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Abstract

Fluorescence in situ hybridization (FISH) is widely used to characterize the phylogenetic
diversity of microbial communities. Here I present the results of a laboratory-based study
of the effects of sample storage on the detection of bacterial cells using FISH, as well as a
field- and laboratory-based study of changes in the phylogenetic diversity of the microbial
community in biogeochemical provinces of the Northwest Atlantic Ocean over three
consecutive seasons, and how these changes relate to biogeochemical and ecosystem
processes on a large geographical and temporal scale. Results from the 12-month time-
course study of storage effects indicate that samples can be stored for up to six months
with no significant change in target cell detection, and stored for up to 12 months with a
minimal (< 7%) effect of storage. Results from the Northwest Atlantic study show
variations in microbial community structure between biogeochemical provinces, as well
as seasonally within each province. From summer to fall, there was a noticeable decrease
in the proportion of Cytophaga-Flavobacteria, and the a-, B-, and y-Proteobacteria
dominated the fall community at all stations. Seasonally, the most noticeable shift in the
relative abundances of specific phylogenetic groups occurred from summer to fall.
Spatially, the greatest differences in bacterial community composition were observed

between the North Atlantic Subtropical Gyre and the Atlantic Arctic province.
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Chapter 1: Introduction

It is widely recognized that global climate is changing. However, a major uncertainty in
climate models is the prediction of future levels of atmospheric greenhouse gases, such as
CO;,. Asaresult, it is difficult to predict future climate change (Hansen et al. 1998).
Determining the role of the oceans in the uptake or release of CO; is fundamental to
understanding the relationship between anthropogenic emissions of CO, and atmospheric
levels (Schimel 1998). The World Ocean is an important sink for climate-active gases,
such as CO;,, but ocean-carbon models generally assume that ocean circulation and
biogeochemical processes remain unchanged over time (Sarmiento et al. 1998). Other
modeling studies have suggested that the capacity of the oceans to sequester CO; is
largely determined by biogeochemical processes and that changes in physical and
biological processes would thus influence ocean carbon uptake (Sarmiento et al. 1998).
One of the primary goals of the suite of projects sponsored by the International
Geosphere-Biosphere Programme (IGBP), including AIMES (Analysis, Integration and
Modeling of the Earth System), GLOBEC (Global Ocean Ecosystem Dynamics), IMBER
(Integrated Marine Biogeochemistry and Ecosystem Research), and SOLAS (Surface
Ocean Lower Atmosphere Study), is to improve model parameterizations and reduce
uncertainties about the role of the oceans in mediating changes in atmospheric

concentrations of greenhouse gases.

The World Ocean can be partitioned into ecological regions; the primary compartments
being the Polar, Westerlies, Trades, and Coastal Boundary Zone biomes (Longhurst

1998). Within each of these biomes, the oceans can be further partitioned into



biogeochemical provinces, which are defined on the basis of physical processes and the
biological response to spatial and temporal variations in physical forcing (Platt and
Sathyendranath 1999). The partitioning of the oceans into biogeochemical provinces by
Longhurst (1998) relied on global surface chlorophyll field data determined by the
Coastal Zone Colour Scanner (CZCS). The critical conditions for defining
biogeochemical provinces include the subsurface chlorophyll profile, values for
photosynthetic parameters, and depths of the mixed layer and nutricline (Longhurst
1998). The boundaries of biogeochemical provinces are not discrete and thus, vary at
interannual and seasonal time scales (Platt and Sathyendranath 1999). However,
identifying water masses by a defined set of characteristics is useful in determining
regional variations in the structure of the pelagic food web, specifically the autotrophic
phytoplankton and heterotrophic bacteria (Li and Harrison 2001). The structure of the
microbial food web is controlled largely by biogeochemical processes in the upper ocean,
resulting in phylotypes and trophic levels with different physiological characteristics and
metabolic capacities, and thus, different roles in ecosystem function. Variations in the
structure and dynamics of the microbial community in contrasting biogeochemical
provinces of the oceans will lead to distinct patterns in the cycling of climate-active gases
(e.g. COy, volatile sulphur, and halogenated compounds) which, in turn, will have

important feedbacks on climate.

The importance of microbial food webs in carbon cycling and their possible role in the
export, and sequestration, of biogenic carbon have been studied more in recent years,

particularly since it has been recognized that microorganisms have a greater role in



pelagic food webs than was previously thought (Legendre and Le Févre 1995).
Heterotrophic microbial metabolism is an important pathway for the transformation of
organic matter in the oceans and is responsible for a majority of the remineralization of
biogenic carbon in the upper ocean (Williams 2000). Thus, spatial and temporal
variability in microbial community structure may also influence the export, and

sequestration, of biogenic carbon in the oceans.

1.1 Role of Bacteria and Archaea in Ocean Biogeochemistry

The past three decades have seen major advances in the field of marine microbial
ecology, beginning with the landmark paper by Pomeroy (1974) identifying bacteria as
highly metabolically active components of marine food webs. Although earlier studies
implicated bacteria in the utilization of particulate and dissolved organic matter in the
oceans, the role of bacteria in marine ecosystems remained poorly understood (Azam and
Fuhrman 1984). Azam et al. (1983) suggested that bacteria constitute a significant
portion of the total biomass of the oceans and that bacterial biomass had been largely
underestimated, due to the small size and low culturability of marine bacteria. It is now
well recognized that bacteria are highly abundant in the oceans, often dominating the
biomass of planktonic food webs (Azam 1998) and providing a major metabolic pathway

for the transformation of dissolved organic matter (Williams 2000).

Dissolved organic matter (DOM) represents one of the largest sinks of organic carbon in
the biosphere and is of critical importance in determining global carbon budgets (Azam

1998). Since heterotrophic microbial metabolism is the major pathway for the



transformation of DOM in the oceans, understanding the central role of heterotrophic
bacteria in carbon cycling has become increasingly important as it is now accepted that
global climate is changing with increasing levels of carbon dioxide (Azam 1998). In
order to determine how bacterial metabolism influences biogeochemical processes in the
oceans, it is important to study bacterial communities on an appropriate habitat scale and
incorporate factors that control their growth in the water column (Azam and Worden
2004). The growth of bacteria is controlled by a myriad of factors, including temperature
(Rivkin et al. 1996; Kirchman and Rich 1997), salinity (Hobbie 1988; Gonzalez and
Moran 1997), pH (Hiorns et al. 1997), radiation (Herndl et al. 1993; Aas et al. 1996), and
trace metal supply (Tortell et al. 1996). The most important, and variable, factors are
water temperature and the availability of inorganic and organic nutrients in the water
column. The distribution of marine bacteria is also determined by depth, particle
association, predation (grazing) and virus-mediated mortality (Nold and Zwart 1998).
The environmental variables that govern the growth of bacteria also determine the extent
to which bacteria are able to metabolize DOM, and thus have important implications for

the cycling and remineralization of biogenic carbon.

1.2 Microbial Community Structure and Function

Until recently, studies of heterotrophic bacteria in mediating water-column
biogeochemical processes have focused on these bacteria as a single group, neglecting the
phylogenetic diversity of bacterial communities (Kirchman 2002). Although there has
been some progress in characterizing the diversity of marine Bacteria and Archaea, very

little is known about the function of specific bacterial phylotypes (Giovannoni and Rappé



2000). Molecular phylogenetic analyses of prokaryotic assemblages have indicated that
representatives from nearly all of the major divisions of Bacteria and Archaea can be
found in aquatic ecosystems (Kirchman 2002). As with marine microbial ecology, the
past three decades have seen major advances in molecular phylogenetics, the study of
genetic relationships and evolutionary history using the primary structure of informational
macromolecules, i.e. DNA, RNA and proteins (DeLong 1998b). With the development
of a molecular sequence-based phylogenetic tree (Woese and Fox 1977), which related all
organisms through comparison of ribosomal RNA (rRNA) sequences, the three primary
domains of life were defined: Eucarya (eukaryotes), Bacteria (eubacteria), and Archaea
(archaebacteria). The universal phylogenetic tree provides a reference framework for
identifying organisms through the use of gene sequences (Pace 1997) and has become a
useful tool in the study of microbial diversity (Head et al. 1998) since rRNA sequences
are used to design oligonucleotide probes for the detection of individual species, genera

and families of microorganisms (DeLong et al. 1989).

Prior to the use of rRNA sequences in establishing the phylogenetic diversity of bacteria,
studies relied heavily on morphological and metabolic distinctions of specific bacterial
groups (Pace 1997). The low culturability of marine bacteria (<< 1%) has not allowed for
the laboratory isolation and characterization of specific bacterial phylotypes on the basis
of optimal growth conditions, therefore recent studies have relied on cultivation-
independent methods of determining microbial community structure and function
(Macalady and Banfield 2003). The extraction and amplification of gene sequences

directly from the natural environment has resulted in the detection of whole groups of



previously unrecognized Bacteria and Archaea (DeLong 1998b; Hugenholtz et al. 1998;
Rappé and Giovannoni 2003; Venter et al. 2004; DeLong and Karl 2005), and has
motivated new studies to determine the metabolic capacities of specific bacterial groups

(Macalady and Banfield 2003).

1.2.1 Dimethylsulphide and the Microbial Food Web

Dimethylsulphide (DMS) is the principal volatile sulphur-containing compound in the
oceans and the major natural source of sulphur to the atmosphere (Denman et al. 1996).
Recent estimates of the marine emission flux of DMS range from 15 x 10'%t0 33 x 10'% g
S y! (Sim6 2001). DMS emissions from the world’s oceans are equivalent to one-third of
global anthropogenic sulphur emissions and compensate for a sulphur deficiency on the
continents that is the result of runoff losses to the oceans (Sim6 2001). In the atmosphere,
DMS is oxidized to produce sulphur aerosols that, either directly or indirectly though the
development of clouds, scatter solar radiation and affect the radiative balance of the earth,

thus influencing climate (Denman et al. 1996).

Oceanic production of atmospheric sulphur is a function of phytoplankton biomass,
diversity, and activity. DMS is produced by the enzymatic breakdown of
dimethylsulphoniopropionate (DMSP), which is abundant in phytoplankton and a major
sulphur carrier for the transfer of DMS through the marine food web (Simé 2001).
DMSP, the biological precursor of DMS, contains a methylated, reduced sulphur

component and is thus prone to microbial degradation (Yoch 2002). Particulate DMSP,



when released, either by direct excretion, grazing or viral lysis, as dissolved DMSP, is
readily metabolized by heterotrophic bacteria to sulphate, DMS and methanethiol
(Zubkov et al. 2001). Dissolved DMSP can satisfy from 1 to 15% of the total bacterial
carbon demand and nearly 100% of the total bacterial sulphur demand (Simé et al. 2002;

Malmstrom et al. 2004b).

Recent studies indicate that bacteria are a major sink for DMS (Gonzaélez et al. 2000;
Kiene et al. 2000; Simo et al. 2002; Malmstrom et al. 2004b). When bacterial sulphur
demand is high, more DMSP will be used as a sulphur source for biomass production, and
less will be released as DMS (Simé 200-1). Thus, bacteria have a controlling role in the
amount of DMS that is released into the atmosphere by switching DMSP degradation
towards more or less DMS production (Yoch 2002). Consequently, factors that control
bacterial activity, such as UV-B radiation, temperature, nutrients, and dissolved organic
matter, are also important in controlling DMS concentrations (Sim¢6 2001).

Although it is known that DMSP is either assimilated into biomass or metabolized to
DMS by bacteria, little is known about the specific bacterial groups involved in DMSP
consumption and net DMS production (Zubkov et al. 2001). Recent studies of the
functional diversity of bacteria, through the use of molecular techniques, indicate that
DMSP is not a universal growth substrate for heterotrophic bacteria (Gonzélez et al.
1999; Gonzalez et al. 2000; Moran et al. 2003; Malmstrom et al. 2004b). Conversely,
these studies indicate that DMSP degradation is characteristic of only a few bacterial
metabolisms, but that these bacterial groups may constitute a large fraction of total

bacterial activity (Simé 2001).



The production and consumption of volatile sulphur-containing compounds in the oceans
is largely influenced by microbial metabolism, yet little is known about the structure and
function of specific bacterial groups or the factors that control their distribution and
activity (Simo6 2001). It appears that not all heterotrophic bacteria can assimilate DMSP
into biomass and form DMS, but that few bacterial groups, such as the Roseobacter clade
of a-Proteobacteria, can both utilize DMSP as a growth substrate and metabolize it to
DMS (Moran et al. 2003). Thus, the phylogenetic structure of bacterial communities is
an important factor to consider in determining the role of bacteria in DMSP consumption

and net DMS production.

1.2.2 Linking Phylogeny to Function in Microbial Communities

Although there has been some recent progress in characterizing the diversity of marine
bacterial assemblages, linking community structure with specific biogeochemical
processes has proven to be difficult (Kirchman 2002). Only a small fraction of naturally
occurring bacteria, as identified by rRNA clones, appear to be closely related to cultivated
bacteria from the same environments (DeLong 1998b). This indicates that the use of
culture-based methods in modelling specific biogeochemical processes does not provide
an accurate representation of natural ecosystem dynamics (Zehr and Voytek 1998).
Determining the abundance, biomass, phylogenetic diversity and metabolic activity of
bacteria is fundamental to linking the dynamics of microbial communities with larger
scale ecosystem processes (Kirchman 2002). Bacterial parameters, such as biomass,
growth rate and growth efficiency are determined by the availability of DOM, and are

likely to differ among bacterial phylotypes (Kirchman 2003). Given the tremendous



phylogenetic diversity of marine microbial communities, it is a vast assumption that all
bacteria are metabolically active or functioning equally in the biogeochemical cycling of
DOM. It is most likely that different bacterial phylotypes also differ in their growth
capacities and contribution to the cycling and transformation of DOM (Kirchman 2003).
A study by Cottrell and Kirchman (2000b) of the relative contributions of specific
bacterial phylotypes to the utilization of DOM in the Delaware Bay estuary, using
microautoradiography combined with fluorescence in situ hybridization (Micro-FISH),
determined that all phylotypes do not utilize DOM equally. The Cyrophaga-
Flavobacteria cluster comprised the largest fraction of cells assimilating chitin and
protein, but the smallest fraction consuming amino acids. In contrast, the assimilation of
amino acids was dominated by the a-Proteobacteria, for which protein consumption was
lowest. Thus, understanding the role of bacteria in biogeochemical models, such as those
for ocean-carbon cycling, requires knowledge of not only the ecology but also the

phylogenetic diversity and metabolic activity of microbial communities.

1.3 Molecular Approaches to Characterizing Microbial Community Structure
Analyses of small-subunit (16S or 18S) rRNA and other gene sequences have allowed for
the development of molecular methods for characterizing the diversity of microbial
assemblages (Hugenholtz et al. 1998). Gene sequence information has facilitated the
design of rRNA-targeted oligonucleotide probes to identify microorganisms at target
taxonomic levels through fluorescence in situ hybridization (FISH) (Glockner et al. 1996;
Hugenholtz et al. 2001; Pernthaler et al. 2001), as well as the development of specific

primers for Polymerase Chain Reaction (PCR)-based approaches (Pace et al. 1986;



Fuhrman et al. 1993; Zehr and Voytek 1999). PCR-based approaches involve the
isolation of total community DNA, which is used as a template for the amplification of
16S rRNA genes with specific primers (Liu et al. 1997). The PCR amplification of 16S
rRNA genes is followed by the standard cloning of community gene products.
Comparative sequence analyses of individual clones provide the basis for development of
clone libraries, which are then used for probe design (Egert and Freidrich 2003). Other
PCR-based techniques, such as Denaturing Gradient Gel Electrophoresis (DGGE),
Single-stranded Site Conformational Polymorphism (SSCP), and Terminal Restriction
Fragment Length Polymorphism (T-RFLP), involve the separation of amplified
community gene products through methods of DNA melting, single-strand DNA
conformation, and labelling of terminal restriction fragments, respectively (Liu et al.

1997; Egert and Freidrich 2003; Dorigo et al. 2005; Spiegelman et al. 2005).

1.3.1 Fluorescence In Situ Hybridization

In contrast to the PCR-based fingerprinting techniques, the whole cell in situ
hybridization techniques, such as FISH, involve the hybridization of fluorescently-
labelled rRNA-targeted oligonucleotide probes to group specific gene sequences, and thus
identify cells (i.e. unicellular microorganisms) at target taxonomic levels (Glockner et al.
1996). The FISH method has been employed in a number of studies of microorganisms,
primarily from the domains Bacteria and Archaea, but also from the domain Eucarya, for
the detection of nano- and picophytoplankton (Simon et al. 1995), nano-planktonic
protists (Lim et al. 1993; Lim et al. 1995) and photosynthetic pico-heterokonts

(stramenopiles) (Massana et al. 2002). FISH has been used to characterize the
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phylogenetic composition of microbial assemblages in lakes and estuaries (Pernthaler et
al. 1997, Glockner et al. 1999; Bouvier and del Giorgio 2002; Heidelberg et al. 2002;
Cottrell and Kirchman 2003; Zwisler et al. 2003), limnetic organic aggregates (lake snow)
(Weiss et al. 1996; Schweitzer et al. 2001), soil (Hahn et al. 1992; Christensen et al.
1999), activated sludge flocs and biofilms (Wagner et al. 1994; Amann et al. 1996; Daims
et al. 2001), ice and snow (Alfreider et al. 1996; Brinkmeyer et al. 2003), as well as
coastal and oceanic marine habitats (Karner and Fuhrman 1997; DeLong et al. 1999;

Glockner et al. 1999; Cottrell and Kirchman 2000a, 2000b; Wells and Deming 2003).

Although FISH is now widely used for determining the phylogenetic composition of
microbial communities, this technique does have both advantages and disadvantages.
The major advantage of the FISH method is that it allows for a more quantitative
description of the microbial community structure than PCR-based approaches since total
cell counts, as determined by 4°, 6’-diamidino-2-phenylindol (DAPI), and probe-positive
counts for target phylogenetic groups are used to determine the relative abundances of
those groups (Glockner et al. 1999). However, one of the major limitations of the FISH
technique is that the effectiveness of target cell detection varies widely (Bouvier and del
Giorgio 2003). The percentage of cells detected with the Eubacteria probe (EUB338)
varies from 1% in soil to 100% in enriched culture, with an average of 56% for all
ecosystem types (Bouvier and del Giorgio 2003). In oceanic environments, detection
with the EUB338 probe ranged from 39% at 1 m in the North Sea to 96% at 0 m in the
Antarctic Ocean (Glockner et al. 1999). Although results from studies of microbial

community composition have been compiled for nearshore (< 5 miles offshore) and
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continental shelf (5-50 offshore) environments (Glockner et al. 1999; Bouvier and del

Giorgio 2003), there have been very few studies of open ocean environments.

A number of methodological factors contributing to the variation in target cell detection
have been identified, and these include: cell fixation, cell storage, hybridization
conditions, mounting solutions, fluorochrome type, and counting methods (Bouvier and
del Giorgio 2003; Williams et al. 2004). Other factors that may contribute to a low
detection signal using FISH are poor accessibility to probe target sites (rRNA) and low
ribosome content (Wagner et al. 2003). The physiological state of target cells appears to
have a significant effect on target cell detection, since faster-growing and highly-active
cells have more ribosomes and bind more to probe molecules, resulting in a stronger
detection signal (Bouvier and del Giorgio 2003). As well, it is now recognized that
certain phylogenetic groups may differ in their metabolic capacities and functional roles
in biogeochemical cycling (Cottrell and Kirchman 2000b; Kirchman 2002, 2003) and this

may influence the detection of these cells using FISH (Bouvier and del Giorgio 2003).

1.4 Major Groups of Marine Bacteria

The most widely studied groups of marine Bacteria include the Cytophaga-Flavobacteria
cluster and the alpha, beta, and gamma subclasses of Proteobacteria. Thus, rRNA-
targeted oligonucleotide probes have been designed for the phylogenetic analysis of
microorganisms at the highest taxonomic level: domain Bacteria (EUB338); as well as

the intermediate taxonomic levels: alpha (ALF968), beta (BET42a) and gamma
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(GAM42a) subclasses of Proteobacteria, and the Cytophaga-Flavobacteria (CF319a)

cluster (Glockner et al. 1999).

1.4.1 Cytophaga-Flavobacteria Cluster

Heterotrophic bacteria belonging to the Cytophaga-Flavobacteria cluster of the
Cytophaga-Flavobacterium-Bacteroides phylum (CFB-phylum) are numerically
abundant in a range of habitats, including ocean sediments (Llobet-Brossa et al. 1998),
polluted river waters (Kenzaka et al. 1998), hydrothermal vents (Sievert et al. 2000), and
Antarctic rocks and sea ice (Smith et al. 2000). This group includes the unicellular,
gliding, nonspore-forming, gram-negative, rod-shaped bacteria of the Cyfophaga and
Flavobacterium genera (Weller et al. 2000; Kirchman 2002). Most Cytophaga-
Flavobacteria are aerobic and chemoorganotrophic, functioning in the degradation of
biopolymers such as cellulose, chitin, and pectin (Giovannoni and Rappé 2000; Kirchman
2002). Uncultured Cytophaga-Flavobacteria are widespread in the marine environment
and have been found associated with marine organic aggregates as well as free-living in
seawater (Giovannoni and Rappé 2000). The Cytophaga-Flavobacteria cluster is
generally the most numerically abundant phylogenetic group in oceanic habitats
(Glockner et al. 1999), often constituting as much as half of the total bacteria identified

by FISH (Kirchman 2002).

1.4.2 Proteobacteria
The Proteobacteria group of Bacteria includes the alpha, beta, gamma, delta, and epilson

subclasses, and is considered to be the most diverse and successful taxon in the oceans
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(Giovannoni and Rappé 2000). The Proteobacteria are gram-negative and are all thought

to have derived from an ancestral purple photosynthetic bacteria (Dyer 2003).

1.4.2.1 Alpha-Proteobacteria

The alpha subclass of Proteobacteria is widespread and includes both culturable and
nonculturable members. The culturable a-Profeobacteria include representatives from
the Roseobacter and Sphingomonas clades, however a majority of the marine -
Proteobacteria appear to be highly specialized and unculturable species (Giovannoni and
Rappé 2000). Members of the Roseobacter clade, of the a-3 subclass of Proteobacteria,
are prevalent in marine and hypersaline environments, but absent from freshwater and
terrestrial soil environments (Buchan et al. 2005). In contrast, the Roseobacter clade is
ubiquitous in marine habitats, and is most often associated with marine algae, particularly
during phytoplankton blooms (Gonzalez et al. 2000; Zubkov et al. 2001, 2002).
Roseobacter populations have also been associated with sea ice (Brown & Bowman 2001;
Brinkmeyer et al. 2003), diseased corals (Cooney et al. 2002; Pantos et al. 2003), sponges
(Taylor et al. 2004; Webster et al. 2004), microbial mats (Jonkers and Abed 2003), sea
grasses (Weidner et al. 2000), coastal biofilms (Dang and Lovell 2000, 2002), and

hypersaline lakes (Suzuki et al. 1999; Lebrenz et al. 2000).

The Roseobacter clade has been identified as a key participant in the metabolism of

DMSP, a precursor of DMS. A study by Gonzalez et al. (2000), characterizing the
bacterial community structure associated with a DMSP-producing phytoplankton bloom

in the North Atlantic, has provided evidence that the marine Roseobacter clade of the o.-

14



subclass of Proteobacteria is numerically abundant in the heterotrophic bacterial
community and that Roseobacter phylotype abundance is positively correlated with
DMSP concentrations. Other studies of bacteria isolated from DMSP enrichments of
coastal seawater (Gonzalez et al. 1999) and DMSP-producing algal blooms (Gonzalez et
al. 2000; Zubkov et al. 2002) have also implicated the a-Proteobacteria, which are
abundant in both coastal and open-ocean waters (Giovannoni & Rappé 2000), in the
transformation of DMSP to DMS and other volatile dissolved organic sulphur compounds
(Gonzélez et al. 1999; Moran et al. 2003; Malmstrom et al. 2004b). A recent study by
Malmstrom et al. (2004b) also identified the Roseobacter clade as the key participant in
the biogeochemical transformation of dissolved DMSP during non-bloom conditions. In
both the Sargasso Sea and the Gulf of Marine, the a-Proteobacteria accounted for
approximately 40% of the DMSP-assimilation, followed by the Cytophaga-Flavobacteria

cluster in the Sargasso Sea and the y-Proteobacteria in the Gulf of Maine.

Of the uncultured a-Proteobacteria, the SAR11 cluster is the most abundant and
ubiquitous (Giovannoni & Rappé 2000). Within heterotrophic marine bacterioplankton,
the SAR11 clade accounts for 26% of the derived rRNA gene clones, whereas the
Roseobacter clade accounts for 16% (Selje et al. 2004). In subtropical regions, such as

the Sargasso Sea, the members of SAR11 clade often dominate the surface bacterial

community and may constitute as much as half of the identified cells (Morris et al. 2002;
Selje et al. 2004). Despite their widespread abundance in marine environments, little is

known about the physiology and biogeochemical role of SAR11 clade (Morris et al. 2002;
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Malmstrom et al. 2004a). However, a recent study by Malmstrom et al. (2004a), in the
coastal North Atlantic Ocean and the Sargasso Sea, found that bacteria belonging to the
SARI11 clade were highly metabolically active in surface waters, accounting for
approximately 50% of the amino acid assimilation and 30% of the DMSP consumption.
These results indicate that the SAR11 clade may outcompete other bacterial groups for
dissolved free amino acids and DMSP, and thus may play a significant role in the cycling

of carbon, nitrogen, and sulphur in the oceans (Malmstrom et al. 2004a).

1.4.2.2 Beta-Proteobacteria

The beta subclass of Proteobacteria accounts for only about 2.5% of all environmental
16S rDNA clones; the majority of these having been recovered from freshwater and
terrestrial habitats (Suzuki and DeLong 2002). The B-Proteobacteria are prevalent in
freshwater lakes (Pernthaler et al. 1997, 1998), limnetic organic aggregates (Schweitzer et
al. 2001), activated sludge flocs (Snaidr et al. 1997) and Arctic melt pools (Brinkmeyer et
al. 2004), but are relatively uncommon in marine environments, where they have only
been identified in samples from coastal seawater and not the oligotrophic ocean (Cottrell
and Kirchman 2000b; Rappé et al. 2000). In a comparison of the phylogenetic
composition of freshwater and marine bacterioplankton communities, the B-subclass of
Proteobacteria accounted for 16% of the cells identified by FISH in freshwater samples,
but only 4% of the cells in sample from the coastal Pacific; B-Proteobacteria were
completely absent in samples from the Antarctic Ocean and North Sea (Glockner et al.
1999). It has been suggested that although the B- and y-Proteobacteria coexist in coastal

environments (Rappé et al. 1997), these subclasses may differ in their capacities to
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metabolize DOM and thus, differences in the quality and supply of labile DOM in
freshwater and marine habitats would determine the distribution of these groups,
particularly since the growth of entire bacterial assemblages is often determined by the
availability of DOM (Williams 2000). However, a study by Cottrell and Kirchman
(2000b) indicated that the B- and y-Proteobacteria have similar capacities to utilize
DOM, accounting for the smallest fraction of bacteria consuming chitin and N-
acetylglucosamine, and 19 to 29% of the cells assimilating protein and amino acids.
Although the y-Proteobacteria are generally displaced by the B-Proteobacteria in
freshwater habitats (Glockner et al. 1999), the B-Proteobacteria must be restricted from
the open ocean by a selective variable other than the availability of DOM (Cottrell and

Kirchman 2000b).

1.4.2.3 Gamma-Proteobacteria

The gamma subclass of Proteobacteria contains the majority of culturable marine
bacteria, which are divided into two related clades: the first includes the Alteromonas,
Pseudoaltermonas, Marinomonas, Shewanella, and Glacieola genera; and the second, the
Oceanospirillum and Marinobacter genera (Giovannoni & Rappé 2000). Generally, the
v-Proteobacteria are more frequently detected in culture collections than in cultivation-
independent surveys of microbial diversity (Suzuki and DeLong 2002). Only one clade
of y-Proteobacteria has been identified from small-subunit rRNA analyses of marine
bacterioplankton communities, the SAR86 cluster (Giovannoni & Rappé 2000).

Members of this group appear to be widespread and have been identified in seawater from

the Atlantic and Pacific oceans, in both coastal and open ocean habitats (Suzuki and
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DeLong 2002). Studies of bacterioplankton have revealed low relative abundances (<
4%) of y-Proteobacteria in freshwater systems (Glockner et al. 1999) but higher
abundances in marine environments, where they have been found to constitute up to 30%
of the bacterial community in some coastal areas (Cottrell and Kirchman 2000a, 2000b).
These results are consistent with the y-Proteobacteria being copiotrophs and well-adapted

to high nutrient concentrations (Glockner et al. 1999).

Along with the Roseobacter clade of a-Proteobacteria, members of the y-Proteobacteria,
including the SAR86 group, have also been identified as important participants in the
assimilation of DMSP (Malmstrom et al. 2004b; Vila et al. 2004). A significant
discovery involving the y-Proteobacteria occurred when Béja et al. (2000) uncovered a
bacterial rhodopsin, subsequently called proteorhodopsin, encoded in the genome of an
uncultivated member of the SAR86 cluster. The presence of proteorhodopsin, a light-
driven proton pump, in certain members of SAR86 cluster provides evidence of a
previous unrecognized phototrophic pathway in the oceans (Béja et al. 2001). Since its
discovery, proteorhodopsin has been identified in members of the SARS86 cluster from the
Eastern Pacific, Central Northern Pacific, Southern Ocean (de la Torre et al. 2003), and

the Mediterranean and Red Seas (Sabehi et al. 2003).

1.5 Marine Archaea
Prior to the development of the universal phylogenetic tree (Woese and Fox 1977; Woese

et al. 1990), the Archaea were thought to be highly atypical bacterial species, inhabiting
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only extreme environments, such as hydrothermal vents and hot springs (DeLong 2003).
Although Archaea are known to thrive in habitats of extremely high temperatures, low
pH, high salinity or strict anoxia (DeLong 1998a), the use of molecular techniques has
revealed the widespread presence of Archaea in temperate (DeLong 1992; Fuhrman and
Davis 1997; Massana et al. 1997; Ouverney and Fuhrman 2000; Karner et al. 2001) and
polar oceans (DeLong et al. 1994; Murray et al. 1998; Church et al. 2003). Moreover,
studies indicate that Archaea can constitute a considerable fraction of the marine
prokaryotic community, particularly in the deep (> 200 m) ocean (Fuhrman and Davis
1997; Karner et al. 2001), and are actively involved in the heterotrophic uptake of DOM
in the form of dissolved amino acids (Ouverney and Fuhrman 2000; Teira et al. 2004).
Within the domain Archaea, there are two major lineages: the Euryarchaeota, containing
the methanogens, extreme halophiles, and sulphur reducers; and the Crenarchaeota,
containing the extreme thermophiles (Woese et al. 1990; Mclnerney et al. 2002). Studies
have indicated that Archaea can comprise as much as 20% of the total rRNA in marine
planktonic communities, particularly at depths greater than 100 m (Giovannoni & Rappé

2000; DeLong and Pace 2001).

1.6 Objectives and Justification for Study
This thesis has two main objectives and is organized into two manuscript chapters,

Chapter 2: Effects of long-term sample storage on the detection of bacterial cells using
fluorescence in situ hybridization and Chapter 3: Seasonal and spatial patterns of

microbial community structure in the Northwest Atlantic Ocean.
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Chapter 2 examines the results of a laboratory-based study of the effects of both short-
and long-term storage of preserved FISH filters on the detection of bacterial cells using
four rRNA-targeted oligonucleotide probes. Replicate seawater samples were prepared
(fixed and filtered) and stored frozen (-20°C) for up to 12 months. During this time
course, samples were hybridized, counterstained, and counted at time intervals of 1.5, 3,
6, and 12 months to determine the effects of storage on the detection of bacterial cells

using FISH.

Chapter 3 examines the results of a field- and laboratory-based study of changes in the
phylogenetic diversity of the microbial community in biogeochemical provinces of the
Northwest Atlantic Ocean over three consecutive seasons and how these changes
influence biogeochemical and ecosystem processes on a large geographical and temporal
scale. The phylogenetic diversity of the microbial community was characterized using
the FISH method, and these characterizations were related to a number of concurrently
measured ecological and climate-related parameters, namely measures of bacterial
dynamics (bacterial abundance, bacterial biomass, bacterial production and bacterial
growth rate); distinguishing features of the biogeochemical provinces, specifically
temperature and chlorophyll a; and the climate-active trace gas, dimethylsulphide (DMS)

and its biological precursor, dimethylsulphoniopropionate (DMSP).

As samples were collected during three cruises in the Northwest Atlantic Ocean over a
sampling period of six months, during the spring (April 25 — May 14), summer (July 8 -

22) and fall (October 13 — 27) of 2003, and stored for varying lengths of time before
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examination, the storage effects study (Chapter 2) was designed and implemented to
determine if there were any effects of long-term sample storage and to provide a baseline

for results from the Northwest Atlantic study (Chapter 3).
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Chapter 2: Effects of Long-Term Sample Storage on the Detection of Bacterial Cells

using Fluorescence In Situ Hybridization

2.1 Abstract

Fluorescence in situ hybridization (FISH) is a popular molecular tool for characterizing
the phylogenetic diversity of microbial communities. Although widely used, a major
limitation of the FISH technique is that the effectiveness of target cell detection varies
widely, over ecosystem types and with differences in methodology. While several of
these factors have been investigated, the effect of long-term sample storage on the
efficiency of target cell detection with rRNA-targeted oligonucleotide probes is unknown.
Samples for FISH may be filtered and stored for many weeks or months before analysis.
Therefore, quantifying the effects of storage on the detection of bacterial cells is crucial in
comparing studies where bacterial community structure has been characterized from
seawater samples that have been collected and analyzed over a long period of time. We
present results from a 12 month time-course study during which replicate seawater
samples were prepared, stored frozen, and hybridized after 1.5, 3, 6, and 12 months to
determine the effects of long-term sample storage. The time-dependent slope of the probe
for Eubacteria, but not the Cytophaga-Flavobacteria cluster or the alpha and gamma
subclasses of Proteobacteria, differed significantly from zero, with a percent change in
target cell detection of 6.3% per year. This change in target cell detection was small and
within the error of bacterial counting. Thus, we conclude that during this 12-month time-
course study there was a minimal effect of long-term storage on the detection of bacterial

cells using FISH.
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2.2 Introduction

Bacteria are ubiquitous and abundant in diverse habitats, ranging from nutrient-rich soils,
freshwater ecosystems and oceans, to extreme environments, such as hydrothermal vents
and sea-ice (Whitman et al. 1998; Stackebrandt and Embley 2000; Horner Devine et al.
2003). Bacteria also have a central role in the mediation of biogeochemical processes,
including the cycling of organic carbon, nitrogen, sulphur, phosphorus and inorganic
elements (Fenchel et al. 1998; Newman and Banfield 2002). Despite the high abundances
and productivity of bacteria, characterization of bacterial diversity has been limited by the
difficulty of isolating the vast majority of bacterial cells in laboratory culture (Zengler et
al. 2002). Recent advances in field of molecular microbial ecology, particularly the
development of cultivation-independent methods of determining microbial community
structure and function, have provided new insight into the importance and extent of
microbial diversity. Prior to the use of molecular tools in establishing the taxonomy of
microorganisms, studies relied heavily on morphological and metabolic distinctions of
specific groups (Pace 1997; Venter et al. 2004; Giovannoni and Stingl 2005). The low
culturability of marine bacteria (<< 1%) has allowed for laboratory isolation and
characterization of few bacterial groups, and generally only under optimal growth
conditions (Macalady and Banfield 2002). As a result, relatively little is known about

both the composition of in situ bacterial communities and their specific molecular,

physiological, and ecological characteristics.

Recent studies have used cultivation-independent methods (i.e. analyses of small-subunit

rRNA (16S or 18S) and other gene sequences) to determine microbial community
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structure (Head et al. 1998; Hugenholtz et al. 1998; Pernthaler and Amann 2005). The
extraction and amplification of gene sequences directly from the natural environment has
resulted in the detection of entire groups of previously unrecognized Bacteria and
Archaea (DeLong 1998; Hugenholtz et al. 1998; Rappé and Giovannoni 2003; Venter et
al. 2004; DeLong and Karl 2005). Gene sequence information has facilitated the
development of specific primers for polymerase chain reaction (PCR) based approaches
(Pace et al. 1986, Fuhrman et al. 1993; Zehr and Voytek 1999) as well as the design of
rRNA-targeted oligonucleotide probes for fluorescence in situ hybridization (FISH)
(Glockner et al. 1996, Hugenholtz et al. 2001; Pernthaler et al. 2001), all of which are
useful in characterizing the diversity of bacterial assemblages. The conceptual basis of
the FISH technique is relatively straightforward; fluorescently-labelled, rRNA-targeted
oligonucleotide probes are hybridized to group specific gene sequences and thus, identify
cells, i.e. unicellular microorganisms, at target taxonomic levels (Glockner et al. 1996).
The FISH method has been employed in a number of studies of microorganisms, most
commonly from the domains Bacteria and Archaea as well as Eucarya, where it has been
used for the detection of nano- and pico-phytoplankton (Simon et al. 1995), nano-
planktonic protists (Lim et al. 1993; Lim et al. 1995), and photosynthetic pico-
heterokonts (stramenopiles) (Massana et al. 2002). FISH has been used to characterize
the phylogenetic composition of microbial assemblages in lakes and estuaries (Pernthaler
et al. 1997, Glockner et al. 1999; Bouvier and del Giorgio 2002; Heidelberg et al. 2002;
Cottrell and Kirchman 2003; Zwisler et al. 2003), limnetic organic aggregates (lake snow)
(Weiss et al. 1996; Schweitzed et al. 2001), soil (Hahn et al. 1992; Christensen et al.

1999), activated sludge flocs and biofilms (Wagner et al. 1994; Amann et al. 1996; Daims
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et al. 2001), ice and snow (Alfreider et al. 1996; Brinkmeyer et al. 2003), as well as
coastal and oceanic marine habitats (Karner and Fuhrman 1997; DeLong et al. 1999;

Glockner et al. 1999; Cottrell and Kirchman 2000a, 2000b; Wells and Deming 2003).

Although FISH is now a generally accepted tool for characterizing bacterial community
structure, one of the major limitations of this technique is that the effectiveness of target
cell detection varies widely (Bouvier and del Giorgio 2003). The percentage of cells
detected with the Eubacteria probe (EUB338) varies from 1% in soil to 100% in enriched
culture, with an average of 56% for all ecosystem types (Bouvier and del Giorgio 2003).
A number of methodological factors contributing to this variation have been identified,
and they include: cell fixation, cell storage, hybridization conditions, mounting solutions,
fluorochrome type, and counting methods (Bouvier and del Giorgio 2003; Williams et al.
2004). Williams et al. (2004) recently assessed selected factors to develop a standard
protocol for FISH and recommended that oligonucleotide probes be labelled with the
fluorochrome Cy3, and that samples be fixed with formaldehyde (final concentration
3.7%), stored at 4°C after fixation (30 minutes to 24 hours), filtered onto white
polycarbonate filters and stored at -20°C until analysis, incubated for 2 hours at 46°C for
optimal hybridization, and mounted with glycerol-medium, Citifluor #4 (Citifluor Ltd.,

Canterbury, UK).

Another important, yet often neglected, factor is the effect of sample storage on the
efficiency of target cell detection with rRNA-targeted oligonucleotide probes. As with

samples prepared for direct counting of bacterial abundance in seawater (Turley and
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Hughes 1992; Turley 1993; Gundersen et al. 1996), samples for FISH may be filtered and
stored for many weeks or months before analysis. Thus, it is essential that the effects of
storage, particularly changes in cell reactivity to oligonucleotide probes and subsequent
visualization, be quantified in order to accurately compare studies where bacterial
community structure has been characterized using samples that have been stored for

varying lengths of time.

Previous studies of the effects of sample storage on the detection of bacteria (Turley and
Hughes 1992, 1994; Turley 1993; Gundersen et al. 1996) and photosynthetic
picoplankton (Booth 1987; Hall 1991; Putland and Rivkin 1999) have shown that long-
term storage of seawater samples results in a significant reduction in the abundance of
cells detected using epifluorescence microscopy (i.e. apparent cell loss). Studies of the
effects of storage on direct counting of bacterial abundances have shown that prepared
samples, which have been filtered, stained, and mounted, can be stored frozen (-20°C) for
up to 70 days with no significant loss of cells (Turley and Hughes 1992; Turley 1993).
When stained with DAPI, cell numbers were consistent for up to 24 weeks when stored at
4°C, but decreased significantly after being stored for 36 weeks (Porter and Feig 1980).
An average 39% decrease in bacterial cell numbers was reported after 40 days of storage
for samples preserved with gluteraldehyde and stained with Acridine Orange (AO)
(Turley and Hughes 1992). A 56% decrease in bacterial cell numbers was observed in
gluteraldehyde preserved seawater samples after they had been stored for 99 days at 4°C,
compared with gluteraldehyde-fixed samples that were immediately stained with AO and

counted (Turley and Hughes 1994). Significant cell loss has also been observed in
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seawater samples preserved with Lugol’s solution (Nishino 1986) and formaldehyde
(Spinrad et al. 1989). Seawater samples for analyses of bacterial community structure
using FISH differ from those prepared for either DAPI or AO direct counts (Kepner and
Pratt 1994) in that FISH samples are initially fixed and then filtered onto 0.2 pm white
polycarbonate filters, after which they are stored at -20°C until they are hybridized with
oligonucleotide probes, then counterstained with DAPI and counted immediately or
stored for 3 to 4 days at -20°C. Therefore, the effects of a delay between sample
collection, hybridization, and DAPI staining, may differ from those observed with
seawater samples that have been stained and mounted before storage, and thus cannot be
predicted based upon previous published studies on the effects of storage duration on

bacterial counting.

This study examines the effects of both short- and long-term storage of preserved FISH
filters on the detection of bacterial cells using four rRNA-targeted oligonucleotide probes.
Replicate seawater samples were prepared (fixed and filtered) and stored frozen (-20°C)
for up to one year. During this time course, samples were hybridized, counterstained and
counted at time intervals of 1.5, 3, 6, and 12 months to determine the effects of storage on

the detection of bacterial cells using FISH.

2.3 Materials and Methods
2.3.1 Sampling, Cell Fixation, and Storage
Seawater was collected on 28 May 2004 at Tapper's Cove, Newfoundland, Canada

(49°39°54”N, 52°43°38”W). The experimental design replicated field conditions where
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samples were collected and processed through to the storage stage. To ensure a sufficient
number of replicates for statistical analyses, twenty replicate filters (i.e. four filters for
each of five time points) were prepared from a single seawater sample. For each 90-mL
replicate seawater sample, two 45-mL aliquots were placed into sterile 50-mL falcon
tubes and fixed with 10 mL of 37% formalin (5 mL in each falcon tube). After one to six
hours, the fixed samples were filtered on white 0.2-um polycarbonate membrane filters
(Millipore GTTP(04700) that were placed over a cellulose prefilter (Millipore
AP1504700). The polycarbonate filters were then washed with 50 mL of phosphate
buffered saline (sterile and prefiltered), and air-dried over absorbent paper in individual
sterile petri dishes. One set of four filters was hybridized and counted immediately, and

the other four filter sets were stored at -20°C until analysis at 1.5, 3, 6, and 12 months.

2.3.2 Oligonucleotide Probes

In this study, fluorescently-labelled rRNA-targeted oligonucleotide probes (MOBIX Lab,
Hamilton, Ontario, Canada) were used for the phylogenetic analysis of microorganisms at
one of the highest taxonomic levels: Bacteria (EUB338); as well as the intermediate
taxonomic levels: alpha (ALF968) and gamma (GAM42a) subclasses of Proteobacteria,
and the Cyrophaga-Flavobacteria (CF319a) cluster. The nonsense probe (NON338),
which is complementary to the EUB338 probe, was used as a negative control for the
detection of non-specific binding and background fluorescence (Glsckner et al. 1996).
The target bacterial groups and gene sequences for the oligonucleotide probes employed
in this study are shown in Table 2.1. All oligonucleotide probes were labelled at the 5'

end position with the sulfoindocyanine dye, indocarbocyanine (Cy3).
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2.3.3 Fluorescence In Situ Hybridization and DAPI Staining

The method of FISH that was employed in this study is a modification of the protocol of
Glockner et al. (1996). Each filter was cut into five triangular pieces, and each piece was
placed on a microscope slide. Before beginning the procedure, the hybridization buffer
was prepared. The hybridization buffer required 360-uL NaCl 5M, 40-pL Tris-HCl 1M
pH 8, and 700-pL formamide for all probes except ALF968, which required 400-pL
formamide. This was completed to 2 mL with 0.2-um filtered Milli Q water, after which

2-uL. sodium dodecyl sulphate (SDS) 10% was added.

After the hybridization buffer was prepared, the hybridization solution was mixed by
adding 6.uL (50 ng/uL) of probe to 48 pL of hybridization buffer. The filters were
hybridized by adding 20 pL of the hybridization solution to each filter section. The slide
was then placed in a hybridization chamber containing a piece of absorbing paper and 1
mL of hybridization buffer (to create a humid atmosphere). The chamber was closed,
sealed and incubated in the dark for two hours at 46°C. This procedure was repeated for

each of the five filter pieces, one for each of the oligonucleotide probes.

During the incubation, the washing buffer was prepared in individual sterile S0-mL falcon
tubes. The washing buffer consisted of 1-mL Tris-HCI 1M pH 8, 500-uL EDTA, and 700
_uL NaCl 5 M for all probes except ALF968, which required 2150-uL NaCl; this was
brought up to 50 mL with filtered Milli Q water, after which 50 pL SDS 10% was added.
The washing buffer was also placed in the incubator at 46°C. After two hours, the

hybridization chamber and the washing buffer were removed from the incubator, and
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filter pieces were placed in individual falcon tubes of washing buffer and incubated in the
dark for 15 minutes at 46°C. Each filter piece was then dried over absorbent paper at
room temperature, placed on a glass slide and counter-stained with 50 uL of DAPI (1
ug/mL) for 1 minute (on ice). After staining, each filter piece was washed with 1 mL of
filtered Milli Q water and dried over absorbent paper. Each filter piece was mounted on a
glass slide in glycerol medium (Citifluor #1; Citifluor Ltd., Canterbury, UK). The slides
were then immediately observed under the microscope or stored at —20°C for a maximum

of two days before microscopic analysis.

2.3.4 Epifluorescence Microscopy

The prepared slides were observed using an Olympus BH-2 epifluorescent microscope,
equipped with a 100x 1.30 oil objective (1250x total magnification), Cy3 filter (41007-
HQ) and DAPI filter (UG-1). All probes were fluorescently-labelled with the
sulfoindocyanine dye Cy3, which absorbs at 552 nm (green light) and emits at 565 nm
(orange light). As Cy3 fluorescence fades much more rapidly than DAPI fluorescence
(Pernthaler et al. 2001), direct counts of hybridized (group specific) cells were completed
first, followed by DAPI counts (under UV light), for total bacteria, in the same field of
view. At least 500 hybridized cells were enumerated for each of the filters or, at low
abundances of hybridized cells, at least 1,000 DAPI stained cells were counted
(Pernthaler et al. 1998). At each time point (t=0, 1.5, 3, 6 and 12 months), counts were
completed for four phylogenetic groups, as well as for the negative control probe, on each

of four filters.
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2.3.5 Determination of Relative Abundances of Hybridized Cells

From the direct counts of hybridized and DAPI stained bacteria, relative abundances of
hybridized cells were determined by dividing the number of hybridized cells for each
target group by the total number of DAPI stained cells in each field of view. All values
were corrected for non-specific binding and background fluorescence by subtracting

counts obtained with the NON338 probe.

2.3.6 Statistical Treatment and Models

The assumptions (Seber 1977) of normality, independence, and homogeneity of the
residuals were checked and found to hold. Linearity was also confirmed, and a two-way
Analysis of Variance (ANOVA) was employed to determine an overall time effect,
followed by an Analysis of Covariance (ANCOVA) to determine if the time-dependent
slopes (i.e. percent change per month) differed significantly for each probe group, and
further regression analyses for the individual probe groups. The response variable was
the proportion of bacterial cells detected with target oligonucleotide probes, reported as a
percentage of the total bacterial cells determined by DAPI counts. All statistical analyses

were performed using Minitab Release 14 and SPSS 13.0.

2.4 Results and Discussion

The overall objective of this study was to determine the effects of sample storage on the
characterization of bacterial community structure using FISH as the analytical tool. To
achieve this goal, we carried out a time course study using four rRNA-targeted

oligonucleotide probes to quantify the effects of storage on the detection of bacterial cells
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at the highest taxonomic level, the domain Bacteria; and the intermediate levels, alpha
(ALF968) and gamma (GAM42a) subclasses of Proteobacteria, and the Cytophaga-
Flavobacteria (CF319a) cluster. Replicate seawater samples were fixed, filtered and
either counted immediately (i.e. time zero) or stored frozen at -20°C for up to one year.
During this time course, four replicate samples were thawed, hybridized with target
oligonucleotide probes, counterstained with DAPI and counted at 1.5, 3, 6, and 12
months. The structure of the bacterial community, as characterized by FISH, was
determined at each time point in order to determine how storage influenced the

hybridization and detection of target cells.

The proportions of bacterial cells detected with each of the target oligonucleotide probes
are shown in Figure 2.1. A sequential statistical analysis was employed to determine if
target cell detection (%) changed over time. Firstly, a two-way ANOVA was used to
examine if all probe groups exhibited the same response; ‘time’ was the independent
variable and ‘oligonucleotide probe’ was the fixed factor. A significant interaction
between ‘time’ and ‘oligonucleotide probe’ (Fi2,71 = 2.83, p = 0.004, n = 78) indicated
that the probe groups responded differently. Secondly, an ANCOVA was used to
determine whether the slopes of the regression of target cell detection (%) versus time
differed for the probe groups. The results of the ANCOVA were also statistically
significant (F3 71 = 4.92, p = 0.004, n = 78), indicating that the probe groups responded
differently over time. Thirdly, regression analyses were conducted to assess the effects of
storage time within each probe group (Table 2.2). No significant differences in target cell

detection were observed for the CF319a, ALF968, or GAM42a probes. Only the
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EUB338 probe had a time-dependent slope that was statistically significant (slope =
0.529, p=0.037, n = 20); the percent change in target cell detection was 6.3% per year,
which is small relative to the typical counting error of +:10% for FISH (reported by
Glockner et al. 2000, Pernthaler et al. 2001), and +15% for Acridine Orange or DAPI
direct counts (reported by Ducklow and Dickson 1994). We conclude that during this 12-
month time course study, there was a minimal effect of long-term sample storage on
target cell detection using FISH and the resultant analyses of bacterial community
structure. A statistically significant effect was only observed for the EUB338 probe, and
there was no statistically significant difference in target cell detection with the EUB338

probe over the first 6 months (p = 0.870, n = 16; Table 2.3).

The results of this study are an important validation of field studies where bacterial
community structure has been characterized from seawater samples that have been fixed,
filtered and stored for up to 12 months. Although there have been several studies of the
effects of sample storage on direct counts of bacteria (Turley and Hughes 1992, 1994;
Turley 1993; Gundersen et al. 1996) and photosynthetic picoplankton (Booth 1987; Hall
1991; Putland and Rivkin 1999), we are not aware of any previous studies quantifying the
effects of long-term sample storage on the efficiency of target cell detection using FISH.

The results of prior studies of storage effects cannot be applied to samples stored for

FISH since these studies assessed the effects of storage on the detection of DAPI- or AO-
stained cells, but not the detection of cells using rRNA-targeted oligonucleotide probes.
Our results show that the effects of storage on samples prepared for FISH differ from

those observed with seawater samples for DAPI or AO direct counts. As there was no

56



statistically significant difference in target cell detection over the first 6 months of the
time course, samples for FISH can be prepared (fixed and filtered) and stored at -20°C for
up to 6 months with no significant change in target cell detection, and stored for up to 12
months with a very small (< 7%) effect of storage. Thus, we recommend that, when
possible, preserved FISH samples should be analyzed within 6 months of sample

collection.

Accurate estimates of both total bacterial numbers and the relative abundances of specific
bacterial phylotypes are crucial to quantify both bacterial trophodynamics and the
relationship between bacterial community structure and ecosystem function. Estimates of
bacterial abundance, with appropriate conversion factors, are used to calculate bacterial
biomass and estimate the flux of carbon through the microbial food web and quantify the
role of bacteria in mediating biogeochemical processes (Pernthaler and Amann 2005).
Although there has been a great deal of progress in characterizing the phylogenetic
diversity of marine bacterial assemblages, through the use of FISH (Gléckner et al. 1999;
Amann et al. 2001; Wagner et al. 2003) and other molecular methods (Pace et al. 1986;
Fuhrman et al. 1993; Zehr and Voytek 1999; Spiegelman et al. 2005), linking bacterial
community structure with specific biogeochemical processes has proven to be difficult
(Kirchman 2002). Only a small fraction of naturally occurring bacteria, as identified by
rRNA clones, appear closely related to cultivated bacteria from the same environments
(DeLong 1998). Recently developed molecular techniques combining catalyzed reporter
deposition with FISH (CARD-FISH) (Pernthaler et al. 2002) and microautoradiography

(MICRO-CARD-FISH) (Teira et al. 2004; Herndl et al. 2005) allow for the
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characterization of the phylogenetic diversity of bacteria as well as the measurement of
substrate utilization by specific bacterial phylotypes. A current constraint of the FISH
technique is that the percentage of cells detected with the Eubacteria probe varies widely
with ecosystem type; however, there are a number of methodological factors that may
also contribute variation in results, including cell fixation, hybridization conditions,
mounting solutions, fluorochrome type and counting methods (Bouvier and del Giorgio
2003; Williams et al. 2004). Moreover, since these methodological factors may
contribute to variation in the detection of bacterial cells using FISH (and perhaps other
techniques using similar methodology, such as MICRO-CARD-FISH), these factors must
be addressed to accurately compare studies of the phylogenetic diversity of bacteria from
different ecosystem types as well as samples from the same ecosystem that have been
analyzed at different times. Although future research should also examine the effects of
storage on loss of fluorescence when using the sulfoindocyanine dye, indocarbocyanine
(Cy3), as well as the length of time that prepared slides may be stored without a
significant reduction in cell detection using epifluorescence microscopy, the results
reported here provide a baseline for the length of time that seawater samples for FISH

may be stored before significant changes in target cell detection are observed.
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Figure 2.1. Mean percentage (%) of bacterial cells detected with target oligonucleotide
probes during a one-year time course. Target groups are the Fubacteria (EUB338),
alpha- (ALF968) and gamma- (GAM42a) Proteobacteria, and the Cytophaga-
Flavobacteria (CF319a) cluster. All probe counts were corrected by subtracting counts
obtained with the negative control probe NON338. Percentages were computed as cells
hybridizing with the target oligonucleotide probe divided by the total cells as determined
from DAPI counts, and averages were calculated from four replicate filters at each time

point. Error bars indicate 95% confidence intervals.
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Table 2.1. Oligonucleotide probe sequences and target bacterial groups.

Probe

EUB338

CF319a

ALF968

GAM42a

NON?338

Sequence
GCTGCCTCCCGTAGGAGT
TGGTCCGTGTCTCAGTAC
GGTAAGGTTCTGCGCGTT
GCCTTCCCACATCGTTT

ACTCCYACGGGAGGCAGC

73

Specificity

Most Bacteria; not Planctomyces
Cytophaga-Flavobacteria
a-Proteobacteria
v-Proteobacteria

Negative control probe;

complementary to EUB338



Table 2.2. Results of Model I regression analysis for each target probe group (percent

target cell detection) as a function of time (month) for a one-year time course.

Probe Slope p n
EUB338 0.529 0.037 20
CF319a -0.314 0.076 19
ALF968 -0.207 0.144 20
GAM42a 0.188 0.192 20
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Table 2.3. Results of Model I stepwise regression analysis of percent target cell detection
for the EUB338 probe as a function of time (months) during a one-year time course.
Values reported are the slopes of the regression (percent change per month) with p and n

in parentheses. Slopes that are significantly different (p = 0.05) from zero are underlined.

1.5 mths 3 mths 6 mths 12 mths

Initial -3.480 0.260 -0.086 0.529
(0.145; 8) (0.883; 12) (0.870; 16) (0.037; 20)

1.5 mths - 3.990 0.404 0.769
(0.063; 8) (0.557; 12) (0.007; 16)

3 mths - - 1.030 0.563

(0.302; 8) (0.104; 12)

6 mths - - - 1.200

(0.021; 8)
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Chapter 3:

Seasonal and Spatial Patterns of Microbial Community Structure in the Northwest

Atlantic Ocean

3.1 Abstract

The phylogenetic diversity of the microbial community was characterized during three
seasons (spring, summer, and fall 2003) in contrasting biogeochemical provinces of the
Northwest Atlantic Ocean, as part of the Study of Air-sea Biogeochemical Interactions in
the Northwestern Atlantic (SABINA), a Canadian SOLAS (Surface Ocean Lower
Atmosphere Study) network project. Microbial community structure was characterized
using fluorescence in situ hybridization (FISH) with rRNA-targeted oligonucleotide
probes, and related to a number of concurrently-measured environmental parameters.
The proportion of cells detected with the Eubacteria probe ranged from 23 to 76% at the
surface, with a mean of 45%, and from 1 to 17% at 200 m, with a mean of 11%. Fewer
cells were detected with the Archaea probe; relative abundances ranged from 0 to 10% at
the surface, with a mean of 1%, and from 0 to 9% at 200 m, with a mean of 3%. The
Cytophaga-Flavobacteria cluster dominated the spring and summer bacterial
communities at most stations, except station T2, in the Sargasso Sea, where the o-
Proteobacteria was the dominant phylogenetic group. From summer to fall, there was a
noticeable decrease in the proportion of Cytophaga-Flavobacteria, and the a-, -, and y-
Proteobacteria dominated the fall community at all stations. Seasonally, the most
noticeable shift in the relative abundances of specific phylogenetic groups occurred from

summer to fall. Spatially, the greatest differences in bacterial community composition
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were observed between the North Atlantic Subtropical Gyre and the Atlantic Arctic

province.

3.2 Introduction

The World Ocean can be partitioned into distinct ecological regions; the primary ones
being the Polar, Westerlies, Trades, and Coastal Boundary Zone biomes (Longhurst
1998). Within each of these biomes, the oceans can be further partitioned into
biogeochemical provinces, which are defined on the basis of physical processes and the
biological response to spatial and temporal variations in physical forcing (Platt and
Sathyendranath 1999). The critical criteria for defining biogeochemical provinces
include the subsurface chlorophyll profile, values of the photosynthetic parameters, and
depths of the mixed layer and nutricline (Longhurst 1998). The boundaries of these
biogeochemical provinces are not fixed or discrete and vary at interannual and seasonal
time scales (Platt and Sathyendranath 1999). Identifying water masses by a defined set of
physicochemical characteristics is useful in assessing regional variations in the structure
of the pelagic food web, particularly the autotrophic phytoplankton and heterotrophic
bacteria (Li and Harrison 2001), as the ratio of bacterial biomass to phytoplankton
biomass generally increases along a gradient of primary productivity (Fuhrman et al.

1989; Cho and Azam 1990).

Heterotrophic bacteria are ubiquitous and abundant in the World Ocean and often
dominate the biomass of planktonic food webs, particularly in oligotrophic ocean regions

(Williams 2000). Bacteria also have a central role in mediating much of the water
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column biogeochemical processes, including the cycling of organic carbon, nitrogen,
sulphur, phosphorus and inorganic elements (Fenchel et al. 1998; Newman and Banfield
2002). Until recently, marine bacteria have been considered as a single functional group
with unknown diversity and variation (Kirchman 2002). However, it is now recognized
that the abundance and activity of different phylogenetic groups within the bacterial
assemblage and their role in the cycling, transformation, and remineralization of
dissolved organic matter (DOM) may vary both spatially and temporally (Cottrell and
Kirchman 2000; Kirchman 2003; Malmstrom et al. 2005). Bacterial parameters, such as
biomass, specific growth rate, and growth efficiency are controlled, in part, by the
availability of organic and inorganic nutrients. Thus, it is likely that specific bacterial
phylotypes also differ in their growth capacities and contribution to the cycling and
transformation of DOM (Kirchman 2003). A study by Cottrell and Kirchman (2000b) of
the relative contributions of specific bacterial phylotypes to the utilization of DOM in the
Delaware Bay estuary indicated that all bacterial groups do not use all components of
DOM equally. The Cytophaga-Flavobacteria cluster comprised the largest fraction of
cells assimilating chitin and protein, but the smallest fraction consuming amino acids. In
contrast, the assimilation of amino acids was dominated by the a-Proteobacteria, for

which protein consumption was lowest.

The planktonic Archaea, previously thought to thrive only in extreme environments, e.g.
high temperature, low pH, high salinity, or strict anoxia (Delong 1998), are now
estimated to account for as much as one-third of all prokaryotic cells in the World Ocean

(Karner et al. 2001). Moreover, recent studies have shown that Archaea are actively
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involved in the heterotrophic uptake of DOM, in the form of dissolved amino acids,
particularly in the deep (> 200 m) ocean (Ouverney and Fuhrman 2000; Teira et al. 2004).
Thus, understanding the role of Bacteria and Archaea in biogeochemical models, such as
those for ocean-carbon cycling, requires knowledge not only of the ecology but also the

phylogenetic diversity and metabolic activity of microbial communities.

The structure of the microbial food web is controlled largely by biogeochemical processes
in the upper ocean, resulting in phylotypes and trophic levels with different physiological
characteristics and metabolic capacities, and thus, different roles in ecosystem function.
Moreover, variations in the structure and dynamics of the microbial community in
contrasting biogeochemical provinces of the oceans will lead to distinct patterns in the
cycling of climate-active gases (CO», volatile sulphur, and halogenated compounds)
which, in turn, will have important feedbacks on climate. Recent studies indicate that
bacteria are a major sink for dimethylsulphide (DMS) (Gonzalez et al. 2000; Kiene et al.
2000; Sim6 et al. 2000; Malmstrom et al. 2004b), the principal volatile sulphur-
containing compound in the oceans and the major source of sulphur to the atmosphere
(Denman et al. 1996). When bacterial sulphur demand is high, more
dimethylsulphoniopropionate (DMSP), the biological precursor of DMS, is used as a
sulphur source for biomass production and less is released as DMS (Sim6 2001). Thus,
bacteria have a controlling role in the amount of DMS that is released into the atmosphere

by switching DMSP degradation towards more or less DMS production (Yoch 2002).
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Within the a-Proteobacteria, the SAR11 clade has been identified as a highly
metabolically-active group in the surface waters of the coastal North Atlantic Ocean and
Sargasso Sea, accounting for as much as 50% of the amino acid assimilation and 30% of
DMSP consumption (Malmstrom et al. 2004a). Thus, the a-Proteobacteria may
outcompete other bacterial phylotypes for dissolved free amino acids and DMSP, and
play a significant role in the cycling of carbon, nitrogen, and sulphur in the oceans
(Malmstrom et al. 2005). Members of the Cytophaga-Flavobacteria cluster are also
widespread in the marine environment, functioning primarily in the degradation of
biopolymers such as cellulose, chitin, and pectin (Giovannoni and Rappé 2000; Kirchman
2002). The Cytophaga-Flavobacteria cluster is often the most numerically abundant
phylogenetic group in oceanic habitats (Glockner et al. 1999), and may constitute as

much as half of the bacterial assemblage (Kirchman 2002).

In the North Atlantic Ocean, there is a seasonal progression from light to nutrient
limitation of phytoplankton growth (Townsend et al. 1994). During the spring bloom,
there is a succession from large diatoms to small eukaryotic and prokaryotic autotrophs
and heterotrophs (Ducklow and Harris 1993; Longhurst 1998). Depth-integrated bacterial
abundances vary little across biogeochemical provinces of the Northwest Atlantic, with
the exception of the Atlantic Arctic province, where bacterial abundances have been
documented as two-fold higher than in the North Atlantic Subtropical Gyre (Li and
Harrison 2001). Seasonal cycles of carbon production and nutrient utilization have been
studied in certain regions of the Northwest Atlantic (Wu et al. 2000; Bates 2001;

Cavender-Bares et al. 2001; Gruber et al. 2002). However, little is known about the
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seasonal dynamics of climate-active trace gases. High emissions of climate-active trace
gases, such as DMS, have been observed during all seasons, not only during the spring
phytoplankton bloom (Malmstrom et al. 2004b). In addition, very little is known about
the phylogenetic diversity of the bacterial community in the Northwest Atlantic or the
biological and physicochemical forcings that influence the community structure. Prior
studies of bacterial diversity in the Northwest Atlantic have been limited to estuaries and
bays (Cottrell and Kirchman 2000; Bouvier and del Giorgio 2002), and the Sargasso Sea,
primarily at the Bermuda Atlantic Time-series Study (BATS) site (Fuhrman et al. 1993;
Mullins et al. 1995; Malmstrom et al. 2004b; Morris et al. 2005). Moreover, since
seasonal cycles are difficult to study in the open ocean, mainly due to limited ship time
and financial resources, there have been no prior seasonal studies of bacterial community
structure in the Atlantic Ocean. Similar studies have been undertaken in freshwater
(Lindstrom 1998; Pernthaler et al. 1998) and coastal (Murray et al. 1998; Pinhassi &
Hagstrém 2000; Schauer et al. 2003; Zwisler et al. 2003; Mary et al. 2006) environments,
but there have been no studies of the seasonality of bacterial community structure in an

open ocean environment.

Here we examine seasonal changes in the phylogenetic diversity of the bacterial
community in contrasting biogeochemical provinces of the Northwest Atlantic Ocean,
and how these changes relate to biogeochemical and ecosystem processes on a large
geographical and temporal scale. These results are used to test the general hypothesis that
bacterial community structure is controlled by environmental conditions, particularly

variations in factors such as temperature, chlorophyll a, and nutrient availability
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(Fuhrman et al. 2006). The phylogenetic diversity of the bacterial community was
characterized during the Study of Air-sea Biogeochemical Interactions in the
Northwestern Atlantic (SABINA), using fluorescence in situ hybridization (FISH), and
related to a number of concurrently measured ecological and climate-related parameters,
namely measures of bacterial dynamics (bacterial abundance, bacterial biomass, bacterial
production and bacterial growth rate); distinguishing features of the biogeochemical
provinces, specifically temperature and chlorophyll a; and the climate-active trace gas,
dimethylsulphide (DMS) and its biological precursor, dimethylsulphoniopropionate

(DMSP).

3.3 Materials and Methods

3.3.1 Sampling Area
This research was undertaken during three SABINA cruises in the Northwest Atlantic

Ocean, during the spring (April 25 — May 14, CCGS Hudson), summer (July 8 — 22,
NGCC Martha L. Black), and fall (October 13 — 27, NGCC Martha L. Black) of 2003.
During each cruise, samples were collected from eight stations within five ecological
provinces, as defined by Longhurst (1998); Coastal biome: Northwest Atlantic Shelves
Province (NWCS); Westerlies biome: Gulf Stream province (GFST), North Atlantic Drift
Province (NADR), North Atlantic Subtropical Gyral West Province (NASW); and Polar
biome: Atlantic Arctic Province (ARCT). (Figure 3.1 gives geographic locations and

coordinates of the stations sampled).
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3.3.2 Sampling and Cell Fixation

At each of the eight stations, samples were collected using 10-L Niskin bottles mounted
on a rosette sampler. Samples were collected at four depths, generally at the 50% and
30% light depths, the chlorophyll maximum, and one depth below the euphotic zone
(generally 200 m). For each 90-mL seawater sample, two 45-mL aliquots placed into
sterile 50-mL falcon tubes and fixed with 10 mL of 37% formalin (5 mL in each falcon
tube). After one to six hours, the fixed samples were filtered on white 0.2-um
polycarbonate membrane filters (Millipore GTTP04700) that were placed over a cellulose
prefilter (Millipore AP1504700). The polycarbonate filters were then washed with 50 mL
of phosphate buffered saline (sterile and prefiltered), and air-dried over absorbent paper

in individual sterile petri dishes. The samples were stored at -20°C until analysis.

3.3.3. Oligonucleotide Probes
In this study, fluorescently-labelled rRNA-targeted oligonucleotide probes (MOBIX Lab,

Hamilton, Ontario, Canada) were used for the phylogenetic analysis of microorganisms at
two of the highest taxonomic levels: Archaea (ARCH915) and Bacteria (EUB338); as
well as the intermediate taxonomic levels: alpha- (ALF968), beta- (BET42a) and gamma-
(GAM42a) Proteobacteria, and the Cytophaga-Flavobacteria (CF319a) cluster. The
nonsense probe (NON338), which is complementary to the EUB338 probe, was used as a
negative control for the detection of non-specific binding and background fluorescence
(Glockner et al. 1996). The target bacterial groups and gene sequences for the

oligonucleotide probes employed in this study are shown in Table 2.1. All
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oliognucleotide probes were labelled at the 5’ end position with the sulfoindocyanine dye,

indocarbocyanine (Cy3).

3.3.4 Fluorescence In Situ Hybridization and DAPI Staining

The method of FISH that was employed in this study is a modification of the protocol of
Glockner et al. (1996). Each filter was cut into seven triangular pieces, and each piece
was placed on a microscope slide. Before beginning the procedure, the hybridization
buffer was prepared. The hybridization buffer required 360-uL NaCl 5M, 40-uL Tris-
HCl 1M pH 8, and 700-pL formamide for all probes except ALF968, which required 400-
pL formamide. This was completed to 2 mL with 0.2-pm filtered Milli Q water, after

which 2-pL. sodium dodecyl sulphate (SDS) 10% was added.

After the hybridization buffer was prepared, the hybridization solution was mixed by
adding 6 pL (50 ng/uL) of probe to 48 pL of hybridization buffer. The filters were
hybridized by adding 20 pL of the hybridization solution to each filter section. The slide
was then placed in a hybridization chamber containing a piece of absorbing paper and 1
mL of hybridization buffer (to create a humid atmosphere). The chamber was closed,
sealed and incubated in the dark for two hours at 46°C. This procedure was repeated for

each of the seven filter pieces, one for each of the oligonucleotide probes.

During the incubation, the washing buffer was prepared in individual sterile 50 mL falcon
tubes. The washing buffer consisted of 1-mL Tris-HCI 1M pH 8, 500-uL. EDTA, and

700-pL NaCl 5 M for all probes except ALF968, which required 2150-uL NaCl; this was
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brought up to 50 mL with filtered Milli Q water, after which 50-puL. SDS 10% was added.
The washing buffer was also placed in the incubator at 46°C. After two hours, the
hybridization chamber and the washing buffer were removed from the incubator, and
filter pieces were placed in individual falcon tubes of washing buffer and incubated in the
dark for 15 minutes at 46°C. Each filter piece was then dried over absorbent paper at
room temperature, placed on a glass slide and counter-stained with 50 pL of DAPI (1
ug/mL) for 1 minute (on ice). After staining, each filter piece was washed with 1 mL of
filtered Milli Q water and dried over absorbent paper. Each filter piece was mounted on a
glass slide in glycerol medium (Citifluor #1; Citifluor, Canterbury, UK). The slides were

then stored at -20°C (for a maximum of 48 hours) before microscopic analysis.

3.3.5 Epifluorescence Microscopy

The prepared slides were observed using an Olympus BH-2 epifluorescent microscope,
equipped with a 100x 1.30 oil objective (1250x total magnification), Cy3 filter (41007-
HQ) and DAPI filter (UG-1). All probes were fluorescently-labelled with the
sulfoindocyanine dye Cy3, which absorbs at 552 nm (green light) and emits at 565 nm
(orange light). As Cy3 fluorescence fades much more rapidly than DAPI fluorescence
(Pernthaler et al. 2001), direct counts of hybridized (group specific) cells were completed
first, followed by DAPI counts (under UV light), for total bacteria, in the same field of
view. At least 500 hybridized cells were enumerated for each of the probes or, at low
abundances of hybridized cells, at least 1,000 DAPI stained cells were counted

(Pernthaler et al. 1998).
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3.3.6 Determination of Relative Abundances of Hybridized Cells

From the direct counts of hybridized and DAPI stained bacteria, relative abundances of
hybridized cells were determined by dividing the number of hybridized cells for each
target group by the total number of DAPI stained cells in each field of view. The
percentage of cells that were detected by the EUB338 probe but not by any of the probes
for the intermediate taxonomic levels were cited as unidentified cells. All values were
corrected for non-specific binding and background fluorescence by subtracting counts

obtained with the NON338 probe.

3.3.7 Measurement of Other Water Column Properties

At each of the depths sampled for FISH, associated biological, chemical, and physical
variables were also measured. Flow cytometry data was provided courtesy of Dr. W. K.
W. Li of Bedford Institute of Oceanography, Department of Fisheries and Oceans Canada
(DFO); Chl a data was provided courtesy of Drs. M. Gosselin and Z. P. Mei, and Mr. J.
Pommier of Université du Quebec & Rimouski; DMS(P) data was provided courtesy of
Dr. M. Scarratt and Ms. S. Michaud of Maurice Lamontagne Institute, DFO; and surface

mixed layer depths were provided courtesy of Dr. Z. P. Mei.

Vertical profiles of temperature and in vivo chlorophyll fluorescence were obtained using
a conductivity-temperature-depth (CTD) meter (equipped with an in vive fluorometer)
mounted on a rosette sampler. Seawater for the measurement of all other variables was
collected from 10-L Niskin bottle samples. Chlorophyll a was determined

fluorometrically after filtration using the method of Parsons et al. (1984). DMS and
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DMSP analyses were conducted as described by Scarratt et al. (2002), except all samples
were measured on a pulsed flame photometric detector (PFPD), and the total DMSPp was
measured using a single filtration onto GF/F rather than from the sum of the different size
fractions (M. Scarratt, personal communication). Bacterial abundances were determined
by flow cytometry (Li 1995). Estimates of bacterial biomass were derived from
biovolume measurements (image analysis) multiplied by a carbon conversion factor (i.e.
C =120 - V*"™%; Norland 1993). Bacterial production was estimated from [3H]-thymidine
and [°H]-leucine incorporation rates during 6-h dark incubations (Fuhrman and Azam
1982; Kirchman et al. 1985). Bacterial growth rates were derived from estimates of
bacterial production, by conversion of the radioisotope uptake rates to cell carbon

production (Kirchman et al. 1982).

Results are presented for stations L1, T2, T3, and T6 (originally designated Northwest
Atlantic Shelves Province (NWCS), North Atlantic Drift Province (NADR), North
Atlantic Subtropical Gyral West Province (NASW), and Atlantic Arctic Province
(ARCT), respectively; Figure 2.1) as these stations had the most comprehensive coverage
for all measured variables. Data for the relative abundances of hybridized cells and other

variables for all stations can be found in the appendices.

3.3.8 Statistical Analyses
Relative abundances of hybridized cells were corrected for non-specific binding and
background fluorescence by subtracting counts obtained with the NON338 probe, and the

associated counting errors (standard deviations) were corrected using a propagation of
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errors (Z = A — B, therefore (AZ)2 = (AA)2 + (AB)?; Taylor 1982). The mean standard
deviation was calculated from counts of replicate fields for each of the probes (EUB338,
+ 5.3%; CF319a, + 2.8%; ALF968, + 2.0%; BET42a, + 1.3%; GAM42a, £+ 1.5%);
ARCHO9135, + 1.4%). The general counting error associated with parallel counts of
replicate filters, which are not practical for a large number of samples, has been cited as +
10% (Gloéckner et al. 2000; Pernthaler et al. 2001), and based on the results of Keats et al.
(2006), the percent change in target cell detection is less than 7% for the duration of

sample storage and analyses.

Correlation analyses were used to examine the relationships among the percentage of
DAPI-stained cells detected with the Eubacteria, Archaea, and group-specific probes, and
concurrently measured ecological and climate-related parameters. Since all variables
were not measured on a continuous scale, Spearman’s rank order correlation coefficients

were computed. All statistical analyses were conducted using SPSS 13.0.

3.4 Results

3.4.1 Regional and Station Characteristics

The mean mixed layer temperatures, mixed layer depths, euphotic zone depths (depth of
1% incident irradiance), and maximum observed chlorophyll a concentrations, as well as
the geographic locations, original and alternate biogeochemical province designations for
Stations L, T2, T3, and T6, are shown in Table 3.2. The euphotic zone depth (z,) was
generally deeper than the mixed layer depth (zm4), €xcept at stations L and T6 during the

spring. The zyq was greatest during the spring at stations L. and T6, and during the fall at
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stations T2 and T6. The zmqg remained shallow at all stations during the summer, ranging
from 32 m at station T2 to 8 m at station L. Changes in the mean mixed layer
temperature were much greater from spring to summer than from summer to fall for all
stations; the lowest temperature was observed at station L during the spring (2.8°C), and
the highest at station T2 during the fall (25.9°C). The Z., ranged from 30 m during the
spring at station L to 110 m at station T2 during the summer. The highest observed
chlorophyll concentrations ranged from a subsurface maximum of 16.13 pg L™ at station
L during the spring phytoplankton bloom, to a surface maximum of 0.33 ug L™ at station

T6 during the fall.

3.4.2 Heterotrophic Bacterial Abundance, Production, and Growth

Table 3.3 shows the bacterial abundances, production, and specific growth rates at the
surface (50% or 30% light depth, depending where samples were collected) and 200 m
depths. Bacterial abundances at the surface ranged from 0.18 x 10° cells L at station T6
during the summer to 1.63 x 10° cells L™ at station L during the spring phytoplankton
bloom. At 200 m, bacterial abundances ranged from 0.10 x 10° cells L™ at station L
during the fall to 0.47 x 10° cells L™ at station T2 during the spring. Bacterial abundances
were generally three- to four-fold higher at the surface than at 200 m, except during the
spring at stations T2 and T3, and during the summer at station T6, when bacterial

abundances at 200 m were almost equivalent to those at the surface.

Bacterial production (calculated as the average of TdR- and Leu-incorporation rates) was

also greatest at the surface during the spring phytoplankton bloom, with a value of 8.75
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pg C L d’!, four-times higher than the other estimates of bacterial production.

Otherwise, bacterial production at the surface ranged from 0.11 at station T2 during the
spring to 2.12 ug C L' d!' at station T2 during the summer. Bacterial production at 200 m
ranged from 0.01 pg C L' d" at station L during the summer to 0.19 pg C L™ d! at station
T3 during the fall. Bacterial production was highest during spring, except at station T3,

where bacterial production at 200 m was higher during fall.

Specific growth rate at the surface was highest at station L during spring, with a value of
0.17 d". Specific growth rates at the surface were high during the spring at all stations,
except at station T6. At 200 m, specific growth rates ranged from < 0.010 d"! at station L
during the summer to 0.068 d™ at station T3 during the fall. Specific growth rates were
greater at the surface than 200 m at all stations, except at station T3 during the summer,
and stations T2 and T3 during the fall, when specific growth rates at 200 m exceeded

those at the surface.

3.4.3 Microbial Community Structure (FISH)

3.4.3.1 Detection with the Eubacteria Probe
Overall, the proportion of cells detected with the Eubacteria probe ranged from 23 to 76

% at the surface (5-15 m depth), with a mean of 45% (95% CI, 38 to 52%), and 1 to 17%
at 200 m, with a mean of 11% (95% CI, 8 to 14%). The proportion of cells detected with
the Eubacteria probe (EUB338) at the surface (50% or 30% light depth, depending where
samples were collected) and 200 m for stations L, T2, T3, and T6 are shown in Figure

3.2.
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During spring at station L, the percentage of cells detected with the Eubacteria probe (%o
Eubacteria) ranged from 1% at 200 m to 76% at the surface. However, the % Eubacteria
remained constant during the summer and fall, 44% at the surface and 7% at 200 m. At
station T2, the % Eubacteria at 200 m ranged from 5% during the fall to 13% during the
summer. At the surface, the highest proportion of cells detected with the Eubacteria
probe at station T2 occurred during the spring at 53%, followed by a marked decrease to
23% during the summer, and an increase to 31% during the fall. A similar pattern was
observed at station T3. The % Eubacteria at the surface was highest during the spring at
59%, decreased to 35% during the summer, and increased to 40% during the fall. A
smaller range, 9 to 15%, was observed at 200 m. At station T6, the highest percentage of
cells detected with the Eubacteria probe at the surface was also observed during the
spring at 58%. Similarly to station L, the proportion of hybridized cells at station T6
remained relatively constant during the summer and fall at the surface, at 38 and 36%,
respectively, and throughout all the seasons at 200 m, ranging from 15 to 17%. Overall,
the % Eubacteria was highest during the spring at all stations, decreased from spring to

summer, and remained relatively constant from summer to fall.

3.4.3.2 Detection with Group-Specific Probes

The percentage of bacterial cells detected with target oligonucleotide probes during the
spring, summer, and fall is given for the surface (50% or 30% light depth, depending

where samples were collected) only (Figure 3.3), as detection decreased significantly with

depth and was less than 1% for most samples at 200 m.
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At all stations, the highest relative abundances of Cytophaga-Flavobacteria occurred
during the spring, ranging from 16% at station T2 to 27% at station T3. The Cyrtophaga-
Flavobacteria accounted for the highest proportion of all identified cells at stations L, T3,
and T6 during the spring and summer. Fewer cells belonging to the Cytophaga-
Flavobacteria cluster were detected during the fall, ranging from 0% at station T2 to 15%
at station L. The relative abundances of a-Proteobacteria ranged from 2% at station T6
to 26% at stations T2 and T3; all occurred during the spring. The proportion of a-
Proteobacteria detected at station T6 was less than 4% during all seasons. At station T2,
the a-Proteobacteria was the dominant group in both the spring and summer, whereas the
Cytophaga-Flavobacteria cluster dominated at the other stations. The proportion of -
Proteobacteria was less than 2% at all stations and during all seasons, except at station
T2 during the fall, when the p-Proteobacteria accounted for 11% of the bacterial
assemblage. The relative abundances of y-Proteobacteria were generally less than 5%,
except at station L, where the proportion was highest during the spring at 21%, decreased
to 4% during the summer, and increased to 15% during the fall. Cells from the Archaea
domain were detected only during fall at stations T3 and T6, and accounted for 5 and
10%, respectively. The proportion of unidentified cells ranged from 0% at station T3
during the spring to 28% at station T6 during the fall. The highest proportions of
unidentified cells were observed at station T6 during the spring and fall, followed by

station T3 in the fall, and station L during the spring.
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3.4.4 Relationships among Microbial Community Structure, Processes, and
Environmental Factors

Spearman’s rank order correlation coefficients were computed to examine the
relationships among the proportion of cells detected with the Eubacteria, Archaea, and
group-specific probes versus bacterial abundance, bacterial production, specific growth
rate, bacterial cell volume, bacterial carbon, percentage of high-DNA cells, temperature,

chlorophyll, and DMS(P) concentrations for both the mixed layer and 200 m.

Table 3.4 shows the results of correlation analyses for the percentage of cells detected
with the Fubacteria, Archaea, and group-specific probes with BA, BP, and SGR within
the mixed layer. Bacterial abundance, BP, and SGR were all strongly correlated with the
% Eubacteria. Of the intermediate groups, only the % Cytophaga-Flavobacteria was
significantly correlated with BA and BP. The % a-Proteobacteria was correlated with
SGR, but not with BA or BP. No significant relationships were observed when % f-
Proteobacteria, y-Proteobacteria, and % Archaea were tested against BA, BP, and SGR.
Within the mixed layer, no significant relationships were observed with bacterial cell
volume, bacterial carbon, or % high-DNA cells. No significant correlations were

observed with any of the variables at 200 m.

Table 3.5 shows the results of correlation analyses for BA, BP, SGR, and the proportions
of cells detected with the Fubacteria, Archaea, and group-specific probes against
temperature and chlorophyll. Results are given only for the mixed layer. Bacterial

abundance, BP, SGR, % Eubacteria and % Cytophaga-Flavobacteria were all positively
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correlated with chlorophyll, and inversely correlated with temperature. No significant
relationships with chlorophyll or temperature were observed for the intermediate groups

of Proteobacteria or the Archaea, or for any parameters at 200 m.

Table 3.6 shows the results of correlation analyses to examine the relationships among
BA, BP, SGR, and % of DAPI-stained cells, including the specific phylogenetic groups,
against DMSPd, and DMSPp concentrations for both the mixed layer and 200 m. Within
the mixed layer, BA and BP were positively correlated with both DMSPd and DMSPp
concentrations. However, at 200 m, BA was correlated only with DMSPp, and there were
no significant correlations between BP and DMSPd or DMSPp. No significant
relationships were observed with SGR or % Eubacteria. In the mixed layer, none of the
phylogenetic groups were correlated with DMSPd, and only the % Cytophaga-
Flavobacteria was correlated with DMSPp. At 200 m, the y-Proteobacteria was
positively correlated with both DMSPd and DMSPp, and there were no significant
correlations with the other phylogenetic groups. No significant correlations with DMS

were observed.

3.5 Discussion

In recent years, fluorescence in situ hybridization (FISH) has been widely used to
characterize microbial community structure and had greatly advanced our knowledge of
the abundance and distribution of Bacteria and Archaea. In the Northwest Atlantic
Ocean, the proportion of cells detected with the Fubacteria probe ranged from 23 to 76 %

in the surface mixed layer, with a mean of 45% (95% ClI, 38 to 52%). These results are
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comparable to previous studies of bacterial community structure in the North Sea (39 +
3%, Glockner et al. 1999; 55 + 15%, Eilers et al. 2000), the Pacific Ocean (42 + 3%,
Glockner et al. 1999), and the coastal waters of the Antarctic Peninsula (54 + 9%; Murray
et al. 1998), although only nearshore waters (< 5 miles from the coast) and the continental
shelf (5-50 miles from the shoreline) were included in these studies. In the Northwest
Atlantic, the proportion of cells detected with the Archaea probe ranged from 0 to 10%
(mean = 1%; 95% CI, 0 to 2%) in the surface mixed layer, and 0 to 9% (mean = 3%, 95%
CL, 2 to 4%) at 200 m. Across ecosystems, the Archaea have been shown to account for
generally < 2% of cells detected using FISH (Bouvier and del Giorgio 2003). However,
in the surface (< 100 m) waters of the Santa Barbara Channel, the relative abundances of
Archaea ranged from 2 to 10%, with the highest proportions being observed during the

winter (Massana et al. 1997).

Of the cells detected as Bacteria, about 71% (95% CI, 60 to 82%) could be identified as
members of the Cytophaga-Flavobacteria cluster or the a-, B-, and y-Proteobacteria.
Generally, > 70% of the cells detected as Bacteria could be assigned to the intermediate
phylogenetic groups; however, in some cases, a high proportion (0 to 28%) of cells could
not be identified. This is most likely a result of the incomplete probe set used in this
study; group-specific probes for the delta and epsilon subclasses of Proteobacteria were
not used, and the CF319a probe has been shown to underestimate the abundance of
Cytophaga-Flavobacteria because it does not recognize a number of groups in the

Bacterioidetes genera and several members of the Cytophaga-Flavobacteria cluster, such

as Cytophaga hutchinsonii (Weller et al. 2000; Kirchman 2002).
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3.5.1 Seasonal Patterns in Microbial Community Structure

The highest proportion of cells detected with the Eubacteria probe was near the surface (5
m) at station L during the spring phytoplankton bloom, when bacterial abundance,
production, and specific growth rates were also highest. In previous studies, high
abundances of Cytophaga-Flavobacteria have been observed during phytoplankton
blooms in spring and early summer, when labile organic matter, such as amino acids,
proteins, and carbohydrates are produced (Zwisler et al. 2003; Mary et al. 2006). Of the
76% of cells detected as Bacteria at station L, 25% were identified as members of the
Cytophaga-Flavobacteria cluster, 21% as y-Proteobacteria, and 13% as a-
Proteobacteria. The y-Proteobacteria have also been hypothesized as having a
competitive advantage in procuring limited inorganic nutrients as well as utilizing
phytoplankton-derived DOM (Giovannoni and Rappé; Mary et al. 2006). Overall, the
spring bacterial community was dominated by the Cytophaga-Flavobacteria, except at
station T2, where it was dominated by the a-Profeobacteria. At station L, the y-
Proteobacteria was the second most abundant group, whereas at station T3, it was the o-
Proteobacteria. At station T6, a high proportion of cells could not be identified.
Previous studies of the seasonal succession in marine bacterioplankton have also shown
the Cytophaga-Flavobacteria to be the most abundant phylogenetic group during the
spring and early summer, accounting for up to 43% of the bacterial assemblage in the
Baltic Sea (Pinhassi and Hagstrém 2000) and 46% in the English Channel (Mary et al.
2006). The success of the Cyfophaga-Flavobacteria cluster is likely a result of their
proficiency in utilizing the high molecular weight (HMW) fraction of DOM, which

includes cellulose, chitin, and pectin, and their ability to degrade aerobically at low
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temperatures (Reichenbach 1991; Kirchman 2002). The Cytophaga-Flavobacteria
cluster is often the most abundant phylogenetic group throughout the year in both marine
and freshwater systems, accounting for as much as half of the bacterial assemblage, but
abundances have been shown to increase with the input of HMW DOM (Glockner et al.
1999; Eilers et al. 2001; Kirchman 2002). Less is known about the characteristics of the
Proteobacteria, although they have been shown to dominate the consumption of low
molecular weight (LMW) DOM, and often account for a high proportion of cells utilizing

dissolved free amino acids (Cottrell and Kirchman 2000).

The spring and summer bacterial communities were similar at station L, with high relative
abundances of Cyrophaga-Flavobacteria, and lower relative abundances of o- and y-
Proteobacteria. At stations T2 and T3, the Cytophaga-Flavobacteria and a-
Proteobacteria decreased considerably from spring to summer. At station T6, the
bacterial community remained much the same from spring to summer, although there
were fewer unidentified cells. In general, the proportion of cells that hybridized with the
FEubacteria probe was lower during the summer, when bacterial abundances were also
low. Previous studies have also shown that the Cyfophaga-Flavobacteria and the o-
Proteobacteria often dominate the summer bacterial community in marine ecosystems
(Pinhassi and Hagstrom 2000; Kelly and Chistoserdov 2001; Mary et al. 2006). The
observed decrease in the percentage of hybridized cells during the summer may have
been due to a temporal shift in substrate availability or temperature, and may have also
been influenced by viral infection or selective grazing (Zwisler et al. 2003). Mesocosm

nutrient enrichment and grazing studies have shown alterations in bacterial community
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structure with changes in substrate supply and grazing intensity (Lebaron et al. 1999;

Riemann et al. 2000).

Although the % Eubacteria remained relatively constant from summer to fall, the relative
abundances of phylogenetic groups within the fall bacterial community differed from the
spring and summer communities. At Station L during the fall, the relative abundances of
Cytophaga-Flavobacteria and the a- and y-Proteobacteria were essentially the same. At
station T2, no cells were identified as Cytophaga-Flavobacteria, and the community was
dominated by B-Proteobacteria, which had previously been absent. Stations T3 and T6
showed a similar pattern to station L, except for the presence of Archaea at these stations.
In a recent study of bacterioplankton in the English Channel (Mary et al. 2006), the a-
Proteobacteria constituted a large proportion of the bacterial community in late summer
and fall, accounting for up to 36% of hybridized cells. In general, relative abundances of
Proteobacteria have been reported to increase during the fall (Kelly and Christoserdov
2001), perhaps due to a shift in the source and/or lability of DOM, as has been shown in
freshwater systems (Pernthaler et al. 1998; Crump et al. 2003), or selective grazing by
protozoa (Jiirgens et al. 1999; Simek et al. 1999; Zwisler et al. 1999; Hahn and Hofle
2001). The a-Proteobacteria, in particular, have been identified as a highly-adaptive
group that may out-compete other bacterial phylotypes for dissolved free amino acids and
DMSP, and play a significant role in the cycling of carbon, nitrogen, and sulphur in the
oceans (Malmstrom et al. 2005). The presence of Archaea in the surface waters of the
northern stations during the fall is not surprising, as it is now known that the Archaea

have a widespread presence in temperate (DeLong 1992; Fuhrman and Davis 1997,
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Massana et al. 1997; Ouverney and Fuhrman 2000; Karner et al. 2001) and polar
(DeLong et al. 1994; Murray et al. 1998; Church et al. 2003) oceans. Moreover, studies
have indicated that Archaea can comprise as much as 20% of the total rRNA in marine
microbial communities, although generally at depths greater than 100 m (Giovannoni and

Rappé 2000; DeLong and Pace 2001).

3.5.2 Spatial Patterns in Environmental Parameters and Microbial Community
Structure

The stations sampled during the SABINA cruises were chosen based upon the
biogeochemical province designations of Longhurst (1998). Biogeochemical provinces
are defined by the subsurface chlorophyll profile, values of photosynthetic parameters,
and depths of the mixed layer and nutricline (Longhurst 1998), and are used to relate
biological parameters, such as food web structure, to the physical environment, i.e.
temperature, salinity, and incident irradiance (Devred et al. 2006). According to the
Longhurst designations, station L is situated in the NWCS province, station T2 in the
NASW province, station T3 in the NADR province, and station T6 in the ARCT
province. However, following the SABINA cruises, Devred et al. (2006), used satellite
observations of sea surface temperature and chlorophyll concentrations to redefine the
boundaries of the Northwest Atlantic biogeochemical provinces. Since the boundaries of
biogeochemical provinces are not discrete and vary at interannual and seasonal time
scales (Platt and Sathyendranath 1999), the Longhurst (1998) designations are limited by
the assumption of static boundaries. The updated biogeochemical province designations,

shown in Table 3.2, consider dynamic boundaries for each of the provinces (Platt et al.
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2005; Devred et al. 2006). An additional province, referred to here as the ‘Slope’
province, was identified to include the waters of the continental slope between the Gulf
Stream and the continental shelf (Devred et al. 2006). As such, station L was within the
NWCS during the spring, however during the summer and fall, it was classified as slope
water (Devred et al. 2006). The NWCS is an extremely dynamic province, as a result of
the conjunction of subpolar and subtropical conditions, and variable circulation due the
influences of the Labrador Current and Gulf Stream (Longhurst 1998). Station T2,
designated as NASW, was reclassified as being within the North Atlantic Subtropical
Gyral East Province (NASE) during the summer, but was still classified as NASW during
both the summer and fall. The characteristics of the NASE province are similar to the
NASW province, with the primary difference being that the geographic location of the
Sargasso Sea corresponds with the NASW province, which is typified by the formation of
18°C mode water, and floating masses of Sargassum natans are not observed to the east
of the boundary (Longhurst 1998). Station T3, originally designated as NADR, was
classified as slope water during the spring and summer, but as STGE during the fall. The
NADR province is a frontal region, where a seasonal succession from deep winter mixing
to vernal stratification is forced entirely by local wind stress and surface irradiation
(Longhurst 1998). Station T6 was defined as ARCT during all seasons, in accordance

with the original Longhurst (1998) designation. The ARCT province has some of the

same characteristics as the NADR and Boreal Polar provinces, with a shallow euphotic
zone depth, deep winter mixing, and rapid near-surface stabilization during the spring

(Longhurst 1998).
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The bacterial community structure at station T2 (NASW) was most noticeably different
from the other stations, with the a-Proteobacteria being the dominant group as opposed
to the Cytophaga-Flavobacteria. Station T6 (ARCT) had the highest proportions of
unidentified cells and very few Proteobacteria as compared to the other stations. Stations
L and T3 were the most similar in terms of bacterial community structure as well as
environmental parameters, with both provinces reclassified as ‘Slope’ for two of the

S€asons.

3.5.3 Linking Phylogenetic Composition with Bacterial Processes

Although bacteria may be abundant, an uncertain fraction of these bacteria may be
inactive and thus, not participating in the biogeochemical cycling of DOM (Gasol et al.
1999). The relative abundances of cells responding to target oligonucleotide probes
should represent the proportion of metabolically active cells in the water column, as faster
growing or highly active cells have a greater rRNA content, and thus may bind
proportionally more to probe molecules, resulting in a stronger fluorescence signal
(Bouvier and del Giorgio 2003). It has been hypothesized that the response of target
groups to FISH is an indicator of the physiological state of cells, and that the observed
phylogenetic shifts in community structure are accompanied by changes in both
community and single-cell metabolic activity. It has also been suggested that bacterial

abundance is not an indicator of the relative contribution of specific groups to the uptake

of DOM (Cottell and Kirchman 2000; Malmstrom et al. 2005).
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The % Eubacteria and % Cytophaga-Flavobacteria were positively correlated with
chlorophyll, and inversely correlated with temperature. However, no significant
relationships with chlorophyll or temperature were observed for the subclasses of
Proteobacteria or the Archaea. Temperature is often used as a predictor for bacterial
activity, and many studies have shown positive relationships between bacterial growth
rates and temperature (White et al. 1991; Pomeroy et al. 1995). However, other studies
have indicated that bacterial growth efficiency decreases with increasing temperatures,
even though growth rates may increase (Chin-Leo and Benner 1992; Daneri et al. 1994;).
In most cases, only a weak relationship between bacterial processes and temperature was
observed (Rivkin et al. 1996; del Giorgio and Cole 2000). The inverse relationships with
temperature observed in the Northwest Atlantic suggest that temperature control of
bacterial parameters is influenced by other factors, such as substrate availability
(Pomeroy and Wiebe 2001). It is premature to unequivocally relate environmental
forcing to spatial variations in bacterial community structure; however, the results
presented here indicate that temperature and chlorophyll are not the primary regulatory
factors for the abundance and distribution of specific phylogenetic groups, particularly the

Cytophaga-Flavobacteria.

Of the phylogenetic groups, only the % Cyfophaga-Flavobacteria was significantly
correlated with bacterial abundance and bacterial production. Members of the
Cytophaga-Flavobacteria cluster are often found in high proportions in oceanic
environments, with reported relative abundances of up to 70% (Glockner et al. 1999;

Simon et al. 1999). Cultured isolates as well as uncultured members of Cytophaga-
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Flavobacteria are proficient in degrading the high molecular weight (HMW) fraction of
DOM (Kirchman 2002). However, studies examining the growth rates of Cytophaga-
Flavobacteria are somewhat contradictory. Jiirgens et al. (1999) found that the net
growth rate of Cytophaga-Flavobacteria cluster was two-fold higher than other
phylogenetic groups, providing evidence that the high abundances are due to high growth
rates. Other studies have indicated that the Cytophaga-Flavobacteria cluster does not
grow faster than other bacterial groups, and may have a lower growth rate than both the
o- and y-Proteobacteria (Fuchs et al. 2000; Simek et al. 2001). There was no observed
relationship between % Cytophaga-Flavobacteria and specific growth rate in the North
Atlantic, yet the % a-Proteobacteria was positively correlated with specific growth rate,

indicating that the Cytophaga-Flavobacteria cluster did not have the highest growth rate.

Although the % a-Proteobacteria was positively correlated with specific growth rate,
there were no correlations with bacterial abundance or bacterial production. The a-
Proteobacteria can comprise a large fraction of heterotrophic marine bacteria,
particularly the SAR11 and Roseobacter clades, which account for 26 and 16% of the
derived rRNA gene clones, respectively (Selje et al. 2004). Both clades have been
identified as key participants in the metabolism of DMSP, a precursor of DMS (Gonzilez
et al. 2000; Zubkov et al. 2001; Malmstrom et al. 2004ab; Vila et al. 2004). Thus, the o-
Proteobacteria may mediate a large portion of the DOM flux in marine systems,
particularly the transformation of organic sulphur compounds (Moran et al. 2003). In the
Northwest Atlantic, the % a-Proteobacteria was correlated with SGR but not with

DMSPp or DMSPd concentrations. The only observed correlations with DMSP
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concentrations were the % Cytophaga-Flavobacteria and the % y-Proteobacteria; both
groups have the capacity to assimilate DMSP into biomass, but neither are able to cleave
DMSP into DMS (Malmstrom et al. 2004b); thus, it is not surprising that there were no
correlations with DMS concentrations. The ability to assimilate DMSP is common
among phylogenetic groups because DMSP is a major sulphur source, and can satisfy >
90% of the total bacterial sulphur demand (Kiene and Linn 2000). The results presented
here indicate that during sampling in the Northwest Atlantic, bacterial sulphur demand
was high and more DMSP was used as a sulphur source for biomass production, therefore

less was released as DMS (Simo6 2001).

3.6 Conclusions and Future Directions

Here we presented results from a seasonal study of changes in the phylogenetic diversity
of the microbial community in contrasting biogeochemical provinces of the Northwest
Atlantic Ocean, and how these changes related to biogeochemical and ecosystem
processes on a large geographical and temporal scale. Overall, the % Eubacteria was
highest during the spring at all stations, decreased from spring to summer, and remained
relatively constant from summer to fall. The relative abundances of the phylogenetic
groups showed some seasonality, with the most noticeable shifts from the summer to fall.
The Cytophaga-Flavobacteria cluster was the most abundant phylogenetic group during
the spring and summer, particularly during the spring phytoplankton bloom, when there
would have been a high input of labile organic matter, such as amino acids, proteins, and
carbohydrates (Kirchman 2002). From summer to fall, there was a noticeable decrease in

the proportion of Cytophaga-Flavobacteria, and the a-, B-, and y-Proteobacteria
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dominated the fall community at all stations. Spatially, the bacterial community
composition differed most from the southernmost province, the North Atlantic
Subtropical Gyre, to the northernmost province, the Atlantic Arctic province. The
percentage of cells detected with the Eubacteria and group-specific probes decreased
significantly with depth at all stations and was less than 1% for most samples at 200 m.
Significant correlations for the percentage of cells detected with the Eubacteria, Archaea,
and group-specific probes were observed with few biological and physico-chemical
variables. A significant inverse relationship for % Eubacteria with temperature was
observed, suggesting that temperature control of bacterial parameters is influenced by

other factors, such as substrate availability.

Given that bacterial parameters, such as biomass, growth rate, and growth efficiency are
determined in part by the availability of DOM, it is likely that specific bacterial
phylotypes also differ in their growth capacities and contribution to the cycling and
transformation of DOM (Kirchman 2003). A major assumption of biogeochemical
models is that all heterotrophic bacteria participate equally in the uptake of DOM;
however, there is now considerable evidence to suggest that the contributions of bacterial
groups to DOM uptake differ with the availability and quality of DOM (Cottrell and
Kirchman 2000; Schweitzer et al. 2001; Kirchman 2002). Thus, to improve model
parameterizations, it would be useful to define bacterial groups on the basis of their
respective roles in the cycling of DOM, either by classifying bacteria with the same
distinct metabolic capabilities into ‘functional groups’ or by linking phylogenetic

composition with substrate utilization (Kirchman 2003).
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Figure 3.1. Station locations and biogeochemical provinces (NWCS — Northwest Atlantic
Shelves province, GFST — Gulf Stream province, NASW — North Atlantic Subtropical
Gyral West province, NADR — North Atlantic Drift province, and ARCT — Atlantic
Arctic province) sampled during the C-SOLAS Northwest Atlantic expeditions.
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Table 3.1. Oligonucleotide probe sequences and target bacterial groups.

Probe Sequence (5°-3%) Specificity Source

EUB338 GCTGCCTCCCGTAGGAGT Most Bacteria; not Planctomyces Amann et al. 1990
CF319a TGGTCCGTGTCTCAGTAC Cytophaga-Flavobacteria cluster Mangz et al. 1996
ALF968  GGTAAGGTTCTGCGCGTT a-Proteobacteria Glockner et al. 1999
BET42a GCCTTCCCACTTCGTTT p-Proteobacteria Manz et al. 1992
GAM42a GCCTTCCCACATCGTTT v-Proteobacteria Manz et al. 1992
ARCH915 GTGCTCCCCCGCCAATTCCT Archaea Stahl and Amann 1991

NON338 ACTCCYACGGGAGGCAGC  Negative control probe; complementary to EUB338  Wallner et al. 1993
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Table 3.2. Summary of station characteristics: geographic location, original biogeochemical province (BGP) designation

(Longhurst 1998)°, alternate biogeochemical province designation (Devred et al. 2006)°, mean mixed layer temperature, mixed

layer depth (calculated as the depth at which density is 0.125 kg/m3 higher than at the surface ~5 m), euphotic zone depth (depth

of 1% incident irradiance), and maximum observed chlorophyll a concentration for stations sampled in the Northwest Atlantic

Ocean during the spring, summer, and fall of 2003.

Season Station  Date Latitude Longitude BGP* BGP" Temp  Mixed Layer  Euphotic Zone Chla
2003 (°N) (°W) O Depth (m) Depth (m) (ugL™")
Spring L 28-Apr  43.413 57477 NWCS NWCS 2.8 34 30 16.13
T2 05-May 26.930  54.420 NASW NASE 19.5 44 75 1.46
T3 07-May 42290  45.009 NADR  Slope 16.1 50 60 1.69
T6 10-May  54.832  45.000 ARCT ARCT 4.1 103 70 0.81
Summer L 08-Jul 43.426  57.661 NWCS  Slope 193 8 50 1.38
T2 11-Jul 36.809  54.404 NASW  GFST/NASW 25.7 32 110 0.65
T3 14-Jul 42.338  45.006 NADR  Slope 233 13 85 0.38
T6 20-Jul 54.846  45.003 ARCT ARCT 8.6 15 78 0.38
Fall L 13-Oct  43.422  57.683 NWCS  Slope 17.2 20 44 1.15
T2 16-Oct  36.833  54.402 NASW NASW 25.9 47 93 0.54
T3 19-Oct  42.401  45.048 NADR NASE 21.9 69 90 0.45
T6 24-Oct 54.830  45.006 ARCT ARCT 9.0 55 74 0.33
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Table 3.3. Bacterial abundance, bacterial production, and specific growth rates at the surface (50% light depth,
unless otherwise noted - *30% light depth) and 200 m for stations sampled in the Northwest Atlantic Ocean during
the spring, summer, and fall of 2003.

Season Station Nominal Bacterial Abundance Bacterial Production  Specific Growth Rate
Depth (m) (10° cells LY (ug CL'dh) (dh

Spring L 5 1.62 8.75 0.17
200 0.36 0.10 0.01

T2 *20 0.63 2.12 0.15

200 0.47 0.08 0.01

T3 10 0.57 1.74 0.15

200 0.43 0.09 0.01

T6 10 0.96 0.54 0.03

200 0.26 0.03 0.01

Summer L 8 0.39 0.20 0.02
200 0.15 0.01 0.00

T2 15 0.40 0.11 0.01

200 0.13 0.04 0.01

T3 13 0.53 0.37 0.03

200 0.13 0.18 0.05

T6 12 0.18 0.23 0.06

200 0.11 0.04 0.02

Fall L 7 0.57 0.88 0.06
200 0.10 0.06 0.03

T2 14 0.42 0.14 0.02

200 0.11 0.07 0.03

T3 14 0.44 0.49 0.06

200 0.12 0.19 0.07

T6 11 0.70 0.30 0.02

200 0.14 0.02 0.01
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Table 3.4. Correlation coefficients (Spearman’s rho) for bacterial abundance, bacterial production, and specific growth rate
against the percentage of DAPI-stained cells detected with the Eubacteria, Archaea, and group-specific probes within the mixed

layer (Table 3.2). All values are significant at p < 0.05, unless denoted as not significant (-), n = 44.

Bacterial Abundance  Bacterial Production Specific Growth Rate

% Eubacteria 0.348 0.483 0.484
% Cytophaga-Flavobacteria 0.320 0.378 -
% a-Proteobacteria - - 0.336

% B-Proteobacteria - - -
% y-Proteobacteria - - -
% Archaea - - -
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Table 3.5. Correlation coefficients (Spearman’s rho) for bacterial abundance, bacterial production, specific growth rate, and
percentage of DAPI-stained cells against temperature and chlorophyll within the mixed layer (Table 3.2). All values are
significant at p < 0.05, unless denoted as not significant (-).

Temperature n Chlorophyll n

Bacterial Abundance -0.334 62 0.597 62
Bacterial Production -0.310 61 0.720 61
Specific Growth Rate -0.285 59 0449 59
% Eubacteria -0.479 48 0.430 48
% Cytophaga-Flavobacteria -0.535 48 0.422 48

% o-Proteobacteria - 48 - 48

% B-Proteobacteria - 48 - 48

% y-Proteobacteria - 48 - 48

% Archaea - 49 - 49
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Table 3.6. Correlation coefficients (Spearman’s rho) for bacterial abundance, bacterial production, specific growth rate,
percentage of DAPI-stained cells (% Eubacteria), and relative abundances of hybridized cells for phylogenetic groups against
concentrations of dissolved and particulate dimethylsulphoniopropionate (DMSPd and DMSPp, respectively) within the mixed
layer (Table 3.2) and at 200 m. All values are significant at p < 0.05, unless denoted as not significant (-).

DMSPd DMSPp

Euphotic 200 m Euphotic 200 m

Bacterial Abundance 0.419 (n=44) - 0.736 (n=44) 0.700 (n=15)
Bacterial Production 0.352 (n=45) - 0.750 (n = 45) -
Specific Growth Rate - - - -
% Eubacteria - - - -
% Cytophaga-Flavobacteria - - 0.349 (n=133) -
% a-Proteobacteria - - - -

% B-Proteobacteria - - - -

% y-Proteobacteria - 0.618 (n=14) - 0.830 (n=14)
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Chapter 4: Summary

4.1 Synopsis of Manuscript Chapters

Fluorescence in situ hybridization (FISH) is widely used to characterize the phylogenetic
diversity of unicellular organisms at target taxonomic levels, and involves the
hybridization of fluorescently-labelled rRNA-targeted oligonucleotide probes to group-
specific gene sequences (Glockner et al. 1996). The FISH technique has been frequently
used to study heterotrophic prokaryotes, from the domains Bacteria and Archaea, and less
frequently for the Eucarya, i.e. nano- and pico-phytoplankton and protists (Lim et al.
1993, Lim et al. 1995; Simon et al. 1995), and photosynthetic pico-heterokonts
(stramenopiles; Massana et al. 2002). The phylogenetic composition of microbial
assemblages in lakes and estuaries (Pernthaler et al. 1997, Glockner et al. 1999; Bouvier
and del Giorgio 2002; Heidelberg et al. 2002; Cottrell and Kirchman 2003; Zwisler et al.
2003), limnetic organic aggregates (lake snow) (Weiss et al. 1996, Schweitzer et al.
2001), soil (Hahn et al. 1992; Christensen et al. 1999), activated sludge flocs and biofilms
(Wagner et al. 1994; Amann et al. 1996; Daims et al. 2001), ice and snow (Alfreider et al.
1996; Brinkmeyer et al. 2003), as well as coastal and oceanic marine habitats (Karner and
Fuhrman 1997; DeLong et al. 1999; Glockner et al. 1999; Cottrell and Kirchman 2000a,

2000b; Wells and Deming 2003) have been characterized using FISH.

A limitation of the FISH technique is that the effectiveness of target cell detection varies
across ecosystem types (Bouvier and del Giorgio 2003). The percentage of cells detected
with the Eubacteria probe (EUB338) ranges from 1% in soil to 100% in enriched culture,

with an average of 56% across ecosystem types (Bouvier and del Giorgio 2003). This
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variation is potentially influenced by a number of methodological factors, such as cell
fixation, hybridization conditions, mounting solutions, fluorochrome type, counting
methods, and sample storage (Bouvier and del Giorgio 2003, Williams et al. 2004). The
latter is particularly important since samples that are collected at sea are often stored for
many weeks or months before analysis using FISH. Therefore, quantifying the effects of
storage on the detection of bacterial cells is crucial for comparing studies of bacterial

community structure from diverse regions and ecosystems.

Chapter 2 presented the results of a 12-month time-course study to determine the effects
of long-term sample storage on hybridization efficiency and the characterization of
community structure. In this study, replicate seawater samples were prepared, stored
frozen, and hybridized after 1.5, 3, 6, and 12 months. The time-dependent slope of the
probe for Eubacteria, but not the Cytophaga-Flavobacteria cluster or the alpha and
gamma subclasses of Proteobacteria, was significantly different from zero, with a percent
change in target cell detection of 6.3% per year. The results for the Fubacteria probe
indicated that samples for FISH can be prepared (fixed and filtered) and stored at -20°C
for up to 6 months with no significant change in target cell detection, and stored for at
least 12 months with a minimal (< 7%) effect of storage. These results provide a baseline
for the length of time that seawater samples for FISH may be stored before significant
changes in target cell detection are observed. Thus, it is recommended that, when
possible, preserved FISH samples should be analyzed within 6 months of sample

collection.
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Chapter 3 presented the results of a field- and laboratory- based study characterizing the
phylogenetic diversity of the bacterial community during the spring, summer, and fall
(2003) in contrasting biogeochemical provinces of the Northwest Atlantic Ocean.
Microbial community structure was characterized using FISH, and related to a number of
concurrently-measured environmental parameters. The proportion of cells detected with
the Eubacteria probe was, on average, three-fold higher in the surface mixed layer than at
200 m (45% and 17%, respectively). In contrast, although the proportion of cells detected
with the Archaea probe was low, it was higher at depth than near the surface. The
relative abundances of specific bacterial groups showed seasonality, with the most
noticeable shifts from summer to fall. The Cytophaga-Flavobacteria cluster was the
most abundant phylogenetic group during the spring and summer, except station T2, in
the North Atlantic Subtropical Gyre province, where the a-Proteobacteria was the
dominant group. From summer to fall, there was a decrease in the proportion of
Cytophaga-Flavobacteria, and the a-, B-, and y-Proteobacteria dominated the bacterial
community during fall at all stations. Seasonally, the most noticeable shift in the relative
abundances of specific phylogenetic groups occurred from summer to fall. Spatially, the
greatest differences in bacterial community composition were observed between the

North Atlantic Subtropical Gyre and the Atlantic Arctic province.

4.2 Overall Significance
As samples for SABINA were collected during three cruises in the Northwest Atlantic
Ocean, over a sampling period of six months, and stored for varying lengths of time

before hybridization, the storage effects study was necessary to determine if there were
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effects of long-term sample storage and to provide a baseline for results from the
Northwest Atlantic study. Although Pernthaler et al. (2001) suggested that filters
prepared for FISH “can be stored frozen for several months without apparent loss of
hybridization signal”; there have been no previous quantitative studies of the time-
dependent effects of sample storage on the efficiency of target cell detection using FISH.
Despite the limitations of the ‘classical”’ FISH method (DeLong et al. 1989, Amann et al.
1995, Glockner et al. 1996, Pernthaler et al. 2001), it has been widely used to characterize
bacterial community structure in the published literature (e.g. Glockner et al. 1999,
Amann et al. 2001, Bouvier and del Giorgio 2003, Wagner et al. 2003). Thus, it was
essential that methodological factors, such as storage duration, which could confound the
characterization of community structure be addressed to accurately compare studies of the
phylogenetic diversity of bacteria from different ecosystem types as well as samples from

the same ecosystem that have been analyzed at different times.

The results from SABINA are an important contribution to our knowledge of the
phylogenetic diversity of the bacterial community in the Northwest Atlantic Ocean. Prior
studies of prokaryotic community structure in the Northwest Atlantic have been limited to
estuaries and bays (Cottrell and Kirchman 2000b; Bouvier and del Giorgio 2002), and the
Sargasso Sea (Fuhrman et al. 1993; Mullins et al. 1995; Malmstrom et al. 2004; Morris et
al. 2005). Moreover, there have been no prior seasonal studies of bacterial community
structure in the Atlantic Ocean. Similar studies have been undertaken in freshwater
(Lindstrom 1998; Pernthaler et al. 1998) and coastal (Murray et al. 1998; Pinhassi &

Hagstrom 2000; Schauer et al. 2003; Zwisler et al. 2003; Mary et al. 2006) environments;
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however, this was the first study of bacterial community structure on a large spatial scale
in the Northwest Atlantic, as well as the first study of the seasonality of specific

phylogenetic groups in an open ocean environment.

4.3 Future Directions

Accurate estimates of both total bacterial numbers and the relative abundances of specific
bacterial phylotypes are crucial to quantify both bacterial trophodynamics and the
relationship between bacterial community structure and ecosystem function. Estimates of
bacterial abundance, with appropriate conversion factors, are used to calculate bacterial
biomass and estimate the flux of carbon through the microbial food web and quantify the
role of bacteria in mediating biogeochemical processes (Pernthaler and Amann 2005).
Although there has been considerable progress in characterizing the phylogenetic
diversity of marine bacterial assemblages, through the use of FISH (Glockner et al. 1999;
Amann et al. 2001; Wagner et al. 2003) and other molecular methods (Pace et al. 1986;
Fuhrman et al. 1993; Zehr and Voytek 1999; Spiegelman et al. 2005), linking bacterial
community structure with specific biogeochemical processes has proven to be difficult
(Kirchman 2002). Only a small fraction of naturally occurring bacteria, as identified by
rRNA clones, appear closely related to cultivated bacteria from the same environments
(DeLong 1998). Recently, FISH has been combined with catalyzed reporter deposition
(CARD-FISH; Pernthaler et al. 2002) and microautoradiography (MICRO-CARD-FISH;
Teira et al. 2004, Herndl et al. 2005), to enhance sensitivity and improve detection of
small or slow-growing cells with low rRNA content, and to measure substrate utilization

by specific bacterial and archaeal phylotypes. These techniques provide opportunities to
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further examine the phylogenetic diversity and functional roles of Bacteria and Archaea,
and explore how microbial metabolism influences larger scale biogeochemical oceanic

Processes.
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Appendix A: Summary of station characteristics: geographic location, original biogeochemical province (BGP) designation
(Longhurst 1998)?, alternate biogeochemical province designation (Devred et al. 2006)b, mean mixed layer temperature, mixed
layer depth (Zpmig; calculated as the depth at which density is 0.125 kg/m® higher than at the surface ~ 5 m), euphotic zone depth (Ze,;
depth of 1% incident irradiance), and maximum observed chlorophyll a concentration for stations sampled in the Northwest
Atlantic Ocean during the spring, summer, and fall of 2003.

Season  Station  Date Latitude Longitude BGP*  BGP® Temp Zpg(m) Ze (m) Chl a
(2003) (N) (W) €9 (ugL?)

Spring L 28-Apr  43.413 57.477 NWCS NWCS 2.8 34 30 16.13
T1 03-May  39.002 57.364 GFST GFST 22.9 48 60 0.84
T2 05-May  26.930 54.420 STGW  STGE 19.5 44 75 1.46
T3 07-May  42.290 45.009 NADR  Slope 16.1 50 60 1.69
T4 08-May  46.488 45.014 ARCT NWCS 3.8 101 55 1.61
TS 09-May  50.665 44,998 ARCT NADR 8.5 124 80 0.73
T6 10-May  54.832 45.000 ARCT  ARCT 4.1 103 70 0.81
T7 not sampled

Summer L 08-Jul 43.426 57.661 NWCS  Slope 19.3 8 50 1.38
T1 10-Jul 39.000 57.475 GFST GFST/STGW 26.5 11 125 0.44
T2 11-Jul 36.809 54.404 STGW  GFST/STGW 25.7 32 110 0.65
T3 14-Jul 42.338 45.006 NADR  Slope 233 13 85 0.38
T4 16-Jul 46.496 45.028 ARCT  NADR/ARCT 11.2 7 37 2.69
TS 18-Jul 50.664 44,967 ARCT NADR/ARCT 9.2 9 48 1.38
T6 20-Jul 54.846 45.003 ARCT  ARCT 8.6 15 78 0.38
T7 22-Jul 59.234 45.059 ARCT  ARCT 2.8 10 57 1.21

Fall L 13-Oct 43.422 57.683 NWCS  Slope 17.2 20 44 1.15
Tl 15-Oct 39.027 57.518 GFST GFST/STGW 25.8 70 110 0.35
T2 16-Oct 36.833 54.402 STGW  STGW 25.9 47 93 0.54
T3 19-Oct 42.401 45.048 NADR STGE 21.9 69 90 0.45
T4 21-Oct 46.500 45.001 ARCT Slope 11.1 31 43 1.38
T5 22-Oct 50.724 44988 ARCT NADR 12.4 65 50 0.77
T6 24-Oct 54.830 45.006 ARCT ARCT 9.0 55 74 0.33
T7 27-Oct 59.571 44.794 ARCT ARCT 3.6 9 73 0.46
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Appendix B: Bacterial abundance, bacterial production, and specific growth rates for stations sampled in the Northwest Atlantic
Ocean during the spring, summer, and fall of 2003 (*denotes the chlorophyll maximum).

Season Station Nominal Light Bacterial Abundance Bacterial Production Specific Growth
Depth (m) Depth (%) (10° cells L) (ugCL'd?) Rate (d™)
Spring L 200 0.360 0.098 0.009
50 *(.2 1.177 1.060 0.047
20 5 1.416
5 50 1.618 8.747 0.168
T1 200 1.069 0.650 0.038
60 1 0.583
45 0.594 2.116 0.093
10 50 0.564 0.663 0.090
T2 200 0.470 0.084 0.013
150 0.426 0.272 0.037
75 1 0.471 0.164 0.020
20 *30 0.634 2.117 0.150
T3 200 0.425 0.091 0.011
60 5 0.559 1.064 0.100
25 30 0.615 2.583 0.222
15 50 0.496
T4 200 0.438 0.047 0.007
40 5 0.920 0.865 0.042
15 30 0.661 0.560 0.043
10 50 0.853 0.621 0.038
T5 200 0.434 0.082 0.011
40 *5 0.610 0.644 0.062
15 30 0.509 0.618 0.057
10 50 0.642
Té6 200 0.257 0.031 0.007
70 1 0.900 0.541 0.023
30 15 0.995 0.869 0.039
10 30 0.962 0.525 0.032
T7 not sampled
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Season Nominal Bacterial Abundance Bacterial Production Specific Growth
Depth (m) Depth (%) (10° cells L) (ngCL'dh Rate (d™)
Summer L 200 0.151 0.008 0.003
35 * 0.715 0.499 0.030
15 30 0.617 0.890 0.046
8 50 0.391 0.199 0.022
T1 200 0.955 0.020 0.008
95 * 0.248 0.006 0.001
30 30 0.406 0.319 0.026

15 50 0.081
T2 200 0.133 0.036 0.009
85 * 0.414 0.149 0.017
30 30 0.454 0.132 0.016
15 50 0.396 0.111 0.013
T3 200 0.127 0.176 0.055
85 *] 0.553 0.140 0.013
22 30 0.388 0.312 0.036
13 50 0.521 0.371 0.030
T4 250 0.227 0.217 0.028
18 * 0.738 0.226 0.074
10 30 0.769 0.313 0.063
6 50 0.704 1.001 0.069
T5 200 0.138 0.057 0.017
30 *5 0.714 1.217 0.075
13 30 0.951 1.752 0.078
7 50 1.186 1.011 0.044
Té6 200 0.112 0.042 0.015
32 15 0.164 0.155 0.038
20 *30 0.249 0.354 0.060
12 50 0.179 0.228 0.057
T7 250 0.142 0.050 0.018
37 5 0.263 0.194 0.034
15 30 0.171 0.249 0.061
9 *50 0.188 0.684 0.099
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Season Station Nominal Light Bacterial Abundance Bacterial Production Specific Growth
Depth (m) Depth (%) (10° cells L™ (ugCL'd" Rate (d™)
Fall L 200 0.097 0.058 0.030
31 *5 0.836 0.567 0.032
12 30 0.522 0.294 0.023
7 50 0.566 0.875 0.063
T1 200 0.151 0.031 0.010
80 * 0.251 0.025 0.005
18 30 0.325 0.440 0.055
9 50 0.354 0.342 0.040
T2 200 0.113 0.068 0.028
64 * 0.291 0.220 0.037
24 30 0.399 0.404 0.047
14 50 0.419 0.143 0.015
T3 200 0.123 0.191 0.068
73 * 0.321 0.652 0.103
23 30 0.467 0.635 0.083
14 50 0.441 0.491 0.059
T4 250 0.191 0.085 0.024
28 5 1.232 0.903 0.032
12 *30 0.784
6 50 1.458 0.592 0.025
T5 200 0.143 0.038 0.016
32 5 0.743 0.460 0.042
13 30 0.752 0.512 0.036
8 50 0.709 0.441 0.033
T6 200 0.137 0.021 0.008
31 15 0.724 0.411 0.025
19 30 0.724 0.354 0.028
11 *50 0.701 0.297 0.024
T7 145 0.222 0.117 0.030
48 5 0.268 0.440 0.100
19 30 0.304 0.301 0.079
11 50 0.352 0.135 0.063

153



Appendix C: Relative abundances (mean + SD) of cells detected with target oligonucleotide probes for stations sampled in the Northwest
Atlantic Ocean during the spring, summer, and fall of 2003. All probe counts were corrected by subtracting counts obtained with the
negative control probe NON338. Percentages were computed as cells hybridized with the target oligonucleotide probe divided by the total
cells determined from DAPI counts (~1000 DAPI-stained cells from 10 to 20 randomly chosen fields); nd, not detected.

Proportion (%) of cells detected with probe

Season Station  Depth (m) Eubacteria Cytophaga- Alpha- Beta- Gamma- Archaea
Flavobacteria Proteobacteria  Proteobacteria  Proteobacteria
Spring L 200 1.0+1.5 nd nd nd nd 92+7.1
50 56.6 92 31.8+53 3615 83+3.1 12.1+4.1 22+£14
20 71.9+9.5 25.1+44 44+33 97+47 123 +40 nd
5 758+ 13.5 25.0+£69 12.8+3.7 1.0+£1.1 210+ 64 nd
T1 200 18.8+3.1 46+1.6 1.5+£0.5 nd 14+£1.2 20£1.0
60 583+95 17619 104+2.0 nd nd 20£15
45
10
T2 200 53+14 12+0.7 nd nd nd 31+£1.1
150 129+2.7 nd 3.0+0.8 nd nd nd
75 11.1+1.5 nd nd nd 1.8+ 0.6 nd
20 534+95 16.0+3.0 23.0+43 nd 39+1.8 nd
T3 200 12.8+ 89 12+1.7 40+2.4 nd 1.0+£2.0 46+19
60 63.1+102 18.8+4.0 153+44 nd 1307 nd
25 54.7+44 126+4.5 133+3.3 1.1+1.8 nd 1.2+24
15 59.2+89 272+43 228+43 1314 59+1.0 nd
T4 200 nd nd nd nd nd nd
40
15 38.0+10.8 229+76 1.8+27 nd nd nd
10 497+73 21.2+3.8 nd nd nd nd
T5
not sampled for
bacterial community structure
Té6 200 154+£3.1 8722 nd nd 09+038 41+12
70
30 553+124 173+64 nd nd 1.0+1.3 nd
10 57.1+8.8 25526 23+1.5 09+1.5 28+1.7 nd
T7 not sampled
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Proportion (%) of cells detected with probe

Season Station Depth(m)  Eubacteria Cytophaga- Alpha- Beta- Gamma- Archaea
Flavobacteria  Proteobacteria  Proteobacteria  Proteobacteria
Summer L 200 37+09 nd nd nd nd 1.7+04
35
15
8 440+5.8 21.9+4.6 59+13 nd 3713 nd
T1 200
95
30
15
T2 200 13.1+43 27+1.7 23+1.8 1.9+1.8 nd 22+17
85 10.0+4.8 28+4.0 nd nd nd nd
30 169+74 54+34 1.3+1.3 nd nd 20+£6.8
15 23.4+4.1 32+14 13.8+7.8 nd nd nd
T3 200 14.8+42 72+2.6 27+13 1.9+12 nd 0.7+1.5
85 95+33 51x1.7 55+2.1 11+1.0 21+07 1.1+0.7
22 30.1+£53 11.5+£2.0 44+£20 07+14 28+1.8 nd
13 34.6+8.0 132+3.2 55+2.1 nd 49+1.6 nd
T4 250 3.7+0.9 nd nd nd nd 1.7+04
18
10 419+5.1 8.8+3.0 283+3.5 3.8+34 28+22 nd
6 582+9.2 10.5+£35 228+ 6.6 94+25 57+£20 39+18
T5 200
30 275463 109+£22 43+1.2 nd 1220 nd
13 273+57 159+3.6 53+1.8 33+£1.3 2.8+09 nd
7
Té 200 156+33 48+1.2 nd nd nd nd
32
20 509+8.9 12.6 £3.0 11.2+3.0 nd 22+£13 nd
12 38.1+£33 23.7+4.8 40+1.7 nd 44+1.2 nd
T7 250 13.7+3.1 nd 22112 nd nd 1.9+0.8
37 126+2.8 41+06 51+14 nd 08+04 3.1+04
15 259+72 129+24 5.6x1.5 nd 31+1.4 nd
9
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Proportion (%) of cells detected with probe

Season Station Depth(m)  Eubacteria Cytophaga- Alpha- Beta- Gamma- Archaea
Flavobacteria  Proteobacteria  Proteobacteria  Proteobacteria

Fall L 200 214+47 52+1.7 49+09 nd 26+1.3 47+14

31 38.0+4.0 13524 5710 2.1+0.8 1.9+0.9 nd

12 31535 13013 106 £2.7 nd 84+£3.0 nd

7 444+176 149+32 13.5+£29 2.1+1.8 14.1+£36 nd

T1 200 49+1.0 39+1.0 1.1+0.8 nd nd 21+11
80

18 29.1+3.8 16.3+4.0 52+13 nd 62+1.6 nd

9 353+54 32+£22 2014 nd 84+26 27+1.8

T2 200 79+1.2 29+1.1 0.8+09 nd 1.4+0.9 nd

64 11.2+45 25+2.0 nd nd nd 1.0+£24

24 252+26 nd 65+1.8 nd 1.1+£1.2 3712

14 31.2+38 nd 6.1£19 109+3.7 39+1.7 nd

T3 200 9.1+24 nd 1.6+09 nd nd 19+1.1

73 104+£25 20+1.8 nd nd nd nd

23 341+6.0 34+£2.1 42+14 1.5+£23 40+27 6.7+34

14 409+t42 8.5+3.7 43+12 nd 75+£2.0 5012

T4 250 13.6+3.0 nd 19+1.1 nd nd nd
28

12 50.5+6.2 25.7+£5.1 49+13 nd 22+0.9 nd

6 429+6.1 12.0+3.1 106+£22 1.7£0.9 25+0.8 0.8+£0.6

TS 200 20.1+42 33+£1.0 1.6+2.0 nd nd 08+t12

32 445+£53 80+1.0 10.8+£2.1 nd 5.7+£2.0 nd

13 428+5.1 8.8x14 69+0.8 nd 34+1.2 nd

8 33.5+33 8§5+1.8 86+t13 0.7+£0.7 1.2+03 nd

Té6 200 16.6 25 32+1.5 nd nd nd 1.5+09
31

19 39.6 £4.1 21.1+3.1 79+24 nd 40+1.1 24+0.8

11 36.3+£52 2.8+09 33+1.1 nd 2.6+0.8 10.0+£22

T7 145 46.2+53 173+ 3.8 10.6 £1.7 09+1.1 40+1.1 21+15

48 509+49 294 +13.1 12.8+ 3.5 5614 1.9+1.5 85+£19

19 432+58 83+£23 11.0+1.8 1.1+14 84+30 46+13

11 60.5+74 16.5+£6.6 17.1+£52 22+12 23+0.8 5620
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