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Abstract Approved

Microorganisms play key roles in ocean biogeochemistry. However, several

predominant groups of uncultured bacterioplankton thought to contribute to

important biogeochemical processes in the oceans are known primarily from gene

cloning studies. Although these studies have greatly expanded our view of

microbial diversity in the oceans, they are not quantitative and usually provide no

phenotypic information. The vast majority of marine microbes remain

uncultivated, and environmental genomic studies have only just begun to identify

the genetic diversity within marine bactenoplankton communities. Distribution

and abundance, cultivation, and environmental genomic studies are needed to

better understand the roles of specific marine bactenoplankton lineages in

oceanographic and biogeochemical processes. Ecological inferences derived from

distribution and abundance estimates can improve cultivation and environmental

genomic strategies, which are essential to further understand the roles of microbes

in oceanographic and biogeochemical processes. In this study, direct cell counts
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supported SAR11 dade dominance in ocean surface waters, and Chioroflexi-

related SAR2O2 cluster prevalence in mesopelagic and deep ocean environments.

Members of the SARi 1 dade averaged 35%, and up to 50% of the total

bacterioplankton community in Atlantic Ocean surface waters (1-140 m), and

accounted for an average of 18% of total cell counts in the mesopelagic zone.

SAR2O2 cells were below the limit of detection in surface waters, increased just

below the deep chlorophyll maximum (DCM), and persisted in abundance

throughout the mesopelagic zone and deep ocean. Members of the SAR2O2

cluster accounted for an average of 10%, and up to 18% of the total microbial

community below 500 m in the Atlantic and Pacific oceans. Nonmetric

multidimensional scaling of amplified community 16S rRNA gene fragments

supported SARi 1 and SAR2O2 cell distributions and abundances, and identified

increases in SARi 1, marine Actinobacteria, and OCS1 16-related lineages

following deep convective mixing in the northeaster Atlantic Ocean. Quantitative

hybridization of 16S rRNAs supported fragment distribution and abundance

estimates observed for SARi 1, SAR2O2, and marine Actinobacteria clusters.

Direct cell counts, and relative rRNA and rDNA abundance estimates reported

here were in general agreement, and exhibited variability within and between

lineages.
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Marine Bacterioplankton Abundances and Distributions

CHAPTER 1
DISSERTATION INTRODUCTION

Our understanding of marine microbial diversity increased substantially

with the development of environmental gene cloning and sequencing approaches.

Phylogenetic analysis of 16S nbosomal RNA genes (rDNA) recovered from

seawater revealed novel bacterioplankton lineages with no cultured representatives

and unknown phenotypes (Giovannoni et al. 1990). Several of the newly

identified lineages dominated early cloning studies, and were consistently

recovered from marine environments (Fuhrman et al. 1993; Giovannoni et al.

1996; Mullins et al. 1995; Schmidt et al. 1991). Sequences related to the SARi 1,

Chloroflexi-related SAR2O2, and marine Actinobacteria lineages are among the

most abundant classes of rDNA genes represented in cloning studies using

bacterial primers (Giovannoni and Rappé 2000). Additional sequences frequently

recovered in these studies include those related to the Archaea Group I,

Roseobacter, SARi 16, SAR86, SAR324, and SAR4O6 lineages. Although our

knowledge of marine microbial diversity increased greatly over the last decade,

much remains to be learned about the distribution, abundance, physiology, and

biogeochemical roles of the ocean's most abundant bacterioplankton lineages.

Fluorescence in situ hybridization (FISH) cell counts have indicated that

several predominant gene lineages identified by cloning and sequencing are
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stratified, and dominate bacterioplankton communities in the oceans. Direct cell

counts of the Archaea Group I lineage reached 39% in the mesopelagic zone of the

Pacific Ocean (Karner et al. 2001), and members of the Roseobacter and SAR86

clusters reached 10% in North Sea surface waters (Eilers et al. 2000). Cell

distribution and abundance estimates reported in this study have generally agreed

with gene distribution and abundance estimates. FISH cell counts of the SARi 1

dade, and the Chloroflexi-related SAR2O2 cluster reached 63% of surface, and

18% of mesopelagic prokaryotic cell counts (Figure 1.1), respectively.

Polymerase Chain Reaction (PCR) based abundance and fingerprinting

techniques can provide additional information on the distribution and abundance

of bacterioplankton lineages. Quantitative abundance estimates have been

reported in studies using dot blot hybridization (Giovannoni et al. 1996), and

quantitative PCR (Suzuki et al. 2000). Fingerprinting methods, such as

denaturing gradient gel electrophoresis (DGGE) (Muyzer et al. 1993), polymerase

chain reaction length heterogeneity (LH-PCR) (Suzuki et al. 1998), and terminal

restriction fragment length polymorphism (T-RFLP) (Liu et al. 1997), have

identified broad differences in overall community composition. PCR-based

abundance estimates and community fingerprinting techniques are more sensitive

than direct cell counts, and provide distribution and abundance information on

bacterioplankton lineages present in low cell numbers.



Figure 1.1. Average and maximum fluorescent in situ hybridization cell counts
for the domain Bacteria, and for SARi!, SAR2O2, SAR86, and 0M60 lineages.
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This study focuses on quantifying bacterioplankton lineages using FISH, and on

identifying and characterizing spatial and temporal variability in bacterioplankton

communities responding to deep convective mixing events and dissolved organic

carbon (DOC) dynamics at BATS.

Distribution and abundance, environmental genomic, and cultivation

approaches are needed to better understand the roles of bacterioplankton in

biogeochemical processes, such as carbon cycling. Changes in the world's oceanic

DOC pool, which contains approximately 685 x 1 15 g of carbon, for example,

indicate that the dominant DOC removal process is uptake by heterotrophic

bacteria (Azam 1998). Up to 17% of new global production, however, escapes

rapid microbial remineralization (Hansell and Carlson 1998). This semi-labile

DOC pooi accumulates in Sargasso Sea surface waters during summer and early

autumn months when the water column is stratified (Carison et al. 1994; Hansel!

and Carison 2001).

Removal of semi-labile DOC, and corresponding increases in

bacterioplankton biomass in the upper mesopelagic (140-250 m) have been

reported following deep convective mixing events (>200 m), suggesting a link

between spatial and temporal patterns in DOC dynamics and upper mesopelagic

bacterioplankton community structure. Jdentifying and characterizing patterns in

community composition associated with mesopelagic prokaryotic blooms observed

at BATS are necessary in order to link and extrapolate microbial processes with

oceanographic and biogeochemical processes. Environmental genomic and



cultivation studies can then be directed at identifying and characterizing genetic

and physiological adaptations of semi-labile DOC utilization.

Environmental Genomics

The occurrence of bacteriorhodopsin and bacteriochlorophyll genes in the

oceans, and their potential effects on global carbon and energy fluxes in the upper

ocean surface, highlight the importance of linking measurements of microbial

distribution and abundance with information about microbial activity obtained

from environmental genomic and cultivation based approaches. In a salient

example, a new type of bacteriorhodopsin, termed proteorhodopsin, was identified

on a 130-kb genomic fragment encoding a ribosomal RNA (rRNA) operon related

to the uncultured marine bacterioplankton SAR86 cluster (Beja et al. 2000).

Bacteriorhodopsins are retinal-binding integral membrane proteins that function as

light-driven proton pumps in extremely halophilic archaea. It is a new type of

retinal (Vitamin A aldehyde) containing protein that appears to have the classic

mechanism of action of a bacteriorhodopsin proton pump. Conserved amino acid

residues associated with the retinal-binding pocket in bacteriorhodopsin are

present in proteorhodopsin and phylogenetic analysis verified that the majority of

active site residues are well conserved between the two. Functional similaritywas

confirmed by demonstrating that the proteorhodopsin gene was capable of coding

for a functional gene product with kinetic characteristics of the photocyclic
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reaction pathway. The protein was expressed in Escherichia coli, and it produced

an active light-driven proton pump upon illumination.

As a result of this discovery, it has been suggested that bacteriorhodopsin

based phototrophy is widespread in the world's oceans. Culture independent

techniques, such as clone library studies and FISH, have suggested that the SAR86

cluster is widely distributed and abundant in the marine environment. 16S rRNA

genes related to SAR86 have been recovered from coastal and pelagic marine

environments in the Atlantic, Pacific, and Arctic Oceans (Giovannoni and Rappé

2000), and direct cell counts using FISH suggested that they can account for up to

10% of the total microbial community (Eilers et al. 2000).

Since their initial discovery, the number and range of habitats in which

aerobic anoxygenic phototrophic (AAP) bacteria have been identified has grown

considerably. At present, two marine genera, Erythrobacter and Roseobacter, and

six freshwater genera, Erythromicrobium, Roseococcus, Porphyrobacter,

Acidiphilium, Erythromonas, and Sandaracinobacter, have been classified.

Aerobic phototrophy based on bactenochlorophyll was first detected in the marine

bacterial genus Roseobacter (Shiba et al. 1979). It was suggested that this process

might be widespread in the oceans when rRNA gene sequencing revealed that

organisms related to Roseobacter were common in this environment (Britschgi and

Giovannoni 1991). A study by Kolber and colleagues (Kolber et al. 2000)

indicated that bacteriochiorophyll-based phototrophy may contribute to as much as

2-5% of the photosynthetic electron transport in the upper ocean. Direct cell

counts suggested that AAP bacterioplankton might account for up to 11% of the



total bacterioplankton community (Kolber et al. 2001). Additional evidence,

presented by Beja and colleagues (Beja et al. 2002), indicated that AAP

bacterioplankton are more diverse than previously suspected.

Craig Venter and colleagues conducted the largest environmental

sequencing effort to date, depositing over one billion base pairs of non-redundant

marine bacterioplankton sequence data in public databases (Venter et al. 2004).

More than seven hundred new rhodopsin-like genes, and over 1,400 16S rRNA

genes, were recovered from this single study of Sargasso Sea bacterioplankton.

Environmental gene homologs for an unprecedented number of genes are now

available for future studies using both culture-independent, and culture-dependent

approaches. Future studies, aimed at identifying and extrapolating gene functions

on regional and global scales, will rely on accurate distribution and abundance

estimates.

Objectives

The purpose of this study is to quantify the abundance of predominant

uncultured gene lineages identified by gene cloning and sequencing, and to

correlate patterns of cellular and 16S distribution and abundance with

oceanographic and biogeochemical processes. The introduction highlights

important studies of the distribution and abundance of predominant gene lineages

frequently recovered from seawater, and addresses important findings in

environmental genomics. The overall goal of environmental genomics, is to



identify the roles of specific bacterioplankton lineages in important processes such

as phototrophy. Chapter 2, "SARi 1 Clade Dominates Ocean Surface

Bacterioplankton Communities," reports the first quantitative abundance estimates

for the SARi 1 dade. Chapter 2 has been published and has therefore been

included in the form published by Nature. Chapter 3, "Prevalence of the

Chloroflexi-Related SAR2O2 B acterioplankton Cluster Throughout the

Mesopelagic Zone and Deep Ocean," reports the first quantitative abundance

estimates for the SAR2O2 cluster. Chapter 3 has been published and has therefore

been included in the form published by Applied and Environmental Microbiology.

Chapter 4, "Bacterioplankton responses to deep convective mixing at BATS,"

identifies and characterizes bacterioplankton lineage increases following deep

convective mixing and seasonal DOC dynamics at BATS. Chapter 4 is being

prepared for submission and has therefore been presented in the form near

submission to Limnology and Oceanography. The final chapter summarizes

important findings, and identifies future directions. Overall, the studies described

herein provide important information about the ecology of some significant clades

of oceanic bacteria. The data suggest that some bacterioplankton clades are

physically stratified or correlated with seasonal processes, and may play specific

geochemical roles.
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Abstract

The most abundant class of bacterial ribosomal RNA genes detected in

seawater DNA by gene cloning belongs to the alpha proteobacterial dade SARi 1'.

Other than indications that they are prevalent in seawater, little is known about

these organisms. Here we report quantitative measurements of the cellular

abundance of the SARi 1 dade in northwestern Sargasso Sea waters to 3000 m,

and Oregon coast surface waters. On average, they accounted for one third of the

cells present in surface waters and nearly one fifth of the cells present in the

mesopelagic. In some cases, members of the SARi 1 dade represented as much as

50% of the total surface microbial community and 25% of the subeuphotic

microbial community. By extrapolation, we estimate that globally there are 2.4 x

1028 SARi 1 cells in the oceans, half of which are in the euphotic zone. While the

biogeochemical role of the SARi 1 dade remains uncertain, these data support the

conclusion that this microbial group is among the most successful organisms on

the planet.
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Introduction and Results

Excellent information is available about the overall abundance of marine

bacterioplankton, which dominate living biomass and play a major ecological role

in marine food webs25. However, with the exception of marine Archaea6' ', there is

very little quantitative information about the cellular abundance of specific

phylogenetic groups of marine microorganisms. Most knowledge about

bacterioplankton diversity comes from 16S rRNA gene (rDNA) cloning studies,

which have identified several groups of marine bacteria that are thought to be

abundant in seawater1. Although members of the SARi 1 dade have no ascribed

physiology, they consistently dominate 16S rDNA clone libraries. They have been

present in over 50 studies of marine bacterioplankton microbial diversity from

sites around the globe (Fig. 2.1) and account for 25% of all the genes recovered in

these studies. While gene clone library data strongly support the importance of the

SARi 1 dade in the oceans, these data are open to a considerable latitude of

interpretation due to the uncertainties associated with the specificity of PCR

amplification primers, rRNA gene copy number, and other factors8.

In August 2001, seawater samples were collected along a meridional

transect in the northwestern Sargasso Sea. Additional samples collected from the

Bermuda Atlantic Time-series Study site (BATS) in February and March 2001

were also processed to determine abundance during winter and spring periods.

Surface samples (10 m depth) from the Oregon coast were collected along the

Newport Hydro-line at station NH5 (44° 39.1' N, 124° 10.6' W) in September
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Figure 2.1. Distribution of the SARi 1 dade in the world's oceans. Red marks
indicate locations where SARi 1 ribosomal RNA genes have been detected using
molecular techniques. Although 52 individual samples are represented, many
studies along the U.S. Pacific coast and in the North Atlantic were conducted at
the same sample locations and are therefore represented by a single red mark.
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2001 and February 2002, where average nutrient and productivity levels are

dramatically higher than in the Western Sargasso Sea. A suite of four Cy3-Iabeled

oligonucleotide probes targeting SARi 1 dade 16S rRNA and a suite of five Cy3-

labeled oligonucleotide probes targeting bacterial 1 6S rRNA were used in separate

hybridization reactions. Digital processing of raw images was used to restrict

counting to cells displaying fluorescence from both the Cy3 probe and the nucleic

acid dye DAPI9. With this approach there was very little ambiguity in determining

cell counts.

Unlike gene cloning, fluorescence in situ hybridization (FISH) is an

accurate method for determining the exact abundance of cells in natural samples'°

12, provided that the probes circumscribe their phylogenetic target and the

fluorescence signals from cells are high enough for consistent scoring. Because

some microbial cells, such as small, slow growing bacterioplankton, are difficult to

detect by this method, various strategies have been used to increase signal intensity

and counting accuracy. Some of these studies have focused primarily on probe

design13' 14 while others have explored strategies to amplify the fluorescent signal

per cell I5-17 Our strategy was to use multiple probes that target different regions of

the 16S rRNA to produce an additive effect on signal intensity, and a sensitive

cooled CCD camera for detection at low fluorescence levels. Our measurements

of bacterial abundances were equivalent to those obtained by Pernthaler et

with polynucleotide probes (polyFISH) in coastal North Sea and Monterey Bay

Calif. samples. The high quantum efficiency of cooled CCD cameras theoretically

makes it possible to detect single probe molecules; in hybridization experiments



such as these, the real limitations are the signal to noise ratio achieved and the

specificity of the probes.

Analyses of hybridization images revealed that cells hybridizing to the

SARi 1 probe suite were abundant curved rods less than one micron long (Fig.

2.2). They accounted for 35% (n = 24) and 18% (n = 7) of total microbial cell

abundance in the euphotic and mesopelagic zones, respectively. There was no

discernible difference in the morphology of SARi 1 cells from the different oceans,

or from different depths in the Atlantic. The biovolume of SARi 1 cells relative to

the average for the marine bacterioplankton community was determined from the

ratio of the average areas of SARi 1 cell images (n = 175) and bacterial cell

images (n = 257) by assuming the cells were prolate spheroids19. The biovolume

of SARi 1 cells was inferred to be approximately half of the average biovolume for

cells in the bactenoplankton community.

Depth profiles demonstrated that members of the SARi 1 dade were

numerically abundant throughout the water column in the western Atlantic,

averaging 2.0 x 108 cells 1' (n = 24) within and 0.2 x 108 cells 11 (n = 7) below the

euphotic zone (>150 m) (Fig. 2.3). Cell counts determined with DAPI averaged

5.7 x 108 cells F' (n = 72) within and 1.2 x 108 cells F' (n = 21) below the euphotic

zone. To ensure that cells were not being removed in the hybridization process,

direct cell counts determined from hybridization preparations were compared with

independent preparations that used standard DAPI staining procedures for

counting cells20. Agreement between the values was 99.6% in pair wise



17

Figure 2.2. SARi 1 fluorescence in situ hybridization image composite. Dual
image overlay of DNA-containing cells stained with DAPI (blue) and Cy3 probe
(red). Cells emitting a signal for both DAPI and Cy3 probe are both blue and red
and cells that did not hybridize to the SARi 1 probe suite are blue. Images were
obtained with a Hamamatsu ORCA-ER CCD digital camera. DAPI and Cy3
panels of identical fields of view show the characteristic size and curved rod
morphology of a magnified SARi 1 cell (white box). Scale bar (Cy3 panel) is one
micrometer in length.



ii:

Figure 2.2



comparisons, showing that most cells remained on the filters throughout the

hybridization procedure.

Probe counts were compared with total DAPI cell counts from the same

samples to determine the relative abundances of the SARi 1 dade and domain

Bacteria. Results from a mean composite of all Atlantic transect profiles indicated

that SARi 1 accounted for 31 to 41% of the total DAPI cell counts within the

euphotic zone, and 16 to 19% between 250 and 3,000 m (Fig. 2.3). The relative

abundance of SARi 1 exceeded 40% in several profiles and accounted for 51% of

the microbial community in the 40 m sample from BATS (CDOM-01). Data from

samples collected at BATS in February and March 2001 showed similarly high

cellular abundances of SARi 1 cells in winter months (data not shown). On

average, SARi 1 cells accounted for 35% (n = 8) of the total DAPI cell counts in

surface waters to 200 m, and 16% (n = 5) at depths from 250 m to 3,600 m. The

relative abundance of the SARi 1 dade in Oregon coast surface samples was 17%

in September 2001 and 38% in February 2002.

Transect averages showing the relative contribution of cells counted with

the bacterial probe suite to total DAPI cell counts ranged from 65 to 86% in the

upper ocean surface, reaching maximum values in the surface 40 meters (Fig. 2.3).

These values were corrected by subtracting the autofluorescent cell counts

obtained from duplicate slides hybridized to the negative control probe. This

procedure may result in an underestimate of the total number of cells detected with

the bacterial probe suite because autofluorescent cells, including cyanobacteria,

were excluded. The bacterial contribution to total DAPI cell counts declined to
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Figure 2.3. SARi 1 probe, bacterial probe and direct cell counts (DAPI staining
particles) in the northwestern Sargasso Sea. (U) SARi 1 dade, () Bacteria, and
() DAPI counts at (a) 32° N, 64° W (CDOM-01; Bermuda Atlantic Time-series
Study site), (b) 30° N, 64° W (CDOM-03), (c) 28° N, 64° W (CDOM-05), and (d)
26° N, 64° W (CDOM-07). A transect composite shows the mean abundance
values by depth (e) for SARi 1 dade and bacterial cell counts as percentages of
direct cell counts (DAPI staining particles); n = 4, except for depths below 250 m,
where n = 1. Standard deviations are given from ito 250 m depths. One sample
point was obtained for depths below 250 m at 26° N, 64° W (CDOM-07).
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54% between 250 and 3,000 m. While bacterial cells counts may be

underestimated because some cells fail to produce a probe signal that is sufficient

to raise the detection level above background, these observations are consistent

with those of Kamer et al.6, who showed a significant archaeal contribution to

picoplankton abundance in the mesopelagic.

Hybridization of radioactive probes to bulk RNA extracted from the same

samples and from monthly time-series samples collected at BATS between

September 1997 and August 2000 showed a similar trend in the vertical

distribution of SARi 1 dade rRNA. In August 2001 transect samples, the

percentage of bacterial 16S rRNA contributed by the SARi 1 dade varied from

18% (n = 3) in the euphotic zone to 3% (n = 4) in the aphotic zone (Fig. 2.4b).

Monthly time-series data produced similar values and showed an annual trend in

SARi 1 dade 16S rRNA abundance (Fig. 2.4a). Maximal values occurred in the

summer, where SARi 1 dade 16S rRNA accounted for as much as 32%, 26%, and

28% of all bacterial 16S rRNA present in surface waters at BATS (June-July 1998,

August 1999, and August 2000, respectively). Note that the relatively low

temporal variability of total DAPI counts (Fig. 2.4c), despite a temporally dynamic

SARi 1 population, suggests the possibility that other prokaryotic populations are

changing as well. SARi 1 SSU rRNA percentages are less than the measured

percentages of SARi 1 cells for the same depth strata, probably because SARi 1

cells are unusually small, and ribosome content is correlated with cell volume21.

Recently, SARi 1 cells have been cultured in our laboratory, and SARi 1

biovolumes have been estimated to be about 0.01 zm3 from electron micrograph
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Figure 2.4. Percentages of SARi 1 dade 16S rRNA at (I) surface and (U) 200
m depths. Monthly time-series samples from BATS (a) for surface and 200 m
depths were collected over a three year period. August 2001 transect averages (b)
for surface (n = 3) and 200 m (n =4) depths from CDOM-03 (1 m), CDOM-05
(1, 250 m) and CDOM-07 (1, 250, 1000, and 3,000 m). Corresponding total
prokaryotic abundance () in the surface 5 m for the BATS time series as
estimated by direct counting with DAPI (c). The average value for prokaryotic
abundance corresponding to panel (c) is indicated in (d).
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data22. These results and the image data presented above indicate that the SARI 1

contribution to marine biomass is less than their sheer numbers would suggest.

A previous study that employed a single oligonucleotide probe to count

SARi 1 cells in coastal water samples reported that SARi 1 abundance was low

(<1% of total marine microbial abundance)23. That result may reflect real variation

in SARi 1 abundance; alternatively, single nucleotide probes may result in

undercounting of their target when signals from some fall below background

fluorescence levels of the in situ hybridization preparation, which is particularly

likely to occur when the cells in question are unusually small'8.

Data revealing a global distribution of SARi 1 (Fig. 2.1), and the consistent

cell counts that we obtained from highly disparate sites, suggest that global

extrapolation from our data is justified. Using our mean percentages for surface

and mesopelagic samples and values previously reported by Whitman et al.24,

which estimated that globally there are 3.6 x 1028 prokaryotic cells in the upper

200 m of the ocean surface and 6.5 x 1028 prokaryotic cells below 200 m, we

calculate that the global abundance of SARi 1 in the oceans is 2.4 x 1028 cells.

Karner et al.6 calculated that the abundance of the pelagic crenarchaeota dade is of

the same order as our estimates for the SARi 1 dade, 1.3 x 1028 archaeal cells, and

bacterial cell numbers of 3.1 x 1028 cells. Based on the Whitman et al.24 and

Karner et al.6 calculations of total global ocean prokaryotic cell abundance we

estimate that SARi 1 contributes 24- 55% of oceanic prokaryotic cells. Using the

Whitman et al. estimates of global ocean prokaryotic abundance and the relative

cell sizes measured by microscopic imaging we calculate that SARi 1 cells account



for 18% of the total bacteria biomass in surface waters (upper 200 m) and 9% in

deep samples (200 to 3,000 m), assuming that the average SARi 1 cell contains

approximately half as much carbon per cell as the average for marine bacteria.

Overall, we estimate that SARi 1 contributes about 12% of total marine

prokaryotic biomass. While approximations, these numbers reveal the magnitude

of global SARi 1 dade populations.

Dividing SARi 1 cells were observed in Sargasso Sea samples from all

depths, suggesting that members of this dade are actively replicating throughout

the water column. Although exponentially growing cultures can readily be

distinguished from stationary phase cultures by the presence of dividing cells in

the former, we were unable to make quantitative estimates of the in situ growth

rates of SAR11 cells by measuring the frequency of dividing cells. The noise in

image analysis parameters associated with cell shape is inherently high when

viewing cells that are in size near the limit of resolution of light microscopy.

Although the SARi 1 dade probe suite used in this study did not

distinguish between different SARi 1 lineages, previous work done by Field et al.25

showed that different phylogenetic groups within the SARi 1 dade are found in

different regions of the water column. It is unknown whether this phylogenetic

differentiation is associated with specialization in the use of nutrient resources.

The sheer numbers of SARi 1 cells indicated by this study suggest that these

organisms are efficient competitors for resources that are available throughout the

water column. Our results do not rule out that other microorganisms might grow

more rapidly than SARi 1, but are less abundant because grazing, viral predation,
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or other sources of mortality result in a high rate of cell removal. Genome

sequencing of SARi 1 is now in progress, and future research will undoubtedly

seek to specifically identify the physiological activities of these cells and their role

in the oceanic carbon cycle.

Methods

Sample Collection.

Water was collected from four transect stations in the northwestern

Sargasso Sea. Samples from 10 depths between 1 to 3,000 m were collected in

Niskin bottles on a 24 place CTD rosette and transferred to primary collection

bottles. Subsample volumes of 10 to 40 ml were immediately fixed in filtered

paraformaldehyde at a final concentration of 3% and stored at 4 °C for 6 to 8

hours. Fixed samples were filtered onto white 0.2 m Osmonics polycarbonate

filters, immediately placed in slide boxes containing silicon desiccant, and stored

at 20 °C.

Probe Analysis

Two hundred and sixty one SAR11 and 12,300 total 16S rRNA sequences

were analyzed using the ARB sequence analysis package26 to determine probe

specificity and accuracy. One hundred forty nine SARi 1 sequences contained



sequence spanning at least one target site and 133 contained an exact match to at

least one probe sequence. A minimum of three of the four probes matched exactly

all rRNA genes with sequence spanning all target sites (n=27), and the majority of

these sequences (66%) matched all four probes identically. None of the probes

used in the SARi 1 probe suite matched sequences outside of the SARi 1 dade.

The suite of oligonucleotide probes used to enumerate members of the SARi 1

dade was: SAR11-152R (AYFAGCACAAGTTTCCYCGTGT), SARi 1-441R

(TACAGTCA1TITCTFCCCCGAC), SARi 1-542R

(TCCGAACTACGCTAGGTC), and SARi 1-732R

(GTCAGTAATGATCCAGAAAGYTG; all sequences listed 5' to 3'). The suite

of oligonucleotide probes used to enumerate Bacteria was: EUB-27R

(CTGAGCCAKGATCRAACTCT), EUB -33 8Rpl

(GCWGCCWCCCGTAGGWGT), EUB -700R

(CTAHGCATITFCACYGCTACAC), EIJB-700Ral

(CTACGAA1TI'CACCTCTACAC), and EUB-i 522R

(AAGGAGGTGATCCANCCVCA). The negative control oligonucleotide was

33 8F (TGAGGATGCCCTCCGTCG).

Fluorescent In Situ Hybridization (FISH).

Hybridization reactions were performed essentially as descnbed'2 with the

following modifications. Reactions were performed on one-quarter membrane

sections at 37 °C for 16 hours in hybridization buffer [900 mM NaC1, 20 mM Tris



(pH 7.4), 0.01% (w/v) sodium dodecyl sulphate (SDS), 15% formamide] and

either SARi 1 or Bacteria specific Cy3-labeled oligonucleotide probe suites.

Individual probes within each probe suite had a final concentration of 2 ng

each. Additionally, a Cy3-labeled nonsense oligonucleotide (338F) was used as a

negative control at a final concentration of 8 ng il'. Optimal hybridization

stringency was achieved by washing the membranes in hybridization wash [150

mM NaC1, 20 mIvi Tris (pH 7.4), 6 mM ethylenediaminetetraacetic acid (EDTA)

and 0.0 1% SDS] for two 10 mm intervals at experimentally determined

temperatures of dissociation (Td) specific for the individual probe suites

(SARi 1=55 °C, Bacteria=50 °C, 338F=50 °C). Nucleic acid staining occurred by

transferring the membrane to a chilled (4 °C) hybridization wash containing DAPI

at a final concentration of 5 ig mF' for 10 mm. The DAPI was rinsed for 2 mm in

a final hybridization wash chilled to 4 °C. All reagents were 0.2 tm filtered.

Fluorescent Microscopy.

After mounting the filters in Citifluor (Ted Pella), Cy3-positive and DAPI-

positive cells were counted for each field of view using a Leica DMRB

epifluorescence microscope equipped with a Hamamatsu ORCA-ER CCD digital

camera, filter sets appropriate for Cy3 and DAPI, and Scanalytics IPLab v3.5.5

scientific imaging software. Consistent exposure times of 1 and 5 seconds were

used for DAPI and Cy3 images, respectively. DAPI images were segmented using

IP Lab software and overlain onto corresponding Cy3 image segmentations in
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order to identify positive probe signals with corresponding DAPI signals.

Negative control counts were determined using the same technique and subtracted

from positive probe counts to correct for autofluorescence and nonspecific

binding. An average of 693 DAPI staining cells were counted for surface samples

from 1 to 150 m (n = 72) and an average of 320 DAPI staining cells were counted

for mesopelagic samples from 250 to 3000 m (n = 21).

Bulk Nucleic Acid Hybridization.

Unamplified small subunit ribosomal RNA was probed essentially as

previously described27. Only two oligonucleotide probes, SARi 1-441R and

SARi 1-542R, were selected from the in situ probe suite because they are capable

of detecting nearly all representative SARi 1 dade 16S rRNA sequences and

because the additive effect on intensity needed to identify small cells using FISH is

not necessary. Stringency conditions used for this study were empirically

determined. Individually determined hybridization wash temperatures were 42 °C

for the SARi 1 probes, making it possible to combine the two SARi 1 probes used

in this study into a single probe suite. SARi! signal was compared to the total

bacterial RNA signal obtained using probe 338Rpl and the specific hybridization

value was determined by comparison to the SARi 1 positive control strains,

HTCC 1040 and HTCC 106222.
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Abstract

Since their initial discovery in the North Atlantic Ocean, 16S nbosomal

RNA genes related to the environmental gene clone cluster known as SAR2O2

have been recovered from pelagic freshwater, marine sediment, soil, and deep

subsurface terrestrial environments. Together, these clones form a major,

monophyletic subgroup of the phylum Chioroflexi. While members of this diverse

group are consistently identified in the marine environment, there are currently no

cultured representatives, and very little is known about their distribution or

abundance in the world's oceans. In this study, published and newly identified

SAR2O2-related 16S rRNA gene sequences were used to further resolve the

phylogeny of this cluster and to design taxon-specific oligonucleotide probes for

fluorescence in situ hybridization. Direct cell counts from the Bermuda Atlantic

Time-series Study site in the North Atlantic Ocean, the Hawaii Ocean Time-series

site in the Central Pacific Ocean, and along the Newport Hydroline in Eastern

Pacific coastal waters showed that SAR2O2 cluster cells were most abundant

below the deep chlorophyll maximum and that they persisted to 3,600 m in the

Atlantic Ocean and 4,000 m in the Pacific Ocean, the deepest samples used in this

study. On average, members of the SAR2O2 group accounted for 10.2 % (± 5.7

%) of all DNA containing bacterioplankton between 500 and 4,000 m.
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Introduction

The discovery that previously unidentified bacterioplankton 16S rRNA

gene sequences predominate in the ocean's lower surface layer was one of the first

pieces of evidence to suggest that marine bacterioplankton communities are

stratified (8, 14, 48). The environmental gene clone SAR2O2 and close relatives

were among the groups recovered from seawater in early investigations of

bacterioplankton diversity at the Bermuda Atlantic Time-series Study (BATS) site

in the North Atlantic Ocean (14). Shortly thereafter, close relatives were detected

in seawater samples from 1000 m in the Atlantic Ocean and 3000 m in the Pacific,

rapidly extending the apparent range of this group of microorganisms throughout

the mesopelagic zone and into the deep ocean (12).

Interestingly, SAR2O2 and relatives are members of the Chioroflexi

phylum, one of the 11 original phyla described by comparative 16S rRNA

sequence analysis (46). The Chioroflexi line of descent is thought by many to

have diverged early in the evolution of the domain Bacteria (30). Representatives

of this phylum occupy a wide variety of habitats; Chioroflexi related sequences

have been identified in geothermal, soil, freshwater, marine, wastewater, and

subsurface environments. In addition, the few cultivated representatives exhibit a

diverse range of phenotypes, including anoxygenic photosynthesis (e.g.

Oscillochioris, Chioroflexus) (24, 31), thermophilic organotrophy

(Thermomicrobium) (22), and chlorinated hydrocarbon reduction

('Dehalococcoides ethenogenes') (28). The phenotypic characteristics of the
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SAR2O2 dade of bacteria cannot be inferred from their phylogeny because of the

diverse physiological traits exhibited by cultured representatives within this

phylum (13, 20, 34).

Since their initial identification in BATS 250 m seawater, environmental

gene clones related to the SAR2O2 cluster have been reported from deep

subsurface, soil, marine sponge and freshwater environments (4, 7, 19, 42), in

addition to further sequences from various seawater samples (2, 15). While

cultivation independent, rRNA gene cloning and sequencing results suggest that

members of this diverse group are ubiquitous and potentially abundant in the

marine environment, there are well-known sources of potential methodological

bias that prohibit absolute cellular quantification from this data. Variable lysis

efficiency between microbial cell types, variations in rRNA gene copy number,

and polymerase chain reaction (PCR) induced biases and artifacts are just a few of

the factors that confound and restrict quantitative estimates of abundance from

gene clone library data (35, 38, 45). However, direct cell counts using

fluorescence in situ hybridization (FISH) with rRNA-targeted oligonucleotide

probes have been used to accurately count cells in natural samples (1, 6, 29).

In general, small, slow growing microbial cells such as planktonic marine

bacteria have traditionally been difficult to detect by FISH. Subsequently, various

strategies have been used to decrease background noise and increase signal

intensity and counting accuracy. Strategies have included the use of multiple

fluorescently labeled oligonucleotide probes (26), signal amplification methods

such as TSA (tyramide signal amplification) (36), and unlabeled helper
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oligonucleotide probes (11). Our strategy has been to use multiple oligonucleotide

probes that target different regions of the same 16S rRNA to produce an additive

effect on signal intensity (29) and, in this case, to ensure that all available

SAR2O2-related 16S rDNA sequences recovered from seawater were targeted by

at least one probe.

The available data suggests that members of the SAR2O2 cluster are

ubiquitous, and that they may play an important role in lower surface and deep

ocean biogeochemistry. However, no data are available about their physiology or

cellular abundance. There are currently no cultured representatives of the SAR2O2

cluster, or published quantitative abundance estimates. In this study, we used

newly identified SAR2O2-related 16S rDNA sequences from marine

bacterioplankton with published SAR2O2 cluster sequences recovered from a

variety of environments to further resolve SAR2O2 phylogeny, and to design

oligonucleotide probes for quantitative FISH. We report SAR2O2 cluster cell

counts from the Bermuda Atlantic Time-series Study site in the Atlantic Ocean,

and the Hawaii Ocean Time-series (HOT) site (Station ALOHA) in the Pacific

Ocean. In addition, depth profiles from coastal waters were obtained from five

stations along the Newport Hydroline (NH-35 to NH-127), extending from just off

the Oregon coast to the edge of the North Pacific gyre.
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Methods

Sample Collection.

North Atlantic Ocean seawater was collected at the BATS site (32° N,

64°W) from a total of 10 depths between 1 and 3,600 m. Surface samples (1 to

250 m) were collected on 5 February 2001, while samples from depths> 250 m

were collected on 6 February 2001. Central North Pacific Ocean samples were

collected at Station ALOHA (45°N, 158°W), the HOT study site, from a total of

seven depths on 15 December 2002. Water from the Eastern Pacific Ocean coastal

transect was collected from various depths along the Newport Hydroline (44°N) at

stations NH15 (124, 25°W), NH35 (124, 53°W), N1155 (125, 22°W), NH65 (125,

36°W), NH85 (126°W), and NH127 (127°W). Five samples (1, 10, 30, 100, and

500 m) were collected on 7 May 2002, and five samples (20, 110, 600, 1000, and

2700 m) were collected on 8 May 2002 at station NH127. All samples were

collected in Niskin bottles on a conductivity, temperature, and density device

(CTD) rosettes and transferred to primary collection bottles. Atlantic subsample

volumes of 500 ml were immediately fixed in filtered formalin at a final

concentration of 10% and stored at -80 °C for up to six months. Pacific subsample

volumes of 10 to 250 ml were immediately fixed in filtered, buffered

paraformaldehyde at a final concentration of 2% and stored at 4 °C for 6 to 8

hours. Fixed samples were filtered onto white 0.2 jim-pore sized polycarbonate
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filters (GE Osmonics, Minnetonka, MN), immediately placed in slide boxes

containing silicon desiccant, and stored at 20 °C.

Cloning.

Bacterial 16S rRNA gene clones from the original BATS 250 m clone

library were prepared as described previously (14). In short, DNA was amplified

from a mixed population of genomic DNA by PCR using primers specific for

bacterial 16S rRNA genes. A clone library was constructed using the plasmid

vector pCRII (Invitrogen, San Diego, CA) from the resulting PCR amplicon. The

clones were assigned the prefix "SAR", numbered discontinuously from 177 to

325, and stored at 20 °C in Luria Bertani (LB) broth containing 10% glycerol

(w/v). Two new SAR2O2-related clone sequences were identified in a clone

library constructed from February 1992 BATS 200 m seawater (prefix "D92").

The D92 bacterial 16S rDNA library was prepared essentially as described above,

but using a streamlined protocol for clone library analysis (43). Ribosomal RNA

genes were amplified from environmental DNA for cloning by PCR with Taq

polymerase (Fermentas, Hanover, MD) and variations of commonly used bacterial

primers, 8F (AGRGflYGATYMTGGCTCAG), and 1492R

(GGYTACC'ITGflACGACTF) (25). Amplifications were performed in a FTC-

0200 thermocycler (MJ Research, Cambridge, MA) using the following

conditions: 35 cycles, annealing at 55 °C for 1 mm, elongation at 72 °C for 2 mm,

and denaturation at 94 °C for 30 sec. A single band of the predicted length was
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observed by agarose gel electrophoresis. The clone library was constructed using

the pGEM-TEasy (Promega, Madison, WI) vector following the manufacturer's

instructions. Individual clones were numbered sequentially from D92-01 to D92-

I1

Gene Sequencing and Phylogenetic Analysis.

Complete 16S rRNA gene clone sequences were obtained and added to an

aligned database of >12,000 homologous 16S rDNAs maintained with the ARB

software package (27). Evolutionary distance, parsimony, and maximum

likelihood phylogenetic analysis methods were used in concert to identify robust

phylogenetic relationships within the SAR2O2 cluster data set, and were performed

with the program PATJP* 4.0 beta 10 (40). The tree topology was inferred by

maximum likelihood employing a heuristic search with tree bisection-reconnection

branch swapping algorithm, a proportion of invariable sites of 0.2339, equal base

frequencies, and a gamma distribution of rate heterogeneity at variable sites with a

shape parameter of 0.6889 and four rate categories. Bootstrap proportions from

1000 replicate re-sampled data sets were used to estimate the relative confidence

in monophyletic groups, and were determined using evolutionary distance and

parsimony methods. Likelihood ratio tests were used to select a substitution model

for evolutionary distance calculations employing the program Modeltest Version

3.06 (Posada & Crandall 1998). The model selected was SYM+I+G (Zharkikh

1994), with an estimated proportion of invariable sites set to 0.2339, equal base



frequencies, and a gamma distribution of rate heterogeneity at variable sites with a

shape parameter of 0.6889 and four rate categories. Distance matrices from

bootstrapped data sets were calculated with this model, and neighbor joining was

used to generate trees for the bootstrap analysis. Parsimony analyses employed a

heuristic search, tree bisection-reconnection, and a starting tree obtained by

stepwise addition with random sequence addition. All sequences used in this

analysis were >1200 nucleotides in length; 914 nucleotide positions remained after

masking out hypervariable and other ambiguously aligned regions from the

alignment. In preliminary analyses, a range of bacterial phyla were employed as

outgroups. The choice of outgroup did not influence the significant relationships

shown in Figure 3.1.

Fluorescent In Situ Hybridization (FISH).

Hybridization reactions were performed essentially as described by

Glöckner, et al. (16) with the following modifications. Reactions were performed

on one-quarter membrane sections at 37 °C for 12 to 16 hours in hybridization

buffer [900 mM NaCI, 20 mM Tris (pH 7.4), 0.0 1% (w/v) sodium dodecyl

sulphate (SDS), and 35% formamide] and two Cy3-labeled oligonucleotide probes

(SAR2O2-104R: G'lTACTCAGCCGTCTGCC, and SAR2O2-312R:

TGTCTCAGTCCCCCTCTG) specific for members of the SAR2O2 cluster

designed with the ARB software package (27). Additionally, a control

hybridization reaction was performed with a low stringency buffer containing 15%



formamide and Cy3-labeled nonsense oligonucleotide (338F). All probes had a

final concentration of 2 ng jzl' each. Optimal hybridization stringency was

achieved by washing the membranes in hybridization wash [70 (SAR2O2) or 150

(338F) mM NaCI, 20 mlvi Tris (pH 7.4), 6 mlvi ethylenediaminetetraacetic acid

(EDTA) and 0.01% SDS] for two 10 mm intervals. An experimentally determined

temperature of dissociation (Td) specific for the SAR2O2 probe suite (58.0 °C) was

used for all SAR2O2 hybridization reactions (Figure 3.2), and a low stringency Td

(50.0 °C) was used for all 338F control hybridization reactions. Nucleic acid

staining occurred by transferring the membrane to a chilled (4 °C) hybridization

wash containing DAPI at a final concentration of 5 j.tg m1' for 10 mm. The DAPI

was rinsed for 2 mm in a final hybridization wash chilled to 4 °C. All reagents

were 0.2 m filtered.

Fluorescent Microscopy.

After mounting the filters in Citifluor (Ted Pella, Redding, CA), Cy3-

positive, and DAPI-positive cells were counted for each field of view using a

Leica DMRB epifluorescence microscope equipped with a Hamamatsu ORCA-ER

CCD digital camera, filter sets appropriate for Cy3 and DAPI, and Scanalytics

IPLab v3.5.6 scientific imaging software. Consistent exposure times of 1 and 5

seconds were used for DAPI and Cy3 images, respectively. Cy3 images were

manually segmented in IP Lab and automatically made to overlay corresponding

DAPI image segmentations in order to identify positive probe signals coincident
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with DAPI signals. Consistent size, morphology, and signal intensity criteria were

used for all cell counts. Negative control counts were determined from the 338F

hybridization using the same technique and subtracted from positive probe counts

to account for objects detected using the Cy3 and DAPI filter sets in the absence of

the positive probe set, such as autofluorescent cells.

Nucleotide Sequence Accession Numbers.

Gene sequences were deposited in GenBank and given accession numbers

AY534087 through AY534100

Results

A combination of methods were used to determine phylogenetic

relationships among 16S rRNA gene sequences from members of the original

SAR2O2 cluster (14), published relatives identified by searching public nucleotide

sequence databases (GenBank and the RDP-II), published reference sequences

from other major subgroups of the Chioroflexi (34), and newly sequenced

environmental gene clones recovered from the BATS study site in the North

Atlantic Ocean. All of the analyses showed that the pelagic marine

bacterioplankton rRNA gene clones within the phylum Chioroflexi fell inside a

single monophyletic cluster (Figure 3.1), but the addition of newly identified

clones greatly expanded the genetic diversity of this cluster relative to original



observations (14). The first two full-length gene clones published in 1996,

SAR2O2 and SAR3O7, are 94.9% similar. Currently, the most dissimilar

Chioroflexi marine bacterioplankton gene clone sequences are 78.7% similar

(D92-36 and SAR259 in Figure 3.1). Within the Chioroflexi phylum, the closest

relatives to the SAR2O2 cluster could not be identified with the 16S rRNA gene

sequence data and analysis methods currently available.

Unlike other predominant groups of marine bactenoplankton such as the

SAR86 (32, 39) and Pelagibacter (SARi 1) clusters (33, 34, 39), marine

bacterioplankton environmental gene clones of the SAR2O2 cluster are not

monophyletic; sequences retrieved from non-marine and/or non-planktonic

communities are interspersed throughout the marine bacterioplankton clones. For

example, environmental gene clones from freshwater bactenoplankton of Crater

Lake, Oregon (42), sponge symbionts from shallow marine environments (19),

deep-sea sediments (Xu et al. 2003), and terrestrial soils (4, 7) (Carroll & Zinder

2002) are dispersed throughout the SAR2O2 cluster. High bootstrap proportions

(Table 3.1; Figure 3.1) supported four subclusters within the SAR2O2 cluster.

While all four contained gene clones from marine bacterioplankton, only one was

exclusively so (subcluster 2). In addition to marine bacterioplankton, subcluster 1

contained clones recovered from marine sponge and freshwater bacterioplankton

communities, subcluster 3 contained clones from marine sponge, deep sea

sediment and forest soil communities, and subcluster 4 contained a clone from a

deep sea sediment community. Several clones did not fall within the four
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Figure 3.1. Phylogenetic tree of the SAR2O2 cluster and representatives of the
phylum Chioroflexi. Ribosomal RNA gene sequences from cultivated
microorganisms are shown in boldface type, while sequences derived from
cultivation-independent studies are labeled with the environment from which they
were derived and clone name. GenBank accession numbers are shown in
parentheses. Nodes supported by bootstrap replicates >70% in evolutionary
distance (above) or parsimony (below) analyses are indicated. The scale bar
conesponds to 0.05 substitutions per nucleotide position. Subclusters are
indicated by dashed brackets, and numbered 1-4. "Original" indicates the
phylogenetic depth of the original SAR2O2 cluster (Giovannoni et al. 1996).
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Table 3.1. Probe specificity for members of the SAR2O2 cluster.

Clone Source
SAR2O2

104R
mismatch

SAR2O2
312R

mismatch
Reference

subgroup 1
SAR272 Sargasso Sea seawater, 250 m 0 0 This study
SAR256 Sargasso Sea seawater, 250 m 0 0 This study
SAR188 Sargasso Sea seawater, 250 m 1 0 This study
D92-36 Sargasso Sea seawater, 200 m 0 0 This study
AEGEAN_i 16 North Aegean Sea seawater, 200 m 0 0 Moeseneder Ct al. 2002*
Arctic95A-i8 Arctic Ocean seawater, 500 m 2 0 Bano et al. 2002
PAWS52f sponge symbiont, 20-30 m, Pacific Ocean 0 0 Hentschel et al. 2002
CL500-9 freshwater Crater Lake, 500 m 3 3 Urbach et al. 2001
CL500-10 freshwater Crater Lake, 500 m 0 1 Urbach et al. 2001

subgroup 2
SAR261 Sargasso Sea seawater, 250 m 1 0 This study
SAR292 Sargasso Sea seawater, 250 m 0 0 This study
SAR3I9 Sargasso Sea seawater, 250 m 0 0 This study
SAR3I7 Sargasso Sea seawater, 250 m 0 0 This study
SAR25O Sargasso Sea seawater, 250 m 0 0 This study
SAR194 Sargasso Sea seawater, 250 m 0 1 This study

subgroup 3
SAR3O7 Sargasso Sea seawater, 250 m 0 0 Giovannoni et al. 1996
SAR2O2 Sargasso Sea seawater, 250 m 0 0 Giovannoni et al. 1996
D92-22 Sargasso Sea seawater, 200 m 1 0 This study
Arctic96BD-6 Arctic Ocean seawater, 500 m 0 0 Basso et al. 2002
TKO4 sponge symbiont, 7-15 m, 0 0 Hentsche! et al. 2002
MBAE74 deep sea sediment, Pacific Ocean 3 0 Xu et al. 2003*
MBMPE46 deep sea sediment, Pacific Ocean 0 0 Xu et al. 2003*
C083 forest soil, Arizona, USA 0 0 Dunbar et al. 2002

subgroup 4
SAR259 Sargasso Sea seawater, 250 m 0 0 This study
MBMPE42 deep sea sediment, Pacific Ocean 4 0 Xu et al. 2003*
SAR269 Sargasso Sea seawater, 250 m 0 0 This study
SAR242 Sargasso Sea seawater, 250 m 0 1 This study
Hi.2.f deep subsurface paleosol 2 0 Chandler et al. 1998
MBAE68 deep sea sediment, Pacific Ocean 2 0 Xu et al. 2003*
FTL276 trichioroethene-contaminated soil 1 1 Carroll & Zinder 2002*
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monophyletic subgroups, but instead formed independent lines of descent within

the SAR2O2 cluster (e.g. clones SAR242, SAR269, and FTL256 in Figure 3.1).

Two oligonucleotide probes were designed to target members of the

SAR2O2 cluster. The probe SAR2O2-104R was designed to target a region

corresponding to positions 104-12 1 of the Escherichia coli 16S rRNA. This probe

matched perfectly 20 of 30 members of the SAR2O2 cluster possessing complete

or nearly complete 1ÔS rDNA sequences, and 15 of 19 marine bacterioplankton

environmental gene clones in this cluster (Table 3.1). Outside of the SAR2O2

cluster, probe SAR2O2-104R matched perfectly the 16S rRNA gene sequence from

the archaeaon Sulfolobus solfataricus (GenBank #X90483) and closely related

environmental gene clones, and contained a single base mismatch with a wide

variety of published 16S rRNA gene sequences, including several members of the

SARi 1 marine bactenoplankton cluster of the alpha Proteobacteria. The probe

SAR2O2-312R was designed to target a region corresponding to positions 3 12-329

of the E. coli 16S rRNA. It matched perfectly 25 of 30 full-length members of the

SAR2O2 cluster, and 17 of 19 marine clones (Table 3.1). In addition, this probe

matched perfectly 16S rRNA gene sequences from several members of candidate

division OP11 (21), and possessed a minimum of two mismatches with all other

known 16S rRNA gene sequences outside of the SAR2O2 cluster. Of 30 full

length, or nearly full length gene sequences within this cluster, only two

(freshwater bacterioplankton clone CL500-9 and contaminated soil clone FTL276

in Figure 3.1) did not possess a target site that perfectly matched one of the two
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SAR2O2 cluster probes (Table 3.1). All 19 full-length marine bactenoplankton

gene clone sequences within this cluster perfectly match at least one of the two

SAR2O2 cluster probes.

Direct cell counts from the Atlantic and Pacific Oceans were obtained by

hybridizing paraformaldehyde-fixed, filtered seawater samples with the two

SAR2O2 cluster probes labeled with Cy-3. The temperature of dissociation (Td =

58 °C) for cells hybridizing to the SAR2O2 probe pair was empirically determined

from 100 m Oregon Coast seawater (NH 35). An axenic SARi 1 cluster isolate

(33), fortuitously exhibiting a single base mismatch to probe SAR2O2-104R, was

used to evaluate the specificity of hybridization of this probe. SARI 1 cells

hybridized to the SAR2O2 probe pair showed a complete loss of probe-conferred

fluorescence signal intensity between 49 and 55 °C (Figure 3.2). While it is

known that base composition and rRNA secondary structure can effect in situ

hybridization kinetics (9, 10), these results indicate that SARi 1 cells containing

target sequence with a single base mismatch were excluded from counts reported

in this study.

Additional confidence in the cell count measurements came from

observations of the average morphology, size, and relative signal intensity of cells

hybridizing to the SAR2O2 probe suite. Probe-positive cells had a coccoid

morphology greater than 1 jtm in diameter (Figure 3.3), and were unusually bright

(1067 ± 480 relative intensity units) when compared to oligonucleotide

hybridization values typical of other pelagic bacterioplankton (Figure 3.2).
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Figure 3.2. SAR2O2 probe pair dissociation curve. () SAR2O2 cells from
Oregon coast seawater (250 m), and () an axenic SARi 1 culture in exponential
growth phase hybridized to the SAR2O2 probe suite. Temperatures indicate
varying stringency conditions associated with the hybridization wash buffer.
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Figure 3.3. Fluorescence in situ hybridization image of SAR2O2 cells from the
Pacific Ocean (2,700 m). Identical fields of view show DNA-containing cells
stained with DAPI, and relatively large (cocci> ljtm in diameter) target cells
stained with the SAR2O2 cluster probe pair labeled with Cy3. Images were
obtained with a Hamamatsu ORCA-ER CCD digital camera.
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Because of the distinctive size, morphology, and signal intensity of cells

hybridizing to the SAR2O2 probe suite, there was very little ambiguity in the

scoring of cells below the upper ocean surface layer, where autofluorescent cell

counts are low.

The overall abundance of SAR2O2 cells remained surprisingly constant

below 500 m, and accounted for an average of 3.0 (± 1.9) x 106 cells U' in Atlantic

(BATS) and Pacific (HOT) Ocean depth profiles (Figure 3.4). On average, the

SAR2O2 group accounted for 10.2 % (± 5.7%) of DAPI stained cells present below

the ocean surface layer. In surface waters, SAR2O2 counts were 1.0 x 106 cells U

',at or below the threshold of detection for surface waters. The threshold for

accurate counting of the less abundant bacterioplankton groups was higher in

surface waters than in deep waters, due to high autofluorescent cell and particle

counts associated with negative control probe hybridization. Bulk nucleic acid

hybridization data suggest that DNA from the SAR2O2 group decreases in surface

waters (14), and surface cells (0 to 300 m) positive for both probe hybridization

and DAPI, always lacked green fluorescence (FITC channel) indicative of

chlorophyll autofluorescence. These data reinforce the 66% decrease in ocean

surface layer SAR2O2 cells relative to deeper waters suggested by the in situ

hybridization data.

Depth profiles from stations along the Newport Hydroline, which extended

from the Oregon coast to the edge of the North Pacific gyre, showed a similar

trend in the depth specific distribution of the SAR2O2 group (Figure 3.5).
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Figure 3.4. Group-specific fluorescence in situ hybridization and prokaryotic cell
counts (DAPI staining particles) in Atlantic and Pacific Ocean gyres. () SAR2O2,
and () DAPI counts in the North Atlantic Ocean at BATS (a), and in the central
North Pacific Ocean at HOT (b). The Atlantic Ocean profile is a composite
consisting of surface samples (1 to 250 m) and deep samples (1000 to 3600 m)
depths taken from two different casts in February 2001.
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Figure 3.5. Group-specific fluorescence in situ hybridization off the Oregon
Coast. (R) SAR2O2 depth profiles showing direct cell counts from NH35, NH55,
NH65, NH85, and NH127, and (-) chlorophyll concentrations.
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SAR2O2 cell counts were highest just below the deep chlorophyll maximum

(DCM), reaching 27 x 106 cells U' in the 100 m sample from station NH35, and

accounting for an average of 12 (± 8.3) x 106 cells L'just below the DCM.

Average abundance values below SAR2O2 surface maximums declined to 2.5 (±

1.5) x 106 cells U1, but persisted throughout the water column to a maximum depth

of 2,700 m at station NH127. These results confirm previous findings, showing a

peak in relative SAR2O2 HMW rRNA and 16S rRNA amplicon abundance just

below the DCM (14) and extend their known range to depths throughout the

mesopelagic zone and deep ocean.

Discussion

SAR2O2 is intriguing because of the apparently lengthy evolutionary

history and extraordinary metabolic diversity of the phylum Chioroflexi, and also

because this diverse and complexly structured cluster resides in the deep pelagic

zone of oceans and some lakes (12, 42). In this study we have added to the sparse

information about the SAR2O2 cluster by identifying their cell morphology,

providing accurate numbers on their distribution in the water column, and by

providing a detailed phylogeny for the group.

The data show that members of the SAR2O2 cluster occur throughout the

mesopelagic, constituting about 10% of the microbial population there. They

probably account for a somewhat larger proportion of deep ocean microbial

biomass, because they are larger than the average bacterioplankton cell (44). Their
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considerable abundance suggests an important role, but as yet no information

about their metabolic activity has come to light. One aspect of the mesopelagic

environment is the relatively constant availability of macronutrients (N, and P),

which are deficient in surface waters, where they likely drive competition among

species (41). Energy for microbial metabolism is scarce in the deep ocean most of

the time, mainly arising from the oxidation of recalcitrant organic compounds

(semi-labile DOC), ammonium and nitrite, and from the metabolism of more labile

substrates originating from the indigenous fauna and sinking organic material (5,

23). The introduction of surface DOC to the upper mesopelagic by convective

events associated with winter storms constitutes a large periodic input of DOC to

the upper mesopelagic (3,17, 18), and may sustain some elements of the microbial

community that resides there.

SAR2O2 has been eclipsed by interest in some of the more abundant

bacterioplankton groups, but it occupies an important position in the

bacterioplankton pantheon and will undoubtedly be a subject of keen interest as

environmental genome sequences, environmental monitoring, and possibly

cultures provide more information about this group.
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Abstract

Variability in bacterioplankton abundance in the upper mesopelagic has

been linked to spatial and temporal patterns of Dissolved Organic Carbon (DOC)

dynamics at the Bermuda Atlantic Time-series Study (BATS) site. Here we use

Terminal Restriction Fragment Length Polymorphism (T-RFLP), clone library,

phylogenetic, and bulk nucleic acid hybridization analyses to identify, and

characterize spatial and temporal patterns in these marine bacterioplankton

communities. Nonmetric multidimensional scaling of bacterial 16S rDNA

terminal restriction fragments from monthly surface and 200 m seawater samples

demonstrated repeatable temporal trends in bacterial community structure within

the different depth horizons. SARI 1, marine Actinobacteria, and OCS1 16-related

fragments increased following convective overturn >200 m. Additionally, the

distribution and relative abundance of SARi 1 fragments showed depth and

temporal increases associated within three distinct SARi 1 subclusters. Clone

library sequences linking observed and predicted fragment identities supported

lineage and sublineage-designations assigned to restriction sites within the SARi 1

dade, and between other lineages studied. Quantitative hybridizations provided

additional data supporting spatial and temporal patterns of distribution and

abundance for the SARi 1, SAR2O2, and marine Actinobacteria clusters. Increases

in the abundance of SAR11, marine Actinobacteria, and OCS1 16-related

fragments suggests that representatives of these groups may play important roles in

DOC dynamics.
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Introduction

The world's oceanic dissolved organic carbon (DOC) pooi is estimated to

contain approximately 685 x g of carbon, a value roughly proportional to the

amount of inorganic carbon in the earth's atmosphere. Although the dominant

DOC removal process is uptake by heterotrophic bacteria (Azam 1998), up to 17%

of new global production escapes rapid microbial remineralization on the order of

weeks to years (Hansell and Carlson 1998). This refractory DOC pool, termed

"semi-labile" DOC (Kirchman et al. 1993; Carlson et al. 2002), accumulates in

Sargasso Sea surface waters following spring phytoplankton blooms, and persists

during summer and early autumn months when the water column is stratified

(Carlson et al. 1994; Hansell and Carlson 2001). Removal of this semi-labile

DOC, and a corresponding increase in bacterioplankton biomass in the upper

mesopelagic (140-250 m) has been reported following deep spring mixing events

(>200 m), suggesting a link between spatial and temporal patterns in DOC

dynamics and upper mesopelagic bacterioplankton community structure (Carlson

et al., in press).

Gene cloning and abundance estimates indicate that bacteriop!ankton

populations are stratified, and that large diverse lineages with unknown

phenotypes dominate marine microbial communities. The SARi 1 dade, Archaea

Group I, and the SAR86 and Chloroflexi-related SAR2O2 clusters are among the

more predominant gene lineages present in seawater, and have been recovered in

cloning studies from sites around the globe (Giovannoni et al. 2000). Fluorescence



72

in situ hybridization (FISH) cell counts have generally agreed with gene

abundance estimates. SARi 1 cells averaged 35% of surface microbial

communities in the Atlantic Ocean (Morris et al. 2002), and Archaea Group I cells

reached 39% of mesopelagic microbial communities in the Pacific Ocean (Karner

et al. 2001). Although less abundant at depth, SARi 1 and SAR2O2 cells

accounted for 18 and 10% of mesopelagic microbial communities, respectively

(Morris et al. 2002; Morris et al. 2004). Despite their prevalence in seawater, very

little phenotypic information is available for predominant bacterioplankton gene

lineages, and with the exception of SARi 1 (Rappé et al. 2002), most have evaded

cultivation.

FISH probes are of limited value when measuring the abundance of less

predominant bacterioplankton lineages in the photic zone, where autofluorescent

cell counts are high, and in the aphotic zone, where total cell counts are low

(Morris et al. 2004). Alternatively, dot blot hybridization (Giovannoni et al.

1996), and quantitative polymerase chain reaction (Suzuki et al. 2000) based

quantification methods can target bacterioplankton lineages present in low cellular

abundance. FISH and quantitative PCR based approaches provide direct

quantitative estimates on the cellular abundance of specific bacterioplankton

lineages, or estimates of cellular abundance based on 16S rRNA gene amplicons,

respectively. Both methods require assumptions about the significance of targeted

lineages, and their contributions to oceanographic and biogeochemical processes.

Nonmetric multidimensional scaling (NMS) extracts predominant trends in

community composition from a set of samples (McCune et al. 2002), and indicates
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species contributions to predominant trends. When combined with community

fingerprinting methods, such as denaturing gradient gel electrophoresis (Muyzer et

al. 1993), polymerase chain reaction length heterogeneity (Suzuki et al. 1998), and

terminal restriction fragment length polymorphism (T-RFLP) analyses (Liu et al.

1997), NMS can identify community variation among 16S rRNA gene lineages.

While less specific than direct cell counts or quantitative PCR estimates, T-RFLP

has been used to identify operation taxonomic units (Moeseneder et al. 1999), and

differences between attached and free-living bacterial communities (Moeseneder

et al. 2001). In addition to identifying broad community differences, NMS is a

highly sensitive method that can resolve minor differences in community structure.

Here we use NMS ordination of T-RFLP fragments, and clone library and

phylogenetic analyses to identify and characterize bactenoplankton community

shifts from monthly surface and 200 m samples collected during and after two

deep convective mixing events >200 m (1992 and 2000). Increases in the

abundance of SARi lb subcluster, marine Actinobacteria (Rappé et al. 1999)

cluster, and OCS1 16-related 16S rRNA fragments supported seasonal increases

(Feb-May) in prokaryotic abundance following deep convective mixing at BATS.

Ordination and bulk nucleic acid hybridization analyses identified similar spatial

and temporal patterns in SARi 1, SAR2O2 and marine Actinobacteria rDNA and

rRNA abundances, respectively. Stratification of SARi 1 dade, and Chioroflexi-

related SAR2O2 and SAR324 clusters agreed with previously reported patterns of

their distribution in seawater (Field et al. 1997; Giovannoni et al. 1996; Wright et

al. 1997). Temporal increases in SARi lb subcluster, marine Actinobacteria
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cluster, and OCS 116-related lineages suggests that representatives of these groups

may play an important role in carbon remineralization during deep convective

mixing and DOC cycling in the northeast Sargasso Sea.

Methods

Sample Collection and Nucleic Acid Extraction.

Monthly surface and 200 m North Atlantic Ocean seawater was collected at

the BATS site (32° N, 64°W) between Feb and Sep of 1992, and 2000. High

molecular weight (HMW) RNA and DNA samples from 1992 seawater were

collected, extracted, fractionated, precipitated, and resuspended in TE buffer as

previously described (Giovannoni et al. 1996). Cells from 2000 were collected on

0.2 p.m polysulfone filters (Supor-200; PALL, Ann Arbor, Ivil) housed in a water

transfer system (WTS) (McLane, East Falmouth, MA), and high molecular weight

(HMW) RNA and DNA were extracted and processed as described (Giovannoni et

al. 1996).

PCR, Restriction Digest, and T-RFLP Analysis of 16S rDNA.

Ribosomal RNA genes were amplified as previously described (Morris et

al. 2004), with the following modifications; 16S rRNA genes were amplified by

PCR with Taq polymerase (Fermentas, Hanover, MD) and variations of commonly
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used bacterial primers, 8F-FAM 5'-AGRGYTYGATYMTGGCTCAG-3', and

519R 5'-CCGTCAATF CKTVF(CT)AGTIT-3'. The 8F-FAM was 5' end-

labeled with phosphoramidite fluorochrome 5-carboxy-fluorescein (5' 6-FAM).

Amplifications were performed in a PTC-0200 thermocycler (MJ Research,

Cambridge, MA) using the following conditions: 40 cycles, annealing at 55 °C for

1 mm, elongation at 72 °C for 2 mm, and denaturation at 94 °C for 30 sec.

Restrictions containing the appropriate buffer, 10 mM MgCI, 10 j.tM Hae

III restriction enzyme (Fermentas, Hanover, MD), and 1 tl of amplified DNA from

each PCR reaction were digested for 6 hours at 37 °C. Dye terminator removal

and sequencing reaction clean-up was preformed by diluting and transferring 1 j.tl

from each restriction digest to a MultiScreen 96-well filtration plate (Millipore,

Billerica, MA) containing Amersham Sephadex G-50 superfine (Amersham,

Piscataway, NJ). Plates were prepared as described by the manufacturer

(Millipore, Billerica, MA). Terminal restriction fragments were resolved on an

ABI 3100 capillary sequencing machine (Applied Biosystems, Foster City, Ca),

and ABI Genotype software was used to size fragments based on an internal lane

standard with 23 discrete fragments ranging from 50 to 1000 base pairs in length

(MapMarker 1000, Cambio, UK).

Cloning.

Bacterial 16S rRNA gene clones from 1992 BATS 200 m seawater (D92)

were prepared as described previously (Giovannoni et. al 1996; Morris et al.

2004). In short, ribosomal RNA genes were amplified from environmental DNA
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for cloning by PCR with Taq polymerase (Fermentas, Hanover, MID) and

variations of commonly used bacterial primers, 8F

(AGRG'TTYGATYMTGGCTCAG), and 1492R (GGYTACCTFGTT'ACGACTF)

(Lane 1991). Amplifications were performed in a PTC-0200 thermocycler (MJ

Research, Cambridge, MA) using the following conditions: 35 cycles, annealing at

55 °C for 1 mm, elongation at 72 °C for 2 mm, and denaturation at 94 °C for 30

sec. A single band of the predicted length was observed by agarose gel

electrophoresis. Clone libraries were constructed using the resulting amplicons,

and the pGEM-TEasy (Promega, Madison, WI) vector following the

manufacturer's instructions. The clones were assigned the prefix "D92" and

numbered discontinuously from 01 to 96. All clones were stored at 20 °C in

Luria Bertani (LB) broth containing 10% glycerol (w/v). The D92 clone library

was screened using a streamlined protocol (Vergin et al. 2001) modified for T-

RFLP analysis. Cloned 16S rDNA fragments were amplified, restricted, cleaned,

and resolved as described above.

Sequencing and Phylogenetic Analysis.

D92 Clones were grouped according to fragment lengths and group

representatives were sequenced and used for phylogenetic analysis. Only clones

which contained full-length inserts (-4500bp), and for which there was a single or

predominant terminal restriction fragment, were used for sequencing and

identification (Table 4.2). 16S rRNA gene sequences were compared with
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sequences available in the GenBank database by BLAST service (Altschul et al.,

1997) to determine their approximate phylogenetic affiliations. Sequences were

aligned using the ARB software package (Ludwig Ct al., 1998) and only

unambiguously aligned nucleotide positions were used for phylogenetic analyses

with PAUP* 4.0 beta 10 (Swofford, 2002). Phylogenetic trees were inferred with

the ARB software package, using Juke-Cantor evolutionary distance correction

and neighbor-joining analyses (Saitou and Nei, 1987). The resulting neighbor-

joining trees were evaluated by bootstrap analyses basedon 1,000 resamplings.

Short sequences (less than 800 bp) were inserted into phylogenetic trees using the

ARB database parsimony insertion tool.

Community Structural Analysis.

Sorensen distance and autopilot (slow and thorough) options were used for

NMS ordination analyses of bactenoplankton terminal restriction fragments using

the software package PC-ORD (Mather 1976; and Kruskal 1964). Normal

analysis of an initial data matrix with 31 rows and 212 terminal restriction

fragments (data not shown) was used to identify predominant spatial and temporal

trends, and for clone library sample selection (D92). A matrix with a subset of 31

rows and 15 lineage-designated terminal restriction fragments was used for the

final analysis. Samples were grouped into spring (Feb-May) and summer (June-

Sep), surface and 200m categories (Figure 4.1). Fragment areas were relativized

by row totals, and outlier analyses were used to exclude a single sample from



March 2000 (200 m) with an average distance lying more than three standard

deviations from the mean distance among sample units. Ordination axes were

rotated to maximize orthogonality between axes. Final stress for a 2-dimensional

solution was 9.6, with instability near zero.

RNA Profiles.

RNA profiles are expressed as the ratio of specific probe hybridization to

bacterial 338R probe hybridization of blotted RNA proportions (100, 50, 20, and

10 ng) corosslinked to Zetaprobe nylon membranes as previously described

(Giovannoni et al. 1996).
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Results

Community Structural Analysis.

Nonmetric multidimensional scaling of monthly surface and 200 m T-

RFLP data matrices supported spatial and temporal variation in community

structure following two convective overturn events greater than 200 m (Figure

4.1). A two dimensional (spatial and temporal) solution was identified with an

initial data set of 31 sample units and 212 fragments (data not shown), and with a

subset of 31 sample units and 15 lineage-designated fragments (Table 4.1)

characterized by cloning, sequencing, and phylogenetic inference (final stress of

9.6). The probability of a similar stress obtained by chance (0.0196) was

determined by 40 real, and 50 randomized Monte Carlo runs. Spatial and temporal

axes were rotated to reduce orthogonality (99%). The coefficient of determination

for the correlation between ordination distances and original distances was 0.823

for the spatial axis, and 0.115 for the temporal axis. Relatively low heterogeneity

(beta diversity 2.1) was calculated as the ratio of the total number of species to the

average number of species.



Figure 4.1. Non-metric Multidimensional Scaling (NMS) ordination of relative
bacterial 16S rRNA gene terminal restriction fragments from monthly time-series
samples collected at BATS. Surface and 200 m summer and spring monthly
samples collected between Feb and Sep (1992 and 2000) are shown as squares
plotted in NMS ordination space. The spring 200 m sample unit selected for clone
library and sequence analysis (Feb D92) is labeled with a black border.
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Table 4.1. Observed terminal restriction fragment designations. Correlation
coefficients along spatial and temporal NMS ordination axes as shown for a two
dimensional solution with a subset of fragment designations assigned by clone
library analyses.



Table 4.1

Observed Axes correlation
Fragment designation coefficientFragment (bp)

Spatial Temporal
112 SAR11a -0.976 0.255
226 SAR11b 0.156 -0.683
290 SAR11c 0.666 0.470
187 SAR86 -0.524 0.201
264 Unknown 0.503 -0.076
154 SAR2O2a 0.817 0.054
256 SAR2O2b 0.292 -0.3 14
260 SAR2O2c 0.738 0.171
403 SAR324 0.859 0.123
191 SAR116 -0.638 0.279
327 Marine Actinobacteria 0.5 18 -0.629
202 SAR316 (0M75) 0.660 0.03 1
301 Uncultured alpha (OCS1 16) 0.253 -0.794
303 Prasinophyte chioroplast (OCS 182) -0.526 0.397
387 Prasinophyte chioroplast (0M39) 0.007 -0.599



The strongest correlation coefficients (>0.50) observed for the spatial axis

indicated that SAR11a, SAR86, SARi 16, and OCS 182 fragments were more

abundant in samples collected from the surface. SARi ic, SAR2O2a, SAR2O2c,

SAR324, Marine Actinobacteria, 0M75, and 264 bp (unidentified) fragments were

more abundant in samples collected from 200m (Table 4.1; Figure 4.1). Strong

negative correlation coefficients supported temporal increases in the abundance of

SARi lb. Marine Actinobacteria, OCS1 16-related, and 0M39 fragments during

spring months, but there were no positive correlation coefficients >0.50 with the

temporal axis (Table 4.1; Figure 4.1). The marine Actinobacteria cluster fragment

(327 bp) was unique among the fragments analyzed, and had both spatial and

temporal correlation coefficients >0.50 (Table 4.1; Figure 4.2).

Ordination of SARi!, SAR2O2, marine Actinobacteria, and OCS 116-

related fragments suggested spatial and temporal variation within and between

bacterioplankton lineages (Figure 4.2). Observed SARi la-i 12 bp, SARi lb-226

bp, and SARi lc-290 bp subcluster restriction fragments contributed to the

separation of sample units along both spatial (SARi la and SARi ic) and temporal

(SARi la, SARi ib, SARi ic) ordination axes. Relative abundance of multiple

Chioroflexi-related SAR2O2 cluster fragments (154 bp, 256 pb, 260 bp) are

consistent with phylogenetic and FISH data, which indicate that they are members

of a diverse cluster distributed throughout mesopelagic and deep ocean

environments (Giovannoni et al. 1996; Morris et al. 2004). SARi lb, marine

Actinobacteria (327 bp), and OCS! 16 (301 bp) fragments were more abundant at



Figure 4.2. Lineage-specific contributions of relative bacterial 16S rRNA gene
terminal restriction fragments to non-metric multidimensional scaling (NMS)
ordination of monthly time-series samples collected at BATS. Surface and 200 m
summer and spring monthly samples collected between Feb and Sep (1992 and
2000) are shown as squares plotted in NMS ordination space. Increases in the
relative contribution of SARI la, SARI ib, SARi ic, SAR2O2a, marine
Actinobacteria cluster, and OCS 116-designated terminal restriction fragments are
indicated by symbol sizes. Circles indicate sample unit groupings exhibiting
similar increases for designated fragments shown.
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200 m during summer months, and showed increases in abundance following

spring mixing >200 m. The sizes of data points in Figure 4.2 correspond to

individual SARi la, SAR11b, SARi ic, SAR2O2a, marine Actinobacteria, and

OCS 116 fragment contributions to total fragments in individual sample units.

16S rRNA Terminal Restriction Fragment Identification and Phylogeny.

Phylogenetic affiliations were assigned to terminal restriction fragments by

direct comparison of observed and predicted fragment lengths obtained from 16S

rDNA clone library sequence data, and by phylogenetic analysis (Table 4.2).

Sixty-one clones with single or dominant observed T-RFLP fragments from the

D92 library were grouped according to 21 unique fragment lengths, and

representatives were sequenced. Seven sequences representing 32 clones were

related to members of the SARi 1 dade, which accounted for -50% of the

environmental clones recovered from the D92 library. Three fragment lengths

(112, 226, and 290 pb) accounted for most (29/32) of the SARi 1 clones identified

(Table 4.2). Three additional SARi 1 clones had uninformative (<50 bp), 227, or

292 bp observed restriction fragment lengths. Clones representing other well-

characterized bacterioplankton lineages included members of the marine

Actinobacteria cluster, the Chioroflexi-related SAR2O2 cluster, and the gamma

Proteobacteria SAR86. Representatives from uncultured groups included four

clones most closely related to the alpha Proteobacteria OCS1 16, several

uncultured gamma Proteobacteria, and a single delta Proteobacteria (SAR324).

Clones closely related to groups well represented in culture collections included



Table 4.2. 16S rDNA terminal restriction fragment lengths in nucleotides
observed on an ABI 3100 capillary sequencer (A), and predicted from gene
sequences (B). Sequenced and unsequenced representatives are shown first
(Total), with quotation marks indicating additional sequenced clones with the same
observed and predicted fragment lengths. No data (ND) indicates gene clones with
observed fragment lengths smaller than the minimum standard used for T-RFLP
analyses (MapMarker 1000: 50 bp).



Table 4.2

Gene clone
ID

. .Fragment designation Fragment length
A B

Total

D92_11 SAR11a 112 117 2
D92_46 SARi lb 227 230 1

D92_04 SARi lb 226 228 9
D92_01 SAR11c 290 293 18
D92_34 SAR11c 290 293
D92_31 SARi lb 292 294 1

D92_37 SAR86 186 189 3
D92_72 SAR86 186 188
D92j7 Uncultured gamma 192 193 2
D92_74 Uncultured gamma 324 326 1

D92_02 Alcanivorax 309 311 1

D92_03 OCS116 301 303 4
D92_63 OCS116 301 303
D92_65 OCS116 301 303
D92_92 OCS116 301 303
D92_82 SAR116 191 193 1

D92_84 Roseobacter 193 195 1

D92_26 SAR316 202 203 1

D92_87 SAR2O2a 154 158 1

D92_22 SAR2O2b 256 258 1

D92_36 SAR2O2c 260 263 1

D92_78 SAR324 404 405 2
D92_53 Uncultured Cytophaga 286 287 1

D92_25 Prasinophyte chioroplast 303 304 1

D92_10 Prasinophyte chioroplast 387 390 1

D92_32 Marine Actinobacteria 327 330 1

D92_09 SAR11 ND 39 7
D92_33 Alteromonas ND 39
D92_20 Uncultured gamma ND 39



Prasinophyte, Alteromonas, Roseobacter, and Alcanivorax (Table 4.2).

Predicted terminal restriction fragment analyses of SARi 1, marine

Actinobacteria, OCS 116, SAR2O2, and SAR86 phylogenetic clusters using

published, and newly sequenced 16S rRNA genes recovered from this study,

indicated lineage-specific terminal restriction patterns. Three distinct subclusters

within the SARi 1 dade were discriminated by 41 sequence and sequence-specific

fragments (Figure 4.3). SARi 1 subclusters, designated SARi la, SARi lb. and

SARi ic, reported in this study support the depth-specific distribution of SARi 1

dade 1 6S rRNA gene terminal restriction fragments. Differences between

previously suggested SARi 1 subcluster categories (Field et al. 1997) and those

identified in this study are most likely due to a substantial increase in the number

of SARi 1 sequences deposited in public databases since 1997 (Rappé and

Giovannoni 2003). Robust parsimony and neighbor joining bootstrap analyses

(>80) supported the occurrence of three distinct subclusters that can be resolved by

terminal restriction fragment pattern uniformities among subcluster sequences

(Figure 4.3). Only two outliers, D92-31 (294 bp) and D92-09 (39 bp), exhibited

predicted fragment lengths uncharacteristic of closely related taxa.

Marine Actinobacteria, OCS 116, SAR2O2, and SAR86 terminal restriction

fragment patterns (Figure 4.4, panels A, B, C, and D, respectively) exhibited

differing degrees of uniformity within and between lineages. Two marine

Actinobacteria subclusters were discriminated by 10 of 13 sequence and sequence-

specific restriction sites (Figure 4.4A). Eight sequences had either 330, or 331 bp
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Figure 4.3. Neighbor-joining 16S rRNA phylogenetic tree showing terminal
restriction fragment sizes and relationships among representative members of the
SARi 1 dade. D92 clones obtained from this study are shown in bold type.
Representative sequences derived from public databases are labelled with clone
names and Accession numbers. Short sequences (less than 800 bp) were inserted
in the tree using the ARB database parsimony insertion tool and are represented as
dashed lines. Bootstrap proportions over 70% from the neighbor-joining analysis
are shown. SARi la, SARi ib, and SARi ic subcluster designations were
determined by terminal restriction sites and by tree topology. Rickettsia bellii

(Ui 1014) was used as an outgroup. a, 16S rDNA base position (E. coli
numbering) where first 5' end restriction occurs; b, terminal restriction fragment
size expected from 16S rRNA gene sequences. Scale bar, 0.05 substitutionsper
nucleotide position.
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Figure 4.4. Neighbor-joining 16S rRNA phylogenetic trees showing terminal
restriction fragment sizes and relationships among representative members of the
Marine Actinobacteria (panel A), OCS116 (panel B), SAR2O2 (panel C), and
SAR86 (panel D) clusters. D92 clones obtained from this study are shown in bold
type. Representative sequences derived from public databases are labeled with
clone names and Accession numbers. Short sequences (less than 800 bp) were
inserted in the tree using the ARB database parsimony insertion tool and are
represented as dashed lines. Bootstrap proportions over 70% from the neighbor-
joining analysis are shown. Sequences used as outgroups are italicized, a, 16S
rDNA base position (E. coli numbering) where first 5' end restriction occurs; b,
terminal restriction fragment size expected from 16S rRNA gene sequences. Scale
bars, 0.02 substitutions per nucleotide position.



a. b

A 0CS155 (A1)001,52) 332, 330

MBI 1(256 1AY033302) 332. 330

OMI (1(70710) 332.330

OM231 (1(707(1) 333,331

ioo MB I A03 (AY033296) 332. 330

[
j----D9232

AEGEAN_ 193 (AF406542)

332.330

332. 330

I ----ZA3l ic 1AF3821 15)
79

266. 264

L_____AEGEAN_163 (AF406543) 332. 331

SAR432 (AR 10142) 266.258

BD2-I0(A3015539) 239.238

-31831 (AB015267) 239,238

11111)368-02 (A130316281 231, 230

Aetinornyca'.a solo (S83623)

a.b
('.4 99 092-36(AY534100)

L_..

266.263

8AR272 (AY534088) 239. 240

002
SAR256 (AY534095) 332, 333

PAWS52( (AFI $64171 $7, 7$

- -
-AEGEAN,jI6(AF406538) 266,256

SARi $8 (AY5340$7) 332, 323

AitIic95A'18 AF355054) 266,261

CL500-10AF3I6764) (92, 17$

C00-9 (AF316763) 184, (80

SAR2SO (AY5341197) (67.155

IL SAR3I7 1AY534093) (67. 155

D92-87 167. (58

SAR194AY534098) 239. 243

SAR3I9 (AY534066) 239. 228

SAR26I (AY53406I)
Lb9

167,157

SAR292 (AY53419Th 6%. 62

Arctic96BD-6 (AF355053) 332. 3(0

L SAR3O7 (1(20798) 332. 308

SAR2O2 (L120797) 332. 3(18

1K04 (AJ347033) 332. 321

C0$3 (AF507700) 87, 78

1)92-22(AY534099) 266. 258

SAR259 1AY534094) 87, 78

SAR242 (AY534089) 87. 7$

F1L276(AF529(10) 192, (77

SAR269 (AY534090) 217. 206

------- ------------------ L)1'J,alacoc-eoidt's e(/Ienoge(Ies (A0004928)

Figure 4.4

B
ZA3603c 1AF382124)

002 cJL 1)92-63

L D92-92

1)92-65

a. b
332.303

332. 303

332,303

332, 3(13

332. 303

[1 AEGF.AN 55 (AF4065171 332,305

- - -

00
AEGEAN_167 (AF406518) 332. 305

99j
NACI-6C(F245619) 266,239

266,239

[t OCSI 6(1(78944) 266.239

9) -AEGE.AN_i08(AF406516) 266.239

H0C29(M$054163) 266.239

Oecanospi'rt/tun pusillurn (AB006768)

a. b

D (3M 10 )1;70693) 202, ($8

'. -ZDOIO8 (A1400345) 202. 18$

-0CS44(AFOOI6SO) 202. 188
0.022

-

NACI1-19(AF245642) 202, 188

AEGEA&242 (AF406535) 202.18$
L AEGEAN 204 (AF406532) 202, 188

AEGEAN)09 (AF406534) 21)2, 18$

KTcO9I7 )AFl73974) 202, (88

100J
AEGEAN_146 (AF406528) 202. 188

MBII000 (AY0333326) 2(12. ($6

NBllE°2 (AY033304) 2(12. 186

MBl2D03 (MB(2D03) (52. (38

- D92-37 202, 199

MIII ((3(19 (AY03331 I) 202, 188

Arctk97A-l8 (AF354613) 202, 188

OCS5 (AF(X3I 65(1 21)2, 188

7.1)007 (AJ400344) 202. 18$

013AC27G05 (AF2682 17) 202. 188

CHAB-1iI-1 (AJ2409l2) 202, 188

MBI2GO2)AY0333281 202.188

7!-D9272 202,188

-KTcIII2(AF241654( 202.188

)OOLLKTCI (M' 4l65) 207 188

KTcIIO7 (AF173975) 202.18$

-----SAR%6(L3546l) 202.190

ZD0433(AJ400356) 202,206

Ca/yj,Wiiena ,oa(oqwa SVrn/)iOflt (M99446)



95

fragments. Three outliers, ZA3 11 1C (264 bp), and SAR432 (258 bp), and

T1HP368-02 (230 bp) exhibited predicted fragment lengths uncharacteristic of

closely related taxa. All OCS 116-related sequences formed two distinct

subclusters with either 239 (OCS 116), or 303 and 305 bp predicted fragments

(Figure 4.4B). Diverse Chloroflexi-related SAR2O2 fragments (Figure 4.4C)

exhibited 22 unique terminal restriction fragments that ranged from 62 to 333 pb in

length. SAR2O2 sequenced representatives identified in this study exhibited

terminal restriction fragments unique to SAR2O2 subclusters previously reported

(Morris 2004). Nearly all SAR86 sequences (22 of 28) shared a 188 bp predicted

terminal restriction fragment (Figure 4.4D). Two SAR86 sequences shared 186 bp

fragments, and additional variants included 189, 190 and 138 bp representatives.

Lineage and subcluster identities assigned to terminal restriction fragments were

unique among and between the phylogenetic lineages reported in this study.

SAR11, SAR2O2, and Marine Actinobacteria Relative rRNA Abundance.

Predominant trends in community ordination data are supported by SARi 1,

SAR2O2 and marine Actinobacteria bulk nucleic acid hybridization data from

monthly time-series samples collected in 2000 (Figure 4.5). Summer increase in

the relative abundance of SARi 1 surface rRNA (Figure 4.5) corresponded to

SARi la subcluster terminal restriction fragment increases supported by ordination

(Figure 4.2). Relative abundance estimates of SAR2O2 cluster rRNA agreed with



Figure 4.5. Relative marine Actinobacteria, SARi 1, and SAR2O2 cluster 16S
rRNA abundances. Monthly surface and 200 m North Atlantic Ocean seawater
samples collected at the BATS site between Feb and Sep of 1992 and 2000.
Surface mixed layer depth (MLD) and dissolved organic carbon (DOC)
concentrations are shown as straight lines (top), and total DAPI cell counts are
shown as straight lines (bottom).
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ordination analyses as well, indicating greater abundance at 200 m, with no

significant temporal increase in either depth horizon. Marine Actinobacteria

exhibited both surface and 200 m increases in relative rRNA abundance following

convective overturn. May showed the sharpest increase in marine Actinobacteria

cluster rRNA, with an 8-fold increase in surface rRNA abundance following a

March spike in mesopelagic DOC. In both cases, however, increases in relative

rRNA abundance persisted for several months, dropping to original levels in

October (Figure 4.5).

Discussion

Ordination analysis supported seasonal increases in SARi lb subcluster,

marine Actinobacteria cluster, and OCS 116-related terminal restriction fragments,

suggesting a link between specific bacterioplankton lineage increases and deep

seasonal mixing at BATS. Ordination of the complete data set, which consisted of

31 sample units and 212 fragment variables, suggested a two dimensional solution

with spatial and temporal axes similar to the final ordination (data not shown).

Sample D92 (Feb 1992, 200 m) exhibited the strongest temporal trend from a 200

m sample (Figure 4.1), and was selected for subsequent clone library and sequence

analysis (Table 4.2). Fifteen unique fragments were identified in the D92 clone

library (Table 4.1) and used for the final ordination. Results indicated that SARI1b

subcluster, marine Actinobacteria cluster, and OCS1 16-related T-RFLP fragments

increased in abundance and exhibited the strongest temporal trends.



Ordination of complete and final data sets reduced experimental

assumptions required for specific lineage abundance estimates by extracting

predominant trends in the data, and by providing individual variable (fragment

lengths) contributions to overall community shifts. Further characterization of the

temporal trend by clone library, sequence and phylogenetic analyses identified

specific lineage contributions to both temporal and spatial ordination axes. Novel

patterns were identified among both abundant (SARi 1 and marine

Actinobacteria), and less abundant (OCS1 16) gene lineages, which contributed to

the separation of samples along the temporal axis. SARi 1, SAR2O2, and SAR324

lineage contributions to the spatial axis supported stratification of bactenoplankton

populations previously reported (Field et al. 1997; Giovannoni et al. 1996; Wright

et al. 1997). Identification of novel and known patterns of distribution and

abundance among bacterioplankton lineages were recovered independently of

lineage-specific assumptions, suggesting a community-based interpretation of the

environment that is less dependent on physiological assumptions aimed at linking

predominant bacterioplankton lineage abundance estimates and biogeochemical

processes.

There were no strong positive correlations (>0.5) with the temporal axis,

suggesting that temporal shifts observed in community structure are due primarily

to increases in specific bacterioplankton lineages, rather than corresponding

decreases, or broader community transitions. Community T-RFLP profiles from

samples used in this study exhibited a high degree of homogeneity between, and

within, depth horizons. SAR11a and SAR11b fragments were present in 31/3 1
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samples, and SAR2O2a and SAR324 fragments were present in 13/15 of the 200 m

samples, indicating low beta diversity (2.1). Stratification of bacterioplankton

lineages appears to be a predominant feature characterizing spatial variation in the

oceans (Giovannoni et al. 1996; Field et al. 1997; Wright et al. 1997). Temporal

increases in specific lineage abundances, rather than broad community differences

or transitions, however, characterized bacterioplankton variation associated with

seasonal mixing in the Sargasso Sea.
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CHAPTER 5
DISSERTATION CONCLUSION

Direct cell counts supported SARi 1 dade dominance in ocean surface

waters, and Chloroflexi-related SAR2O2 prevalence throughout the mesopelagic

zone and deep Ocean. Community structural analysis of rDNA terminal restriction

fragments identified spatial and temporal patterns consistent with the patterns

indicated by cell counts, relative rRNA abundance estimates, and 16S rRNA gene

lineage distributions and abundances identified by clone library analyses

(Giovannoni and Rappé 2000). Community ordination also identified novel spatial

and temporal patterns in SARi 1, marine Actinobacteria, and OCS1 16-related 16S

rDNA increases following deep mixing and corresponding carbon cycling at

BATS. While the biogeochemical roles of bacterioplankton lineages studied is

largely unknown, spatial and temporal distribution and abundance estimates

suggest a link between specific lineage increases and DOC dynamics at BATS.

In August 2001, pelagic and mesopelagic samples (1 to 3000 meters) were

collected at four stations in the North Atlantic Ocean. FISH results indicated that

SARi 1 accounted for an average of 35% (standard deviation of 5%) of total cell

counts in surface waters (1 to 140 m). In some samples, above 140 meters, SARi 1

counts exceeded 40%, and in one sample reached 51% of the total DAPI count.

Below the photic zone, the abundance of SARi 1 averaged 18% (standard

deviation of 4%). Additional results obtained by hybridizing the same

oligonucleotide probes to dot blots of RNA taken from the same stations showed a
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similar trend in the vertical distribution of SARi 1 ribosomal RNA, with SARi 1

RNA accounting for 1.5% to 10.5% of total SSU rRNA. Increases in the

abundance SARi 1 RNA in surface waters in the summer are consistent with the

hypothesis that some members of the SARi 1 dade posses a physiological

adaptation to light. While the metabolic and biogeochemical functions of SARi 1

cells are currently unknown, the dominance of SARi 1 cells in these samples

suggests that these organisms play an important role.

FISH results supported RNA hybridization data suggesting that the

Chloroflexi-related SAR2O2 group was found predominantly in the lower surface

layer, and established their persistence throughout the mesopelagic zone and deep

ocean. The overall abundance of SAR2O2 cells remains surprisingly constant

below 500 m, where they account for an average of 4.1 x 106 cells L' in the Pacific

and 3.9 x 106 cells L1 in the Atlantic Ocean. On average, the SAR2O2 group

accounted for 5.5 % of the cells present in the mesopelagic Pacific (500 to 4000

m), and 14.0 % in the mesopelagic Atlantic (1000 to 3600 m).

Statistical analysis of bacterial gene fragments from monthly surface and

200 m seawater samples collected at BATS supported SARi 1 and SAR2O2 cell

distributions and abundance estimates, and demonstrated repeatable trends in

bacterial community structure at different depths. Members of SAR11, marine

Actinobacteria, and OCS 116-related lineages increased in abundance following

deep spring mixing of seasonally produced and accumulated DOC. Quantitative

analysis of rRNAs extracted from seawater supported seasonal patterns observed

in SARi 1, marine Actinobacteria, and SAR2O2 gene lineage abundances.
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Consistent patterns observed in cellular, rRNA, and rDNA abundances

support spatial and seasonal variability in bacterioplankton community

composition, which indicate that specific populations within bacterioplankton

communities are responding to changing environmental conditions such as

convective mixing. Environmental genomic studies, for example, have linked

members of the SAR86 cluster with rhodopsin-like gene sequences (Beja et al.

2000), and shown that divergent sequences related to proteorhodopsin are

widespread in the marine environment (Venter et al. 2004). This finding suggests

that bacterioplankton lineages other that SAR86 may use proteorhodopsin genes.

Community structural analysis of rDNA terminal restriction fragments at BATS

showed increases in relative SARi 1, SAR86, and SARi 16 lineage abundances

from summer surface samples. Giovannoni and colleagues (unpublished data)

have identified a SARi 1 isolate that expresses a novel proteorhodopsin. The

occurrence of a functional proteorhodopsin gene linked to the SAR86 cluster, and

an expressed proteorhodopsin gene in a SARi 1 isolate, intuitively could explain

summer surface increases, and suggest that SARi 16 may also be adapted to high

light conditions. Abundance and distribution estimates such as those reported in

this study can be further used to infer physiological roles of uncultured microbial

lineages, and to focus future environmental genomic and cultivation efforts. Data

such as those presented in this thesis will always be part of the background of

information needed to understand ocean surface ecology.
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APPENDIX A - Probe Sequences

Roseobacter Probe Sequence (5'-3')

536R CAACGCTAACCCCCTCCG

Alteromonas Probe Sequence (5' -3')

1 37R TGTFATCCCCCTCGCAAA

0M60 Probe Sequence (5'-3')

720R TCGAGCCAGGAGGCCGCC

SAR2O2 Probe Sequence (5'-3')

1 04R GTFACTCAGCCGTCTGCC

31 2R TGTCTCAGTCCCCCTCTG

SAR11 Probe Sequence (5'-3')

1 52R ATFAGCACAAGTI1TCCYCGTGT

441 R TACAGTCA1TITTCYI'CCCCGAC

542R TCCGAACTACGCTAGGTC

732R GTCAGTAATGATCCAGAAAGYTG
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Probe Sequences (Continued)

SAR86 Probe Sequence (5'-3')

60R GATACTTFCTCGCACGAC

735R TCAGTACAGATCCAGGAG

1 092R TGCGCTCG1TATCCGACT

1 247R GCTI1TAGCGTCCGTCTGTA

Bacteria Probe Sequence (5'-3')

27R CTGAGCCAKGATCRAACTCT

338Rp1 GCWGCCWCCCGTAGGWGT

700R CTAHGCATTFCACYGCTACAC

700Ral CTACGAAT11TCACCTCTACAC

1 522R AAGGAGGTGATCCANCCVCA
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APPENDIX B - Probe Hybridization Conditions

Probe Hybridization Solution Hybridization Wash
% Form Temp (°C) NaC1 (M) Temp (°C)

Roseobacter
35 37 0.07 52536R________

Alteromonas 5235 37 0.07137R________
0M60

35 37 0.07 55730R________
SAR2O2

104R 35 37 0.07 58
31 2R

SAR11
152R
441R 15 37 0.15 55
542R

SAR86
60R
735R 15 37 0.15 55
1092R
1 247R

Bacteria
27R
338Rp1

15 37 0.15 50700R
700Ral
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APPENDIX C - Probe Dissociation Curves
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APPENDIX D - Hybridization Image Composite
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APPENDIX E - Oregon Cost Cell Counts
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APPENDIX F Oregon Cost rRNA Profiles
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APPENDIX F - HOT and BATS Cell Counts
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