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Abira
Heterotop micorbes were studied across spaial and temporal scales in the
northwest Alanic 1o invesigate microbial commurities” siuetral and funtional
responses o climate relevant_environmental forcings.  Celuar _ abundance,
morphometic and 165 RNA-trgeted Florescent I Siu Hybridization (FISH) analyses
Were used to cxamine variation in microbe-mediated carbon flow as it peained 1o
rasing presare, temperature.shit, and disolved organic mter (DOM) avilabily
Significant spaial diffeences in growth and biomass production sersus xperimental

manipulations indicate limate-driven physical changes i the upper ocean may influence

o
cell size and growth during grazer-exclusion experimens poinis 10 the increasing
importance of inorganic nutient limitaton on plankion dynamics i @ warming ocean.
Analyss of rasing contol on microbial communiies rlative to curent nd prediced
ocean temperatures also suggests impacts of 8 waming ocean on sping phytoplankion

bloom initiation and on carbon cycling i the upper ocean.
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Chapter 1 Introduction and Overview

L1 Central Problem
The dynamic matre of marine microbia communites results from the inerction of
ot and abitic fators that change in space and time. Spatal and temporal changes
occur nd nteract with changesin glol climae and a wide ange of asociated focing

functions such as temperature, nutrient availabiliy, and grazing pressure.  Annually

variation in community
and studied in natural and artifcial environments (sec Perihaler & Amann 2005 for a

review), however studies following changes in both community structure and function

have yet to determine whether or not these shifls represent physiological plasticity or
Succession of important phylotypes (Alonso & Pemthaler 2006). A cental tenct of

community ccology is that strong spatial and temporal patterns link environmental

processes, ccosystem function, and biological diversity (Stemer & Flser 2002; Hooper ef

al. 2005), and
advance understanding of marine microbial community structures, their associated

function(s), and how these relationships change in response 10 environmental forcings

across temporal and spatal scales.  This study and others like it are imporant since.
limate change-induced variation i the structure and activities of microbial communitis.
will not only affect nutrent and energy transfer in food webs, but will alter

biogeochemical eycles s well.



Despite the central role of the microbial loop in oceanic ccosystems, methodological

limitations of autecological studics (Schiler ef al. 2000; Kan ef al. 2006; Mary ef al

(Pace & Cole
1994; Gasol & Moran 1999: Riemann er al 2000). These trditional “black box”

approaches have produced important data quantifying fluxes of mutrients and cnergy

through the microbial sysiem, yet have yielded limited insight into how distinct
populations function and interact with one another (Massana ef al. 2001; Carlson e al.
20045 Cho & Giovannoni 2004). Description of the functional activities of complex

microbial communities can lead 1o sound ecological hypotheses; testing of these

hypotheses will require information on how the components of these. commurities
respond to environmental perturbations through the application of both spatiak-emporal

feld analyses and experimental manipulations (Begon ef al 1996; Gray & Head 2001),

Recentl

depth percepion of the dynamic nature and regulaton mechanisms of microbial food
webs (Permiale et . 2002b; Teira et al. 2004), I is in this larger context of both
bottom-up and top-dovwn regulation that *Glessonian’ stdics (Gleason 1926; Perihaler
& Aman 2008, which focus on discrete and quantifsble mirobial populations, can
revesl o these popultons intract it thie competiors, predators, and.ther
physicochemical environment (Pemibaler & Amann 2005). The research described
here measured the reative abundances of lanktonic members of the Archaea and

two Eubacterial groups (a-proicobacteria and -protcobacteria) in the Northwest



Adantic. capabilites;

however they represent a large proportion of most marine surface water

Kirchman 2000b), por
i secondary production, and embody a wide-range of metabolic diversity in the

marine surface layers.

My work aims to characterize the relaionship between bacterioplankton community
structure and its ccological and biogeochemical function by studying physiological
acivites of heterotrophic picoplanklon communities and enumerating dominant groups
in the marine bacterioplankion from i st and experimental samples'. Chapter Two
provides an overview of marine bacteial ecology, and sets the context for this study.
Chapter Three presents the results of a Temperate-Arcic transect in the Northwest
Atlantic during May-June 2006 where the spatial arition in microbial community
sructure and growth rates were messured during nutrent enrichment and temperature-
Shift experiments. Chapter Four presents the results of experiments designed to evaluate
temporal changes in the microbial community structure and growth rates of Logy Bay,

NL. Central o this

Gasol eral. 2 a planted i o
disparate points will reveal new information concerning the complex top-down and

bottom-up control of bacterioplankton populations

" or smpl

al o
DOV




1.2 Research Questions

This rescarch

microbial oceanography sought first to characterze the carbon use and
165 ribotype population distributions of spatially and temporally separated marine
bacterioplankton communitis in the Labrador Sea and Logy Bay. Newfoundland and

Labrador (NL), Canada to answer:

Do different

functionally-disinet bacterioplankion communities?

function over time?

od, analysis of

this survey may detcet important ccological identities or relationships relevant 1o the
questions:

2, shiftin

community structure?

Finally, the spatial and temporal variation in the reaction of marine bacterioplankion
‘communities 1o perturbations (o environmental forcings remains an important area of

study and invites inquiry concerning:

3 i .




. or tempor

scales?

“To answer these questions, three specific abjectives were dentified o:

1 long-term

y nd “hapters 3 & 4)

2 i s with sl bundance, cel size)

have disparate structures (group abundaincas) or vice versa. (Chapter 4

3 the form of

ture (Chapters 3 & 4)

1.3 Overview
1.3.1_Research Contex

Since 70% of the World's Occans are at o beloww $°C (Baross & Morita 1978), studies of

tike
the North Alanic are important for undrsianding global biogeochenical cycles. With
his i mind, my ild work n this coldocean was carid out i two phases: 1) a spatial
transect i the Labrador S, conducted on the CCGS Hudson in May-June 2006, and 2) o

temporal transect in Logy Bay, Newfoundland from February to October 2007. In these



arcas,the surfuce layer is generally dominated by mesophilic and psychrotrophic, rather

than psyehrophilic bacteria (Morita 1975; Ferroni & Kaminski 1980; Gow & Mill 1984).

As well, evidence from flow cytometry indicaies that the bacterioplankion of the

Labrador ly eral 1995),

consequence of i diversty

Labrador Sea
The Labrador S (geographic centre: 60°00N, SS00W)is siuated between Labrador
and Grecnland, and is th coldet basin i the subpolar North Atlntic (Yashayocv e al.
2003). 1t sgnificant locally a5 the souree region of the Labrador Current hat strongly

affects the hydrography of shelf ccosystems downsiream (Talley & McCarney 1982),

and in

et al. 2002). The Labrador Sea is also the site of many international oceanographic

surveys focusing on Northern Ocean processes (Yashayae 2006).

The 2006 Labrador Sea Expedition (LSE) 2006019 conducted by the Bedford Institute of
Oceanography ran from May 25 to June 4,  period when the Labrador Sea is capped by a

shallow, Jow salinity and gradually warming surface mixed layer. A rapid decrease in

surfice €Oy concentrations there coincides with a decrease in nutrient concentrations,

indicatin rapid growth of phytoplankion in the spring bloom (Takahashi et al. 1993)

“The biological program of LSE 2006019 measured variabilty in plankion biomass,

n19%10

provide descriptions of large-scale spatial and temporal varition in biogeochemical



processes Rescarch Division* initative, Spatal

and temporal variation in microbial biomass i the Labrador Sea is elatively small, with

bacterial stocks increasing only 2-4 fold from winter (o summer (Li & Dickie 2003).

Nanozooplanktonic grazers may keep bacteral stocks below carrying capacity (Fenchel

1986); however the low average temperatures (4-8°C) (Parson & Lali 1988) do reduce:

C and may

Logy Bay

Logy Bay (location: 47°38N, 52°39'W) is a small coastal bay north of St John's, NL on

e Avaon Pesinsula. Logy danic Ocean. s waters
are dominated by coastal diversons of the Labrador Cumrent. At deph, the Labrador
(Curtent kesps the waters of Logy Bay a -2 o -1°C, whilethe mixed ayer (5 10 65m)
warms sessonlly from -8 10 14°C (Kendais 1980; Puland 2000) This st was an

ideal ocation for temporal variation studi

in heterotrophic bacteral communicies
because of s location convenient to the Ocean Sciences Centre of Memorial Uriversity.

During my st

the mean annual water temperature for Logy Bay was 6.1°C in 2005
and 5.6°C in 2006 (unpublished data), conditions smila to that of Labrador Sca and such
that one would expect bacterial demand for DOC to be reduced. ~ Past studies of
Newfoundland coastal waters (NCW) have focused on the urochordate Oikopleura
vanhoeffeni (Knoechel & Sicel-Flym 1989; Deibel & Lee 1992), however
microzooplankton are important grazers in NCW and may play important oles i carbon

low trough pelagic food webs at cold temperatures (Puland 2000,



132

n Experiments

Incubation o mesocosm experiments (Pace & Cole 1994) are commonly employed
rescarch tools that have been used for decades to complement descripive field studies
(Pemihaler & Amann 2005).  Incubations involve whole (RAW) or size-fractionated
(MSW) water samples from the environment of interest that may be experimentally
manipulated with respect to nutrient availabilty or temperature (Eiles et al. 2000;
Jargens e al 1999b; Lebaron et a. 1999 Suzuki 199; Massana e al 2001; Beardsley et
al. 2003; Ovreds et al. 2003; Winter et al. 2004). The incubation experiments performed
in my study were short-term (96 hours) and of small volumes (0.5-1L), and share the
same reasoning of tracer uptake experiments, that a measurable change from in Sit
conditions in response 1o the experimental manipulation provides information on the.

nal sate of the community assemblage, or components thereof. The experiments

provided information on microbial communties in thei original stae, du

g at the
end of incubation periods to evalate how these assemblages respond o climate-driven
environmental fctors. Incubation experments are not without thefe problens however,
a5 the andling and manipulation of the mesocosms no doubt meversbly destoys

1998; Pernthaler 005).

Furthermor

arge comprehensive datasets are required in marine microbial ecology 10
Sufficiently gauge system complexity.  Spatial and/or temporal sampling restrictions and

limited experimental evidence can only do so much o inform on ccosystem-scale

processes and their lnks 1o biogeochemical cycles, however incubation treaiments
present a rescarch tool that can be standardized to compare intrinsic microbial responses

between systems.



133 Direet Counts and Size Estimation

Actidine Orange (AO) s a nucleic acid selective metachromatic stain that interacts with

DNA by intercalation afler which it fluoresces green i S25nm.  The use of AO

epifluorescence

roscopy for dircet cnumeration of microbes was introduced by
Hobbic and colleagues in 1977 and has been reported 1o yield better estimates of

the newer DAPL 1993). For this

reason, AO direet counts (AODC) and image capture were used 10 estimate changes in

microbial abundance and cel size (both populat

and biomass growth rates).  Image
analysis was conducted with Image Pro Plus v.6.2 (Media Cybemetics, MD) to obtain
Norland estimates of cellcarbon.

34 ods

The sireture and function data collected from the LSE 2006019 were correlated with
avalable ancillary data including: TOC profile, temperature, salinity, chlorophyll a,
primary production, as well as phytoplankion abundance and biomass measures.

Temperature and salinity data were also gathered with the Logy Bay samples.

The sampl i MANOVA
analyses between clade abundances and other measured variables.  The_incubation
experiments also provided a useful structure of Control Treatment and Before/Afler data

points for confirmatory MANOVA analyses.  Relationships determined from these first

wl » a

ical analyses were caried out with version 14 of the Miritab software.




package.  Analyses of variance and covariance were exeeuted via the General Linear

Model—with appropriate checks for normaliy, independence, and homogeneity—10 est

specific hypotheses (Seber 1977). Specific regression and ANOVA analyses were also

performed. i 5% was chosen




(Chapter 2: The study of marine bacterial communities

“The material set forth i this overview chapter outlines the broad context fo thi study

within the field of
to move on o Chapter 3 where 1 continue with a deseription of the present study.
Because both Chapiers 3 and 4 are writien to stand on their own, some of the material

presented here will be of necessty repested.

2.1 Marine Bacterial Ecology
Heterotrophic Archacal and Eubacteral clls range in sbundance from 10° — 10° cells
L in marine systems, comprise up 1o 70% of the biomass in marine surface waters
(Fubiman e al. 1989), process around S0% of primary producton (Fubman & Azam
1982; Azam e al 1983), and ae thercfore important componens of the global carbon
exele (Kirchman el 1991; Legendre & Rassoulzadegan 1995, ). Ivestgatons ino the

structure and function of microl

1 communiies scek answers o the ccological roles
played by speifc microbial tax (Pace 1988; Prhaler & Amanin 2005), inludin the
ccologcal contrbuton bucteroplankion ke o argr food webs i the marie sysem.
However, it remain to b undersond how varaton in icrobial communitis on both
spataland tempora scales afcts imporant pahways i marine ccoystem functioning

(Sarmiento & LeQuéré 1996,

stad & Lignel 1997). Recent advances in molecular

chriques based on 168 ribosomal DN al. 1999; Cotwrel

& Kirchman 2000b; Moesender ef al. 2001) have enabled studies 1o address important

ecological questions by examining the biogeographical pattems in bacteial community



cture, as well as investigating which environmental fuctors are. important in

‘community function (Papke & Ward 2004; Homer-Devine e al. 2004),

2,11 Functional Roles:

Bacteria and other micro-organisms are recognized 3 important components of marine
ecosystem processes (Sorokin 1981 Azam et al. 1983; Ducklow & Carson 1992).
Seavater contains a significan ool of both patculate and dissolved organic matir
(POM and DOM).though most organic matrial i the occan surfac layer s found a5

DOM (Hagstsim et al. 1988; Dafer & Wangersky 2002). Bacterioplankion consume

both forms of organic mattr to produce biomass and ATP eneray, remineralizing the

organic matter with varisble effcacy to COy, and they may thus impact the efficiency of

carbon export fom the surfice ocean via both physcal and bilogical pathways
(Pomeroy 1974; Azam et al. 1983; Oliver et al. 2004). These pathways have becn shown
{0 be important yt variabe and poorly understood aspeets of marine carbon eycling and
food web dynamics (Fubman & Azam 1982 Sher er al 1988; Legendre &
Rassoulzadegan 1995),  Howeer, as the main consumers of DOM in seavter,
heterotrphic. marine bacteia do. medite biogeochemical carbon flues via CO;
exchnge between the lower atmosphere and upper ocean layers, and therfore liit

important_questions concerning  theirglobally-significant, carbon-fucled metabol

(Azam 1995; Malmstrom e al 2005; Manganell,ef al. 2009).

Bacterial uptake of DOM and incorporation into biomass is largely dependant on the

chemical composition (quality) of the material (Moriarty & Bell 1993).  While DOM



poals in the water column may b elatvely high, the labile (bioavailable) component of

this pool can be quickly exhausted, limiting bacteial production, and resuling in a
buildup of stable DOM in surfuce waters (Carlson & Ducklow 1995; Thingstad ef al.

1997; Pernthaler et al. 2001b). Limi

tion of microbial metabalism by inorganic nutrients
such a5 orthophosphate and nitrogen can also restiet DOM use by and other metabolic
processes of heterotrophic bacteria (Horrigan ef al. 198%; Zweifel f al. 1993; Kirchman

1994). These limitations—which are heterogencous across spatal and temporal scales—

permit an essentially diverse array of DOM-consuming bacterioplankion that fill these

dynamic niche spaces (Hutchinson 1961 Cottell & Kirchman 2000a; Johnson er al

2006). Taxon-specific actiitis then can be eritical 1o ccosystem processes, and are
critical 10 a complete understanding of structure-function.relatonships in microbial

ecology.

212 Community Structure:

Despite the long:standing asserion that “everything is everywhere” (Beijerinek 1913),

and the limitaons of curent community strctre metis, stdics have found that
disinet marine bacteroplankton populatons vary through space and tme (Ghiglone ef
. 2005; Monis r l. 2005; Pernthaler & Amann 2005; Fuman e al. 2006; Matiny ef
al.2006) Accondingly, sticsof the relatonship between bacerioplankion community
smture and function must recognize tha neither aspec i statc on cither spatal or
{emporal scales. This i ot & minor consideration, s scikinly disimilar community
strvetures have been found just Sk apart, while commurity compositons have

remained relatively consiant over distances of 10 km i the same ara of study (Suzuki e1



al 2001). Temporal changes in communiy sructure and fntion have been elted o
cnvironmental varitions tht occur on sessonal seses (Ghiglone e al 2005; Moris er
al, 2005; Fubrman et al. 2006), however the cavironmental condifons that give rse 0
disparse.popltion distbutions, and the funcionsl capabilis of these diverse
community stuetures e poorly understood. (Schink 2000; Fubrman 2002). 1t is
herefore @ mjor objctive of marne microbial ccologists o sccount for these
heterogencous distributon patems of microbial popultion siucures and to determine

005).

The functonal capacity of microial ommuniie o process DOM is dependant on both
the composiion o the communiie and the environmental focings acting upon them
(Feli e . 1996;Bell r al. 2005). T mrine commanities, bacteroplankion popultions
it varation within and between taxonomic groups i ferms of cell size (Lee &

Fuhrman 1987; Beardsley ef al. 2003), metabolic activiy (Cotirll & Kirchman 2000a;

Schink 2000; Fuhrman 2002), growth strategies (Pernthaler ef al. 2001b), and niche-

2006). Ona
range in size from equivalent spherical radi of 0.1 10 2 um (Lee & Fubrman 1987), it is

evident that the sbundance and activity of specific populations can contrbute.

disproportionally 1o changes in community biomass and therefore fotal carbon flux
(Pernthaler er al. 199; Jirgens er al. 1999a). However, studies have just begun o
ariculate important links between community streture and function of marine.

bacterioplankton (Jirgens et al. 1999b; Gonzilez et al. 2000; Gray & Head 2001),



‘Therefore, a major challenge in aquatic microbial ccology s to understand the functional

oles o populsions in espect
1o clmental luxes (Zubkov e al. 2001al; Pemihaler & Amann 2005). And whil the
Spcific ats of consumption of DOM by phylogenetcally.distinet. bateioplankion
sroups are curenly under investigation (Zubkov e al. 2003; Malmsicom et . 2005;
Vokokawa & Nagata 2010), the reaive importance of these groups as medistors of
speific clement fluxes across elevant environmental condiions remains 1o be

determined ona global scale.

22 Environmental Control of Bacterioplankion Communities

Phylogenetic-spcifc celular activites ae butone ictor shaping the ccologcal unction
of bacterioplankion commurites.  Environmental fsctors can also impact bactrial
communities’ biogeoshemcallyimportant cycling of enery and materils in the ocean
by affcting cell physiology as well as influening the outcomes of interspeciic
competion. (Hale tal, 2004 Chi e . 2005, Thus, an deniiaton and a thorough
understanding of the fctors that coneol the disebuton, abundance, and activiy of

‘marine microbial populations is criica to predicting ecosystem function and response (o

environmental change (Chapin er al. 2000; Seymour et al. 2010). Strong spatial and

wre andlor function of marine

temporal pattems have been observed in the st

by environmental (.. abioti and biotc) processes (Morin 1999; Stemer & Elser 2002),

and that these processes govemn the link between ecosystem function and biological



divrsty (Loreau et al. 2001 Hooper i al. 2009 In marine environments,
bcterioplankion community tructue s thought o b influenced by nutien availbility
(Torsik e al. 2002), temperature (Thompson e al. 2004 Chiu e al. 2009, sliniy
(Suruki e a. 200), and selective loses 10 grazersand vial ifecions (Fuhman 19925

‘Thingsiad & Lignell 1997), while community function is known to.be influenced by

scasonal and attinal changes in temperaure and iradiance (Madigan et al. 2003;
Hewson e al. 2006), s wella variabl sources and qualty of substrsts (Cho & Azam
1988; Ducklow & Carlson 1992: Hewson e al. 2006). A cental goal of microbial
ccology then s a parioning of thes botom-up (resource limitaton), and op-down
(graving) inflcnces on both microbial community function and structure, a5 the
dominance of any one fcto can result in difeenil responses to ccosysem change
(Sala & Graham 2002). As both utrients and temperature have been shown 1 limit

bial growth rates, it s believed ere wil produce similar

resuls. Top-down pressure from grazers is expected to limit microbial abundunces, but

ot growih rtes

om-up regulation:

Bottom-up forces such as temperature and nutrient availbility play

nportant roles in

shaping microbial communities and. the

activiies. As a o

nal ule, bacterial

populition growth rtes are temperature-dependant and temperature has a greater impact
on microbial ativty in resource-limited environments (Pomeroy et al. 1995; Felip e al.
1996). At low temperatures, prokaryotic cells allocate proportionally more cellular

enrgy and resources 10 biomass production, and thercfore have reater gross growth



effciencies (GGEs) than cells in warmer waters (Chrstian & Weibe 1974; Rivkin e al.

1996). 1t should not be surprising then that bacterial cels are generaly larger in cold

ather than warm water environments (Chrzanowski ef al. 1988; Hagstrom ef al 1988;
Wiche ef al1992). These compensatory iteractions that occur at low temperatures

charactristic of the Labrador Sea (-1 10 5°C) can result n significant carbon flux from

microbilto metazoan trophic leels (Riskin e al. 1996). Currntl, our undersanding
of temperature cffects on prokaryotc community function s sill incomplce, s
fundamental questions remain. concering the relationship between temperaure
dependency of buceial growth and prokaryotc community sircture under diffrent

For thi

examines the temperature dependency of prokaryotic specific growth rates, whether this

temperature dependency changes. scasonaly, and whether the reltionship between

Concentration radients of dissolved organic carbon and inorganic nutrients are another

feare of plagic envionments importan 1o microbil communities (Alonso &
Perther 2006). Scasanal varation i nient availaily i thought o ransintly i
or encoursge ativiy and growth of popultions of the hetroropic. picopankion
(Corell & Kirchman 20005; Kuosa & Kaarckallio 2006) whil intr-tasonomic
varaion in substat uptake and ncorporaton raes may explain the cocxisence of
diverse microbial communitie i oligotropic habitats (Alonso & Pernthaler 2006). 1t

has also been proposed that heterotrophic picoplankion enter a dormant/starvation phase



when mutient limiation resuls i unfavorsble condions. forcelular actvies
(Stvenson 1978; Roszak & Colwell 1987).

The rescrch conducted as part of this hess examined the spcific growh rtes of
heerorophic marine prokaryotes under in i and DOC/N-enriched condiions across
o sats and temporal scles. As physiocherical conditons change n the Northwest
Alatic both scasonally and spatlly, it is expected that prokaryotic communitis of
diffrent functionalties will be observed.  Relative populaton abundances were also

the

response of oligotrophic and eutrophic populations to spatially- and temporally-variant
environmental forcings. Changes in community structure are thought 10 represent @
Succession of community members, while relatively statie commurity structures may

indicate metabolic plastcity of the microbial flora under study.

Loss Processes:
Bottom-up factors such as temperature and substrate availabilty regulate microbial

communi

. but it is importan to recognize that these communiies do not

function in isolation from other  biological compo

s of the environment, Viral

abundance is known to play a key role in structuring microbial communities and is an

ortant I 0 enecker et al. 2010)

While top-down regulatory factors (Pace & Cole 1994) can be considered to start at any

trophic evel,this study's

have on bactrioplankion community structure and fr




Top-down regulation by grazers can mainain bacterioplankion. sbundances. below
camying capaity (L e . 2001). resuling i a subsiantial frction of bcteil biomass
g transfered to highe trohic leves (Sherr e . 1987; Perhaer & Amann 2005).
However,grzing mortality does not simply regulte bocteril biomass, but can actas &

Selective removal process that diectly sructures bacterial communities (Gongzdlez et al

1990) while actally avgmenting nutrient pools for the ungrazed members of the
microbial assembly (Sher et al 1988; Weisse & Scheflel-Mascr 1991 Glibert 1998).
Predation then, s beleved 1o b another principal biological process that balances
microbial production in marine environments (Azam et al. 1983; Shere et al. 1987;

Fuhrman & Noble 1995), though the extent to which grazing pressure andor nutrint

temperature (Glibert 1998) and the community structure that these forcings are acting.

upon.

o investgate community-wide and group-specific effects of top-down and bottom-up

regulatory factors, acute though environmentlly-relevant temperature-shifl incubations

were performed at 7 stations located throughout the Labrador §

change-relevant (IPCC 2001) temperature-shit and nutrient-manipulation experiments.

were completed ‘entre in Logy Bay. .
feveal the importance of temperature, O/N limitation, and grazing pressure as

environmental forcings on microbial community structure and function.




23 Bacterioplankion Populations.

“The ma e 2.
large spatia scales (Giovannoni & Stingl 2005), whil populaions within clades are
Known o vary i disribtion and sbundance over small spatia scales (Suzuki ef
2001) However, while biogeograpical paterns of boh high and low-leve groupings
have b observed and studid,th wnderying mechanisms drivig these relaionships

remain undefined (Kirchman ef al. 2005). This study chose a Gleasonian perspective to

westigate environmental forcings on discrete microbial populations and their ecological
functions.  For this purpose, members of the Archaea and Eubacteria were selected for
study as they represent a large proportion of the marine surface water prokaryotic

000b). As yet, information regarding

the metabolic function of specific bacterial populations in natural assemblages

(Boschker et al. 1998),



i
i

-— T = T .
Figure 2.1: Phylogeny of the major plankionic clades. From Giovamoni & Stngl
2005

23,1 Prokaryotic Groups Studi
Proteobacteria
The proteobacteria form a large, paraphyletic phylum of Eubacteria classified into five

subdivisions (a—e), and while all proteobaceria are Gramnegative, they otherise

represent a diverse range of metabolic functons and ecological roes (Gupta 2000). Two

diverse and widely~disteibuted subdivsions —- and 3-proteobacteria—were selected for

this swdy.

a-proteobacteria

The a-proteobacteria subdivision is charseteized by a wide array of morphological and

metabolic types, including phototrophs, chemalithotrophs and chemoorganotro



with other marine bactera, classification of wproteobacteria is bascd solely on 165

ibosomal DNA sequence, a5 no known biochemical or molecular feature can di

inguish

them from other groups (Gupta 2005).

F-proteobacteria

Members

of the -protcobacteria subdivision have been detected in the Atantic and
Pacific oceans from both coastal and open occan habitats (Suzuki & Del.ong 2002),

Where they have been shown to consitute up to 30% of picoplanktonic cells in marine

& Kirchman 20000). Desp Feultvable marine bacteria

belonging to this subdivision,ltle is known concerning the ccological roles played by 1-

proteobacteria in marine systems. - However, y-proteobacteria have been identified as
copiotrophs that are adapted 1o high nutrent concentrations (Gldckner et al. 1999);

not yet explained

environments (Cartrel & Kirchman 20000). Bacteria of the as yet unculivated SARS6

cluster are a widely distributed and globally abundant population belonging o the 1~

proteobcteria subdivision. As with the Roseobacter of the a-proichacteria, several -
proteobacteria. populations, including SARSS, have been idenified as important

assimilators of DMSP (Malmstrom et a. 2004; Vil ef al. 2004).




Table 21: A

well as Crenarchacota and Furyarchacota.

~ Alpha- Gamma- Euryarchacota Crenarchacota
Count n=82 n=163 n=40 n=8§
Tange | W 5 o
Sae [SEI| SR | G
e s Comprehensive

Microbial Resource! and lists compiled by Fogel efal. 1999 and Islas t al 2004. Note
that genome sizesare reported as mean + o in ilobase pirs.

Archaca

Archaca, one of the three domains of ife, comprise an abundant and well-studied

heerotrophic picoplankion group that may represent 30% of prokaryotc cells in marine

etal 2002). The the

Crenarchacota and Euryarcheaota that show  differential vertical and seasonal
distibutions in the water column (Dolan 2005; Pernthaler & Amann 2005).  Current

evidence suggests that the Archaca are involved in Necycling (Cabello er al 2004),

Various methods exist that allow for the identification of different microbial taxa from

2005). The methods of

g g3 CMR shars Gsnomss s somplt_nly=1.



on Fluorescent In Situ Hybridization (FISH), a semi-quantitaive eytogenet

echnique.
FISH cmploys olgo- or polyncleotide-based probes itended o be spesfic o targeted
cells Giovamnori et al. 1988; DeLon et al 1989; Amann et al. 1990; Amann i al
1995; Pemthaler e . 2004), and can be used o complement o in plac of, marine
bacerial 165 DNA clone librrie or other commnity sructure metrics (Pernialer &
Amann 2005). Using FISH withepiluoescence microscopy (Hobbie ¢t al. 1977; Portr
& Feig 1980, rlative abundances of targeed clls can be caleulaid by comparig the

number.

using @ geneal stain such as DAPL The FISH technique is generally used by marine
ccologists o deseribe commanity srcture (Courell & Kirchman 20008) and detct
Scasonal varistion in community strctre (Burkert e . 2005; Mary et l. 2006), while
nested probe et allow hierrchica stics that can detct iche-partioning witin
sroups (Fikrs e . 200; Beardsley e al. 2005; Massana & Jirgens 2009, Studies
cmploying FISH have also shown spaial vaiation in subgroups of he protcobacera
(Glockner et al. 1999), regulation of bacteral communiy strcture by protisan and
metazoan grazing presure (Simck et al 1997; Jngens et al. 1999a; Langenheder &
Jugens 2001; Simek et al. 2001, community ransiions in aquaic environments
(Bousicr & del Giorgio 2002 del Giorgi & Bouvier 2002 Kirchman e al. 204), and
hat 165 (DNA clone librres can fuil 1o deteet imporint members of microbia
assemblages by misrepresenting population abundances (Cotuell & Kirchman 20005

ilers et al. 2001 Pernthaler & Amann 2005).



FISH is not without is T

itations. Inadequate fluorescence intensty is one critical

shortcoming of mono-labeled oligonucleotide-based FISH. When cells are small and

is low—as i the case ctei fom atural
water samples (Morita 1997 Fegatlla r . 199%; Pemthaler e al. 20020)—<ell
detecion and populaton cnumeraton may vary it the physiologcal siatus of cach
individus cll (Permthaler & Amann 2005). An imporant consequence of i fling is
hatinhernly show-grovwing andor smal el (such as marine mermbers of the SARBS

clade) will not be detected with the same efficiency, thus biasing community structure

estimates (Pernthale er al. 2002b).  Another limitation of the FISH technique is the

prevalence o false posiives that result from non-specific binding of probe molecules to
non-targetcells and microscopic debrs. In environmental samples it is often impossible
1o enumerate populatons that comprise less than 10% of the total sample because of

false-positives and counting errors.




Chapter 3: Spa function in the

Labrador Sea

31 Abstract:

el A et supply paterns in he World's
Oceans. - Heteroophic bacteia are important in the cycling and transformation of
organic carbon and ther growth and production are contoled by both tempersture and
ot aailbilty. To determine cnvironmentl facors that conrol bacterisldynamics
and commurity structures. temperaurehil, Dissoved Organic Mt (DOM:)

enrichment, and  grazer-exclusion experiments were conducted with - microbial

from six local i provinces in
the Labrador Sea (northwest Atantic). Cellular abundance and morphometrics were

determined from time seris samples by flow cytometry, microscopy, and image analysis

0 of mi Archaea,
w,and populations. for i st and incubated micobial
communities by standard 165 RNA-argetted FISH. The results show significant

differences within and between. provinces i microbial communitis” responses
incubarion tresments it respct o g and biomass production. Ths, limat-
diven physcal changes in the upper ocean can have spailly arisle <ffcs on
biological systems it concomitant implications for the biogeochemical cycling of

carban.



32 Introduction:

Thesis: As marine bacera are important bicloical components of the biogeochenical
cyeling of carbon through the World Ocean, and thee exists regional variaton in the
bottom-up and top-down controls of bactrial communtis, significant geographic
paterns in the functional and seuctural response of microbial commarities may arise in

response o increased temperature and nutient availability.

The World Ocean plays a eritical role i the carbon eycle and is a global sink of the
climate-actve gases (.. COy) (Sarmiento 1993; Ducklow & Field 2000). The oceans’
abilty 10 sequester CO; is determined by both physical and biological processes and

when taken together, these. biogeochemical processes provide important two-way

coupling

processes have been documented (0 respond to short-term climatic anomalies such as I

Nino and the Aretc Oscilaton, it is unknown how biological feedback mechanisms will

function long-term in a warming World Ocean (Solomon 2007).  Curtently, the marine

carbon exele is functioning to miigate COxinduced climate change, but wil ths always

besa?

Marine heteroteophic bacteria consitute an abundant and active plankionic group whose
Study is of paramount importance in determining the future biological uptake and release.

of COx by the World Ocean. These hetertrophic bactera consume and degrade

pool of



lobal scale the export and sequestration of biogenic carbon in the marine environment

(Azam 1998; Williams 2000; Pearce efal. 2007)

The metabolic activity and phylogenctic. composition of marine bacterioplankton

). a5 well as top-

down (. grazing) control (Shiah & Ducklow 1994; Suzuki 199; Cottrell & Kirchman

20008). These biological and physical regulatory fuctors vary across spatial scales, and.

o stinc egions o he
World Ocean. - Biogeochenical provinces (BGCPS) are spatial paritons of diffrent
accanic ccoloical regions bused upon the depihs of the maticline and the subsuface
chlorophyl profile (Longhurst 1998).  Variaion between BGCPs in the siructure and

1

fon of microbial communitis leads to regionally distinet paterns i carbon cy:

which have important eedbacks on climate.

“The Labrador Sea (geographic centre: 60°00' N, S5°00° W) s situated between Labrador
and Greenland, and contains three BGCPs: the Boreal Polar (BPLR), Atlantic Arctic

(ARCT), and Northwest Atantic Shelves (NWCS) provinces.  Current climate change

between 1.1 and 6.4°C p 2100,

as well as more rainfal and associated terrestrial run-ofT in pola

gions (IPCC 2007).

These climate changes will create warmer. in, and more nutrient replete surface:

waters across the Labrador Sea; conditions whose impact on the two-way coupling

unders



TR

“This study investigated the sirctural and functional responses of microbial communities

from contrasting regions within Labrador Sea to proxy conditions for climate change

using incubation experiments. Changes in microbial abundance and cell morphometrics

e used 1o track changes in bacterial carbon use, while standard 165 rRNA flurescent

in situ hybridization (FISH) was employed 1o detect changes in the phylogenetic

performed with
razer-reduced seawater cultures (MSW) designed 1o reveal the intinsic. microbial

response o tratments independent of grazer contrl.

33 Materials and Methods:

330 Protocols and chemical recipes

331 Seawater sampling

E from May 25 to Junc 3,

three biogeochemical provinces across the Labrador Sea (see Table 3.2 for detals).
‘These samples were obtained from depths of Sm or less by a Seabird CTD with a 24

bottle rosete (General Oceanics) aboard the CCGS Hudson and were sored for ess than

2hin opaque 25 L pr
and saliity were measured by a CTD-mounted Deep fuorometer and Autosal
salinometer respectively.  Nitrate, phosphate and. slicate concentration data. were

provided by other members of the Labrador Sea Expeition.



332 Incubation treatments

Four dilution treatments of 1 part 1.0 jm-fillered 10 4 parts 0.2 pm-fllered seawater
(MSW) were prepared for all 6 stations sumpled. The tratments consisted of a non-
‘manipulated control (MSW), @ temperature-shit incubated at n situ 45.0°C (MSW+T),

DOM-enriched incubations with +10 uM  glutamate oy

x in situ concentrations
(MSWHO), and o combined temperatureshift and DON-<nriched treatment
(MSWHCHT). An adiional 1.0 - fiered scawater (RAW) tcament was incuboted
for 3 ofthe 6 statons. Each rcatment was performed i triplicat i 1 1. poycarbonate
ol and incubted i the dark for 96 hours. - Incubations took place in cthr water
baths below deck or a flowthrough scavater bth on deck that was covered with

neutral-density filler 1o reduce incident lluminion.

Marine viruses can i abundance and &

Sutle 1999). Fach incubation treatment was performed in triplcate to control for viral

impacts between replicates. Morality processes are known to vary between ccosysiems

of different rophic state, however this work did not seck to measure if viral losses varied

between treatments or sampling sites.

333 Bacterial growth and biovolume
Samples of 10mL were collected from individual botles afler vigorous. shaking

mediately prior 1o (1-0) and every 24 hours unil the end of the incubation period

(96). » it 2% [volivol].

for determination of cell titer by Acidine Orange direct counts (Hobbic, 1977). These.




samples were also used to measure biovolume by epifluorescent microscopy and image
analysis with Image Pro Plus v.62 software (Media Cybemetics, Bethesda, MD).

Estimates of bacteral biomass were derived from biovolume measurements (image

analysis) multiplid by a carbon conversion equation (. C

R M) data

were provided by Dr. W. Li of the Bedford Institute of Occanography. /n sifu bacteral

growth rates were derived from estimates of bacteial production, by conversion of the

radioisotope uptake rtes o cell carbon production assuming 3 kg carbon per mol leucine

incorporated (Kirchman er al. 1982). FCM data was used in conjunction with Acridine.

Cyanobacteria are impossible to distinguish from heterotrophic bacteria when using.

Acridine Orange dircet counts. 1 is expected that their presence led to a reltively small

and consistent overestimation of heterotrophic cell abundances in in st samples,

per i m impac

on community dynamics.

33.4 Bacterial community structure

Bacteral community structure for in st and incubation samples was measured using

‘modificaton of the classical Fluorescent In Situ Hybridization (FISH) protocol from
Glockner er al, (1996). A hierarchical suite of eight 165 rRNA-argeted probes (7

targeted and 1 nonsense control) was employed as per Table 3.1 (Mobix). These.



oligonucleotide probes were all lbelled with indocarbocy:

ine (Cy3) for fluorescent

detection of targeted cells.

Table3.1:

Target Name 53" Sequence

ARCHSIS | GTG CIC CCC CGC CAR T1C €T

Eubacteria EUB3 | GCT GCC 1CC CGT AGE AGT

‘a-proteobacieria | ALF968 | GGT ARG GIT CGT CGC GIT

SART clusier | SARTIT | TAC AGT CAT TTT CTT CCC CGA C

Roseobacteria | ROSS37 | CAA CGC TAA CCC CCT CC

Y-proteobacieria | GAMAZa | GCC TIC CCh CAT CGT T1

SARRG clusier | SARBG-1249 | GGC TTA GGG TCC GTC 16
NA NON33 | ACT CCT ACG GGA GGC AGC

individual e

shaking o 50 ml. falcon tbes at the start (1=0) and finsh (1=96) of the incubation

period. § mL of ST

fix for 2 hours, after which they were filered onto 0.2 um polycarbonate membrane

a P ipore APIS04700).
Filers were then washed with 50 mL of strile phosphate buffered saline (PBS) and

allowed to air-dry in individual serile pets dishes. Dried fiters were stored at 20 °C

i analysis,



Fillers were thawed at room temperature while the hybridization buffer was prepared.
Hybridization soluion was prepared by adding 6 L (50 ng/uL) of probe 1o 48 L. of

Fillers were cut o were placed on

microscope slides to which 20 L. of hybridization solution was added.  Slides were
placed in hybridization chambers with 1 mL of hybridization buer (0 csure a humid
amosphere and incubated in the dark for two hours at 46C. Washing buffer was

prepared during this incubation and warmed 1o 46°C. Afler two hous, fller sections

were incubsted in washing buflr for 15 minues a 46°C and then dried at room
{empersture. Filtr sctons wer then conterstained with 0 L. of DAPI (1 /) for
1 minute on e, washed vith 1 L. of MIlQ water and e-dicd over absorbent paper.
Dricd i pieces were mounted on glass slides i Ciiflor #1, a glycerol medium
(Ciflor 144, Canterbury, UK),  Slides were stored a1 -20°C ovemight before

microscopic analysis.

Epifluorescent microscopy
FISH fillers were observed with a 100 1.30 il abjective lens (total magnification

1250X) on an Olympus BH-2 epifluorescent microscope, using Cy3 (41007-HQ) and

-diamidino-2-phenylindole (DAPI) UG-1 filtes. - Since DAPI fluorescence perssts
longer than Cy3 Muorescence (Pemthaler ef al. 2001), counts of hybridized cells were

mum of 500

complted before tota cell enumeration for cach feld of view. Either a
hybridized cels, or st least 1000 DAPI-positiv cells were counted for each sample as per

Pemihaler er al. (1998). Counts were completed for Archaca, Fubacteria. a- and v-




bacteria, as well as i probe for all Counts

of SARI1, Roseobacter, and SARSS were completed for a subset of analyzed samples.

Relative abundances of hybridized cells were determined by dividing the

33 counts by

These
and non-specific binding by subtracting count values from the NON338 negative control

probe.



34 Results

341 Biogeochemical province designations.

“The si stations sampled across the Labrador Sca are mapped with their LSE ID numbers

gure 3.1, Since BGCP boundaries are complex and seasonally variable, post hoc

analysis was performed to deter

if the stations’ BGCP designations were correct.

Table 3, Table

3.3 shows that the statistical inspection of e facto biogeochemical province designations
for the 6 experimental stations was significant with respect 10 ocean chemistry and

biology.
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Table 33:

stations for selected biological and chemical properties

Property Significance
| Bacterial abundance = 0005, F27=7.56
Cell carbon B
| Microbial biomass |

Specific Growth Rate

[P~ 0738, oy~ 031

Chiorophyll a = 0040, Fs = 1141
Phacophytin P 0024, Fy = 1654
Salinity 0012, Fry - 2685

Nirate

= 0066, Frs = 768



342 I st community structure and function

Significant differences in microbial abundance, cell carbon and biomass.between

sampling sites are illustraed in Figure 3.2. Spatial variation in microbial communitcs*

abiltes to incorporate available DOM s illusrated in Figure 3.3. These heterogencous

distibution pattems ofcellular morphometrics and incorporation rates  point o
brador

Sea.However, when DOM incorporation rates are considered with the carbon

s seen that these communities

requirements required for cell growth in Figure 3.4,
exhibit more similar growth rates. This homogeneity of in situ growth rates across

biogeochemical provinces in the Labrador Sea demonsirates that there are important

communites,

Comparison of it commnity strcturs shown n Figure 3.5 produced o sgnificant
Jik between o within BGCPs. Howerer, i st tmperatue may play an imporiant o
in determining poputon abundances of Eubacteril and Archacal cells Temperature
eltonshis betwen the Crenarchaco and Furyarchacots may exlan tis result for

ARCH91S-positive cells. However, when the EUB33S resultis considered, temperature

appears to »

population enumeration can vary with the physiological staus of cach cell (Pernthaler &

Amann 2005), e of temp

be more active populations $

straight quantifcation of populations. Further analys

of in situ community siructures



showed a positive connection between chl. a concentrations and a-proteobacteria

This

result matches point 0 a significant ecological members

of the a-proteobacteria and phytoplankion (Gonzalez e al. 2000),
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Figure 3.2: A comparison of in it hetrotrophic bacteial abundance (A), cell
carbon (B), and biomas (€) from Labrador Sea satons. Bactral abundance was
detenmind from Actidine Orange direet counts. Cll carbon was cstimated from cell
volumes detemined by Image Analysis.  Biomass was caleulated as the product of
baceral abundance and average cel carbon. Eror bars delmit the upper symmetical
95% confidence limit of; (A) counts amon repicte fixed samples (1=3) and (B)
messurcments of individal cells (n >1000) and (C) the propagated uncorelted

uncertainty from the multpliation of two uncertain quantiis.

Within the Labrador Sea, there was significant variation between biogeochemical

provinces in bacterial abundance (p = 0.005 56).cell carbon (p = 0.024,
487), and b 0,003, F2 5= 10.13). i the NWCS biogeaoche
provi i 001, Fy = 257.34)

and b

mss p = 0004, Fis = 3675, but not abundance. Within the ARCT
biogeochemical province, stations were not significantly different with respect 1 any of

these three measures.



gcL'd’

Bacterial Production:

324 1325 40 a4 Le0s 1301
LSE Station ID

Figure 3.3: In situ Bacterial Production (ug C L a") for all experi stations
i the Labrador Sea. Production estimates for "C Leucine incorporation assays assume
3 ke/mol Leu incorporsted. The stations are coded by biogeochemical province: black,
shaded. and white for the Arctic Shelves (ARCT), Boreal Polar (BPLR), and Northwest
Atantic Shelves (NWCS) provinees

spectively.  Eror bars represent the propagated

uncorrelaed uncertainy from the multiplication of two uncertain quantiie.



day
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n situ growth (

: I situ growth (1) d for al experimental stations in the Labrador Sea.

Growth nte esimates wilize bacterial production estimates from 'C. Leucine

/ol Leu incorporated and cell carbon estimates

from cell volumes determined by Image Analysis. The sttions are coded by

Shelves (ARCT),

cochemical province: black, shaded. and white for the

Borcal Polar (BPLR), and Northwest Atlantic Shelves (NWCS) provinces respectively

Error bars delimit the upper symmetrical 95% confidence limit of counts among replicate

rcatment bottls (n-3)



I st growth rats were significantly different betwes

sations (p < 0.001, Fy 7 =

34.62), but not within the ARCT province (p = 0201, Fa =2.




ARCHO1S,
ALF968
GAM42a

M Unknown
EUB33:




s i i abrador

Sea. Each circle represents the sum of the Archacal and Eubacterial probe sets”

Hybridization Efficiencies: the ARCHOIS, ALF968, and

GAMA2s wedges are the

proportons reative to

sum.  The remainder is the proportion of EUB33$-positive:

cells that are neither ALF968- nor

GAMA2apositve.  Pie size is scaled relative 1o the

microbial biomass (range 1.5-3.3 g C/L)

Bacterioplankion communities sampled showed significant differences in phylogenetic

composition on spatal scales.  Between BGCPs, there were significant differences in

propor ARCHO1S- and AL P =

979 and p < 0.001, Fyr

7.22). Within the ARCT provinee, there are also signl

ant

differences for both ARCH91S- and ALF968-positive cells (p = 0003, Fys = 18.50; and p

0032, Fay = 646). Temperature is significant in explaining variation in HR for

EUB338 and ARCHO1S between stations (p = 0.037,

61 <0001, Frp = 13.72

respectively), Concentration of chl. & was significant in explaining variation in HR for

Temperature-shift experiments showed significant spatial variaion on the impact of

bact

oplankton community function (Figure 3.6), however BGCP designation was not

significan in explaining varit

i of most parameters. DOM-<

hment experiments

re 3.7) demonstrated spatial variaility of the limitation of bacterial abundance, cell




size, and tota biomass by available DOM concentrations among BGCPs in the Labrador
Sea. Figure 3.8 shows that communiies exhibit 4 broad range of biomass production

relieved of both temperature- and DO

imitation, however this variation is not

explained by measured physiochemical parameters, BGCP categories, microbial cellular

morphometics, or i ity community strctures.  Collectively, these fgures present
Significan iffrence in the way existen microbil commurites respond o local
coviroumental forings.  Tempersture fimitaion of microbialfuncion s not
homogencous across the Labrador Sea, thus @ system-wide warming as predicied by
IPCC clinate change models may not be accuracly calulated using cument
biogeochemical provines theory.  DOMimitation of microbial function also shows

spatial variaion, however climate change will have a spataly variable effect on DOM

Jput rats in the Labrador Sea through increased terigencous inputs and seasonal melt

eyeles. Thus,

Incubaton cxperments of whole seawater (RAW) and. grzer-exluded. modified
scavater (MSW) show achived (1) and intinsic (1) growth rte etimats from which
razing rtesare inferred (Table 3.4, Microbial communites sampled n the Labrador
Sea showed significant spatal varation in the importance of grazing s loss proces,

while relatively homogeneous achieved bacterial growth rates measurcd at all stations
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Figure 3.6: A comparison of heterotrophic bacterial abundance (A), cell carbon (B),

and biomass (C) at the end of temperature-shifted incubations from Labrador Sea

stations. Bacterial abundance was determined from. i cell
carbon was estimated from cell volumes determined by Image Analysis. Biomass was

caleulated as the product of bacterial abundance and average cell carbon.  Error bars

delimit the upper sy 3 replcate fixed

samples (n-3) and (B) measurements of individual cells (n >1000); and (C) the

There was no significant difference between biogeochemical provinces with respect (o

bacterial sbundance or biomass achieved at the end of temperature-shified incubations,

however differences i cell carbon were sigificant (p = 0027, F27 = 4.63). Within the

ARCT province, there was sigrificant variation between stations in: hacterial abundance

(p= 0001, Fys=25.5),.  Fag = 5.56), <0001, Fay =

828,69, As wel,witin the NWS provine,there was significant varition in biomass
between saions (p = 0,001, i = 97.39). Sinifcan spatial variton n growih ats
(1) increase i biomass between MSW controls and MSWT temperatur shifid
experiments was presen among BGCPs (p < 0001, Foy7 = 17,48 p < 0001, Fsyo =
1329 as well a5 within the ARCT provine (p = 0001, Fay = 3249: p < 001, Fzy

46.86)
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Figure 3.7 A comparison of hterotrophic bacerial abundance (A),cll crban (),
and biomass (€) at the end of DOM-cariched incubations from Labrador Sea
statons. Bacteial sbundance was detcrmined from Acridine Orange dicet couns, Cell
carbon was estimated from cell volumes determined by Image Anaysis. Biomass was

calculated as the product of bacteral abundance and average cell carbon. Error bars

delimit the uppe confidence replicate fixed

samples

and (B) measurements of individual cells (n >1000); and (C) the

Within the Labrador Sea, there was significant variaion between biogeochemical

provinces n: bacteril abundance (p = 0.017,

40), cel carbon (p < 0,001, F,

64.86), and biomass (p = 0.044,

7 3.89) achieved during DOM-+

hed incubations.
Wilhin the ARCT provine,there was signifcant vaiaion hetween sations in: baceria
abundance (p < 0.001, Fag = 74.95) and biomass (p < 0001, P = 1528.3), but not cell
cabon. Withinthe NWCS provine, there ws significant varaton n biomass between
sutions (= 0,011, Fy = 20.03). Varation in growth rates (1) and ncrcase in bomass

between MSW controls and MSW+C DOM-cnriched experiments was significantly

different across BGCPs (p < 0.001, Fsy; = 170.06; p = 0,006, Foyy = 5.92). Variation in

the ARCT p ® s

©121.72:p = 0816; Fay =021),
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Figure 38: A tal abund il carbon (B)

Labrador Sea st

s, Bacteral abundance was determined from Acidine Orange.

direct counts. Cell carbon was estimated from cell volumes determined by Image.

Analysis. e prods
carbon. Error bars delmit the upper symmetrical 95% confidence limit of: (A) counts

ticae fixed samples 3

and (€) from ication of two uncertain

quantiis.

There was a significant difference between provinces with respect o bacterial abundance
(9= 0.045, Fa = 3.83), but not cell carbon o biomass achieved during temperature-

shifted, DOM-enriched incubations. Bacterial abundance (p < 0.001, Fy = 100.35), cell

»  Fay = 523 , Fag = 125 ien

14.54) and biomass (p = 0.047, Fys = 8.01) were significantly different between the two

NWES stations sampled.  Variation in bactrial abundance and biomass at the end of

incubation experiments showed significant differences between sampling location (p <
0,001, Fyyy = 1218 p < 0.001, Fyyy = 475.98),incubation trstment (p < 0001, Fy, =

99.91; p < 0001, Fy5, = 349.28), and an interaction term between the two is observed (p

<0001, Fiip 50 respectively). This result means that the

3282 p<0.001, Figy =2

eterotrophic. bacteral response 1o treatment conditions was. dependent on loc




sampled. No other physiochemical or biological variables measured showed these broad
significant trends, so the ecological basis for this intraction term remains unknown.

Variation in community structures deteetable only at a great resolution of analysis may

Table 3.4: Sps in

experiments conducted with Labrador Sea surface waters a3 determined by

Acridine Orange direct counts.
[ Temperature | RAW growth (1) | MSW growth () | Grazing rate
L34 (42612 005650064 [ 0.064%0012 0008 % 0.065
L3285 (405 1L0°C | 001840088 | 0,016+ 0075 5002 0116
L4905 [SOET0C 009240045 023540037 01435 0058

Achicved bacterial growth ates (4) for RAW treatments were ot significanty different

between the ARCT and NWCS provinces (p = 0.164, Ty = 1.58), however grazing rates

did vary significantly between the two provinces (p = 0.021, T = 3.31)

344 Community dynamics within a biogeochemical provinee

hemical similarites between st

The strong phsi sampled in the ARCT province

nunties’ functiona

(see Table 3.2) belid the varation in microbial responses (o

increased temperature and DOM.  Likewise, phytoplankton communities  wi

biogeochemical provinces showed remarkable homogeneity in ther response to seasonal

environmental changes, such as the bloom initation that folows sainity-driven watee



‘column statification in the ARCT province in April and carly May (Longhurst 1998).
Figure 3.9 illustrates intra-biogeochemical province variation in both temperature- and

DOM-imitation of microbial biomass.

Figures 3,10 to 3.12 below depict incubation treamentinduced commurity siucture
chunges forcach ARCT staton. Within the ARCT province, the three sampled siatons
showed varible responses 1o incubation condion i terms of reatve popultion
abundance. One of thee stations showed a inreas in GAMA2xpositive cels s the
only significant detecable community siructure response o the removal of grazing
pressure. Both the increasd temperature and the enriched DOM experiments shovwed
significant changes n the ALF968-positie cels at two sations, and GAMH2s posive

cells a the third

Figures 3.13 and 3.14 show a significant connection between whole community and
poplation-specific growth rates. In bath cases, the increase of ALF96S-posiive cells

an relative 10 total increase of biomass. This is evidence for o structure-

n these experiments.
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re 3.9: Biomass change during incubations from the Arctic Shelves (ARCT)

province. The dark and shaded bars represent the difference in biomass (ug C/L) from

MSW controls for Temperature-shified (MSW+T) and DOM-enriched (MSWHC)

incubations respectvely.  Biomass was caleulated as the product of bacterial abundan

and average cell carbon. Cell carbon was estimated from cell volumes determined by

Image Analysis. Error bars delimit the upper symmetrical 95% confidence it of counts

among replicate treatment botles (n<3).



Increase in biomass production by bacerioplankion communities in the ARCT provinee
o temperature and DOM-crrichment manipulations was significantly different among

stations (p < 0.001, Fay = 171.27; p < 0.001, Fox

44 respectively). Biomass
limitation by temperature was similar at sations 1324 and 13-25, however there was

fcant difference in DOM limitation tlomase betwoen these fwo

communi







ubation treatments

Figure 3.10: Community structure changes in response «

from 1324, Fach cicle represents the sum of the Archacal and Eubacteial probe sets”

Hybridization Efficiencies: the ARCH91S, ALF96S, and GAMA2a wedges are the

proportons reative to this sum. The remainder s the proportion of EUB338-positive:

cells that are neither ALF968- nor GAM42a-positive. The circle on the lefl shows the

inital MSW 9%

ours atthe specifed treatment conditions.

For the MSW treatment, there was 4 significant decrease in community proportion

between t=0 and 1-96 of GAMA2a-positive cells (p = 0.045, T = 4.54). For the DOM-

 there prop pe

control for ALF968-, s well as a concomitant increase in proprton of

= 0.004, T, =15.27; and p = 0.013, Ty = 8.59). For
temperature-shifted treatment, there was a significant increase in GAMA42a-positive cells

relative to MSW =96 conirols (p = 0.012, T = 9.13). For the combined DOM-enriched,

temperature-shited treatment, there was also a significant increase in community

proportion between 10 and 1-96 for GAMA2a-positive calls relaive to MSW

controls (p = 0.011, Ty = 9.34).






Figure 3.11: Community structure changes in response (o incubation treatments

from L3-25, Fach

el represents the sum of the Archacal and Eubacteral probe sets”
Hybridization Efficiencies; the ARCH91S, ALF968, and GAMA2a wedges are the
proportions reltive to this sum. The remainder is the proportion of EUB338-positive

cells that are

\er ALF968- nor GAMA2a-positive. The circle on the lefl shows the

inital MSW the right

hours at the specifid treatment conditions.

For the MSW reatment, there were no significant differences in community proportion

with respect to MSW.

controls for any probe-positive cells. For the DOM-enriched
reatment,there was a significant increase in the community proportion with respect fo

the MSW =96 control for ALF968-, s well s a concomitant decrease in the propo

of unidentified EUB338-positive cells (p = 0.007, T, = 11.96; and p.

016, T = 7.56),

For temperature-shifled treatmen, there was 4 significant decrease in community

proportion with espect 0 the MSW =96 control for ALF968-, as well s an i

the proportion of EUB338-positive cells (p = 0.008, Ty = 10

and p = 000, Ty =

14.79). " For the combined DOM-enriched, temperature-shified treatment, there was

ant increase in community proportion between 1-0 and 1-96 for both ALF968-

and GAMA2a-positive cells (p = 0.009, T4 = 10.61: p = 0.008, Ty = 13.90).






Figure 3.12: Community structure changes in respons o incubaton treatments
from L4-10, Eac circle repesents the sum of the Archacal and Eubaceral probe sts”
Hybridizaton Ffficencics: the ARCH91S, ALFOGS, and GAMA2a wedges are the
proportons reltive to this sum. The remainde i the proporion of EUB33#-posiive

cells that are neither ALF968- nor GAMA2a-postive. The circle on the let shows the

inital MSW

hours at the specifed treatment conditions

For the MSW treatment, there were no sgnificant differences in community propartion
with respect to MSW 1-0 controls for any probe-pasitive cells. For the DOM-enriched
reatment, there was a significant decrease in community proportion with respect o the

MSW 106 control for GAMA24-, s well as  concomitant increase in the proportion of

EUB338-positive cells (p = 0.005, Ty = 1351; and p = 0007, Ty

221).  For
temperature-shifted treatment,there was  significant incrcase in community proportion

with respect 10 the MSW =06 control for ALF968-pasitive cells (p = 0.019, Ty = 7.08).

For the combined DOM-enriched, temperature-shified teatment, there was a significant
decrease in community proportion with respect 1o the MSW =96 control for GAM42a- as
well s an inerease in the proportion of EUB338-pasitive cels (p = 0.016, T4 = 769 and.

= 0013, T, =877,
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Figure 3.13: A comparison of growth rates for the whole community and

Whole community

bacteria in ARCT province
rowth rates were caleulated from the change in biomass from i siu over the 96-hour

rowih rates were estimated from the hybridization ratios

incubations. a-proteobacteria

of the ALIF968 probe at -0 and 1-96 with the change in bactrial sbundance determined

by Acridine Orange direet couns.

Variation in a-proteobacteria growth rates was significant in explaining variation in
whole commnity growth rates between statons in the ARCT province (p < 0.001, Fyy

54429)
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Figure 314:

A«

nts. Whole community

€ DOM.

proteobacteria exper

ARCT provi
rowth rates were caleulatd from the change in biomass from in s over the 96-hour
incubations. a-proteabaceria growth rates were esimated from the hybridization ratios
of the ALF968 probe at -0 and 1=96 with the change in bacteial sbundance determined

by Acridine Orange di

Varition in a-proteobacteria growth raes was. significant in explining variation in
whole community growth rates between sations in the ARCT province (p = 0.026, Fyx
987),



35 Discussion

depict sgnificant spatial variation i microbial community function. Biogeochemical

biological systems, how

inspection of community structurs showed sig

ificant spatial variation of community
strctures both between and within biogeochemical provinces. These results suggest a
mulitude of possible community structures are able o perform similar ecological

functions under current marine physiochemical conditions.

atthe end of i pacton

bacter

I community function by grazing, temperature, and available DOM. The impact
of these environmental forcings on the microbial community structures was also.

measured. This analysis showed no significant trends between BGCPs with respect (0

functional orstructural I

representative of larger oreas have impartant implications for future biogeochemical

eyelingin the regions.

may 4

Looking furthe into the responses of microbial communities within a speciic oceanic
region, there was no significant observed patter of community structure changes in

response 10 tested cnvironmental forcings within the ARCT biogeochemical provinee.




Given the strong physiochemical similrites of the stations sampled in the ARCT
province, these results indicae a deteministic clement where the community suctres
on which environmental frcings act affct the esulting pos-petubation phylogenctc
compositon of microbial commnitis. Analyss of population:specific rowthrates did
Show sgnificant varition of ALF96S-positive celsrelative tottal community biomass
producton fo some tempersture-shifed and DOM-<nviched experments. Two scenarios
can explin this resut: 1) if comelative, the a-proteobacteria deected by ALFOGS are
‘metaboliclly repesentative ofth total microbial commnity in these systems and the
growth was observed to keep pace with community averages; or 2) if causatve, -
procobacteria detected by ALF968 show the most active inital response 10 these

Recent 2008;

Newton et al. 2010) have identified a-proteobacteria of the Roscobacter lineage as

successful ecological generaliss.  The greater niche breadih of these microbes may

ALF96

36 Conclusion

Six locations from three biogeochemical provinces in the Labrador Sea were represenied

i this study. - Climate-relevant physiochemical conditions of temperature and available

Dom for  during,
variaton in microbial community structural and functional responses was observed.
These sochastic changes in environmental forcings produced no clear satial patterns in

‘community responses, however ribosome-based populaion analyses point to community



composition s an important regulator of biomass dynamics. Chapter 4 investgates how
‘ microbial communities respond 10 temporal (seasonal) variation in the physicochemical




Chapter 4: Temporal varation of microbial communities of Logy Bay. NL in their

structural and functional responses o environmental change

41 Abstract

matter e
were conducted with microbial assemblages collected at four seasonally distinet points

from Logy Bay. Newfoundiand (northwest Atlantic) o investigate temporal varation in

the communities” functional and structural response:

‘0 environmental forcings. Cellular

abundance and morphometrics were determined from time series samples by

epifluorescence microscopy and image analysis o examiine spatial variation of microbe-

mediated carbon-flow with respect to climate change-relevant environmental factors.

i were determined

Reltive abundances of Archaca as well a the a- and y-proteo
for in situ and experimental microbial communities by standard 165 rRNA-trgetied
FISH. This study reports a seasonal ycle of community structures dominated by

unidentified Eubacteria with r

vely satc - and - protcobacteria poplations that
increas as an overall proportion o the community only during the scasonal emperature
maximum, Cell size and growth showed scasonally variabe responses 10 consistent
environmental forcings during grazer-excluded incubations, responses tha point 0 the
importance of inorganic nutient limitation i & warming ocean.  Comparison of the
importance of grazing control on mcrobial communitics a currnt and warmer predicted

femperstures suggests ccosystem-scale impacts of a wanming ocean on spring

phytoplankion bloom iniiation and DOM concentrations in the upper ocean.



42 Introduction
Thesis: Marine bacteria are. important biological componenis of the biogeochemical

eycling of carbon through the World Ocean that are subje

o temporally-variable

bottom-up and top-down controls.  Seasonal variation in the nutritional status,

temperatureimitation, and phylog

et composition of microbial communties will

force these communitis to exhibit temporally-variable stuctural and functional changes

in environmental

p for the North

Both physical and biological processes determine the function of the World Ocean in the
carbon cycle and as a global sink of CO;. Taken together, these biogeochemical
processes enable important two-way coupling between marine carbon cycling and global

climate. €O have been

shawn o respond to short-term climaic anomaics, the long-term effects of a warming.

‘World Ocean on biologi

al feedback mechanisms are unknown (Solomon 2007). Will

Marine heterotrophic bacteria constitute an abundant and active planktonic group whose.
study is of paramount importance in detcrmining the future biological uptake and release.

of €O, by the World Occan. These he

rtrophic bacteria consume and degrade

pool of
elobal scale the export and sequestation of biogenic carbon in the marine environment

(Azam 1998; Williams 2000; Pearce e al. 2007).



The activity and composition of marine microbial communi

es i subject o bottom-up

e, temp aswell

Ducklow 1994 Suzuki 1999; Conrel & Kirchman 20008). These bilogical and physical
tegulatory fictors vary acros temporal scles, and thesthir inflonee may e varying
importance at diffeent periods throughout the amnal cycle. I regions such as the
Northwest Atanic Shelves biogeochemical provinee that exbibit siong scasonal
variation in physical parametrs, significant succession in microbial communites is
observed (Pentaler e . 1998: Pinhassi & Hagsirom 2000; Keas et al 2005, Neither

the functional consequences of this structural shift nor the repercusions of nesy carbon

The study site in Logy Bay was chosen as a coastal proxy for the Northwest Atlantic

Shelves biogeochemical province and was thercfore expected fo show a scasonal

succession of microbial communit

5. However, the ecological functions of these

communi

s and whether or not they would exhibi scasonaly varigble, climate-relevant

responses to consistent enviror

ed temperature and available

DOM was unknown.

on in the st

Chapter 3 examined spatial vari

wral and functional respon

of microbial communities from Logy Bay 1o IPCC-predicted climate change-based

incubation manipulations. Experiments were performed during the seasonal temperature



maximum and minimum (August and February respectively), as well as mid-warming

(May) and mid-cooling (November) periods during the annual cycle. Variation of

acerial abundance and cell morphometries were used 1o track changes in microbial
carbon use, while sandard 165 RNA fluorescent in sita hybridizaton (FISH) was
cmployed 1o detect changes in the. phylogenctic compiton in the microbial
communites. Incubation experments were performed with grazerreduced. seawater
cultres (MSW) designed 1o reveal the intinsic microbial response 1o treatments
independent of grazer control. Boton-up conrol on microbial communiies was
quaniiiod with paired whole scawater (RAW) and grazer-reduced (MSW) trcaments

Neither viral loads nor rates of viral lysis were quant

L however incubation

experiments did not appear to show  significant viral impact on the results presented

here

43 Materials and Methods

43,0 Protocols and chemical recipes

» in Appendi 1
430 Scawater sampling

four Logy Bay, NLat 5
deph 2hin opaque 251
Sciences Centre before processing.
432 Incubation reatments
6Lsca ar i

200 jum screen and Gelman capsule (0.2 m) added to 1 L of | um-flered SW 1o,



L modified scawater (MSW). 500 mi. of batch MSW was added 10 3 x 500

L ratments. 3 x
500 mL. incubaton botles of MSW wee keptat i i +2.5° for 96 hwrs for
10mLof i Sxs00mL
MSW i for DOM-
enrichment reatments.
S collcted 3 0 produce 3 1L of RAW
scavate. 3x S00mi RAW

5 for 96

96 hours with an additional 3 x 500 m. incubation boitls of RAW kep

Marine viruses are known to influence microbial abundance and community structur.
Incubation treatments were performed in triplicate 1o contol for viral impacts between
replicates. This work did not measure i vialloss processes varied between treatmens or

sampling points.

433 Bacterial growth and biovolume

10 mL drawn diretly from MSW (RAW i 0)and

from individual 24,48, %

fites, ot

stined with Acridine Orange and stored on sldes at -20°C (Hobbie et al. 1977),



AODC samples -

capture from video). Image Analysis was

emed on S00-1500 cells per sample

multipled by a carbon conversion factor i¢. C = 120 V*7%; Norland 1993).

Cyancbact i idi

Orange direet counts, are though o have presented a relatively small and consstent
overestimation of heterotrophic cell abundances in in sit sumples.  Experimental
incubations performed in the dark sought 1o minimize their impact on community

dynamics.

434 Fluorescent In

tu Hybridizat

50 mi. samples were fixed with 37% formalin for 1-2 hours at 4°C, flered through
47mm 0.2 yum isopore polycarbonate membrane fillers (Milliore GTTPO4700) mounted

on celllose prefliers (Millipore. APIS04700), and washed with sterilephosphate

buffered saline solution (PBS) for -0 (batch) and 196 (each incubation bottle). Filters

were lef 10 air dry for 1 hour and stored n serie peti dishes sealed with parafim at 20

Fillers were cut i

Mo picces and staincd with Cy3-Jabelled oligonucleotide probes

(Mobix) s per Glockner et al. 1999. Following hybridization, filers were washed and

counterstained with 4"6-diamidino-

enylindole (DAP). Filtes were then tred and



mounted on glass sides with Citfluor oil and inspected at 100X magnification with

specific light filer sets for DAPI and Cy3 fluorophores.  Microscopic fiekls were fist

viewed with the Cy3 filters hefore switching to the DAPI files, to minimize photo-

bleaching of the Cy3 Mluorophore.




44 Results
441 I situ community structure and function

The Logy Bay time series consisted of four sampling periods: the seasonal emperature
minimum and maximum (February and August, as well as waming and cooling
ransiton times (May and November). Sea surface temperatures ranged from -1.0 0
9.7°C. Bacteral abundance ranged under one order of magnitude from 8.5 x 10" t0 5.4 x
10° cellvL. Microbial biomass was least in February at 1.6 pg /L and greatest in
ificant seasonal variation in bacterial abundance, cell

November at 98 pg CIL. Sig

ustrated i Figure 4.1, This temporal variation in

carbon and biomass for Logy Ba

microbial standing stock is consistent with annual convective tumover pattems observed

elsewhere (Morris et al. 2005).

I sit community siructures shown in Figure 4.2 were relatively homogencous during the

sampling period, changing significanty in August with an increase in ALF968-positive

ARC] standard aga

in November.






Figure 4.1: A comparison of heterotrophic bacterial sbundance (A). cel carbon (B), and

biomass (C) i s fo
the Logy Bay time series. Bacterial abundance was determined from Acridine Orange
direet counts and ranged from 8.5 x 10 0 5.4 x 10", Cell carbon was estimated from el

Volumes determined by Image Analysis. Biomass was caleulated as the product of

bacterial sbundance and average el carbon. Eror bars delimit the upper symmetrical
95% confidence limit of: (A) counts among replicate fixed sumples (n-3), (B)
measurements of individual cells (n >1000), and (C) the propagated uncorrlated

uncertinty from the multipliation of two uncertan quantitics,

Image analysis of microbial cells from in situ samples demonsirated. significant
differences between sampling months with respeet to: bacterial abundance (p < 0.001,
Fuun = 215.07), cell carbon (p < 0.001, Fyy = 26.71), and biomass (p < 0.001, Fyy

73.49),



NN

Figure 421 Community sinuctures from cach Logy Bay sampling period. Fach cirele

represents the sum of the Archacal and Eubacteria probe sets” Hybridization Fiiciencies:

the ARCHO1S, ALF968. and GAA2a wedges are the proportions rlative o this sum.

The

inder is the proportion of EUB338-posidive cels that are neither ALF968- nor

GAMA;

positive.



The cor

munity composition of samples taken from Logy Bay was not

ficantly
different for the February, May. and November sampling periods. The August

i contsined  significanty smaller proportion of ARCHOIS-positve cells (p

0,020, Fy ;= 5.92) and a significantly greater proportion of ALF9168-positve cels (p

0001, Fs

August community consisied of fewer unidentificd EUB3S cells




442 Grazer-cxcluded community dynamics

FISH analysis of community siructure changes during modified seawater manipul

experiments for the Logy Bay

i series are presented in Figures 43 10 46. These

three ofthe four samling periods. with a decrease during Februa

experiments relative
1o in it controls. DOM-enriched (MSW+C) experiments showed increases of ALF968-

positve cell a the end of the incubation period rlative to time final conteols for three of

the four sampling periods, with no response during the May experiments. Temperature-

Shifl (MSWT) experiments showed increases of GAM42a-posiive cels relative to time.

) controls for three o pling periods,

experiments.

Variation in achieved bacteial abundance, cell carbon, and biomass at the end of

incubation periods are depicted for DOM-crrichment and temperature-shift experimens

in Figures 4.7 and 4.8 respectively. Both bacteial abundance and cell carbon unctional
responses showed significant seasonal aration o consistent environmental Forcings.

Figure 4.9 illustrates changes in microbial bi

ass in response 10 inereased temperature
r DOM during the Logy Bay time seres. This figure shows that oly during the August
sampling period did microbes experience simple. temperature- or DOM-Jimitation of

biomass production fre of grazing losses
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Figure 4.3: Community structure changes i response (o February incubation treamens.

Each circle represents the sum of the Archacal and Eubacterial probe sts” Hybridization

Eficiencies; the ARCH91S, ALF968, and GAMA2a wedges are the proportions relative

to this sum. The remainder i the proportion of EUB38-positive cells tha are neither

ALF968- nor GAMA42a-positve. The circle on the left shows the iritial MSW baich

community, and the cicles 1o the right show the communities afier 96 hours at the

specified treatment conditions.

For the MSW treatment, there were signifcant differences in community proportion

betwe

0 and 196 for ALF968-, as well as the remaining proportion of EUB33S-

positive cells (p = 0.002, T, = 24.79; and p = 0013, Ty = -855). For the DOM-cnriched

reatmen, there were significant differences in community proportion with respect (0 the

MSW 1296 control for ALF968:-positive cells (p = 0.007, T = -11.66). For temperaturc-

shifled treatmen, there were o significant differences in community proportion with

respect 10 MSW 1-96 controls for any probe-psitive cells.
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Figure 4.4: Community structure changes in response 1o May incubation tratmens.
Each circle represents the sum of the Archacal and Eubacterial probe sets” Hybridization
Efciencies; the ARCHO1S, ALF968, and GAMA42a wedges are the proportions relative

©

sum. The remainder i the proportion of EUB338-positive cells that are neither
ALF968- nor GAMA2a-positive. The cirle on the left shows the initial MSW batch

community, and the circles (o the right show the communitis afler 96 hours at the

specified reatment conditions.

For the MSW treatment, there were significant differences in comy

proportion
between 1-0 and 1496 for ALF968-, as well as the remaining proportion of EUB338-

positive cels (p = 0,006, Ty = -13.42 and p = 0.001, Ty = 27.39, espectively). For the

DOM-enriched treatment, there were no signifcant differences in commnity proportion

With respect 1o the MSW 1-96 control for any probe-positve cells,  For temperature-

10 the MSW 196 control for GAMA2a, as well as the remaining proportion of EUB338-

positiv cells (p = 0.005, Ty = -13.68; and p = 0.032, Ty = 543 respectively)
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Figure

Community streture changes in response 1o August incubation treatments,

Fach cice represents the sum of the Archacal and Eubacteial probe sts” Hbrid
Efficincies; he ARCHO1S, ALFI6S, and GAMA2a wedges are the proporions relatve
1o this sum. The remainder i the propotion of EU33-positive cells tht re eiter
ALF968- nor GAMA2a-positive. The circle on the let shows the inal MSW batch
commnity, and the irles to the righ show the commarites afir 96 bours a the

specifiedtreatment conditons.

For the MSW treatment, there were significant differences in community proportion

between (-0 and 196 for ALF96S-, and GAMA:

positive cells (p = 0.042, Ty = 471

and p = 0045, Ty = 4.53, respectively). For the DOM-enriched treatment, there were.

196 control for

ALFOGS-, oo, T
9:37; and p = 0009, T, = 10.39 respectively). For temperature-shifed treatmen, there

were significant diffe

ces in community proportion with respect 1o the MSW 1-96

control for ALFO68-, and GAMA2a, as well us the remaining proportion of EUBI3S-

positve cells (p = 0047, Ty = 4.46: p < 0.001, T = -$4.30; and p < 0001, Ty = $0.00

respectivly).
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Figure 461 Community sructure changes in_ response 1o November  incubation
reatments. Each circle represents the sum of the Archacal and Fubacterial probe sets”
Hybridization Efficiencies; the ARCHOIS, ALF968, and GAMA2a wedges are the

proport

s rlative to this sum. The remainder s the proportion of EUB33S-positive

cells that are

ither ALF968- nor GAMA2a-positive. The circle on the left shows the

initial MSW. %

hours at the specified treatment conditions.

For the MSW treatment, there were significant differences in community proportion

between 1-0 and 1-96 for ALF968-, and GAMA:

as well s the remaining proportion

of EUB338-positive cells (p = 0.003, Ty = -1847: p = 0003, Ty = -19.05; and p < 0.001,

Ty = 5141 respectively). For the DOM-enriched treatment, there were significant

differences in community proportion with respect 0 the MSW 1-96 control for ALF968-

and GAMA24-, s well s the remaining proportion of EUB338-positve cells (p = 0.007,
Ty= <1150 p = 0027, To = 602 and p = 0.004, Ty = 1624 respectively).  For
 proport

th respect 10 the MSW 196 control for ALF9GK-, and GAMA2a, as well as the
remaining proportion of EUB338-positive eells (p = 0.007, Ty = 11.83; p < 0.001,

To= 9070 and p = 0012, T, = -892 respectively).






Figure 4.7: A comparison of hterotrophic bacteial abundance (A) cel carbon (B). and

biomass (C) from DOM-enriched incubations during the Logy Bay time seres. Bacter

abundance was determined from Ac

Orange direet counts.  Cell carbon was
estimated from cell volumes determined by Image Analysis. Biomass was calculaed as
the product of bacterial abundance and average cel carbon. Error bars delmit the upper

symmetical 95% confidence limit of: (A) counts among replicate

ixed samples

(B) measurements of individual cells (n >1000), and (C) the propagated uncorrlated

uncertainty from the muliplication of two uncertain quantiis.

Image analysis of microbial cclls at the end of DOM-cnrichment experiments

demonstrated significant differences betwween sampling months with respect t0: bacteial

abundance (p < 0,001, . = S75.01, cll cnbon (p < 001, Fy. = 93.75),and biomass
(b < 0001, Fiyy = 21016, Comparison 1o conol incubtions shows that the
communites” esponse 1o incressed DOM concentrtions was significanty diffrent
hetwen sampling months wilhrespct o bacterial abundance, cll carbon, and biomass
(b < 0001, Fyyy = 195115 p < 0.0, Fyyy = 12879 and p < 0001, Fy, = 4923

Exeluding the August result, there was no significant difference in the communitics”

DOM availabiliy 0099, F2y = 347,






I abundance (A), cell carbon (). and

Figure 4.8: A comparison of heterotrophic bac

biomass (C) from temperature-shified incubations during the Logy Bay time scries
Bacterial abundance was determined from Acridine Orange direct counts. Cell carbon

as the product of bacterial abundance and average cell carbon. Error bars delimit the

it of: (A) counts amang replicate fixed samples

upper symmetrical 95% confidence

. (B) measurements of individual cells (n >1000), and (C) the propagated

Image analysis of microbial cels at the end temperature-shit experiments demonstrated

o achieved: bacterial

significant differences between sampling months With respect

997.54), call carbon (p < 0.001, Fyy; = 136.45), and

abundance (p < 0.001, F,

rolincubations shows tha the

biomass (p < 0001, Fy; = 345.29). Comparison 10 co

communitis' response 1o increased temperature was_ significantly different between
sampling months with respeet o bacteial sbundance, cell carbon, and biomass (p <
0001, Fyyy = 33732 p < 0,001, Fyy1 = 101205 p < 0.001, Fy = 26431). Discounting

¢ biomass

the August result, there was no.significant difference in the communit

response t increased emperature free of grazing loses (p = 0.075, Fy = 4.12)
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Fobuay  vay At Nevamber

e during Logy Bay scasonal experiments,

Figure 49: A comparison of biomass cha
The dark and shaded bars represent the difference in biomass (g C/L) from MSW 196

contrls for Temperature-shifted (MSW+T) and DOM-enriched (MSW-C) incubitions,

the product of bacterial abundance and average

respectvely.  Biomass wos caleulaied

cell carbon. Cell carbon was estimated from cel volumes determined by Image Analysis.

Frror bars delimit the upper or lowr symmetical 95% confidence limit of counts among

replicate treatment bottles (n=3).

Microbial community respanses 1o cither increased. temperature or DOM-enrichment
were not significantly different for the February. May, and November sampling periods (p

0075, Fag = 4.12: p = 0,099, Fay = 347 respectively).  Both temperature and DOM



limitation of microbial biomass production were observed during the August sampling
period, with a positive temperature shit of 2.5°C yiekding approximately four times as
much miceobial biomass as from an addition of 104M glutamate when compared (o

contol conditions.

443 Scasonal variation of grazing effects

Resulis of RAW incubation experiments conducted at i st temperatures and at i situ
temperatures +2.5°C for cach sampling period presented in Figure 410 illstrte the

scasonally variable ffects of temperature on microbe-grazer interactions as they impact

alculated from

bacterial biomass production. Grazing rates shown in Figure 4.11 we

whole water and grazer-excluded experiments conducted at n situ temperatures and in

* for cach sampling period. Taken together, these rsulls show a

it temperatures +
tight coupling of in sins microbial growth and prazing losses, however this reationship.
docs ot hold throughout the year for warmer predicted temperatures.  An important

result illustrated by these experiments s that with an increased ocean 1

raving rates are prodicted to increase during the seasonal temperature maxinum before

" period. 1 hyp i sona
will impact carbon flow and other sea surface processes. mediated by heterotrophic

bactrioplankion,

um and

Image Analysis of microbial commritis from the seasonal temperature mi

maximum showed seasonally varisble responses 1o grazing pressure.  Changes in cel



carbon observed during graving experiments were associated with differences in grazing

rotes and microbil biomass production t bt i i and increased temperatues. A
positive temperature-shifl of 2.5°C was observd to reverse the patern of cll size
responses between seasons, decoupling bomass production from grazing contol during
the scasonal temperature minimum while inreasing grazing losses during the sasonal

temperature maximum. 1 the results of these incubation experiments hold for the open

ocean, climate warming in the Northwest Atantic will have a significant impact on
may alter maintenance of bloom

eventsin the North Atantic.

Figure 4.12 presents G population data for iments conducted at the

temperature ind maximum. In February. "

changed a a rate of 0.03 + 0.08 day " during RAW incubations while GAM42:

positive

", In August, there was o whole community

cells inereased at & rte of 0,61 + 038
Tos of cellular abundance at a rate of -0.02 + 0,02 day’ during RAW incubstions while
GAMA20-posiive cels increased ata rate of 0,57 + 022 day”, These rates illustrte an
ncrease in both the relaive and_ absolute numbers of GAM#2acpositive cels in

eterotrophic bacterial communites experi

¢ prazing losses, a result that

the 96 hour




feuay  May st November

Figure 4.10: 1 b rates () ¢ forall in Logy

Bay. Bio

jass was caleulated as the product of bacirial abundance from direct cell

Analysis,

by temperature regime: black bars for RAW experiments at in sif temperatures, shaded

bars for RAW-T temperature-shified experiments ai 2.

above in st Error bars
delimit the upper or lower symmetrical 95% confidence fimit of the propagated
uncorrelated uncertainty from the multiplication of two uncertain quanties.

RAW bior

owih (1) rates did vary significantly between sampled monihs (p

0001, Fyy = 61.74),as did tempersture-shified RAW biomass growth rates (p < 0.001



Fuuy = 2719). Biomass growlh rates vared between sampling months fo grzer-
excluded experments a both in st and posiively-shiied temperatures a5 well (p <
0001, Fy1 = 39.90 and p < 001, Fy1 = 4177 respectively. D not shown). These
dataseongly suggest that temperture has  seasonaly variable effcton both microbes

and their protist grazers.
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Figure 4.11: Mortality from grazing for all Logy Bay experiments. Grazing roes were

estimated by caleulating the difference between heterotrophic bacteial growth rates for
whole (RAW) and grazer-excluded (MSW) treatments for both control and temperature
hifted scawater incubations.  Growth rates were caleulated for al treatments from the
change in biomass over 96 hours. Biomass was calculated as the produet of bacterial
abundance and average cell carbon.  Cell carbon was estimated from cell volumes
determined by Image Analysis.  Error bars. represent the propagated uncorrelated

uncertainty from the muliplcation of these two uncertain quantie



Grazing rates for both RAW and RAW-T treatments varied signifcantly between months

(p < 0.001, Fyy = 67.70; and p < 0001, Fayy = $8.97 respectivly).  Temperature-shifts
did not make significant ifferences o grazing rates during February or May (p = 0279,

Ty~ 147; and p = 0052, T, = -2.74 respectively) but did for both August and November

experiments (p < 0.001, Ty = -21.07; and p = 0.007, Ty = 514 respectively). MSW
experiments that removed grazers showed scasonally-variable increases in microbial cell
carbon (p < 0.001, Fyyy = 10838), with the smallest responses (percent increase)

occurring during May and November when grazing rates were also observed o be at

100
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Figure 4.12: GAMA2a population response 1o RAW. incubation treaments. duri

February and Augst experiments from the Logy Bay time seres. Each bar epreserts the

proportion of GAMA2a-p la sum of Archacl and Eubacerial p

men. Ermor bars delmit the upper

sets” Hybridization efficiencies for the given tre

symmetrical 95% confidence limit of counts among replicae treatment botles (v=3).

G

ing resulted in significantly difeent community strutures afir incubation and
between sampling periods. The proportion of GAMA2a-positve cels a the end of RAW

the February and August experiments

incubations was significantly diffrent betwes »

0.025: T, = 629, For both February and August grazing experiments, there was an

increase in GAMA2a-positive cells at the end of the incubation period. For February

01



®

the end of both whole water incubations (RAW p = 0.005, T = -13.98; RAWST p <

0001, Ty ) there was no statistical difference between reatments.  The
propori i e wrazer-excluded
pure 4.3),
For

cells was significanty greater a the end of the RAW incubations (p = 0.042, T = 4.71).
The uncertainty surrounding the temperature-shifted. result docs. not show significant
differences from the 1 = 0 control or the in sits temperature reatment.  The proportion of

GAMA2.

positive cells decreased significantly during grazer-excluded incubations (sec

Figure 4.5, indicat hereisalso o

response 10 grazing pressure.

Image Analysis of the February and August experiments showed seasonally variable
changes in el size 1o both grazing pressure and temperature regime (i it p = 0.003,

Fui = 3840 42,

Cp <0001,

63). The February community los 6.1 4 0

Cleel i average cellsize during 96 hours of incubation a in it temperatur, while the

Au

st community gained on average 3.5 + 0.2 fg Cleell. This decreas

in avrage cell
size coincided with higher grazing losses and ower biomass production during February
RAW expuriments eltive 10 those conducted in August. During the posiive 2.5C
cmperatre i experments the opposie patem was observed with the. February

‘community gaining 27 + 02 f Cleell

n average el size and the August community

02




losing 0.3+ 0.2 fi Cleel. The changes in celsize observed for both temperature-shified

grazing experiments showed that the increase in temperature decoupled biomass.

production from grazing control during the seasonal temperature. minimum while it

45 Discussion
The in situ measurements taken in Logy Bay show significant temporal variation in
microbial community biomass and cellular morphomerics (Figure 4.1) and population

structures (Figure 4.2). Comparison of reltive

probe-positive cellular abundances in

Logy Bay during this time series shows not only that these communities change in

phyloge . but also that
population abundances 10 a elaive norm after a period of change. These results further

support the hypothesis raised in Chapter 3 that the microbes on which environmental

forcings act does in part determine. the resultant stuctures of post-perturbation

communities, The relative importance of this structural control may be subiect to.
environmental forcing thresholds, beyond which the balance between deterministic and

stochastic processes s unknown

The grare scasonally varigble ffects of

cluded incubation experimen

emperature and DOM availabilty on el size, cell growth, and population abundances
(sce Figures 4.7 and 48).  FISH analyses showed that muliple microbial communities

disparate in bo

dructure and function can arise from comparable in situ communitics



experiencing

sistent environmental forcings. The resuls indicate that these microbial
communities change via a succession of populations and that phenotypic plasticiy has

litle if any effect on a community scale. Furthermore, communites with disparate

however variation i other metablic or ccological functions has not heen ruled out.

Taken together, the graze

cluded treatment data show that comm,

s of disparate

under different DOM p ypically differ

in their functional abilties 1o produce biomass (Fig

re 49). For al sampling periods.
grazer-free DOM-cnrichments and positive temperature-shifts were both observed to
impact community siructures, bacterial abundance, and cell carbon. A these changes

were seldom accompanicd by a net change in biomass, these structural and functional

respanses suggest o succession of populations during. incubation. the  ccological

repercussions of which remain unknown. ‘The seasonal variaion in community structure

responses to consistent environmental forcngsis noteworthy given that, with the August

These variable

ponses indicate a community siruture analysis with g

would be needed to examine fine-scale effects of environmental forcings on seasonal

population dynamics in Logy Bay

Both community sructure and functon show seasonally variable responses 1o consistent

environmental forcings observed

th the grazing and temperatureshifl experiments,

Structuraly, the increase in GAMA24 populations during graving mesocosm experiments.

for both temperature minimum and maximum periods shown in Figure 4.12 matches 1-



proteobacteria’s reputation as an “opporuristi group’” that can respond rapidly 1o newly

available nutrients (Eilers et al. 2000; Yokokawa & Nagata 2005). However, Pemthaler

and Amann (2005) suggest tha size-selective grazing almost compleely suppresses 1-

proteobacteria abundance in coastal surface waters. Given this new result and that his

roup of bacterioplankion is also known o respond 1o temperature change. the response.
of y-proteobacteia to environmental change deserves closer inspection o identify its

important ecologicl rits.

With respect to community uncton, the esuls shown in Figures 4.10 and 4.1 raise
important considertions conceming our understanding of microbe-medited carbon
fluxes i the upper ocean and how these processes and our climate prdicions will
change with & warming ocean. Bacteril acivty in temperate and arcic rgions is

regulated in winter by a combination of low temperature and low DOM concentrations.

With warming waterand increasd terrestral input oforganie materal, | hypothesize hat
micrbial prominence in the microbial foop will ncrcase due o both & decreased
Significance of this botom-up cnvironmental conrol and diminished capacty o the top-
down control by grazers. On a biogeochemical scale, this would mean an ncreased
proportion of primary production heing used o fucl sccondary  production by
heterotrophic marine. bacteria, with a concomitant shift towards increased. ocean
espiaton and acidity.  Viral control remain unaccouned for i this nterprtation, and
recent work (Longnecker er al. 2010) on both the presence and type of morality

processes indicates the trophic state of the ccosystem has a significant effect in



Furthermore, designed 1o

answer questions regarding transfer of microbial biomass 1o higher trophic levels. One

important consideraton for this communi

scale physiological increase in micrabial
activity and ecosystem-scale shit away from the significance of grazing conros is the

reliive importance of inorganic nutrient limitation.  With increased call size and

Tosses aceurring in Felr limitation may ot iy
Jimit microbial actvity but may also impact the initation of the spring phytoplankion

bloom.  Additionally. increased grazing. pressure

August will further decrease

y

the upper ocean.

46 Conclusion

Microbes from a constal northwest Alniic site were sampled and incubated during a

time series of manipultion experiments o study their structure and functional respanses.
1o gravers, increased available DOM, and increased temperature. - Significant temporal

variaion in response 1o these consistent climate-relevant physiochemical conditions was.

observed. Variation of community properies and environmental regulatory factors did

he need for higher-resolution analyses to better understand the role and

e of bacterioplankion populations.  The timing and magnitude of these variable
functional responses may have ecosystem-scale implications with respect 1o DOM

eyeling in the upper ocean, and therefore biogeochemical eycling of carbon; this



consideraton is especialy important to the prediction of lobal impacts from a warming
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Appendis 1: Protocols and Methods.

Al

Seawater Collect

Seawater (SW) samples were obtsined

16 stations from two separate transects that
included 3 Longhurstian biogeochemical provinces in the Labrador Sea from May 25 to

June 7, 2006 (50.86-60.29° N 48.55-53.95° W, water temperature ranged 1.7 0 6.6°C)

ples P Seabird CTD with a 24 bottle GO

rosete sboard the €

S Hudson and were stored for less than 2 h in opaque 25 1 sterile

carboys below deck before processing. Seawater chlorophyll @ and sal

y were
measured by CTD-mounted Decp fluorometer and Autosal sainometer respectively

o

members of the LSE measured nitate, phosphate and silicate concentrations.

Seawater colle

also oceurred in February, May, August, and November by Niskin
bou

es from a zodiae in Logy Bay.
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Table A1

A summary of ambient and incubated seaater temperatures fom experiments

conductad inthe Labador Sea (May 26-June 7, 2005)

Exporimont Amblent | ncubaion Temperaturs (ange)
Suton | Location Tomperaure | Gontiol Positve shit
[wemnssTw (176 27502 [71512%C
W wEN W[4 s2309C 85400
woE  wmNasew |28 F03T0C[98ETIC
SO (TN seTW [ T A I FaE
S| AN SIW 66T 53956 [95175C
e TN e W |3 0:70C (95515

Table A1:2: Physica dstance (nautcal mies®) between siations sampld i the Labiador Sea

(May 26-sune 7, 2006)

50T [L344 |35 1324 | L4-10 405

TSOT|— [ 19800 458 14 | 48043 | 24587 | 024

L8| 19800 | — [ 26029 | 28257 | 27507 | 22094

T35 45074 | 26029 | 1100° (773 | 41200 | 46837

T2 | 45043 | 25257 [ 773 | — | 40499 | 46067

40| 24557 | 21507 [ 47200 | 40499 | — | 10004

TGS | 14024 | 2204 | 46837 | 46087 | 10004 | —

3 Asume the carh s pefct sphere with i o 343, il miks

B Disance otween Sation 4 (1325 BIO) where waterfor nubations experiments was collected

ndL3:27 whre " Leucine asays wereperformed



AL

iomass and Abun
Flow Cytomery:

3x18mL Msw o2 mL

Additonal

Ix18mL 2

DOM:-cnrichment and control trtments during the Labrador Sea Expedition. 0.2 mL of
10% paraformaldehyde added 1 ach eryovial, vortexed and left 0 stand 10-45 min ‘
before flash frcezing inliquid itrogen. FCM samples were stored at 20°C unildelivery

10 FCM counter at BIO.

Al

eagents and Chemical Recipes:
Rinsing Agents:
90% Acetone -

3600 ml. Acctone; 400 mL dH:0

swHel-

1AL 3P HCE 86 L0

Stins:

A

dine Orange -

00117 AO: 25 ml. dHL0; keep refige

Fluorescent I s Hbridizat
Phosphate Bufferd Saline 10X




75.972 gL NACL (0.13M): 7.098 /L NasHPO, (0.005M): 2041 L KHPO, (0.0015M).

autoclave; o pH 7.2

Hybridization Buffer -

360 L. NaC1 SM: 40 L. Tris-HCI 1M pH 8: 700 . formamide or 400 L. formamide

(for ALF968 only): 102 mL with 0.2 um filtered Mili Q wate: 2 L. 10% sodium

dodecyl sulphate

Washing Buffer -
| L Tris-HICT 1M pH 8 S00 . EDTA: 700 . NaCl SM or 2150 L NaCl (for
ALF68 only): 0 50 mlL. with 0.2 um filered Milli Q water; S0 . 10% sodium dodecyl

sulphate

TE Buffer -
10 mM Tris-HCI pH 7.5: 1 mM EDTA pH 80
Probe Resuspension

Probes were resuspended in TE Buffer s 5 /1. socks; working probe soluions were.

dilued 1 0.05 1.



Table AL3:

Probe
MW
ol

10X uM
T
Volume

(ml)

AL

Al saisical

ehecked for ssumptions of normalit

Eub3s
50982
164

00164

0098370

0.196731

FISH probe resuspension volumes

Non33s

60162

101

00101

0.060764

3108506

831089

831089

0121527

istical Treatment and Modeling

found 0 hold for ol reporied tests.

ALFoes
0682
179
0o
0108621
8239706
8239676

8239676

0211292

GAM;

55789

143

[y

0082568

$0.62340

0165135

ARCHSIS
s

23

00228
0147550
77262606
176184

7726184

020510

lyses were performed using Minitab Release 14, Residuals were

independence, and homogeneity (Seber 1977) and



Eror Propagation:

Table Al-4: Error Propagation formulac
Type of Caleula Form
Addition or Subtraction x=prg-r

Muliplication or Division

The calculations presented

s study ofen esuled in the propagaton of uneriainty
Prescnted here is an example direct fom Chapier 4 of the  thesis
After Figure 4.1, cell carbon increase between £ = 0 and 1t = 96 for grazer-excluded
(MSW) experiments was calulated s a percentage change afer 9 hours of ncubition

Cellsize had previously been determined

ing volumetric Image Analysis upon tens of
thousands of individual clls. Cell carbon was caleulted from el size by a conversion

equation (see thesis text).Cell carbon data (itled “Cell size’

is presented in columns |

&K inthe s ofthe Data prea document

Data i presented there s the mean valu +/- the 95% confidence imit (confidence limits

for & means Snedecor, George W. and Cochran, Wil Gi. (1989, Statsical Methods.

J and final cel carbon values are

Eighth Edition, lowa Stae University Press). Both ini

uncertain quanities, so the propagated uncertainty was calculated a

per the formula

found in Table A1, resuls shown in Table A5



Table A1-S: Sample calculatons of cell carbon increase (percent) and SD.

Mean sn .
-0 18314 0538708352

February =9 34496 1122623017 18837304
=0 10724 0927119

May =% 26314 0936300619 1334099335
-0 17651 0602743144

August =% 0414 LEORADIY 2289537158
=0 23560 0934033856
s 20140 1334573959 1236859392

0082625735

007841501

0127312709

0074922649



Appendis 2: Raw Data and Caleulations

The content of this appendix is found in the DATA Masterxls spreadsheet. that

accompanies this document. This materil is presented 1o fuciltate any additional

analysis abrador Sea Expedition and Logy Bay studies.

The spreadsheet consists of 16 tabs s follows:
Summar

All measures used in the writing of the thesis for both the Labrador S

ca and Logy Bay
experiments. Each column depicis  different measure, with the mean +/- 95% CL (ihree

measures) shown per sample.

Figure Accounting
Data presented in graphical form in the bodl of the thesis is presented here tabulated for

casy reference.

AN stations sampled during the Labrador Sea Expedition are presented here with their

Nutient Resuls

s WOCE - HUDSON 2 licae, Phosphate, and

Nitrate concentrations.



Botle Codes.

Incubation bottles were numbered to faciliate sample-numbering schemes for bacterial

s . this abeling.

AODC_LS and AODC_LB.

Raw data of th

Rivkin Lab at the Ocean Sciences Centre, Memorial University

Image Analysis

Summarics of volume and carbon confent estimates obta

ind through Image Analysis by
Sabrina Penney and Ryan Murphy for both Labrador Sea and Logy Bay experiments.
The original images and raw data (several gigabytes worth of information) can be found

i the Rivkin Lab at the Ocean

nces Centre, Memorial University.

Growth

iomass-based calculatons of growth are presented for both Labrador Sea and Logy Bay

experiments.

FISH Counts

Raw data of the DAPI and Cy3 counts performed by microscopic analysis

Lab at the Ocean Sciences Cenre, Memorial Uriversity.



TechValidation and SampValidation

variation in FISH

BP Feb to BP Nov

These final four 1abs present a full accounting of ritiated thymidine (TAR) and "C

Leucine incorporation assays conducted during the Logy Ba

experiments. These data

were of questionable merit o the thesis and excluded from ot
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