, and J&-3 B Njal3) cc2e s pond s

genome

P Sequences that are identical to the expected dominant variant (DV; identical sequence that made up the

plurality of a putative ecotyp@E)clade).

G4 A domi nant

v a r iinaculttre thaehqauneteer idedtiied.e c t e d

t

o

t

Ten cultures were initially selected for Ti4barcode analysis, including strains

JA-3-3Aa and JA2-3 B Nja-13) ( fbm which

Synechococcuggenomes (Bhaya et al.,, 2007) had been obtaifedculture was

the

two previously sequenced

he

st
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considered to be unicyanobacterial if it contained a single dominant variant (DV;
identical sequence constituting the plurality of a PE clade) apshé locus that is
representative of a PE found in natxeaxis in Figure 7.3)as wellas closely related
lessabundant genetic variation (1 or 2 randomly distributed nucleotide substitutions that
formed aclade with the DV). This is shown by green dots igufe 7.3, where
alignments forandom selectias of ron-identical sequences of twofférent strains are
shown on individual blue linedt is unlikely that all observed diversitgrosefrom
naturalmutations that occurred during growth in cultbexause they occur much more
frequency than expected given natural mutation rates (Drake.,et1998); PCR and
sequencing error probably contributed significantly to the sequence varidtarever,
single nucleotide variatioBV in a culturethat was the result of mutati@r sequencing
errordoes not erode confidence in the determinationalwatiture was unicyanobacterial
In addition all Ti454barcode sequence data contained systematic sequencing errors at
error-prone nucleotide positions. This is shown by red dots in Figure 7.3, which indicate
nucleotide substitutions, or a combination puflymorphisms, that were contained in
many sequences of all isolate strains at specificpname sites in the amplified region
of thepsaAlocus. Note that the strains shown in Figure 7.3A and B have polymorphisms
at the same nucleotide positions. Theqgtiency of systematic errors was conserved
across all isolate cultures sequenced, and the most common error in one isolate culture
was also the most common error in all isolate cultures. This artificial variation was
disregarded because was it not repnesiese of genetic variatiofound naturally in the

culture.
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>

Non identical culture sequences
[ ]

Isolate JA-3-Aa DV sequence

Non identical culture sequences
L 1 b 1 i v 1 1 1 1 & % 0@ 1 1 & 0 1§ 1]
@

Isolate 63AY4M1 DV sequence

Figure 7.3 Alignments (positions 51814, total gene length 2268 bp) of random subsets
of nonridentical psaA sequence variants (individual blue lines) generated from Ti454
barcode sequencing of isolate cultures (A}338Aa and (B) 63AY4ML1 relative to the
psaAdominant variant (DV) sequence of each strain (base line). Dots indicate- single
nucleotide polymorphiss) green dots indicate random nucleotide substitutions
sequence errorsed dots within brackets indicate systematic errors observed in the same
positions in relation to the DV sequences of both strains.
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Results and Discussion

The Synechococcuss p . strain -Z23NB NjaE)(l@ntaired 8 J A
phylogenetically distant DVs, two of which corresponded to the DVs of different PEs
(Table 7.1). The majority of sequences were of a sequence type that had not been
previously detected, which was a wmqgsequencgype that disteredwi t h  PE B Njl -
(Figure 7.2, red arrow); the culture also contained a large number of sequences that
mat ched t he DVs of PEs B Nj11 and B Nj2 4, [
unicyanobacterial (Table 7.p.182 also see Chapt&, Figure 3.1p.75. In contrast, the
Synechococcusp. strain A isolate (J/8-3Aa) exhibited a single abundant sequetype
that was identical to the DV of PE Al. Out of 1,552 total sequencsBigle DV
sequence representative of PE Al4 was pre§e06%) possibly a result of cross
contamination. This gave me confidence that the A genome pwegdominantly
uni cyanobacteri al and representative of 1
genome, which may be an amalgam of multiple populatiams the environment.

To date, eight new isolates have been identified that meet the criteria established
for wholegenome sequencing (Table 7.1). Cultures representative of seven closely
related Alike PEs ad o nlike PE Mere sequenceassembled andhaotated yielding
nearcomplete ecotypspecific genomes. Preliminary genome comparisons done by
Millie Olsen have shown that strains representative of some PEs have similar gene
content, including genes unique to that PE. Such genomic differences altowfarm
hypotheses about what differentiates ecotypes. Sgpuific differences have also been

observed, which might cast doubt on some hypothesized PEs being true ecotypes (see
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below). In addition, phenotypic studies done by Shane Nowack are beidgcted to
observe differences in the growth rates of strains of the same and different PEs in
response to varying temperature and light conditions. Preliminary studies have shown
that strains of closely related-like PEs grow optimally at different lighttensities that

correspond to thein situvertical distributions (see Chapter 3, Figure, .39.

Conclusiors

The development of a pipeline to obtain ecotgpecific genomes was largely
dependent upon the utilization of Ti4b4rcode technology toetermine which cultures
were unicyanobacterial (Figures 7.2 and 7.3). Eceggexific genomes can be used to
analyze genomic properties, such as gene content and arrangement, and to hypothesize
ecotypespecific adaptations. Also, isolates bearing thesomes can be grown under
differing environmental conditionsn vitro (e.g. temperature and light) to observe
whether strains of an ecotype have phenotypic properties consistent witlntiséir
distributions.

As a warning to future researchers, whiled34-barcoding and sequencing
revealed that the predominapsaA sequence variant in theulture from which the
Synechococcusp. strainA genomewas obtainednatched the DV of PE Al, thaulture
from which theSynechococcusp. strainBNjenomewas derivecconsisted of DVs from
multiple PE found in the environment, indicating that tiNgdhome is likely an amalgam

of more than one population.
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Distributions and Population Dynamics of
Single Loci Used in MultLocus Analyses

Rationale

Former Ward Lab doctoral student Melanie Melendrez used bacterial artificial
chromosomes (BACs) to clone large genomic inserts ranging frorl2®&b, which
allowed access to multiple genes from the same individalechococcusells
inhabiting the matThis, in turn, permitted MLSA of concatenated loci, which increased
molecular resolution because the overall length of the sequence analyzed was greater. It
also buffered ecological species demarcation against the effects of recombination by
dampening theeffect of recombinant genes causing individuals within a PE to be
displaced from their respective clade in a phylogeny (Melendrez et al., in prep). Multiple
loci located on the BAC clones were PCR amplified and sequenced, and the sequences
were concatenateand analyzed by Ecotype Simulation (ES; an evolutionary simulation
program based on the Stable Ecotype Model of species and speciation described in
Chapter 1).

Melendrez et al. (in prep.) found that despite being an important factor
influencing the evaltionary history of matSynechococcugpopulations, genetic
recombination did not erode the ecological distinction of populations predicted to be
different ecotypes by ES analysis. However, the study was limited to 71 BAC clones
collected from only two hatits (60 and 65°C), severely limiting the analysis of
ecological distinctions to differentiate ecotypes. To enhance the Melendrez et al. (in prep)

study, Ti454barcoding and sequencimg singleloci used in MLSA analysewas used
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to analyze the distribugns and population dynamics of PEs predicted from MLSAifoci
differenttemperatural e f i ned ecol ogi cal zones (EZzZs), w
and 63AC, EZ2 between 64 and 65AC and EZ3
(located between 684°C, and65-66°C, Chapter 3, Figure 3,2.77). Ti454-barcoding
increased the number of habitats sampled and the sBngetepth across all habitats,
and allowed me to test hypotheses abo8inechococcuspecies related to differences

between MLSA and singllecusanalyses (SLA).

Materials and Methods

PCR primers described by Melendrez et al. (2011) were used to amplify 4 loci
(rbskK, aroA, pcrA, and a conserved hypothetical protein loakgp(locus tag CYA_2297)]
from DNA extracted from samples used to study distributiopsafAvariation relative to
flow and vertical gradients (Chapter 3, Figures 3.2 and BB 77 and78), and
temporally in response to ~92% ambient light reduction (Chapter 3, Figune. 8% (83
total samples). All loci were sequenced using Tidadcoding technology as described in
Chapter 3 Materials and Methods. The attempt to sequence multiple loci with multiple
primers during a single sequencing run (i.e. multiplexing) caused marny $aidgiencing
reactions, possibly because of differences in the energetics of primer binding (Appendix
E, Section I;Appendix E Table El). Failed sequencing reactions due to multiplex
sequencing limited the study tioe rbskK andchploci.

chp sequences were obtained only from samples collected along the MS effluent
flow path at 1°C intervals from 60 to 65°C in 200@efitical samples ifChapter 2,

Figure 2.3 p.47. rbsK MLSA-locus sequences from Melendrez et al., (in prep.) were
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trimmed from534 to 362 bp at theNgnd Nends to match Ti45Barcode sequence
average length, and this caused a slight loss in molecular resolution, collapsing BAC
derivedrbsK SLA PEs 1, 6 and 7 (Figure 7.4B) into barcatkivedrbsK HFS PE1
(Figure 7.4C). Barcodsequences were cleaned, and Higlguency sequences (HFSs;
050 copies in all/l combined samples) were
and associated lodvequency sequences (LFSs; <50 copies in all combined samples)
contained within a PE wersummed, and population percentages were calculated as
described in Chapter 3 Materials and Methods. All PE distributions shown in figures are

color-coded to match MLSA PE designations shown in Figure 7.4A.

Results and Discussion

After cleaning, there ere 65,372rbsK sequences, yielding 88 HFSs identified
from 52 samples. Samples were from vertically dissected mats located at three different
average midday temperature sites (60, 63 and 65°C), and from collections made over a 6
day period after ~92% anmdait light reduction.

Comparison of BA@erived and
BarcodederivedrbsK PhylogeniesThe Ti454barcodederivedrbsK A-like HFS

phylogeny (Figure 7.4C) generally matched the structure of the-8é&@ derivedrbskK

SLA phylogeny (Figure 7.4B), with the fmeryielding 11 PEs (with 3 singleton HFSs)
and the latter yielding 7 PEs. Newly demarcatesK PEs 8 and 9 were possiblytdeted

due to increased sequencidgpth and habitat coverage. Alternatively, the presence of
rbsK PEs 8 and 9 could be due to momal differences in population relative abundeas

(see Chapter)5andthe possibility thathese PEs were higher in relative abundance in
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September 2008 barcode studies compared to samples that were collected in October
2003 for MLSA. The presence ofd@itlonal rbsK PEs could also be due to the shift in the
main effluent flow path at MSwhich likely had an influence on the population dynamics

of PEs in the system over the years studied (Chapter 5).

BAC-derived MLSA 7-locus concatenation BAC-derived rbsK single-locus barcode-derived rbsK A-like HFSs
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Figure 7.4.Comparison ofputative ecotypes (PEs) demarcafesim the (A) bacterial
artificial chromosome (BAGYerived multilocus sequence analysis (MLSA) phylogeny,
(B) BAC-derived singldocus analysis (SLAYbsK phylogeny and the (C) barcode
derivedrbsK high-frequency sequee (HFS) SLA phylogeny. Arrows match sequence
type (ST) distribution between BAG@erived MLSA and SLA phylogenies. Smaller
brackets embedded withrbsK SLA PE A2 (which corresponds to barcedierivedrbskK

HFS PE A2) indicate subclades that were sepaiateddistinct MLSA PEs. Scale bars
correspond to nucleotide substitutions per site indicated. (A and B are modified from
Melendrez et al, in prep).
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ES analysis of concatenated MLSA sequences separately demarcated MLSA PEs
3, 4 and 5 (red, pink and blue iats in Figure 7.4A), which were subclades embedded
within rbsK PE A2 in both the BA&lerived and barcodeerived HFSsinglelocus
analysegFigures 7.4B and C). Since the DVs of thdseK PE A2 subclades correspond
to different MLSA PEs, | used Ti484arcode distribution and population dynamics
analyses to test whethebbsK sequences unique to each of these MLSA PEs can be
observed to be ecologically distinct.

Distributions ofrbsK-defined
PE A2 Subclade Populations. Analyses of vertical distributions of barcede

derived rbsK PE A2 subclade populations in samples collected at 60, 63 and 65°C
showed thatthe subcladescorresponding toMLSA PEs 3, 4 and 5 had unique
temperature and vertical distributions (Figure 7MI)SA PE 4 maximizes nedhe upper
regions of the mat, and is in greater relative abundance at 63°C (EZ1). MLSA PEs 3 and
5 both appear to maximize in the middle and lower mat regions, with MLSA PE A3
being in high relative abundance only at 60°C (EZ1).9ALPE 5 was in high relative
abundance at temperatures above and below #6483 ecotone boundaryemperature

and vertical distributions absK variants of different subclades withibsk SLA PE A2
provided evidence that the associated MLSA PEs weleenh indicative of ecologically

distinct populations.
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correspond to the same PE in all parts of the éigur

N
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Population Dynamics of
rbsK-defined PE A2 Subclades in
Response to ~92% Light Reductidn. response to ~92% light reductiorsK

variants corresponding to MLSA PE A5 decreased in relative abundance, while variants
corresponding to MLSA PE A3 increased in relative abundance between days 0 and 4
(Figure 7.6). Condensation on the light altering screens may have caused light scattering
which could have also influenced changes in PE relative abundances during the sampling
period. All PE distributions and responses to environmental perturbations are

summarized in Table 7.2.
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Figure 7.6.Changes in relative abundances in response t&o~Bght reduction of
bacterial artificial chromosome (BA&@erived multilocus sequence analysis (MLSA)
putative ecotypes (PEs) A3, A4 and A5, corresponding to BAC and badeogedrbsK
singlelocus PE 2 subclades 2, 1 and 3, respectively. Study wasicienl at Mushroom
Spring (MS) in ecological zone (EZ) 2 (also see Chapter 3, Figurp.82.



Table 7.2.Summary ofpsaA and multilocus sequences analysis putative ecotypes (PEs) (usgkg high-frequency
sequences + lorequency sequences) distributions and population dynamics in response to ~92% light reduction.

psaA .o MLSA 60C @ 63C 65°C 68°C  60°C 63°C 65°C fd(fc't'%: ?:;ﬁ’cb'g:t
PE PE psaA psaA V psaA V psaA rbsk V  rbsKk V rbsK V
psaA rbskK

Al PEA3,8,11 PE13 2.6 Q@ 29 @ 268 Y 4.7
A4 PEA1 PEA7 2.7 Q@ 0.5 36 Q@ 0.6 7.1 130 @ 6.0 @ Q@ Q@
A6 PEA2 PEAS5 6.4 Q@ 32 @ 132 T 1.9 22.8 100 ™ 16.0 m Q@ Q@
Al4 PEA4 PEA9 2.0 Q@ 13 @ 107 T 0.6 3.3 8.5 @ 100 @ 1y D

PEAl PEA3 13.0 @ 2.5 15 13)

PEA1 PEA4 28 m 6.1 m 27 Tb T
“i fi V ddicates vertical positioning temperaturespecifiedin column to the leftAr r o ws under  delative dbundance apper mdt laygrh
( §) , reltivecabundance n | ower mat relhtimeyabunesn o(eZ )i, n hd egrht eavend elyatrisv € 23 h u rachaln c e
Perturbation responses are indicated by ¢ for increase or Z for

t hrough
Aacrease

V61

a
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Comparison of BA@erived and
Barcodederived chp Phylogenies.A conserved hypothetical proteancoding

locuschpwas also analyzed along the flow path at 1°C intervals from 60 to 65°C. ES
analysis of BACGderivedchpsequences predicted 2 PEs (Figure 7.7B), one of which was
associated with MLSA PEs 2, 3 and 4, and the other of which contains variants from all
other MLSA PEs (compare Figures 7.7A and B; in regions indicatethdwarrow).
Ti454-barcoding HFS analysisf the chp locus yielded 4 PEs (including two singleton
PEs), and had a similar phylogenetic structure to the SLA phylogeny (compare Figures
7.7B and C). More HFS variation was detected around the PE DVs in the barcode
derived HFS phylogeny, which was préibathe result of deeper sequencing.

Distributionof chp-defined
PEs along the Flow Patihe most predominarthp-defined PESA1 and A2

were distributed similarly at 663°C (EZ1), but differently at 685°C (EZ2) (Figure
7.8).chpPEAZ2 (containing ML#\ PEs 2, 3 and 4) relative abundance was only ~10% of
the sample at and abotle 63-64°C ecotone boundarthough was ~40% of the sample
a lower temperatures (EZ1Alternatively, chp PE1 (containing MLSA PE5)otaled
~90% of the samplen EZ2 (64 and 65C), but also comprised~60% of samples

collected in EZ1§0-63°C).

Conclusions
Barcodederived rbsK sequences corresponding to MLSA PEs showed unique
distributions and responses to environmental perturbation, providing evidence that the

subclades embedded withibsK SLA PE A2 that were separated by the more highly
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Figure 7.7.Comparison of (A) bacterial artificial chromosome (BAd&rived multilocus sequence analysis (MLSA), (B)
BAC-derived chp single locus analysis (SLA) and (C) barcattzived highfrequency sequence (HF8hp phylogenies.
Arrow matches BA@&erivedchp SLA putative ecotype (PE) 2 (which corresponds to barceieredchp HFS PE 2) to the

chp PE2specific lineage in the MLSA phylogeny (i.e. all variants that descended from that node (green star)chpntain
sequences from BAderived SLAchpPE?2). Scale barsorrespond to the nucleotide substitutions per site indicated (A and B
are reprinted from Melendrez et al., in prep).
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Chp flow path distribution
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Figure 7.8.Relative abundancef abundant barcodderived highfrequency sequence
chp-defined putative ecotypdPE9 A1 (MLSA PEs 5, 6, 7 and 9) and A2 (MLSA PEs 2,

3 and 4)along the main effluent flow path of Mushroom Spring (MS) at 1°C intervals

from 60 to 68C.

resolving multilocus analysis are unique ecological species populat@nsPE 2 is
higherinrelatvea bundance i n EZI1ch)RE16&prdsentinEza,mts whi |
higheri n rel ative abundance in EZ2 ¢hp@dddAC) . T
not separatendividual PEs in SLA, however, the distribution cfipPE A2 corresponded

to MLSA PEs A3 and A4bsK SLA distributions, and were higher in relative abundance

at lower temperatures (EZ1)h& distribution ofchp PE Al corresponded fdLSA PE5

distributions, largely increasingin relative abundance above the-&®®C ecotone

boundary though both werpresenin relative abundance iBZ1 (6663°C).
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UsingSynechococcusenomes to Compare Distributions and
PerturbatiorResponses of PEs Demarcated by MLSA psaiA

Rationaé

Although the distributions and population dynamics of PEs predicted psaA
sequence variation haween studied (Becraft et al, 2011; Becraft et al., submitted; see
Chapters 2 and 3), it was impossible to link fisaAgene with loci used in the MLSA
study because thesaAlocus is located in a region of the genome not sampled in MLSA
analyses. However, the ecotypeecific genomes referred to in the first section of this
chapter enabled linkage of these loci. This permitted comparisons of distribatidns
responses to environmental perturbation of PEs predicted from variatiorpaathecus

to those of singhkdoci used in the MLSA analysis.

Materials and Methods

To determine the MLSA PE to which isolates whose genomes that had these
sequences corgponded, the 7 loci from the MLSA study oflike SynechococcuBACs
were identified by BLAST analyses (Altschul et al., 1990), separated from the genomic
databases, aligned, trimmed to match the length of MLSA sequences and concatenated
(Melendrez et alin prep). PEs were demarcated from concatenated MLSA sequences as
described in Chapter 3 Materials and Methods. A Neigidining phylogeny containing
both MLSA and ecotypspecific genome sequences was constructed using MEGA 5.0 as
described in Chaptet Materials and Methods his enabled me to know whighsaA
variants corresponded to whithLSA PE and thereby to compapsaAdistributions to

SLA rbsKdistributions (Figure 3,3.78.
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Results and Discussion

Concatenated MLSA loci for genomes representativesaAPESs were grouped
by ES analysis together with concatenated BAd@he MLSA loci, as shown in Figure
7.9. Isolate strains representativepsbAPEs A4, A6 and Al4 corresponded to MLSA
PEs A7 (subclae), A5 and A9, respectively. Howevdwo strairs classified as being
representativeof psaA PE Al weredifferently distributedin the MLSA phylogeny
(Figure 7.9, grey highlighted) his discrepancy witlpsaAPE Al is highly interesting
because it challemg the notion that this PE is a single ecotype. This is consistent with
previous observations, wherein PE Al vertical distributions in EZ2 exhibited multiple
peaks of high relative abundance at both the surface and subsurface of mat samples
(Chapter 3, Figre 3.3C p. 7§. Additionally, PE Al appeared to transcribe pisaAgene
throughout the entire light period in EZ2 (ChapteABpendixFigure B B), despite PEs
in EZ1 and EZ3 having differential expression patterns of surface and subsurface
populationsover the diel cycle in relation to light penetration and quality (Chapter 3,
Figure3.4,p. 79 andAppendixB Figure BS.

Distributions of rbsK sequence variants oMLSA PEs that corresponded
phylogenetically to concatenated genoseguences were analgzalong flow and
vertical gradientdo examine correspondente psaAdefined PEsVertical analyses of
barcodederivedrbsK variants at 63 and 86 showed that MLSA PE AS6aAPE A6)
and MLSA PE A9 psaAPE A14) are distributed primarily in the deeper mat layers in

EZ1, with relative abundancemaximizing in the middle mat layers at warmer
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Figure 7.9.7-locus concatenated MLSA phylogeny based eliké BAC sequences and
sequences frordynechococcuisolate strains, showing correspondence between MLSA
and psaAdefined putative ecotypes (PES). Isolate strain names are color highlighted
correspond to MLSA PEs



