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Abstract

Marine bacteria are ubiquitous in the wor/l
and global biogeochemical cycles. Characterising the distribution and drivers of bacterial
diversityis key to understanding their important roles in the marine ecosystem. This thesis
characterised the diversity and drivers of bacterial communities in the euphotic zone from 1
mm to 250 m below the sea surface, covering a range of marine environmenthidrom
coastal and shelf seas to the open ocean, including biogeochemically important habitats such
as the sea surface microlayer. Bacterioplankton communities vary seasonally and over local
and global scales, in response to prevailing environmental chégacte Using a
multidisciplinary approach, interrogating 16S rRNA gene higbughput sequence data

with co-occurring physicochemical metadata has revealed that, in addition to the major
overarching drivers of temperature and primary production, pHysicgesses such as
atmospheric deposition, mixing, and stratification can also influence the composition of
bacterial communities and their vertical distribution in the water column. Enrichments of
ecologically important bacteria such Aeromonassp. and Trichodesmiunsp. in the sea
surface microlayer have potential to influence the availability of resources arriving into the
open ocean from the atmosphere. Using 16S rRNA transcripts to characterise active
bacterioplankton communities has revealed baaterioplankton activity is decoupled from
abundance throughout the Atlantic Ocean, and may be influenced by the dominant primary
producers. Furthermore, by combining cultbesed techniques with functional amplicon
sequencing, the physiological effedt CO-oxidation on the model bacterioplankt&h
pomeroyi and a diversity of Cepxidising bacterioplankton among the ecologically
important Marine RoseobacteZlade in a temperate coastal environment have been
identified. This thesis improves our understiaig of bacterial ecology in the world's oceans,

and demonstrates how holistic approaches to studying marine bacteria in the environment

used in combination with molecular tools, can give a view of marine ecosystem function.
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General Introduction
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1.1 Marine bacteria

Bacteria are globally ubiquitous and estimated to have a total biomass of 70 Gt carbon (C)
with pelagic marine bacteriagbterioplankton) equating to 1.3 Gt(Bar-On et al., 2018)
Occupying the majority of the earth's surface, marine bacteria are billions per litre, having
fundamental roles in global biogeochemical cycles, including driving transformations of
organic and norganic materialAzam et al., 1983Falkowski et al., 1998, Azam and
Malfatti, 2007)

Marine bacteria can broadly be divided into two main trophic categories based on
their metabolism. Autotrophs are bacteria that gain energy from inorganic soutoesnan
fix inorganic carbon. The majority of planktonic autotrophic marine bacteria are phototrophs
and gain energy and carbon via photosynth@sastensky et al., 1999\utotrophic marine
bacteria contribute substantially to the marine carbon dytdgdrom et al., 1988)with
Cyanobacterissuch afProchlorococcusandSynechococcugsponsible for 25 % of global
net primary productioriFlombaum et al., 2013Heterotrophs are bacteria that gain both
energy and carbon from organic substrates, and aneagstl to consume a large proportion
(10-50 %) of the total fixed carbon (secondary productidgf®hrman and Azam, 1982)
Bacterial secondary production contributes significantly to marine food webs and
biogeochemical cyclg@zam et al., 1983 ucklow, 20@, Azam and Malfatti, 2007)

Assigning trophic categories to marine bacteria is in reality more complex because
in between full autotrophy and full heterotrophy are a range of bacteria that employ mixed
strategies of energy and carbon acquisitiogute 1.1) (Eiler, 2006 Moran, 2015
Examples of strategies used by heterotrophs to obtain energy that deviate from full
organoheterotrophy include photoheterotrophy, the acquisition of energy from light, and
chemolithoheterotrophy, the acquisition of enemgyrf inorganic substrates such as carbon
monoxide (CO). Currently we know relatively little about the ecology of these alternative

heterotrophic strategies in the marine er
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carboxydovores (C@xidisers) ae likely to change the way we view the marine carbon
cycle(Moran and Miller, 2007)

Around 20% of coastal marine bacterdentified in the Global Ocean Survey
metagenome data sate able to oxidise CQRusch et al., 2007and thecoxL Form | gene
which encodes the large subunit of carbon monoxide dehydrogenase, is prevalent amongst
ecologically relevant and ubiquitous bacteria such as the Marine Roseobacter Clade (MRC)
(Tolli et al., 2006, Cunliffe, 2011)Bacterial CQoxidation has potential to sigrofantly
contribute to the marine carbon cycle because CO produced by the photodegradation of
dissolved organic matter is oxidised to carbon dioxidej@@ich equates to approximately
70 Tg of C per yeafZafiriou et al., 2003}hat is available as CQor primary production
(figure 1.2)

Unlike carboxydotrophs that can grow autotrophically on CO, carboxydovores are
chemolithoheterotrophs and cannot fix the resulting carbon, and must still acquire
assimilatory carbon from organic substrgtesg, 2003) However, tophic strategies, such
as carboxydovory, come at a cost to marine bacteria (e.g. gene maintenance, protein
synthesis), and therefore, must provide a benefit to the population in the lon@Etiemn
2006) It is hypothesised that CO is a suppéerary energy source used by marine
carboxydovoregKing, 2003, Moran et al., 2004presumably allowing for more efficient
heterotrophic growth on the available organic subst{desan, 2015) howeverthis is yet

to be shown empirically.
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1.2 Geographical distribution and diversity of marine bacteria

Marine bacterial communities generally consist of a few dominant and many rarer taxa
(Rappe et al., 200Zinger et al., 201,1PedrosAlio, 2012, Sunagawa et al., 2019} was
previously hypothesised that the majority of marine bacteria should be universally
distributed throughout the global ocean with little variation in community composition due
to the lack of geographical bveers and large potential for dispergiagstréom et al., 2000,
Fenchel and Finlay, 2004%ince the development of culture independent methods, a large
diversity of marine bacteria have been identif(B&tLong and Pace, 2001, Doney et al.,
2004,Karl, 2007) and contrary to this theory, the composition of bacterial communities has
been shown to vary geographicalBommier et al., 200Fuhrman et al., 2008, Zinger et

al., 2011, Sunagawa et al., 2015)

Similarity between distant bacterial communities fteccurs between similar
ecosystem types, suggesting that prevailing environmental factors impact bacterial
communities and therefore influence the geographical distribution of marine bégieger
et al., 2011, Sunagawa et al., 20I®)e global seedank theory suggests that the observed
changes in community composition for a given ecosystem are driven by changes in the
relativeabundancéi.e. the number of reads as a percentage relative to the total number of
reads)of each taxon according to ecologi niches rather than their presence or absence in
the community (Caporaso et al., 2012)Several studies have shown that bacterial
communities are predictable by the characteristics of the environment they inhabit, with
temperature thought to be the doemt driver of variation in bacterial communities on a
global scalgPommier et al., 2007, Fuhrman et al., 2008, Sunagawa et al.,. Z0they
physicochemical characteristics such as nutrients, organic matter, light, chlorophyll,
physical processes and lagical factors such as predation and microbial interactions have

also been shown to influence bacterial community composjtiong and Azam, 2001,
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Fuhrman et al., 200&jinger et al., 2011Gilbert et al., 2012Buchan et al., 2014, Sarmento

et al., 2016Teeling et al., 201@Bunse and Pinhassi, 2017

As proposed bBaasBecking (1934)itisclearthafit he envi r obunent s el

whether it is from a global pool or local pool of bacteria, ie. s ever yt hing
e v er y wiemamn£to be detmined(Green and Bohannan, 200dartiny et al., 2006,
Pommier et al., 200750me studies suggest tHatwv operational taxonomic units (OTUS)
are actually cosmopolitan (Pommier et al., 2007, Sunagawa et al., 2015). Conversely,
Gibbons et al. (2013gstedhe global seed bank hypothesis and found th&t@2% of the
OTUs identified byCaporaso et al. (2012puld be found in a given biome and suggested
with deep enough sequencing the phylogenetic diversity of all marine bacteria could be
captured. Tempai studies show bacterial communities are seasonally reoccurring and high
resolution sampling efforts have revealed that bacterial communities undergtesmort
large peaks in single populatiofGilbert et al., 2012, MartiPlatero et al., 201&upporing
the notion that many bacteria are latently present. Testing this hypothesis will require the
development of molecular techniques to better characterise the rare biosphere and the
mechanisms that allow the existence of many taxa at low abunRedeosAlio, 2006,
PedrosAlio, 2012)

Several studies have shown that the distribution of closely related phylotypes are
determined by environmental factd@&chafer et al., 200Johnson et al., 2006, Six et al.,
2007 IlvarsMartinez et al., 2008, Brown et g22012 Pittera et al., 2018Bryson et al., 2017
and geographically distinct ecotypes are even present among the abundant and widespread
bacteria such as the SAR11 cld&eld et al., 1997, Brown et al., 2012, Salter et al., 2014)
ProchlorococcugWest and Scanlan, 199Bpuman et al., 2006ohnson et al., 200@)nd
the MRC (Selje et al., 2004)These findings suggest cosmopolitan bacteria may become

endemic through environmental selection and genetic divergence, and also raises questions
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as to whethr current phylogenetic classification is suitable to accurately characterise

microbial diversity(Callahan et al., 201 Parks et al., 2038

1.3 Temporal distribution of marine bacteria
Insights into the dynamics of microbial communities have beerfisgmily advanced by
time-series studie~uhrman et al., 2015, Bunse and Pinhassi, 2@afterial communities
vary temporally and exhibit seasors@iale patterns in community composition in relation to
changes in environmental properties. Seasonapatare observed in all regions, from the
poles to the tropics, and in both coastal and open ocean environments, with the magnitud.
of change increasing with latitugeuhrman et al., 2018unse and Pinhassi, 201T)png
term monitoring of bacterial comumities and physicochemical characteristics have shown
seasonal bacterial succession to be annually recurring with the greatest dissimilarity seel
between opposing montli&ilbert et al., 2012Fuhrman et al., 2019,eeling et al., 2016,
Bunse and Pinhass2017) Seasonal patterns are comparable across geographical locations
and over time(Fuhrman et al., 2015unse and Pinhassi, 2017)herefore a spring
community is more likely to have greater similarities with a spring community from another
location and or year than to an autumn community at the same location in the same year.
Temperate regions are strongly influenced by temperature, primary production and
nutrient availability(Pinhassi and Hagstrom, 20@ijbert et al., 2012, Teeling et al., 2016)
Subtropical and tropical regions are also influenced by temperature and nutrients, but also
show greater influence of ligfGiovannoni and Vergin, 201Rarl and Church, 2014olar
regions experience large and prolonged changes in response to extfehgts and
temperature(Alonso-Saez et al.,, 2008, Ghiglione and Murray, 201R)ixing and
stratification processes also show seasonal variation and influence community composition

In the open ocean, seasonal variation is stronger in the upper mixad wWeatn deeper in
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the water column, and in coastal regions strong water column mixing brings valuable
nutrients to the surfacéCram et al., 2014Bunse and Pinhassi, 2017h oligotrophic
environments where nutrients are low, seasonal changes in agrioggdposition are also
suggested to be important in structuring bacterial community compogBioyd and
Ellwood, 2010, Hill et al., 2010/estrich et al., 2016)The dominant prevailing primary
producer also strongly influences the bacterial commulmitpolar and temperate regions
eukaryotic primary producers dominate, and phytoplankton blooms are often associated with
higher abundances of copiotrophic bacteria such as the MR@maproteobacteriand
Bacteroidetes In subtropical and tropical regian Cyanobacteriadominate and are
associated with a higher abundance of oligotrophs such as SAR11 and @\IR86 and

Pinhassi, 2017)

1.4 Vertical distribution and diversity of marine bacteria
The global ocean is not just vast in terms of surface dralso extends to the seafloor that
is on average 3600 m deep, and is stratified into discrete layers over which temperature, light
and nutrients are the main drivers of vertical variability in community composition
(Giovannoni and Stingl, 200®Behrerield et al., 2006, DelLong et al., 20083 well as
physical mixing processdZinger et al., 2011)Bacterial diversity generally declines with
depth(Sunagawa et al., 201%/alsh et al., 2016nd community composition varies less in
deep water masses thandergo little biogeochemical variation in comparison to the surface
ocean, which is more environmentally variafBehrenfeld et al., 2006, Walsh et al., 2016)
The pelagic marine environment is dominated @yanobacteria Bacteroidetes
(mainly Flavobecterialeg, Alphaproteobacterigmainly SAR11),Gammaproteobacterja
DeltaproteobacterigActinobacteriaand DeferribactereqZinger et al., 2011, Walsh et al.,

2016) Cyanobacteriadecrease in abundance with decreasing light lef@&iger et al.,
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2011) but still appear in the abundant fraction (~1 % of relative abundance) of the
mesopelagic zon¢Sunagawa et al., 2015most likely being associated with sinking
particles (Lochte and Turley, 1988) Gammaproteobacterja Deltaproteobacteria,
Actinobacteriaand Deferribacteresncrease with depth and dominate below the photic zone
(Zinger et al., 2011, Walsh et al., 2018)phaproteobacteriare dominant throughout the
water column and exhibit little variation with depth at the level of p{gitager et al.2011)
Variation in the vertical distribution of marine bacteria is also seen within closely related
taxa, for example distinct depth related ecotypes have been recorded for abundant taxa suc
as the SARL11 cladgield et al., 1997andProchlorococcugJannson et al., 2006, Zinser et

al., 2007)

Vertical differences in community composition also occur across very small scales;
the upper 1 mm of the surface of the ocean known as the sea surface microlayer (SML) ha
physicochemical properties that arestalict from the surface water beld@hang et al.,

2003) This unique micrénabitat selects for the enrichment of bacteria from the water
column below(Agogue et al., 2005a, Stolle et al., 2Q1dhich leads to the formation of
distinct SML bacterial commmities (Franklin et al., 2005, Joux et al., 20@ynliffe et al.,
2009) often dominated bysammaproteobacterifAgogue et al., 2005a-ranklin et al.,

2005.

1.5 Functional diversity and activity of marine bacteria

The diversity and distribution of mae bacteria is fundamentally important to
understanding ecosystem functi@drzam and Malfatti, 2007, Fuhrman, 200Bjpwever, we

still know little about how bacterial communities function in the marine environment
(Moran, 2015) Measuring function in the anine environment is difficult as the specific

mechanisms by which communities mediate the transformations of organic carbon are
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largely unknown. It is estimated only 1 % of the physiological and biochemical diversity of
bacteria has been characterig®lisch et al., 2007)since the vast majority of marine
bacteria have not been isolated in culture, and cannot be kept in laboratory enrichments
(DelLong and Pace, 200Rusch et al., 20Qdoint et al., 2010

Genetic studies can provide information aboet filmctional potential of bacterial
communities but cannot demonstrate definitive func({iahrman, 2009Krause et al.,
2014). Most phylogenetic studies rely on the highly conserved 16S rRNA gene to identify
bacteria in an evolutionary context, but 168NA gene diversity does not represent well
functional diversity, and the metabolic functions of bacteria can vary considerably within
taxonomic lineages, such as the MRoran et al., 2007, Christi®leza et al., 2012)n
addition, functional diversityds been shown to exhibit different biogeographical patterns
to phylogenetic diversitydaggerty and Dinsdale (201found that functional diversity was
most strongly influenced by latitude and showed little variation in response to environmental
charactestics.

Complicating matters further, not all bacteria in the community are metabolically
active(del Giorgio and Scarborough, 199Ratios between 16S rRNA transcripts and 16S
rRNA genes suggest bacterial abundance in the community is not always wedofati
bacterial activity in the communitfAlonso-Saez et al., 2006, Alons®aez et al., 2007,
Alonso-Saez et al.,, 2008, Lami et al., 2009, Campbell et al., 2011, Hunt et al., 2013)
Metagenomic ath transcriptomics also shothat functional genes can hata& higher
expression levels than their abundance suggestsLopez et al., 2008)

Other approaches to defining ecological function in the environment, for example
characterising individual components such as substrate compdaitiasti et al., 201) or
extracellular enzyme@rnosti and Steen, 2013jyive an idea of the functions occurring in
an ecosystem but doot identify the taxa responsible. Metanic studies allow the

phylogenetic and functional diversity of whole and active communities raigidual
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ribotypes to be characteris@dusch et al., 2007, Fridopez et al., 2008 However, there

are often a large number of unidentified genes due to a lack of representative reference gene
in the genomic databas@’usch et al., 2007, Gilbert dt,&2010a) Consequentially, there

is still a need foiin vitro trait-based studies to support the characterisation of functional

genes from the environmefirause et al., 2014)

1.7 Overarching thesis aims

The broad aim of this thesis was to impraug understanding of how marine bacterial
communities are influenced by different environmental drigggsire 1.3) | set out to
characterise the biogeographical distribution of marine bacteria and investigate how
bacterial communities respond to chasmgm their physiochemical environment. |
specifically wanted to advance current knowledge by focusing on specific environments that
are currently underrepresented in literature and to expand upon traditionab&ged
phylogenetic methods by investigatirfgnctional and active bacteria in the marine

environment.

1.8 Specific thesis bjectives

Chapter 3. Carboxydovory in the ecologicalglevant model marine bacterioplankton
Ruegeria pomeroyi DSS

A major hurdle in environmental microbiology is assignicological functions to gene
presence. In this chapter, | set out to confirm the function otdix& gene in marine
carboxydovores and to identify phenotypic responses taxidation in the ecologically
relevant and important model marine bacteriRmageria pomeroyiDSS3. Linking a

functional gene to a confirmed metabolic function will enable more confident identification

39



of marine carboxydovores in the environmentdoxlL-based techniques and provide new

insight into CGbased chemolithoheterotrophy.

Chapter 4.Seasonal diversity of bacterioplankton coxL genes: a time series study at the
coastalStationL4 andopen shelf Station E1 in the Western English Channel

In this chapter, | analyse weekdégale dynamics of two temperate coastal bacterioplankton
communities over a spring phytoplankton bloom transition, in relation to prevailing
physicochemical drivers. Building on from Chapter 3, | have developed functional gene
probes to investigate the diversity and distribution of marine carboxydovores, idgliaar
improved understanding of the ecology of carboxydovoric bacterioplankton in coastal

waters.

Chapter 5.Diversity and distribution of total and active bacterioplankton communities in
relation to light along d@ransect of the Atlantic Ocean

In this clapter, | investigated the bacterioplankton communities in the euphotic zone of the
Atlantic Ocean, to gain a better understanding of their biogeographical distribution. | also
investigated the activity of the bacterioplankton in these communities tangaghtiinto the
relative contributions these taxa make to bacterial productivity. In addition, | investigated
whether light affected the composition and distribution of bacterioplankton communities

vertically through the water column.

Chapter 6 A multidisciplinaryapproach to studying the sea surface microlayer reveals the
complexity of physicochemical influescon bacterioneuston diversity

In this chapter, | investigated bacterial diversity at thesadr interfacesing a collaborative
multidisciplinayy approach in order to better understand the interactive effects of the
physicochemical characteristics of the sea surface microlayer on the bacterioneuston. This
provides new insight into the complexity of environmental influences on the bacterioneuston

communities.
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Figure 1.3. Conceptual diagram illustrating the knowledge gaps to be addressed in this thesis and how the differesit tdggitersto collectively
address the overarching aim to bettederstanchow marire bacterial communities are influenced by different environmental diaversspatial

- and temporal scales



Chapter 2

Materials and Methods
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2.1 Chemicals and reagents
Unless stated otherwise, all chemicals and reagents used for this research wesd fybtai

Sigma Aldrich and Thermo Fisher Scientific.

2.2 Sterile working

Unless stated otherwise, all procedures were carried out wearing nitrile gloves on clean
surfaces using sterile consumables and equipment. Clean surfaces refers to laborator
surfaces thoroughly cleaned using a chlorine disinfectant solution at 1000 ppm and/or
Industrial Methylated SpiritIMS) 70 % (v/v). Sterile refers to single use equipment
certified as sterile by the manufacturer, equipment sterilised by autoclaving for & min
121 °C and or by ultraviolet (UV) sterilisation for 30 min. Allusable glass anplastic

ware was washed as follows; 24 hr soak in 1000 ppm chlorine disinfectant solution,
Decor90 2 % (v/v) and hydrochloric acid solution 1 % (v/v) consecutivelprieebeing
thoroughly rinsed with distilled water and dried in a drying cabinet. Equipment was scrubbed

and rinsed with fresh tap water between each step.

2.2.1 Sterile working at sea

Routine cleaning was carried out between samples using IMS 70 % (vib@rfch surfaces

and pure molecular grade ethanol 99 % for filtration equipment. In addition, all surfaces and
equipment were thoroughly cleaned with chlorine disinfectant solution df@0between

each station. Filtration equipment was also rinsed wdtilléd water and covered when not

in use. All work was carried out wearing nitrile gloves that were changed regularly.
RNAlatef® was divided into 50 mL aliquots to avoid repeated opening and potential
contamination of the stock solution. Centrifuge tuvese preautoclaved and UV sterilised

as required on board. Forceps were sterilised between each sample with pure molecule

grade ethanol 99 % and flaming.
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2.3 Media and solutions

All media were prepared using M#Q® water in sterile glassware and auéved for 15min

at 121°C. Phosphate and vitamin stock solutions that could not be autoclaved were filter
sterilised through a 0.2 um sterile single use syringe filters and added to the autoclaved

medium under laminar flow.

2.3.1Half yeast, tryptone,ea salts¥2 YTSmedium

Dissolved into 1 L of water and autoclaved, final pH 7.0

A Yeast extract 29
A Tryptone 1.25 g
A Sea salts 209

2.3.2 Modified marine ammonium mineral salts (MAM@Hium
Added to 1 L of water (final volume) drautoclaved, phosphate and vitamin solutions were

filter sterilised and added to cooled media after autoclaving.

A Sodium chloridgNaCl) 209
A Ammonium sulphate solution 10 mL
A Calcium chloride slution 10 mL
A Solution MS 10 mL
A Trace elements solution 1 mL
A Phosphatedution 10 mL
A Vitamins solution 5mL
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2.3.2.1 Trace elements solution

Dissolved into 1 L of water and autoclaved.

A

> > > > > > >

Iron (1) chloridetetrahydrate (Fe@t 4H20) in 10 mL 25 %HCI
Zinc chboride (ZnC})

Manganese (ll) chloride tetrahydrate (MaCIH20)

Boric acid (HBOx)

Cobalt (Il) chloride (CoCGF 6H0)

Copper chloride dihydrate (Cu£RH20)

Nickel (II) chloride (NiCb- 6H20)

Sodium molybdate dihydrate (BMoQO4 - 2H20)

2.3.2.2 Vitamin solution

Dissolved into 1 L of water, filter sterilised and stored in the dark at 4 °C.

A

> > > > > >

ThiaminehydrochlorideB1
Nicotinic acid B3
Pyridoxinehydrochloride B6
Paraaminobenzoic acid
Riboflavin B2

Biotin

Cyanocobalamin B12

2.3.2.3Ammonium sulphateolution

Dissolved into 100 mL of water and autoclaved.

A

Ammonium sulphate (NSO,

2.3.2.4 2Calcium chloride solution

Dissolved into 100 mL of water and autoclaved.

15¢g
0.07g
0.1g
0.006 g
0.190 g
0.002 g
0.024 g

0.036 g

0.010g
0.020 g
0.020 g
0.010g
0.020 g
0.001 g

0.001 g

10g
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A Calcium chloride (CaG) 29

2.3.2.5 Solution MS

Dissolved into 100 mL of water and autoclaved.

A Magnesium sulphate heptahydrate (NS 7H0) 109
A Iron (1) sulphate heptahydrate (FeSQ/H;0) 0.02g
A Sodium molybdate dihydrate (BMoOs - 2H,0) 0.20 g

2.3.2.6Phosphatesolution
Dissolved into 100 mL of water and autoclaved.
A Potassium dhydrogen phosphat&H:PQ) 369

A di-Potassium hydrogen phosphéteHPQ) 23449

2.3.3 Phosphate buffered saline (PBS) 1 x

Dissolved into 1 L of water, pH adjusted to 7.4 with hydrochloric acid (HCI), and autoclaved.

A Sodium chloride (NaCl) 8¢

A Potassium chloride (KCI) 0.20 g
A Disodium phosphate (NEHPQO;) 1.44 g
A Potassium dihydrogen phosphétd .PQy) 0.24 ¢

2.3.4Tris base acetic acEDTA (TAE) buffer1x
50x TAE buffer concentrate (2 M Triscetate, 100 mM N&DTA) mixed at a ratio of 1:49

with distilled water
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2.4 Bacterial strains

Table 21. List of bacterial strains used in thigesis.

Species Type Strain Genome Source
Chromosome

_ RefSeq:NC_003911.12
Ruegerlq INSDC:CP000031.2
Pomeroy! DSS3 Dr Jonathan Todd
(basonym | DSM15171 University of Easi
Silicibacter | ATCC700808 | Megaplasmid Anglia, UK
pomeroyi) RefSeq:NC_006569.1

INSDC:CP000032.1

Leibniz Institute

E37 Whole Genome Shotgun DSMZ-German
Sagittula Collection of
stellata DSM11524 RefSeq:NZ_AAYA00000000.] Microorganisms
ATCC700073 INSDC:AAYA00000000.1 and Cell Cultures
Germany

2.4.1Routine mintenance of bacterial strains

All media and cultures were handled under a laminar flow or on occasion under flame.
Roseobacter strains were routinely maintained on % YTSS agar and stored short term a
4°C. Fa long term storage a80 °C, glycerol stocks were prepared at a 1:1 ratio of
exponential cells in ¥2 YTSS and 100 % glycerol (autoclaved). Flasks and plates were
inoculated using sterile single use inoculation loops and incubated at 30 °C and 150 rpm ir

a Stuart shaking incubator (CeRarmer).

2.4.2 Bacterial strain purity checks

Strain purity was assessed regularly by examination at 1000x magnification using a Nikon
TMS inverted phase contrast microscope (Nikon). In addition, occasional strain purity
checks were performed using polymerase chain reaction (PCR) amplification and Sanger

sequencing of the 16S rRNA gene (as described in secfibri.
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2.5 Physiological experimentatior{Chapter 3)

A starting culture was prepared by inoculating 50 mL of fiediMAMS supplemented
with 10 mM glucose from a fresh (~3 day old) %2 YTSS plate and grown untd mid
exponential phase (Qb 0.5-0.8). Experimental replicates were then inoculated with 2 mL
of starting culture. All experimental cultures were grown inilste250 mL jointed
Erlenmeyer flasks containing 50 mL of the modified MAMS medium and stoppered with an
air tight rubber turrover closure stopper (Su@eaf). All experimental cultures were

handled and incubated as described for the routine maintenfandéeuces.

2.5.1 Producingcarbonstarved cells
For carbon starvation experiments, the starting culture was washed twice by centrifuging for
10 min at 4000 G and 4 °C. The cell pellet wasuspended in modified MAMS with

glucosefree MAMS prior to inoclating the experimental replicates.

2.5.2 Harvesting of celf®r nucleic acid and protein extraction
1 mL of culture was collected into a 1.5 mL centrifuge tube and centrifugedd&01® for
20 min and the supernatant carefully removed before celtpalre snajfirozenon liquid

nitrogen and stored &80 °C.

2.6 Addition of carbon monoxide to theculture flask headspace

Carbon monoxide (CO) was added to the flask headspace using a sterile single use syringe
and needle fitted with gas tight valve.el'headspace pressure was equalised by removing

an equivalent volume of ambient air before adding the desired volume of 99 % pure CO (CK
gases LTD). The syringe was pumped 5 times on taking up and on delivering the CO to

ensure transfer of an exact volumke gas. Flasks already containing CO i.e. between
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sampling time points, were allowed to vent under laminar flow for 30 min after experimental
sampling before being +&oppered and CO added to avoid an accumulation effect and to

ensure a consistent startingadspace CO concentration.

2.6.1 Calculation of headspace volume
The headspace volume (290 mL) was calculated by subtracting the volume of culture
(50 mL) from the total volume of the flask (less the stopper, 340 mL); the amount of CO to

be added was thecalculated as a percentage of the headspace voligue (21a).

- Headspace
volume
b

— Culture
volume

Figure 21. a) Diagram of experimental flask b) experimental flaskic) Carbon monoxide

meter
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2.6.2 Quantification of headspace carbon monoxide concentration

Headspace CO concenrtiomm was quantified using a handheld CO meter (Anton)ml Bf

gas was collected from the headspace in the same manner as described previously and
delivered into a rubber chamber fitted around the sensor of the rfigtee (21b). The

sensor was ventethd allowed to return to O between measurements.

2.7 Quantification of bacterial growth

Change in biomass (growth) was measured by optical density at 600 rgan)(QDML of
culture was added to a 1.5 mL BRARBemimicro cuvette and Ofgomeasured onra
Eppendorf BioPhotomet&(Eppendorf). To keep values within a linear range, samples with
ODesoo greater than 0.6 were diluted with filter sterile PBS, the measuregh®@s

multiplied by the dilution factor to determine the undiluted density.

2.7.1 Growth calculations

Growth rate |t) was calculated frorshange inODsooduringthe exponential growth phase
(equation ) (Widdel, 2007) Total growth (G) was calculated from the starting and the
highest measured QB (equation 2 (Monod, 1978) For starvatiorexperimentsloss of
biomass was calculated using an adaption of equation 2 substituting Bigxf@sgsiomass

at a selected time point (Biomg$sBacterial growth measurements for each treatment were
averaged across biological replicatest{nMeansof each treatment were compared using

We | c Heétgerformed in R version 3.2.2 {Rore Team, 2015)
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Equation 1Growth rate

OO 1 T0@
O o

Equation 2Total growth

O 0QE awi {6l

Wherepu = growth rate, 2.303 = conversion to the decadic logarithm,=0bBe ODRoo at a

given time point,i= time, G= total growth.

2.8 Proteomics
1 mL cell pellets were harvested for proteome analysis in parallel with the samples for
DNA/RNA extraction and sent to collaborator Dr Joseph Chi3ksza at the University of
Warwick, UK, for proteome analysis. Pellets weresuspended in 300 pl NUPAGE LDS
sample buffer (Invitrogen), vortexed and incubated for 5 min at 95 °C three timasof30
the sample was run on a 10 % TB&s NuPAGE precast gel (Invitrogen) using-@N-
morpholino) propanesulfonic acid (MOPS) running buffer (Invitrogen). Sodium dodecyl
sulphatepolyacrylamide gel electrophoresis (SP8GE) was performed for a short gel
migration (1 cm). Polyacrylamide gel bands containing the whole cellular proteome were
excised, and standard-grel reduction with dithiothreitol, and alkylation with iodoacetamide
were performed prior to trypsin (Roche) proteolysis. The resulting trgpptide mixture
was extracted using 5 % formic acid in 25 % acetonitrile and concentrated at 40 °C in a
speeévac.

For mass spectrometry, the samples wersuspended in 2.5 % acetonitrile
containing 0.05 % trifluoroacetic acid and filtered using a Qu22cellulose acetate spin
column 16,000 g for 5 min in order to eliminate undissolved aggreff@testie Oleza et

al., 2012) Samples were analysed using a nan®3F-MS/MS with an Ultimate 3000 LC
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system (Dionex.C Packings) coupled to an Orbitrap Fusimass spectrometer (Thermo
Scientific), using a 180 min LC separation on a 25 cm column and settings as previously
describedChristiefDleza et al., 2015)

Raw files were processed using the software package for shotgun proteomics
MaxQuant version 1.5.5(Cox and Mann, 2008 identify and quantify proteins using the
UniProt database oR. pomeroyiDSS3. Samples were matched betweems: Other
parameters were set by default. The list of detected peptides and polypeptides is provided in
appendix2. The bioinformatic analysis pipeline was completed using the software Perseus

version 1.6.0.7 with settings as previously descrii@tdistie-Oleza et al., 2012)
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2.9 Seawater samping

2.9.1Sampling at the Western Channel Observatory (Chagter

Seawater samples were collectddring routine sampling at the Western Channel
Observatory (WCO)ysing a 10 L Niskin bottldeployedrom thesten of the vesseffigure

2.2b), with sample depth determined from meter markers along the length of the rope. 1 L
samples were taken via a silicone tube into 1 L Nalgene collection btikegere rinsed

with sample watethreetimes before sample colléan. Samples were filtered immediately
after collection, on occasion when the sea statete@asough samples were stored the

dark in acooler(4 °C) and transported back to the laboratory for processing withours

of collection.

Figure2.2. a) Station L4 buoy, byleployment of the Niskin bottle frolRV Sepia
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2.9.2Samplingduring the Alantic Meridional Transect25 cruise (Chapteb)

Seawater samples were collected from different light depths during routine water sampling
from theRRS JameSlark Rosgluring the JR15001 AMT 25 cruiskgure 23a). Seawater

was collected into 20 L blackemlit carboys via a blackemlt silicone tubes from 20 L
Niskin bottles fitted to a water sampling 24 bottle Seabird CTD (conductivity, temperature,
depth) reette systemidure 23b). Carboys were rinsed at least once (up to 3 times if water

availability allowed) before filling. Samples were filtered immediately after collection.

Figure 23. a) Water samplingcarousel being recovered, Water samplingcarausel and

carboys.

2.92.1 Calculation of lightdependensamplingdepths
Light depths were calculated using the vertical diffuse attenuation coefficigntgiag
equation 3a (see below). During noon casts, photosynthetically available radiation (PAR)
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readings were taken from 5 depths spread throughout the water column and plotted as dept
vs the negative natural log of PAR (figure 2.4j.i«Kequal to the slope of the regression line
(calculated using the least squares method) through the known data (egumation 3bi).

For predawn casts, light depths were calculated based on daily NEODAAS satellite images
of calculated euphotic depthd{the depth at which PAR is 1 % of the surface valMeyel

and Berthon, 1989and kg calculated using equati@bii.

In(PAR)
£
Q
8,
£

Figure 24. Example of known values plot (depth vs the negative natural log of PAR) with

regression line and equation.
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Equation 3.a) Calculation of penetration depthpfl, b) Calculation of vertical diffuse

attenuation coefficient (&), bi) noon CTD casts, biipredawn CTD casts.

a
. P
11 Y —
w U Op 50
b
bi
, ) | 06'Y
VQ a s .
W W (0)] ()]
bii
I T8t
e e
(0)]

Where Zqis the penetration depth in m, PAR the decimal percent of light apaZ Kd is
the vertical diffuse attenuation coeféent, m is the slope ohe regression line, y is the
In(PAR) y value, x is the & x value, b is the yntercept and dis the calculated euphotic

depth.
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2.9.4Sampling duringthe Air to Sea cruise (Chapté)

All samples were collected from a woddt (6.3 m length) (figure 2c) that was deployed

in the morning and afternoon to collect samples while drifting windward of the ship to avoid
contamination or disturbance of the ocean surface by ship or other operations. All sample:s
were collected intollackedout polycarbonate Nalgefidottles and stored on ice. Samples
were returned to the ship within an hour of collection and filtered immediately. All sampling
equipment was cleaned with 99 % pure molecular grade ethanol and rinsed 3 times witt
sample vater prior to the collection of the actual sample. The sea surface microlayer was
sampled using the glass plate metftddrvey, 1966Cunliffe and Wurl, 2014ffigure 25a).

A glass plate was dipped into the sea and withdrawn slowly perpendicular to tdre wa
surface (~5 cm'§. The collected microlayer was then transferred from the glass plate into
the collection bottle via a funnel using a scraper. Underlying water from 1 m depth was
collected using a 10@IL syringe attached to @12 mm silicone tube thias weighted to

keep it vertical in the water column (figure5B). The collected water was transferred

directly to the collection bottle from the syringe.

57



Figure 25. Sampling on the Air to Sea cruise. a) sea surface microlayer sample collection,
ai) glass plate sampling aii) diagram of glass plate method aiii) glass plate viewed
underwater aiv) sampling equipment. b) underlying water sample collection, bi) sampling

equipment, bii) diagram of sampling method. c) workboat.

2.10 Seawater filtration

Seavater samples were filtered through sterile 0.2 pm cellulose nitrate membrane filters
(Whatman) using a 6 funnel filter manifold and vacuum purgui@ 26). Using sterile
forceps, membranes were carefully rolled and transferred to a sterile 2 mL gentuifie
containing 1 mL of RNAlatét(Sigma) and immediately stored-80 °C. For samples taken

at the WCO (Chapter 4), no preservative was added. Samples were kept on dry ice and stored

at-80 °C on return to the laboratory (within 4 hours of collection)
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a Seawater samples

Figure 26. Filtration of environmental samples, a) diagram of filtration system, b) filter

manifold.

2.11 Environmental metadata
Environmental metadata were available from collaborators and/or open access sources. Th

sources and details of thessa are fully disclosed (appendx

2.11.1 Metadata used in Chapter 4
Quality controlled physicochemical and biologicaletalata used in Chapted were
collected during routine samplireg Station L4 and Station Hiy theR/V Plymouth Quest

and accesseda the WCO data repositorfivwww.westernchannelobservatory.org.uk, 2011)
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Meteorological metadataererecorded by local weathestation in Plymouth and accessed
from (www.bearsbythesea.co.uk, 201&)or statistical analyse only the metdata that
corresponded tobacterial diversity water sampling dates f{able 2.2) were used
Phytoplankton and microzooplankton counts at 10 m were assumed for all bacterial diversity

sample depths.

Table 22. Water and ratadata sampling dates for ChapteV4denotes da collected
concurrently with water sameanot available JA) denotes missing data and dates indicate

alternative sampling date

Station Water CTD data P_hytoplankton & Meteorological  Nutrients
Sample microzooplankton
L4 10/03/2015 \% \% Y, Vv
L4 23/03/2056 Vv \Y \Y V
L4 07/04/2015 \% \% Y, Vv
L4 20/04/2015 Vv \Y \Y V
L4 07/05/2015 \% Y, NA Vv
L4 20/05/2015 Vv \Y \Y V
L4 03/06/2015 \% \% Y, Vv
L4 15/06/2015 Vv \Y \Y V
L4 29/06/2015 \% Y, Vv 30/06/2015
L4 30/07/2015 28/07/2015 28/07/2015 V 28/07/2015
El 10/03/2015 V Y, Y, Vv
El 25/03/2015 Vv \Y \Y Vv
El 09/04/2015 V Y Vv NA
El 24/04/2015 Vv 30/04/2015 V 30/04/2015
El 08/05/2015 NA NA NA NA
El 21/05/2015 NA \Y \Y Vv
El 05/06/2015 04/06/2015 04/06/2015 Y, 04/06/2015
El 16/06/2015 Vv \Y \Y V
El 29/06/2015 01/07/2015 01/07/2015 Y, 01/07/D15
El 30/07/2015 V V Vv Vv

2.11.1.1 Metadata providedby the Western Channel Observatory

Depth resolved physicochemical data were collected using sensors attached to a sampling
rosette. Seawater temperature and salinity were measured using a SeaBidD-SBE
Fluorescence was measured using a Chelsea Technologies MINITracker and oxygen
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measured using a SeaBird 43 Dissolved Oxygen sensor. Samples for phytoplankton an
microzooplankton enumeration were collected from 10 m depth using a 10 L Niskin bottle
andanalysed as described(Widdicombe et al., 20105amples for depth resolved nutrient
guantification were also collected using a 10 L Niskin bottle and analysed according to the

standard WCO protocol (appendix

2.11.1.2 Metadhta providedby the Plynouth weather statioBearsbythesea
Local weather data were collected using a Davis Vantage Pro2+ weather station anc
processed using Weather Display SoftwareData were accessed via

(www.bearsbythesea.co.uk, 2018).

2.11.2 Metadata used i@hapter 5

All metadata used in Chapter 5 are available through the Natural Environment Researct
Council (NERC) British Oceanographic Data Centre (BODC). Metadata were collected
routinely during the AMT25 and processed at BODC B&®C (2015)cruise JR15001
(AMT, JR864). he data presented in Chapter 5 includes all data from the upper 250 m over
the entire transect (physicochemical = 1455 data points from 74 casts, nutrient = 888 dat:
points from 70 casts). For statistical analysis, only data from the corresponding bottle

(physicochemical) or equivalent depth (nutrients) to the nucleic acid samples were used.

2.11.2.1Physicochemicaietadatacollected during the Atlantic Meridional Transect

The physicochemical data provided wtakeen fromsensor readirgat the depth frorwvhich

the water sample was taken, where there were multiple sensors for a variable an averag
reading was take.emperature and salinity were measured usiSgaBird SBE 911plus

CTD, dissolved oxygen was measured using aBB&hSBE 43 dissolved oxygesensor,
fluorescence was measured using a Chelsea Technologies Group Aquatracka Il fluoromete
and PAR was measured using a Biospherical QObBL underwater PAR sens@TD casts

were recorded using the SBad data collection software Seasawn32. The software
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outputs were then processed following the BODC recommended guidelines using SBE Data
Processing/Vin32 v7.23.2.Additional water samples were collected from each cast to
measure salinity (bench salinometer), chlorophylffiltration, acetone dsaction and
fluorometer measurement) and oxygen (Winkler titration) in order to calibkatespective
sensor value§.he method used for calibration was to generate an offset between the discrete
water sample measurement and the nominal value froreetigor. The offsets were then
plotted against the discrete sample values and a linear regression applied. Where the
regression was significant the calibration equation was derived, where the regression was

not significant the mean value of the offset wagligd.

2.11.2.2 Nutrientmetadatacollected during the Atlantic Meridional Transect

Seawater samples for miemolar nutrient measurements were taken from CTD bottle
samples at every depth from each CTD cast. Samples were collected intteanetd 60 ml
high-density polyethylene (Nalgene) sample bottles and analysed -@han#el Bran and
Luebbe AAIIl segmented flow autoanalyser. The analytical chemical methodologies used
were according tBrewer and Riley (1965br nitrate,Riley (1977) for nitrite ard Kirkwood

(1989)for phosphate and silicate.

2.11.2.2 Microbial phytopankton abundance metadata collected during the Atlantic
Meridional Transect

Seawater samples from 200 m to the surface were collected in clean 250 mL polycarbonate
bottles from each (D cast. Samples were stored in a refrigerator and analysed within 3
hours of collection. Fresh samples were measured using a Becton Dickinson FACSort flow
cytometer which characterised and enumerBredhlorococcusp. andSynechococcusp.
(Cyanobacterip and eukaryotic phytoplankton, based on their light scattering and

autofluorescence properties. The flow rate of the flow cytometer is calibrated by analysing

62



samples of@3.6 um fluorescent microspheres (Beckman Coulter Flowset fluorescent

microspheres)taa known concentration for a set length of time.
2.11.3 Metadata used i@hapter 6

2.11.31 Metachta provided by the Sea Surfadesup at the Institute for Chemistry and
Biology of the Marine Environment (ICBM), Carl von Ossietzky University of Oldgnbur

The Sea Surface Scanner (SSS) is a remote controlled automated rotating glass disc samp
fitted with a suite ofn situ sensors for measuring biogeochemical paraméigige 2.7)

pH, seawater temperature, chromophoric dissolved organic mBRE€M) and salinity

were measured in the sea surface microlayer (SML) and underlying water (ULW){1l m)

on board sensors and calibrated as describeégibasRibas et al., (2017)Chlorophyll
derived from fuorescene was measured in the ULW by on board sessod calibrated
against discrete chlorophyll measuremeAis temperature, relative humidity, wind speed,

UV and solar radiation were measured in the atmosphere by sensors at a height of 3 m fitte
to the SSS magiRibasRibas et al., 2017)Details of he onboard sensors including
manufacturers and specifications can be found in appendot further detail see Ribas
Ribas et al., (2017)Discrete SML and ULW samples were also taken for surface active
substances (SASjJa substance that lowers thefage tension of the liquid in which it is
dissolved, also known as surfactants)d chlorophyll from the SSS bottle samples. SAS
were measured using phasensitive alternating voltammetry (Model VA 747, Metmgh

with a hanging mercury drop electrode @ating toL o s ov i | and Vojv
Unfiltered samples (10 mL) were measured three to four times using a standard addition
technique, where the neanic surfactant Triton XLOO was used as a standard.
Concentration of SAS was expressed as the equivalent cataamof Triton X100 (Teq)

(Wurl et al., 2009) Chlorophylta was measured using the method describefiray and

Collins (1997) The partial pressure of carbon dioxiqgC(Q,) was measured using an
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infrared gas anadger (IRGA) (SubCtech OceanPackTM,-CIOR LI-840x) fitted to an
autonomous, drifting buoy with a floating chami§RibasRibas et al., 2018)The IRGA

was calibratedising 5 CQ gas standards before and after sampling (accuracy better than
1.5%) (RibasRibas et al., 2018)pCO2 fux was calculaed based on the positivity or
negativity of the slope (dpCGQit) according tdheequationsas described in Rib&Ribas et

al., (2018) onlyflux values with an?value greater than 0.95 were included in the dataset.
The SSS and autonomous drifting buogrev usually deployed between 23:00 and 06:00
UTC. For statistical analysis with bacterial diversity data, the mean at each sampling station
was determined for AM and PM sampling efforts and was defined as all data recorded before
(AM) or after (PM) 12 noor(02:30 UTC at coastal stations and 02:00 UTC at oceanic

stations).
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Figure 2.7a) Sea surface scanner (SSS), (b) rotating glass discs onto which the sea surfac
microlayer (SML) is collected, c) emoard flowthrough systemd) schematic view of the
flow-through system with pumps (PR3), valves (V1), and sensor technology to measure
salinity (Sal), pH, oxygen (Oxy), FDOM, Chl and photosynthetic parameters (Photo) from

RibasRibas et al., (2017).
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2.11.3.2 Data providedby the ZappaGroup at the LamonDoherty Earth Observatory,
Columbia University

Underway meteorological, navigational and physical measurements were recorded by the
R/V Falkoron-board scientific computer system. Wind stress measurements were estimated
from underway data using the algorithms definedEadson et al., 2013)or statistical
analysis with bacterial diversity data, the mean was calculated for alledat@led 1 hour

prior to, andduring the collection of water samples for bacterial diversity.

2.11.3.3 Data provided by the Landif@roup at the Department of Earth, Ocean and
Atmospheric Science, Florida State University

Seawater samples were collected for the determination of particulate and dissolved trace
metals from the SML (~5Am thicknessand ULW (~30 cm depth) using a cylinder of pure
quartz deployed from a plastic kaydkbling and Landing, 2015} L of each sample was
collected and immediately filtered onto Quéh polycarbonate membranes on return to the
shipds | ab. okdmnat20°C, and the fitratenaeidified withr 0.024 M HCI, for
storage. On return to the home laboratory, the particulate material on the filter was digested
using a strong acid digestigMorton et al., 2013)Dissolved trace metals were extracted
from the seawater matrix and pcencentrated on to a Toyopearl Afelate650M
chelating resin, (Tosoh Bioscienc@liine et al., 2010) Particulate and dissolved trace
metals were determined by high resévSuti on

(ThermaoFisher) at the National High Magnetic Field Laboratory at Florida State University.
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2.12 DNA extraction using theDNeasy Blood and Tissuéit

DNA was extracted using the DNeasy Blood and Tissue Kit (Qiagen) following the
manufact ur er 6 s ixpontaininge®0aquL lysis Buffdr {DNeasy) ama 10 pL of
proteinase K (DNeasy) was addedhe samples. The samples were prepared according to
the sample type; for bacterial cells see (2.12.1) for seawater see (2.12.2). DNA was elute(

for 5 min at room teqerature in 100 pL of elution buffDNeasy)pre-heated at 40 °C.

2.12.1 Preparation ofharvestedacterial cells for DNA extraction withthe DNeasy Blood
and Tissuit (general use)

Frozen harvested cell pellets were thawed on ice and homogeniseddNdasy lysis mix

by vortexing before being incubated at 56 °C for 10 min. All of the lysate was then

transferred to thBNeasyextraction column.

2.12.2 Preparation of filter membranes (seawater sampfes)DNA extraction withthe
DNeasy Blood and Tissikit

For the transfer and dissection of membranes, forceps and scalpels were sterilised betwee
each use with ethanol and by flame. Mechanical homogenisation with F&stRsipg

Matrix B (2 mL matrix tubes containing 0.1 mm silica spheres) (MP Biomsjlieaas

performedn a Mini-BeadBeate8 (BioSpeg¢ for 2 min on maximum speed.

2.12.2.1 Preparation of seawater samples collected at the Western Channel Observatory
(Chapter 4)

Frozen membranes were transferred directly to a Fa§tPgeing Matrix B tubewith the
DNeasWysis mix and homogenised mechanically. Homogenised samples were incubated at
56 °C for 10 min before being centrifuged for 1 min ab&6 G, the lysate was recovered

and transferred to tHeNeasyextraction column by pipette.
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2.12.2.2 Preparation of surface microlayer and underlyingasvater samples collected
during the Air to Sea cruis€haptero6)

Frozen membranes were thawed on ice and transferred ensuring minimal carryover of
RNAlatef® to sterile petri dishes. To maximise the lysistiod small amount of material
collected, membranes were-tiled and cut using a sterile scalpel into ~12 pieces. The
dissected membranes were then transferred to sterile F&5tRsipg Matrix B tubes with

the DNeasy lysis mix and homogenised mecharjicaHlomogenised samples were
incubated at 56 °C for 10 min before being centrifuged for 1 min,@6Q65 the lysate was

recovered and transferred to the DNeasy extraction column by pipette.

2.13 Simultaneous extraction ofDNA and RNA using the E.Z.N.A. DNA/RNA isolation

kit

RNA and DNA were extracted simultaneously from the lysate (prepared according to the

sample type), using the E.Z.N.A. DNA/RNA isolation kit (VWR) following the

manufacturers protocol. An on column DNase digestion step using the IRi&sBNase

set (VWR) was also performed according to the
were eluted for 5 min at room temperature in 40 uL of DEPC treated water (EZNA) pre

heated to 70 °C and 40 pL of elution buffer (EZNA)-peated to 40 °C respeatiy.

2.13.1 Lysis ofharvestedRuegerigpomeroyi DSS3 cells for use with the E.Z.N.A. DNA/RNA
isolation kit Chapter 3)

Frozen harvested cell pellets were thawed on ice and with 350 uL GTC lysis buffer (EZNA)
containing 20 pL mt of 2-mercaptoethanol aed. Cell pellets were homogenised in the
lysis buffer by vortexing. All of the lysate was then transferred tdiNeasyextraction

column.
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2.13.2 Lysis of seawatersamplesfor use with the E.Z.N.A. DNA/RNA isolatidit
(Chapterb)

Membranes were thaweanh ice and transferred ensuring minimal carryover of RNAYater

to sterile 2mL FastPrefd Lysing Matrix B tubes. Membranes were snap frozen with liquid
nitrogen and broken up using a sterile pellet pestle (Sigma). 700 puL of GTC lysis buffer
(EZNA) containirg 20 pL mL? of 2-mercaptoethanol was added and the membranes
homogenised mechanically using a MBgadBeateB (BioSpec, US) for 3 min at
maximum speed. Matrix tubes were then centrifuged for 1 min,86Q65, the lysate was

recovered and transferredttee EZNA DNA extraction column by pipette.

2.14PCR primers

2.14.1 gPCR primer design

Functional gene qPCR primers specifilkigpomeroyDSS 3 were designed from the DSS

3 genome @ble 23) (Moran et al., 2004)Primers coxk2F and coxk2R were seleed by

hand using the genome viewing software Artemis (Wellcome Sanger Institute) and were
donated to me by Simone Payne, from the University of East Anglia, UK. Primer sets
pyrGPOMF and pyrGPOMR, andrpoBPOMF and rpoBPOMR were selected using
PrimerBLAST (Ye et al., 2012)Primers were verified by PCR wifR. pomeroyDSS3

genomic DNA and Sanger sequencing.

2.14.2 coxLForm | primer desigrfor high-throughput sequencing

The amplicon length (1200 bp) of the combined OMPF and OBR primer set was not suitable
for high-throughput sequencing on an lllumina platform; therefore, a new reverse primer
was designed. Based on the origikalg (2003)literature, knowrcoxL Form | sequences
representing a range of bacterial orddRddobacteralesRhizobiales Burkholceriales

Actinobacteriaand Bacillaleg were selected from GenBankg(re 28b). An alignment
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(figure 28a) was made and the OMPF forward primer sequence was identified. Conserved
regions ~408600 bp from the forward primer were identified as potential meverse
primers. A 100 % conserved region was not found, however relatively conserved regions
were identified (~60 %). These regions were scanned for homologous and heterologous
bases; degenerate bases were called if more than two bases at that pomiGon
heterologous. Only degenerate bases representing two bases were allowed, for heterologous
positions containing more than two different bases, a base was called according to the most
abundant two bases. Potential new reverse primers were paired Witk @\ verified by
PCR with a range of bacterial genomic DNA samples and Sanger sequencing. After
verification the new reverse primer NGSR was selecigdré 28a).

The length of the amplicon (~650 bp, which increased to ~800 bp with the addition
of adater sequences) would not be suitable for paired end sequence aAgiysiegenetic
tree was constructed from the alignment to confirm if the forward re@@50 bp)alone
would be able to resolve taxonomy to a suitable |é@bendixs). Comparison ofhe tree
with the original alignmen{1200 bp) (figure &) suggested some taxonomic resolution

would be achievable using unpaired reads.
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Figure 28. a) Region of the alignezbxL Form | sequences corresponding to the new primer NGSR. b) MaximumHokelianalysis (1000 bootstrap
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Table 23. Sequences of the primer pairs used in this study.

Name Use | Targe | Target gene Anne-
T : Sequence Reference | aling
(direction) (size) | tgene product temp
OMPF coxL GGCGGCTTYGGS
(forward) Form | AASAAGGT
coxL
BMSF PCR GGCGGCTTYGGS . .
(forward) (2200 F(I3Irm TCSAAGAT (2K|ng, 580' 62
bp) 003) C
OBR FCOC;):T']‘ | YTCGAYGATCAT
(reverse) &l CGGRTTGA
coxL-2F gPCR | DSS3 CTGACGGCCAAG Simone
(forward) GATCTG .
(120 coxL carbon Payne 59 °C
coxL-2R bp) Form 1| Choxide | GCCACACAAAGG (UEA)
(reverse) dehvdrogenas CTACTTC
" (éOE?H) S TCGTCGGCAGCG
AT | Adate
O'fV'PF/S('fQ NNNHNN NW ‘lzpm
(forward) NNNH-GGCGG (King,
HTS | 1 CTTYGGSAASAA 2003)
(650 Form | GGT 56 °C
bp) GTCTCGTGGGCT
CGGAGATGTGTA
NGSR/SEQ TAAGAGACAG-T- | This study,
(reverse) GCRCCG Chapter 4
ACGATCTCSGTR
AA
27F AGAGTTTGATCM (Lane,
. TGGCTCAG
(fgrl':\;vglrg ) (EL%RS 16S | 16S ribosoma 1991) 55 °C
1492R bp) rRNA RNA GGWTACCTTGTT | (Suzuki et
P ACGACTT al., 2000)
(reverse)
oy | | psss | CTP symmesd CETECEoNTCS
pyrGPOMR pyrG > CGGACCTGACCA
(reverse) ngcoR glutamine) | s TGGGAG This study,| g o
rpoBPOMF bp) b subu ATAGATGTCCAT | Chapter 3
(forward) DSS-3 . GAGCGCGG
rpoBPOMR rpoB bagtleg]aelrl;ils\leA AACGGCGTCACC
(reverse) Poly AATATCCC

72



2.15 Quantification of nucleic acids and manipulation techniques

Routine nucleic acid quantification was carried out spectrophotometrically wsing
NanoDrof® ND-1000 (Thermo Scientific). Nucleic acids that were to be used for
downstream analysis such as reverse transcription, sequencing and gPCR were als
quantified fluorescently using the QuantiFIicdsDNA System or QuantiFIUBrRNA

System (Pronga) for DNA and RNA respectively.

2.15.1 Polymerase chain reaction (PCR)

Routine PCR was performed in 25 or 50 OL
(Eppendorf) or a Gradient Pal®y c | e r 86 (CdBbktt Life Science Pty. Ltd., AU)
thermo cycler usg GoTa§ Flexi DNA Polymerase (Promega). A typical reaction would
contain a final concentration of 0.2 uM of each forward and reverse primer, 2 mM of MgCl,
1.25 u GoTa$, x1 GoTa§ Flexi Buffer and 0.2 mM of each dNTP and up to 0.5 pg DNA.
For coxL amplification using OMPF/BMSF and OBR or OMPF/SEQ, and NGSR/SEQ,

bovine albumen serum (BSA) was added fihal concentration of 0.1 pg ™.

2.15.2 DNA purification
PCR products were purified and-UpKitdSigma)d u

accordng to the manufacturerods protocol

2.15.3 Agarose gel electrophoresis

Typically, 5 uL of PCR product (plus an equal volume of loading dye such as Orange G if
required) was loaded onto a 1.5 % (w/v) agarose gel containing ethidium bromide (0.4 ug
mLY)inlx TAE buffer. HyperLadder E 50 bp DNA
DNA fragment size. Gels were run for 40 min at 110 v and imaged on a G:Box image

analyser (Syngene).
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2.15.4 Reverse transcription (RT)

RNA was reverse transcribed using the Omip$cRT Kit (Qiagen) according to the

manufacturer os

protocol

F iRnegdria poraesogiRNA 0 n

(Chapter 3) or 10 uL for seawater RNA (Chapter 5) abket24 for reaction mixes. Primers

pyrGPOMR, rpoBPOMR or coxRR were used fothe reverse transcription of RNA from

Ruegeria pomeroyand primer PROK1492R was used for the reverse transcription of RNA

from seawater @ble 23). RNA was thawed on ice and denatured in RNes® water for

5 min at 60 °C prior to the addition of theaction master mix. Reactions were then incubated

at 37 °C for 60 min (seawater RNA) or 90 min (cell pellet RNA).

Table 24. Reverse transcription reaction mixes

Final concentration per reaction

Component

Omniscript reverse transcriptase (4 ur
per uL)

RNA from cell RNA from seawater
pellets (Chapter 3) (Chapter 5)
Buffer RT (10 x) 1x 1x
dNTPs (5 mM each) 0.5 mM each 0.5 mM each
Gene specific reverse primer (10 uM) 1uM 1uM

0.2 units per pL

0.2 units per pL

Target RNA 50 ng (total) 200 ng fotal)
RNase free water Up to 15 pL Up to 10 pL
2.16 Quantitative PCR (gPCR)
gPCR amplifications were perfor med

SYBR® No-ROX Kit (Bioline). Reactions contained a final concentration of 1 x SensiFAST

SYBR® No-ROX Mix, 0.3 uM of both the forward and reverse primers, 4 uL of cDNA as

wi t h

vol ume

t hr ee

template and made up to a final volume of 10 pL using molecular grade water. 3 step cycling
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was performed with a Rot@eene Q3000 (Qiagen) cycling conditions were; 95 °C for,30 s
40 cycles of denaturation 95 °C for 10 s, annealing 59 °C for 15 s and extension 72 °C for

20 s followed by melt curve analysis from 72 °C to 95 °C.

2.16.1 Reference genes

To validate the effect of the CO treatment (Chapter 3) on the transcriptiontafghegene

coxL, reference OhrppB6kkesapungd génbébsacteria
pyrG (cytidine triphosphate (CTP) synthase) were ch@Bexcha et al., 2015T he reference
genes act as an internal control to determine a normal expression level for each sampl

irrespective of the treatment.

2.16.2 gPCR standards

Non-degenerate gene specific primers were used to targ&ubgeria pomeroybSS3
coxLForm I,rpoB andpyrG genes (table 3). gPCR standards were created from a dilution
series of purified amplicon DNA. PCR was performed in dap¢ with 20 ng oR.pomeroyi

DSS3 genomic DNA as a template and amplification confirmed by electrophoresis. PCR
products were then pooled, purified and quantified fluorescently. Gene copy number was

determined using equation 4.

Equation 4Equation 6 calculate gene copy number

. £€'Q @8tg gpm

,

€A Qud@idi p prm

£ 0aQOBE N Q%‘

Where ng = ng of DNA, 6.022x#0= A v 0 g a dumbed, snolecular mass = molecular

mass of the DNA and 1xi& conversion to ng.

75



2.16.3 Relative quantification @fPCR data

Threshold () values and gene transcript copy humbers were determined from the standard
curve of thegPCR standard dilution series using the R@ene Q Series Softwaversion

2.3.1 (Qiagen The ratio ofcoxL gene transcription in the treatment vs the control was
cal cul at ed wmsthod(lgvaktahdeSchmiggen, 20019nd normalised to the
reference gengs/rG andrpoB (equation 5)Pairwise fixed reallocation randomisation tests

(n 2000) were performedsing REST 2009 software version 2.0(Egaffl et al., 2002)
CalculatedcoxL copy number for each sample was normalised to the reference genes by
dividing by a normalisation factor. The normalisation factor for each sample was calculated
by dividing the gometric mean of the reference gene copy numbers by their grand geometric

mean for each experimental time pdiable 2.5).

Equation 5.Calculation of transcription fold change using thep C method.
Y6 0 00 00
Y6 o 00 00

Yoo Y60 Y60

,Oé ‘ﬁn. ‘8 .‘Q,Q vy

Where Ct = threshold valuesxp = form experimental treatment, con = from toh
treatment, GOF gene of interest and REReference gene (or the mean of reference genes

if multiple).
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Table 25. Calculation of normalisation factors for calculated gene copy number.

Ref gene 1 Ref gene 2 Geo mean Normalisation factor
Sample  (Xa) (Xb) (GM) (NF)
Sample
1 Xa! Xb? Gm!? NF'= GM!/ GGM
Sample
2 Xa? Xb? GM? NF>= GM?/ GGM
Sample
3 Xa? Xb? GMm3 NF= GM3/ GGM

Grand geomean (GGM) GGM

Sample Gene of interest copy No. (N) Normalised copy no.
Sample 1 N? NI/NF
Sample 2 N2 N2/NF?
Sample 3 N3 N3/NF3

2.17 Sequencing

For generalpurposesuchasstrainandprimertargetverification, purified ampliconswere
Sangesequenceldy SourceBioSciencan Rochdale, UK, following their standapdotocol.
Samples are prepared using the Appld Bi osy st & fesntinat® ikig v3Dy e
(Thermo fisher), purified using a magnetic bead clgarprocess and sequenced on an
Applied BiosystemsE 3730xlI DNA Anal yser
examined inChromas (Technelysium Pty LT)2nd veified using the National Center for
Biotechnology Information (NCBIpasic local alignment search t¢8ILAST) (Altschul et

al., 1990)

2.17.1 Highthroughput sequencindpacterial6S rRNAencoding genes
Bacterial 16S rRNA gene library preparationand seaqiencing were performed at the
IntegratedMicrobiome Resource(IMR) at the Centre for ComparativeGenomicsand

EvolutionaryBioinformatics(CGEB) (DalhousieUniversity, CA) asdescribedy (Comeau
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etal., 2017) DNA samplesnvere PCR amplified and barcodedusing genespecificfusion
primers,the V4-V5 regionof the bacteriallL6SrRNA genewastargetedusing primer set
515Fand926R (Walterset al., 2016)with the additionof anIllumina Nexteraadapterand
indices. Amplicons were then verified, cleanedand normalised before being pooled to

producethe sampldibrary which wassequencedsingthe lllumina MiSeqplatform.

2.17.2 Highthroughput sequencindpacterialcoxL Form | (coxk2) genes

DNA sampleswere PCR amplified targetingthe coxL Form | gene with primer pair
OMPF/SEQandNGSR/SEQBoth primersincludedthe additionof a NextEralllumina kit

adaptesequencandasinglebasespaceto the5 Gn,addition12randombasesvereadded
to theforwardprimeronly (table 23). coxLampliconswerepurified and sentto collaborator
Dr JoeTaylorattheUniversityof York, UK, for library preparatiorandsequencingPurified
ampliconswverecleanedandsizeselectedisingAgencour? AMPure® XP magnetideadkit

(BeckmanCoulter). Amplicons were then barcoded]ibraries preparedusing the NextEra
XT library prepkit (New EnglandBiolabs)andsequencedn an lllumina Mi Sequsingthe

lllumina MiSeqv3 reagenkit.

2.18 High-throughput sequence processing
All sequences were processed using the Quantitative InsigtasMicrobial Ecology
(QIIME) software version 1.9.1Caporaso et al., 201@yorkspace run on VirtualBox

(Oracle).

2.18.1 16S rRNAyenehigh throughput sequence processing

Raw paired reads were first merged using the programme VSEARCH versio(Ragiigs

et al.,, 2016) Using the programme USEARCH version(edgar, 201Q) primers were
trimmed from the reads (left 19 and right 20 bp) and quality filtering performed to discard

reads less than 250 bp or with an expected error rate of > 5 %. The qualiéy fikads
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were truncated to 250 bp, -deplicated, singletons removed and sorted by size annotation
before operational taxonomic units (OTUs) were clustered at 97 % similarity and chimeras
removed. OTUs were mapped to the original merged reads and an ablEJcteated.
Taxonomy was assigned to the OTUs from the SILVA database releag@u24& et al.,
2013)using the RDP Classifier 2@Vang et al., 2007and added to the OTU table using
BIOM 2.1.6(McDonald et al., 2012)Jsing QIIME, the OTU table wasltired to remove

any OTUs assigned as eukaryote, archaea or organelles (e.g. chloroplasts) and normalise
by rarefaction to allow comparison between samples. A phylogenetic tree was created frormr
the OTU sequences using USEARCH. The tree and OTU tabkrdtiltand rarefied) was

then used with QIIME to make a weighted distance matrix using UniFrac n{etmgone

and Knight, 2005)
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VSEARCR4.3 -fastg_mergepairs

A 4

Trim and relabel reads. Quality filter (max expected error 0.5 and
truncate reads to 250bp)
USEARCH -fastq_filter

Dereplicate reads and remove singletons
USEARCH -derep_fulllength

Sort bysize annotation
USEARCH -sortbysize

PROCESSED READS

USEARCH

-cluster_otus

A 4
I e e e O R

USEARCH -usearch_global

RDFClassifie2.2 QIIMB assign_taxonomy.py

BIOM2.1.6 add-metadata
QIIMEL.9.1 filter_taxa_from_otu_table.py

QIIMEL.9.1 single_rarefaction.py

A 4

USEARCSI -cluster_agg

A

QIIMEL.9.1 beta_diversity.py

Figure 29. Flow chart showingoacterial 16S rRNA gene sequence processing pipeline
detailing the programme and script useaarry out each step starting from raw reads (top)

through to an OTU table and distance matrix (bottom) that are used for further analysis.
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2.18.2 coxLForm | (coxl-2) high-throughput sequence processing

For coxL Form | (coxL-2) gene sequences only therward reads were used because the
amplicon was too long for paired end analysis and the reverse reads were of poorer quality
Using the programme USEARCH versiorfEdgar, 201Q)random bases (left 13 bp) were
trimmed from the forward reads and qualitiyefiing performed, discarding any reads less
than 175 bp or with an expected error rate of > 5 %. The quality filtered reads were truncatec
to 175 bp, deeplicated, singletons removed and sorted by size annotation before operational
taxonomic units (OTUsyvere clustered at 97 % similarity and chimeras removed. OTUs
were mapped to the original merged reads and an OTU table created. To assign taxonom!
the OTU sequences were searched against the NCBiedomdant protein database using
BLASTx. The OTU tal# was filtered to include only sequences with a hibdoa fide
carbon monoxide dehydrogenase and normalised by rarefaction to allow comparison
between samples. A phylogenetic tree was created from the CODH OTU sequences usin
USEARCH. The tree and OTULke (filtered and rarefied) was then used with QIIME to

make a weighted distance matrix using UniFrac mettiogupone and Knight, 2005)

2.19 Limitations of high throughput sequencing

Established genomic methods have been used in this thesis, howeverate always
methodological limitations to consider. 16S rRNA gene approaches are the standard in
bacterial identification but bias can be introduced during processing steps. DNA extraction
can select easier to lyse cells like gram negative over graitivedbacteria. Bias can also

be introduced during PCR amplification and by primer specifiditg tothe strength of
binding at theannealingsiteandor downstream secondary structideiring extensiorohl

et al., 2016Comeau et al., 2017). Consedieall primer sets will under or over represent

certain groups once OTU clustering has been performed. In these studies a mechanical ar
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chemical lysis step was employed to minimise any extraction Araplicons were PCR
amplified in duplicate using segze template dilutionand using high fidelity polymerase

by the sequencing centre to produce the highest quality starting material for high through
put sequencing. Thé4-V5 regionprimers chosen for these studies were selected as the best
choice basedrothe taxa that were expected e.g. the alternati/&@egion primers are

known to over represent proteobacteria which feature abundantly in the data set (Comeau et
al., 2017). Amplicons were sequenced using lllumina MiSeq technology which produces
read=of a high quality. Using a paired end approach, strict quality filtering and normalisation

of sequencing depth provides further confidence in the data produced.

It must also be acknowledged that no process controls were used in these studies but
shouldbe considered in future studies where possible. Running replicate samples can help
better identify what is a rare sequences from sequence errors. The inclusion of process blanks
and kitome samples allows methodological contaminants to be identified wode
(Salter et al., 2014), and the inclusion of mock community samples will help to identify any
sequencing biagreh et al., 2018)Although independent process controls were not carried
out here, the sequencing centre used to generate the datatteesiishas conducted testing
of the oflibrary preparation and sequencing protaest¢d, details can be found in Comeau

et al., (2017).

2.20 Statistics, data analysis and graphical representation

Unless otherwise stated, all data were entered anddedit®licrosoft Excel 2010. Data
frames were stored as .xlsx, .csv or .tsv. Graphical representations of data were generated
using Microsoft Excel or using R version 3.2.2. Dhiierpolating Variational Analysis

(DIVA) gridded section plots and station psa(Chapters 4 and 6) were created using Ocean
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Data View version 4Schlitzer, 2015)The station map for Chapter 5 was created in ArcGIS

version 10.3 using longhurst_v4 2010 shape file.

2.20.1 Sequence analysis

For the analysis of small groups of sequen¢e.g. Sanger results and BLAST hits etc.),
alignments were made using Multiple sequence comparison fexfzertation (MUSCLE)
(Edgar, 2004)n Molecular evolutionary genetics analysis (MEGA) versiofT @mura et
al., 2013) Phylogenetic analysis wassalcarried out in MEGAG6 and edited in Dendroscope

version 3.5.94Huson and Scornavacca, 2012)

2.202 High throughput sequence data analysis
Processed sequences from kigloughput sequence runs were analysed in R version 3.2.2
(R-CoreTeam, 2015jor packages and programmes usesdtable 26aand QIIME version

1.1.9(Caporaso et al., 201@r commands used sesbte 26b.
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Table2.6. Details of statisticanalysesarried out in a) R and b) QIIME.

a.
Software Package Function Reference
anova.cca
(Oksanen et al.,
vegan spantree 2013)
dbrda
R version3.2.2
cmdscale (R-CoreTeam,
stats 5015
ttest )
Hmisc rcorr (Harrell Jr, 2016)
b
Software Test command Reference
QIIME version | PERMANOVA | compare_categories.p (Caporaso et al
1.1.9 K
G-TEST group_signifcance.py 2010)
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Chapter 3

Carboxydovory in the ecologicallyrelevant
model marine bacterioplankton Ruegeria

pomeroyiDSS3
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3.1 Introduction

Aerobic bacterial carbon monoxide (CO) utilisation has been studied for several decades and
has focusedprincipally on carboxydotrophy in the model bacter@ligotropha
carboxidovoransand Pseudomonas carboxydohydrogemdnich utilise CO as a source of
assimilatory carbon and ener@¥eyer and Schlegel, 1983, King and Weber, 20G&ybon
monoxide dehydrogerse (CODH) is the key enzyme in the utilisation of CO by
carboxydotrophic bacteria and is encoded by the gemes, MandL (Meyer et al., 1993)

CODH is amolybdenumcontainingoxidoreductase that is associated with the inner aspect
of the cytoplasmic nmabrane and respiratory chainn carboxidovoransreacting CO with

H-0 to produce C®and conserved reducing pow@teyer et al., 1993)Carboxydotrophs
subsequently assimilate the €t@rived CQ through the Calvin Benson Bassham Cycle via
ribulosel,5-bisphosphate carboxylase/oxygenase (RuBisCO) and use the electrons through
the electron transfer chain to reduce a dioxygen terminal acceptor and produ(®eyEP,

1989)

Principally through genome sequence analysis and molecular ecology studies, a
secand functional group of aerobic Cailising bacteria has been more recently identified
that are termed carboxydovoréking, 2003, King and Weber, 2007Even though
carboxydovores can readily oxidise CO, they are unable to assimilate the resulting CO
beause they lack RuBisCO and/or the higher CO concentrations that are typically used to
grow carboxydotrophs are inhibito¢iting, 2003,King and Weber, 2007)

Carboxydovory appears to be particularly prevalent in some heterotrophic marine
bacterioplanktongroups, including the abundant and ecologically important Marine
Roseobacter Clade (MRC), with CO proposed to be utilised chemolithoheterotrophically as
a supplementary energy sourd®ewton et al., 2010) Marine bacterioplankton

carboxydovory is biogeocha@cally important because microbial oxidation is the dominant
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CO sink in seawater, accounting for up to 86 % of the CO produced by photolysis of organic
matter and subsequently diminishing the potential impact of mdaneed CO on
atmospheric processgzafiriou et al., 2003)

Ruegeria pomeroy)SS 3 (basonynsilicibacter pomeroyiis a member of the MRC
and one of thérst groups of carboxydovoreglentified(Moran et al., 2004, King, 2003
pomeroyiDSS 3 has become a wetistablished model bacigplankton and has been used
to help elucidate the biological mechanisms that underpin a range of marine biogeochemica
and ecological processes, including elemental cycling@umliffe, 2016, Todd et al., 2011)
and microbemicrobe interaction e.Christie-Oleza et al., 2017)

The R. pomeroyiDSS3 genome contains two differeabx gene operons (Form 1
and Form 2) and lackBuBisCO(Moran et al., 2004)TheR. pomeroyDSS3 Form 1cox
genes are homologous to the verified COBitodingcox genes intie well characterised
carboxydotroph®. carboxidovoranandP. carboxydohydrogend@he Form 2 is a putative
CODH, with function inferred from sequence similarity with the FonoXLgene encoding
thelarge catalytic subunit of CODKKing, 2003, King andVeber, 2007)From a study of
nine MRC strains (includingr. pomeroyiDSS3) with genomes that contain either both
forms or only the Form 2, only strains that had both the Form 1 and the FaxoRerons
could oxidise CO. MRC strains with only the putatForm 2 CODH encoding genes could
not oxidise CO under the conditions test€dnliffe, 2011)

Even thoughR. pomeroyDSS 3 has been shown to readily oxidise (Binhg, 2003,
Moran et al., 2004Cunliffe, 2013, the physiological effects of CO oxidationR. pomeroyi
or any other marine bacterioplankton remain poorly understood. Given that marine
bacterioplankton CO oxidation appears widespread based on genome/metaddamame
et al., 2007, Newton et al., 2018)d biogeochemical eviden{&afiriou etal., 2003) there
are still substantial gaps in our understanding of the principal underpinning biological

mechanisms controlling potential GDpported chemolithoheterotrophy. The aims of this
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study were to address these knowledge gaps by focusing twiltivéng specific research
questions; is thereghysiologicallybeneficialresponse (i.echemolithoheterotrophy) to CO
oxidation inR. pomeroyj and what is the supporting molecular machinery (i.e. mRNA and
proteins/enzymes) involved in sustainiypomeroyi CO-oxidation and potential CO

supported chemolithoheterotrophy.

3.2 Results

3.2.1 Impacts of CO on growth and organic carbon starvation response

The effect of CO on the growtif R. pomeroyDSS 3 was examined in marine ammonium
minimal salts (MAMS medium with 10 mM glucose. CO was added at 10 % of the
headspace volume and compared to the ambient air only control. Growth was measured via
optical density (Olho) and showed that there was no significant difference in growth rate
(1) between the C@xposed cultures (1 0.11 + 0.001) and the control cultures (u 0.10 *
0.007) (Welch's-testp =0.33) during the exponential phase. The-€Posed cultures
however achieved greater final biomass in the stationary phase when glucose became
depleted compared the control cultures (Welch'sgstp =0.03) (figure 3.1a).

To further determine the impact of CO oxidation on organic carbon st&ved
pomeroyiDSS3, cultures were grown in MAMS medium with 10 mM glucose to-mid
exponential phase (G 0.50.8), washed and rsuspended in glucoseee MAMS
medium. The addition of CO (10 % headspace volume) caBsqebmeroyiDSS3 to
maintain significantly greater biomass (Welchtegt p =0.02) compared to the control

cultures exposed to ambient after 42 hoursufoto 97 hours (figure 3.1b).
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Figure 3.1. Growth oR. pomeroyDSS3 on MAMS with a) 10 mM glucose and b) no
additional carbon source, over time in hours. 0 % control contains ambient air, 10 %
treatment contains 10,000 ppm CO addition tofldek headspace. Values represent means
(n 4), error bars represent standard deviation. Symbol * shows signfic@r@d5 time points
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To confirm that 10940 does not also have a positive effect on a MRC bacterium
without theForm 1cox genes (i.e. Form 2 only), growthas also assessed $agitulla
stellata E37 and showed no evidence of CO oxidation or change in growth parameters

(figure 3.2).

Growth (ORyo)
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Figure 3.2. Growth o$. stellataE37 with MAMS with 10 mM glucose over time (mours).
0 % control contains ambient air, 10 % treatment contains 10,000 ppm CO addition to the

flask headspace. Values represent means (n 3), error bars represent standard deviation.

3.2.2 Impact of CO on Form 1 coxL transcription
To determine the impaof CO oncoxL transcription, RNA was extracted from cell pellets

harvested from 24, 48 and 72 hours during the growth experiment (figure 3.1a) and at 0 and
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96 hours during the organic carbon starvation experiment (figure 3.1lPRR analysis

of cokLmMRNA transcripts normalised against
genespyrG and rpoB, showed thatoxL transcription was significantly increased in the
presence of CO after 72 hours (figure 3.3a) coinciding with the significantly increased
biomasgfigure 3.1a). The same RJPCR analysis performed on the RNA extracted from
the organic carbon starvation experiment, showed that after 96doxrsanscription was
significantly increased in the presence of CO compared to the control (i.e. ambjient ai

(figure 3.3b).
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3.2.3 Impact of CO on the R. pomeroyi EE&S@oteome
The proteins SPCBB7, SP0O2398 and SP0O2399 (carbon monoxide dehydrogenase, CODH)
that are encoded by the Form 1 genesL, coxSand coxM respectively, significantly
increased in the presence of CO at 10 % of the headspace volume compared to the ambie
air only control (stdent ttest p <0.05) (figure 3.4a and figure 3.5a). The other associated
proteins encoded through the CODH operon (operon 1606), namely SPQ23@3, (
SP02394 ¢oxF), SPO2395doxE) and SP0O2396co6xD) were also significantly increased
in abundance in thpresence of 10 % CO compared to the control (studiest {p <0.05)
(figure 3.4a and figure 3.5a).

In the glucosestarved samples, thie pomeroyproteomes from the cells exposed to
10 % CO showed reduced expression of the CODH operon proteins @i§aj)ecompared
to the proteomes from the exponential phase grown cells (figure 3.5a). However, when
compared to the control glucestarved cells (i.e. ambient air), the CODH proteins
SP02397 ¢oxL), SP0O2398 doxg and SP02399coxM) were still significatly higher
(student ttest p <0.05) in the presence of 10% CO. as were, SPOCJ @nd SP0O2394
(coxP (figure 3.4b and figure 3.5a).

The control O6housekeepingd proteins SI
directed RNA polymerase beta subunithich are encoded by the genegG andrpoB
respectively, showed no difference in expression between treatments (figure 3.5b), matching

the associated mMRNA abundan¢gégure 3.6).
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3.2 Discussion
The results presented here have demonstrated a sustained incregsemeroyiDSS3
biomass through CO oxidation during stationary growth phase (i.e. wganiocarbon was
depleted), and greater maintained biomass of carbon starved cells also through CO oxidatior
Both responses to CO show empirically tfapomeroyiDSS3 is able to utilise CO
chemolithoheterotrophically. mMRNA RGPCR and proteome analysisow that the Form
1 CODH is active at both the transcript and protein level during CO chemolithoheterotrophy.
Previous studies have demonstrated similar effects of CO on the growth of
carboxydotrophs, which unlike carboxydovores have the ability ter gnatotrophically,
assimilating CQfrom CO-oxidation(Meyer and Schlegel, 1978, Kriger and Meyer, 1984)
When grown on organic substrates in addition to CO, carboxydotrophé&¢amgtobacteyr
can grow mixotrophically assimilating organic and-@€rivedcarbon simultaneous)Kim
and Kim, 1989) Some bacteria (e.gPseudomonas carboxydoflgvacan grow
chemolithoheterotrophically, using G&xidation only as an additional energy source and
allowing more efficient use of organic substrati€essling and Megr, 1982) Even in the
most efficient CO autotrophs, almost all CO is converted te &Can energy source and
only 4-16% is further assimilated into cell carb@avarzin and Nozhevnikova, 1977, Meyer
and Schlegel, 1978)The observation that autotrophggowth on CO is slower than
mixotrophic or chemolithoheterotrophically growth with GReyer and Schlegel, 1978,
Kiessling and Meyer, 1982)upled with the small amount of cell biomass derived from
CO-oxidation implies that the primary role of G&idation in CO-oxidising bacteria is as
an energy source.
In this study, the effect of CO dhipomeroyDSS3 biomass was only detectable at
relatively high CO concentrations and evident only during stationary growth phase once the
organic carbon source (i.elugose) had been depleted, or during deliberate carbon

starvation. This suggests the effect of CO on bacterial growth in carboxydovores is far
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subtler than in carboxydotrophs, and supports the hypotheses suggesting-that&ion

in carboxydovores is esl as complementary fithess strategy. This may also explain why
previous studies did not detect any significant effects of CO on carboxydovore growth,
includingR.pomeroyDSS-3, which used lower CO headspace concentrafidimg), 2003,
Cunliffe, 2013)

The 10% headspace volume CO concentration used in this study has limited
environmental relevance because naturally occurring equivalent CO concentrations are only
found in a few niche environments such as hydrothermal Jgiitey et al., 1982)
However,this concentration was used because this was the only condition in which CO
dependent chemolithoheterotrophically growth was detectable. High biomass was also
needed for mMRNA R-GPCR and proteome analysis. The highest concentrations recorded in
the marineenvironment exist in productive coastal surface waters (~15 nM) and are lower
for the open ocean (~2 nMJolli and Taylor, 2008)We were unable to detect the effects
of CO at lower, more environmentallgt evant concentrations O 1%

CODH is conserved throughout the otherwise taxonomically and phenotypically
diverse CQoxidiser group, including autotrophic, mixotrophic and chemolithoheterotrophic
utilisers(Kang and Kim, 1999)However based on the response to C®RipomeroyDSS
3 and the low concentration of CO in seawater-d&Pendent chemolithoheterotrophy is
more likely a mechanism that allows a population to be sustained rather than one to
proliferate in the marine environmeRecent studies have hypothesised that core members
of marine bacterial communities are persistent throughout time and vary not by presence or
absence but by abundance in response to environmental féCaperaso et al., 2012,
Gibbons et al., 2013)The ability to oxidise CO maye an ecological trait that allows
specific bacteri al popul ations to exi st I n
less favourable conditions. This strategy would be advantageous in temperate coastal and

shelf seas, with are well known for seasonal cycles in productivity and associated changes
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in bacterial community structure (Chapter 4). These ecosystems also have the highes
reported C@production and oxidation raté3ones, 1991, Jones and Amador, 1993)

In recent pars, genomic studies have revealed a diversitpxif genotypes within
marine bacterioplankton (Tolli et al., 2006, Weber and King, 2007, Cunliffe et al., 2008). Of
particular magnitude is the prevalencecokL genes in the MRECunliffe, 2011, Tolli et
al., 2006) a metabolically diverse and ubiquitous group of marine badt@uehan et al.,
2005) As such, the MRC are likely involved in the significant marine CO ghlliffe,

2011) and potentially represent an underestimated component of the marine
photochemically mediated carbon cycle.

In conclusion, | have linked GOxidation specifically withcoxL Form | gene
function and showmrthemolithoheterotrophin the model MRC CéxidiserR. pomeroyi
DSS3. These findings can be used to infer functiomftbe presencef coxLForm | genes
(Chapter 4) in natural bacterioplankton communities, allowing for a better understanding of

the distribution and diversity of GOxidisers in the marine environment.
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Chapter 4

Seasonal diversity of bacterioplanktorand
coxL genes: a time series study at the
coastal Station L4 and open shelf Station

E1lin the Western English Channel

100



4.1 Introduction

4.1.1Seasonal diversity of bacterioplanktoommunities in temperate coastal seas
Heterotrophic bacterioplankton haveajor roles in nutrient and elemental fluxes; re
mineralising up to 50% of phytoplankton derived organic matter (DOM) via the microbial
loop (Azam, 1998, Ducklow, 2000PDne of the major hurdles in modelling global fluxes is
the ability to upscale local obsrations to predict broad scale processes due to high spatial
and temporal variation in microbial assemblagagam and Malfatti, 2007)Shifts in
bacterioplankton community composition in response to changes in environmental
conditions occur throughouté marine environment over multiple timescales and have been
recently reviewedFuhrman et al., 2018unse and Pinhassi, 201 Bome of the greatest
variation in bacterioplankton diversity occurs in coastal ecosystems, which in contrast to the
open oceargre highly dynami¢Longhurst et al., 1995 oastal seas represent only a small
fraction of the total global ocean (~7 % by surface affeankignoulle and Borges, 2001)
but are highly productive accounting for ~19 % of net primary produ(fieid etal., 1998)
Consequently, the processes that are occurring in coastal ecosystems are important i
understanding globalcale biogeochemical cycles.

The majority of seasonalcale bacterioplankton succession studies have been
conducted in northern hemispbdemperate regior{fBunse and Pinhassi, 201 By far the
most comprehensive of these studies have been carried out at time series stations in the Nor
Sea(Teeling et al., 2016nd the Western English Chan{@ilbert et al., 2012)which have
shown gasonal patterns in bacterioplankton succession to be annually re¢Gileett et
al., 2012, Teeling et al.,, 2016)Generally, coastal bacterioplankton communities are
dominated by AlphaproteobacterBacteroidetesand Gammaproteobacterigaxa(Zinger
et al., 2011)These core dominant phyla exhibit seasonal changes in their abundance at bott

low and high taxonomic resolutidischauer et al., 2008Jary et al., 2006aaccording to
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ecological niche optim@Caporaso et al., 2012, Gibbons et al., 20&8h changes driven

by complex interactions of abiotic and biotic variables such as temperature, light, inorganic
nutrients, organic substrates, phytoplankton and other biological interactions that control
mortality (Rodriguez et al., 2000, Gilbert et alQ12). The extergto which these drivers
directly influence the succession of specific bacterioplankton populations still remain poorly
resolved(Bunse and Pinhassi, 2017)

Typically, winter is characterised by water column mixing, high nutrients, low
tenperatures, low light and low primary productivity. Bacterioplankton are lower in
abundance and dominated by oligotrophs such Patagibacterales (SAR11) and
ProchlorococcusSpring is characterised by high inorganic nutrient levels following winter
mixing and coastal input (e.g. estuarine), increasing temperatureaadsindight, which
increases phytoplankton primary productivity. Subsequently bacterioplankton abundance
increases in response to the organic substrates made availabiledspming phybplankton
bloom. Spring bacterioplankton communities are typically dominated by copiotrophs, such
as Flavobacterialesand RhodobacteralesDuring summer, high temperatures can lead to
water column thermal stratification, and inorganic nutrients are dephlstethe spring
phytoplankton bloom resulting in lower primary productivity. Summer bacterioplankton
communities are characterised by increasing abundancesRludobacterales
Gammaproteobacteriand SAR11. During autumn, temperature begins to decrease and
thermal stratification breaks down releasing nutrients that have regenerated over summer in
underlying water triggering a secondary phytoplankton bloom. In the bacterioplankton
community, SAR11 abundance continues to increase, \Wiitedobacteralesbundace
decreases and a second pealFlavobacterialesabundance appears in response to the
increase in primary productivifRodriguez et al., 2000, Alonstaez et al., 2007, Caporaso

et al., 2012Gilbert et al., 2012)
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Seasonal bacterioplankton successiotemperate coastal environments has almost
exclusively been studied in surface wateebl@ 41), with relatively little known about
community dynamics vertically throughout the water column. The stratification of microbial
populations has been showndeceanic environmeni{&iovannoni et al., 1996, Field et al.,
1997, Delong et al., 2008yeusch et al., 2009and is thought to be related to eukaryotic
phytoplankton distributioffTreusch et al., 2009nd local hydrological influences such as
fronts, mxing and thermal stratification procesg€asotti et al., 2000, Treusch et al., 2009)
Although coastal shelf seas are shallow in comparison to the open ocean, processes such
vertical mixing and stratification are present and likely to influence ¢higcal structure of
bacterioplankton communiti€Salter et al., 2014,indh et al., 2015)

Bacterioplankton arelso known to vary along productivity gradien{slorner
Devine et al., 2003, Traving et al., 201@jven the diversity and dynamic naturecofstal
environmentgLonghurst et al., 1995and their proximity to terrestrial and anthropogenic
influences, the physicochemical drivers of bacterioplankton community structure are likely
to vary over a conserved spatial arédery few studies have coraped seasonal
bacterioplankton succession at more than one studgtdite same timegble4.1). Those
that have suggest that temporal variation is stronger than spatial variation, but either lack
high temporal resolutiofFeng et al., 2009dr predate contemporary higlthroughput
sequencing (HTS) technologi¢RooneyVarga et al., 2005)Caporaso et al., (2012) and
Gilbert et al.,(2012) suggested that riverine and other hydrological influences are not
significant in determining seasonal successiomv@wsely, a study byaylor et al. (2014)
at the same location showed the similarity between nearby estuarine and coastal sites varie
over a spring bloom. In additiorAlonso-Saez et al. (2007¢oncluded that the high
abundance of SAR11 in the Mediterranecompared to other coastal sites could be due to

oceanic influence.

103



Table 41. Literature investigating bacterioplankton dynamics in northeemisphere
temperate coastal seas.

Spatial resolution Temporal resolution
Reference Location Province Method
Sampling Site Depth Frequency Duration
Essex, Monthly (every
(Wright and N Ipswich and 1m 45 min High- 1 vear Enumeration,
Coffin, 1983) Massachusettg parker Low Tide), y activity
estuaries seasonally
(Campbell et al., Delaware NWEs Delaware B Surface Monthl 2 years DGGE,
2009) ¥ Y Y seguencing
(RooneyVarga et SW Bay of . . DGGE,
al., 2005) Fundy 6 Stations Surface Bimonthly FebSep 00 sequencing
. 9 Stations (2
(Feng et al., 2009) East China CHIN sites estuary Surface, Seasonally May & Oct Sequencing
Sea sediment 07
& coastal)
Monthly
(;%;a;uer etal., NW Blanes Bay Surface (Weekly Feb ng gg sD;ﬁeEr;cing
Mediterranean MEDI Mar)
(Alonso-Séez et Blanes Ba Surface Monthl Mar 03- DGGE, CARD
al., 2007) y Y Mar 04 FISH, RFLP
Helgoland . FebMay DGGE,
(Sapp et al.2006) Roads im Fortnightly 2004 sequencing
Royal
Netherlands CARD-FISH,
(Z%Igg)r kamp etal, Institute for Surface Monthly Mar-Aug 04 | microautoradiog
Sea Research raphy
(NIOZ)
CARD-FISH,
) HTS(16S
North S
(21(')elezl;ng etal, or ea Surface Twice weekly ign 0%Jan rRNA,
metagenome,
Helgoland metaproteome)
Klindworth et al., Roads HTS (16S
(2014) Kabeltonne Surface Weekly FebSep 09 rRNA()
Jan 09Jan CARD-FISH,
(Teeling et al., Surface Biweekly, 10. Jan 10 HTS (16S
2016) Bimonthly De’c 12 rRNA,
metagenome)
(Alonso-Saez et ; ; Jul09Dec | HTS (16S
al., 2015) Bay of Biscay Station E2 Surface Monthly 12 rRNA)
(Pinhassi and . Twice monthly, N Enumeration,
Hagstrém, 2000) Station NB1 4m monthly Mar-Nov 95 activity
(Andersson et al., Landsort Deep 5 May 03- HTS (16S
2010) Baltic Sea station 3m Every T3 weeks | \jay 04 rRNA)
Linnaeus
(Lindh et al., Microbial . HTS (16S
2015) NECS Observatory 2m Twice weekly 2011 rRNA)
(LMO)
g%ggglguez etal., 10 m Weekly QO:t 92 Jan Enumeration
(Mary et al., Aug 03i Enumeration,
2006) 2m WeeKly Aug 04 FISH
(Z%lcl]l;t)ert etal, Surface Monthly g$b| Dec ir-IRT'\?A()lGS
HTS
(Gilbert et al., Jan 03Dec | (Metagenome,
2010b) \(/:Vr;a :rg?\g: Surface Monthly 08 metatranscripto
Observatory me)
Western (WCO) HTS (16S
(Gilbert et al., English Station L4 02 Montht Janoapec | RNA,
2010a) Channel -2 m onthly 08 metagenome,
metatranscripto
me)
(z%ig;)raso etal., Surface Monthly égn 03Dec Ir-|RT,\?A()168
(z%ig()ert et al, Surface Monthly égn 03Dec Ir-|RT,\?A()168
WCO Station
(Taylor et al., L4, Plym and | Microlayer, Twice weekl FebJul HTS (16S
2014) Tamar 2m Y 2012 rRNA)
estuaries
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4.1.1 Functional diversity of bacterioplankton communities in temperat¢atcaas
Copiotrophs such asRhodobacterales Flavobacteriales and members of the
Gammaproteobacteriare abundant in coastal bacterioplankton communities especially in
spring when primary productivity is higieilbert et al., 2012Teeling et al., 2012Teeling

et al., 2016,) Although often referred to as generali@i4ou et al., 2008, Newton et al.,
2010) these phylogenetic groups preferentially degrade different organic substrates
(Sarmento and Gasol, 2018hd are metabolically diverse. Consequenthgy play an
important role in reamineralising the large flux of organic matter following phytoplankton
blooms(Buchan et al., 2014)r'he metabolic traits of individual taxa are hypothesised to
play a role in the structuring of bacterioplankton commun{@gson et al., 2017/Bunse

and Pinhassi, 201,/however, currently little is known about the functional diversity or the
specific mechanisms of carbon and energy acquisition utilised by many of these taxa
(Buchan et al., 20140nly a handful of coastaluccession studies have characterised the
functional diversity of the communitgilbert et al., 2010a, Gilbert et al., 2010keeling et

al., 2012 Klindworth et al., 2014)

The Marine Roseobacter Clade (MRC), dominant members é&hbdobacterales
(Pujdte et al., 2014) possess multiple mechanisms of carbon and energy acquisition
(Buchan et al., 2005, Moran et al., 200Due to their cultivability, many of these
mechanisms have been characterised in model orgaisraisan et al., 2005, Moran et al.,
2007, Newton et al., 2010however assigning ecological function to situ phylogenetic
diversity data remains difficult as often the presence of functional genes vary between MRC
genomegNewton et al., 2010)The specific example used in this studgasboxydovory,
the oxidation of carbon monoxide (CO) as a supplementary energy source (see Chapter 3
Existing surveys of theoxLgene functional marker for GOxidationhave identified a high
abundance of potential Gaxidisers among the MR(Cunliffe, 2011, Tolli et al., 2006and

suggest the ability is unevenly distributed among the ¢ladaliffe, 2011)

105



CO in seawater is produced by the photodegradation of DOM, with up to 86%
(equivalent to ~70Tg of carbon per year globally) of the CO producedsedicy
bacterioplankton to C&jZafiriou et al., 2003, Stubbins et al., 20@6)3 with the production
and consumption of seawater CO greatest in productive waters such as coaftairgeas
and Seiler, 198QJones, 1991, Jones and Amador, 19€®)oxidation by carboxydovores
is a form of chemolithoheterotrophy and provides an energetic advantage facilitating more
efficient exploitation of organic substrat@gng, 2003, Moran et al., 20047J his trait may
influence bacterioplankton community structime facilitating higher biomass pradtion
during bloom conditionsr by prolonging survival during suboptimal conditions (Chapter
3).

In the current study, bacterioplankton diversity was characterised over a spring
phytoplankton bloom from three differeti¢pths at the coastal Station L4 and, for the first
time, at opershelf Station E1 in the Western English Channel. The study aim was to provide
insight into depth resolved community dynamics as well as making a comparison between
the bacterioplankton comumities present at the two stations, testing the hypothesis that
bacterioplankton communities differ vertically as well as temporally in response to seasonal
stratification and mixing processes at the W(&0uthward et al., 2005, Smyth et al., 2010)
And in addition,investigaing whether the pattern of bacterioplankton seasonal succession
differed between Station L4, which receives greater influence from the local river system,
and Station E1, which receives greater influence from Atlantic water m&ssisward et
al., 2005, Smyth et al., 2010)

Furthermore, this study also attempts novel Higbughput functional gene
sequencing, investigating a subset of samples for potentiadx@»ing bacterioplankton
using a trait based approach to charactehsedtversity of carboxydovores over a spring

summer seasonal transitiofesting the hypothesethat CGoxidising genes will be present
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at the WCO and that the MRC's will contribute heavily to thedX@ising community

following the spring phytoplanktoridom.

4.2 Methodology in brief (full materials and methods in Chapter 2)

4.2.1 Sampling site

Station L4 and Station E1 are principle fixed sampling locations in the Western English
Channel figure 41) forming part of the Western Channel Observatory QYy@me series
programme, which has been recording the physical, chemical and biological characteristics
of the Western English Channel since 1888uthward et al., 2005%tation L4 (Lat 50.25,

Lon -4.22) is located 14 kraouthfrom Plymouth (UK) and Steon E1 (Lat 50.03, Lon

4.36) is located 40 kmsouth from Plymouth (UK)Both stations are influenced by tidal
processegPingree, 1980pand are generally seasonally stratified from April through to
Septembe(Smyth et al., 2010)The biological charactestics at L4 and E1 display seasonal
patterns which are strongly influenced by local meteorological and hydrographic conditions
(Eloire et al., 2010Widdicombe et al., 201(ighfield et al., 2010, Gilbert et al., 20112
Station L4 is coastal (depth 50 an)d is strongly influenced by periodic riverine inputs from
the Tamar estuarfrees et al., 2008myth et al., 201Qwhereas Station E1 is an open shelf
station (depth 75 m) that is less influenced by {aed exchanges and, based on salinity
measuremes, thought to be influenced more by the North Atlantic Oq¢aane et al.,

1996,van Leussen et al., 1996)

107



53°N

52°N

1 50m

51°N

A 4

— 100m

English Channel
50°N

S
&
s
R
3

8

@

o
S

6°w 1w 2°w 0°

Figure 41. Location of Western Channel Observatory time series stations L4 and E1.

4.2.2 Sampling strategy

1 L of seawater was collected fnol m, 25 m (L4)/30 m (E1) and 50 m (L4)/60 m (E1)
between 09:00 and 11:00 am GMT using a 10 L Niskin bottle. Samples were collected into
1 L aged sterile plastic bottles that were rinsed with sample water x3 prior to filling. Seawater
samples were immedely filtered onto sterile 0.2 um cellulose nitrate membranes. Each
depth was filtered simultaneously in replicates of four using a 6 funnel filter manifold and
vacuum pump. Membranes were transferred using sterile forceps into 1.5 mL autoclaved
centrifugetubes and frozen on dry ice before being storeeB@t°C on return to the

laboratory.

108



4.3 Results

4.3.1 Physicochemical and general plankton characteristics at the Western Channel
Observatory

Environmental metadata was obtained from the Western Ch@bselvatory, the majority

of which was concurrent with water sampling foe bacterialanalysiswith the exception

of a few data points that were collected a day or two before or after seawater sampling (table
2.2). During the 2015 sprirgummer study ped, seawar temperature at both stations
increased steadily from 9 °C in March to 16 °C in July, with thermal stratification appearing
in late April at Station L4 (surffadce ot t om O0. 5 AC) anhlothtyorm aC
°C) at Station E1 {fjure 42a). Saliniy at Station L4 was variable, but overall increased
from March to July and rangddm 35.09 35.35 PSU. In contrast, salinity at Station E1
was more uniform and rangéidm 35.25 35.43PSU, decreasing slightly from March to
July. The upper 20 m became fres than the underlying water column from late April at
Station L4 and late May at Station Eig(fre 42b). Seawater oxygen ranggdm 231.9

296.2 uM at Station L4 with peaks in March and April, &noan 236.6 290.7 uM at Station

E1 with a peak in AprilOxygen was also higher in the upper 20 m than the underlying water
column from June onwards at both statidigu¢e 42c). Two main fluorescent peaks were
observed at Station L4, the first appeared throughout the water column in early April and a
secondnore intense peak was seen between 25 and 50 m from late April to early May. The
fluorescent signal remained at approximately 1 FSU throughout May and was very low
throughout June with a surface peak seen in July. A peak in fluorescence was preser
througtout April at Station E1, but was otherwise low, except for two small intense peaks

seen in the mid water column midne and Late Julyigure 42d).
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Figure 42. Datalnterpolating Variational Analysis (DIVA) gridded section plots showing
physicochemicaldata for stations Lénd E1lmeasured weekly (L4) and fortnightly (E1)

during 2015. a) temperature [°C], b) salinity [PSU], ¢) photosynthetically available radiation

(PAR) [UE m? S1] and d) oxygen [uM]. Depth [m] on the Y axis vs. Julian day on the X

axis. Bl ack symbols (A) represent the day and ve

this study.
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Key nutrients nitrite, nitrate and phosphate all decreased from March to July, with nitrite and
nitrate becoming depleted from late April at Station bd &#om early April at Station E1.

Phosphate was not depleted until late June at Station L4 and early June at Station E1. Al
three nutrients were completely depleted below the detection limit in the upper water column

from late May at Station L4 and eaMay at Station E1 {§ure 43).
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Figure 43. Datalnterpolating Variational Analysis (DIVA) gridded section plots showing
nutrients data [uM] for stations L4 and Eteasured weekly (L4) and fortnightly (Ed)ring

2015. a) nitrate, b), nitrite, ¢) ammarand d) phosphate. Depth [m] on the Y axis vs. Julian
day on the X axis. Black symbols (A) repr

analysed in this study.
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Phytoplankton and zooplankton counts were only available from a 10 m depth.
Phytgplankton abundance at both stations peaked in April and July with a smaller peak also
observed in May. Phytoplankton abundance was dominated by phytoflagellates, which
accounted for >70% relative abundance (RA) of the community in any one month at both
staions figure 44a). However, the distribution of phytoplankton groups was more
informative when quantified by biomass. At Station di&toms dominated in March (71 %

RA) and peaked again in May (40 % RA). Phytoflagellates were most abundant in April (59
% RA) andautotrophidinoflagellates were most abundant in July (91 % Riglute 44bi).

At Station E1, phytoflagellates dominated in March (60% RA) and April (55 % RA), diatoms
were also most abundant in March (35% RA) and April (31 % RA), and dintbétege
dominated Mayto July (mean 66% RA)figure 44bii). Coccolithophorids reached a

maximum biomass of 5 % and 2 % RA in April at Station L4 and E1 respectively
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Figure 44. Phytoplankton a) abundance [cells #iland b) iomass [mgCm? at i) Station

L4 and ii) Station E1.
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Microzooplankton abundance at Station L4 was dominated by zooflagellates >70 %
RA in all months except June when ciliates (50 % RA) and colourless dinoflagellates (34 %
RA) dominated fijgure 45ai). In contrast, zooflagellates made up relatively little of the
zooplankton population by biomass (mean 6 % RA). Colourless dinoflagellates dominated
(mean 54% RA) and were most abundant in June (69 % RA) and July (78 % RAyetbll
by ciliates (mean 40 % RAyhich peaked in April (63 % RA)idure 45bi). At station E1,
zooflagellates also dominated zoapkton abundance (mean 47 % R#Yt were most
abundant during March and April (mean 82%). Colourless dinoflagellates (mean 34 % RA)
were most abundant duringa¥ (65 % RA) and July (52% RA), and ciliates (mean 20 %
RA) were most abundant in June (50 % R#gure 45aii). However, at E1 zooflagellates
only accounted for ~1 % RA of zooplankton biomasisereas the biomass luéterotrophic
dinoflagellates (mean 80 RA) and cilates (48 % RA) were abundant across all months

(figure 45bii).
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Figure 45. Zooplankton a) abundance [cell rLand b) biomass [mgQn°] at i) Station L4
and ii) Station E1.
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4.3.2 General bacterioplankton digty

The bacterioplankton communities at stations L4 and E1 were assessed by 16S rRNA gene
amplicon highthroughput sequencing (HTS). Reads were filtered to exclude singletons,
eukaryotic, archaeal and organelle sequences and rarefied to a depth of &a66ee
sample resulting in a total of 310,694 high quality reads that represented 878 operational
taxonomic units (OTUs) based on 97% similarity. 26 abundant (>0.1 % RA) orders at Station
L4 and 32 abundant (> 0.1 % RA) orders at Station E1 were idenfffie bacterioplankton
communities at both stations were dominated by 3 major bacterial orders, which accounted
for 78 % of the total normalised abundance across all sampleRhtidobacteralegvere

most abundant (33 %), followed by tBAR11 clad€24%)and the-lavobacteriale$20%)

(figure 46a and b).

Log-likelihood ratio tests showed that the ord&isodobacteralegstatistic =73,
Bonferroni p <0.000), Caulobacterales (statistic =15, Bonferrgn0.009) and
Flavobacterialeqstatistic =14, Bonferrarp =0.019) were significantly more abundant at
Station L4, whereathe SAR11 clade (statistic78, Bonferronip <0.000) andhe orders
Alteromonadalegstatistic =68, Bonferrorp <0.000) were significantly more abundant at
Station E1. Logikelihood ratp tests also showed that 2 orders were significantly different
by depth;Alteromonadalegstatistic =72, Bonferronp <0.000) was more abundant in deep
samples andFlavobacterialeqstatistic =26, Bonferronp <0.000) was more abundant in

mid water columrand surface samples at both station L4 and E1.
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Figure 46. Variation of bacterial orders (>0.1% relative abundance) by week at the time
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4.3.3 Temporal and spatial variance in community structure by beta diversity analyses
Weighted UniFrac distance matrices were used to compare the diversity between samples.
L4 and E1 samples wen average 25 % (SD 12 %) dissimilar to each othéh the
greatest dissimilarity (58 %) seen during week 138" April). Overall, there was little
dissimilarity (generally <10 %) between sample depths, however greater dissimilarity (mean
21 %, SD D) was seen between depths from week8PR&t Station L4 and from weeks-21
31 at Station E1 (Supplemental figure 4.1).

Principle coordinates analysis (PCoAig(re 4.7a) shoved thatsamples clusted
into 3 main groups; group 1 = March samples excludhgeek 13, group 2 = L4 week 13,
all April samples and May week 19, and group 3 = May samples excluding week 19, all June
and July samples. A minimum spanning tree (MST) madigplire 4.7b) was also used to
connect samples by their minimum distance (bethe most closely related sample). The
MST confirms the grouping observed in the PCoA and reveals more details of the
relationships between samples withie guggested groupings. Group 1 wasst similar to
the July deep (L4 50 m, E1 30 and 60 m) sampBtations L4 and Eih Group 2 were
distinct from each other except during week 15, stations L4 and E1 eshaistinct from
each other throughout May. Samples in group 1 and 2 varied little by depth whereas samples
in group 3 showed more variation bgpth, especially during weeks 21 and35at Station
E1 and during weeks 281 at Station L4. Permutational multivariate analysis of variance
(PERMANOVA) showed that stations L4 and E1 were significantly different to each other
(pseudeF 6.7, p = 0.001and that samples were significantly different to each other when
grouped by monthpseudeF 8.2, p = 0.001). No significant difference was seen between

samples grouped by depth.
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4.3.4 CQoxidising bacterioplankton diversity

The COoxidising bacterioplankton communities at stations L4 and E1 were assessed by
coxL Form | gene amplicon higlthroughput sequencing. Reads were filteredxcugle
singletons and clustered into OTUs based on 97 % similarity. DNA sequences were
translated to amino acid sequence and bactmidlidentified from the NCBI RefSeq nen
redundant protein record, resulting in 241 bona ¢obd. OTUs that were then refied to a

depth of 1185 reads per sample. 53 abundant (> 0.1 % RA) OTUs at Station L4 and 48
abundant (> 0.1 % RA) OTUs at Station E1 were identified. Theo&l@sing
bacterioplankton community at both stations was dominated by 6 OTUs that accounted for
74 % of the total normalised abundance across all samples (OTU_2 = 25 %, OTU_3 = 16
%, OTU_5=11 %, OTU_4 = 7%, OTU_7 = 8% and OTU_11 = 6%G)(é 48).

Log-likelihood ratio tests showed only 2 OTUs were significantly different between
stations L4 andEl; OTU_5 was 1.6 times higher at Station L4 (statistic =15, Bonfeproni
<0.000) and OTU_3 was 1.5 times higher at Station E1 (statistic =15, Bonfer01ti00).
Log-likelihood ratio tests also showed 16 OTUs were significantly different by month
(Bonferroni p < 0.05) (sipplemental table 4).

Focusing on the 6 most abundant OTUs from both stations, OTU_2 abundance
steadily decreased from March to July, whereas OTU_3 and OTU_4 increased in abundance,
with the greatest increase seen between May andQuly. 5, OTU_7 and OTU_1were
more uniformly distributed between months. OTU_5 peaked in May, where as OTU_7 and
OTU_11 showed small peaks in April and June.

Log-likelihood ratio tests also showed the 6 most dominant OTUs were significantly
different by eépth; OTU_11 (statistis66, Bonferronip <0.000), OTU_2 (statistic =45,
Bonferronip <0.000) and OTU_7 (statistic =44, Bonferrgmk0.000) were respectively
27.2, 3.8 and 4.0 times higher in the deep samples compared to the surface samples. OTU_3

(statigic 21, Bonferroni p <0.000), OTU_5 (statistic =19, BonferqmaD.000) and OTU_4
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(statistic =19, Bonferrorp <0.000) were 6.2, 1.5 and 1.4 times higher in the surface samples

compared to the deep samples.
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Figure 48. Relative abundance showing thariation of bacteriakcoxL OTUs (>0.1%

relative abundance) by week at the time series stations a) L4 and b) E1.
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4.3.5 Variance in bacterial COxidising communities by beta diversity analyses
Weighted UniFrac distance metrics were used to congmdediversity between samples.
The dissimilarity betweethe surface samplesstations L4 and E1 increased steadily from
12 % in week 11 to 53 % in week 27, then declined rapidly to 7 % by week 31. In addition
to the surface samples, deep samples were intltateweeks 27 and 31. Dissimilarities
between Station L4 and E1 deep samples were 35 %. The dissimilarity between surface and
deep samples was greater at E1 (mean 61 %, SD12) than at L4 (mean 42 %, SD6), with the
greatest difference between depths at btations seen during week Zupplemental figure
4.1b).

PCoA (igure 49a) showed that April, May and June (excl. June E1 surface) formed
a cluster and together with March samplesredistinct from the July samples (including
June E1 surface) that veeseparated along axis PC1. The July surface (including June E1
surface) and deep samples were also distinct from each other and separated along axis PC1
and PC2. MST confirms the grouping of samples seen in the PCoA and shows mere intra
variability by May and June samples than by March and April sam(figsire 49b).
PERMANOVA showed that samples were significantly different to each other when
grouped by monthpseudeF =3.7, p=0.029), but no significant difference was seen

between samples grouped bytteor by station.
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4.3.6 Relationshipbetweentotal bacterial and C@oxidising bacterial communities with
physicochemical and biological metadata

Spearman’s rho correlations were performed with the microbial sequence data and cognate
physicochemical metadata. For the 16S rRNA samples, PC1 correlated positively with
fluorescence (R = 0.37, p =0.004) and oxygen (R =(38).005), and negatively with
salinity (R =0.45, p <0.000), nitrite (R =0.33, p=0.015) and wind speed (RG39, p
=0.004). PC2 correlated positively with seawater temperaturd (F8,p <0.000), UV (R
=0.75,p <0.000) and solar energy (R = 0.§850.000) and negatively with oxyge(R =

0.61,p <0.000), nitrite (R=-0.69,<0.000), nitrate (R 6.77,p <0.000) and phosphate(R =
0.74,p <0.000). PC1 and PC2 also correlated positively with several phytoplankton and
microzooplankton groupsypplemental table 2).

For thecoxLsampes, PC1 correlated positively with seawater temperature (R =0.89,
p <0.000), solar energy (R =0.66,=0.005) and UV (R =0.65 =0.007), and negatively
with oxygen (R=-0.79, p <0.000), nitrate (R-0.52,p =0.048), phosphate (R-&59,p
=0.026 and prepitation (R =0.51p =0.044). PC2 correlated positively with depth [m] (R
=0.61,p =0.62) and negatively with PAR (R0.51,p =0.045).

Redundancy analysis (RDA) was performed on the 16S rRNA gene samples,
constraining the ordination by significantly celated physicochemical variables to see how
these characteristics influence the ordination of samples. Variables with >2 missing data
points were excluded, and where associated variablesorcelated (e.g. seawater
temperature and solar energy), only oegresentative was used in the analysis. The RDA
model using significantly correlated physicochemical metadaar€f 410) significantly
explained the variation in the samples and sfbav similar ordination of samples to the
original PCoA. The RDA modelsing significantly correlated biological metadata distorted
the ordination but maintained the same core grouping of samples seen in the original PCoA.

Permutation tests on the RDA models reved@itedthe physicochemical RDA model was
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stronger pseudeF =6.82, p =0.001) than the biological RDA modgbseudeF =4.7, p
=0.001) at explaining the variation between samples. The combined RDA rpsdetlé

F =5.39,p =0.001) showed that salinitpgeudeF =13.54,p =0.001), seawater temperature
(pseudeF =12.36,p =0.001) and phytoflagellate biomags¢udeF =5.14,p =0.002) were

the strongest metadata variables that explained variation between samples.
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4.4 Discussion

4.4.1 General environmental characteristics at Station L4 and E1.

Temperature and salinity at Station L4 and E1 in 2015 were typical for thertEsiannel
Observatory (WCO) and followed previously described pattg3nsyth et al., 2010)The

main phytoplankton blooms at Station L4 typically occur as a spring didtonmnated
bloom in April which occurs in response to high nutrients, increasingaeatures and light
levels, and a secondary summer diatom and flagellate bloom in subsurface waters as a rest
of nutrient regeneration below the thermocl{@euthward et al., 2005Yiddicombe et al.,

2010) During this study, the patterns observed i flhorescence corresponded well with
peaks in phytoplankton and oxygen that described a typical phytoplankton abundance cycle
at Station L4. With the exception of diatoms, which waranunusually low abundance
during April and gaveway to a phytoflagéate dominated spring bloom, the patterns in
phytoplankton abundance and biomass were also typical for this study\adelicombe et

al., 2010) The anomaly seen in diatom abundance at Station L4 in 2015 is not characteristic
of a typical year, howevenierannual variation in phytoplankton at Station L4 has been
reported previously (Widdicombe et al., 2010). This atypical spring bloom may be caused
by change in climatological, hydrological or grazing processes (Southward et al., 2005,
Irigoien et al., POO, Irigoien et al., 2005, Widdicombe et al., 2010). The abundance of
diatoms has been shown to correlate with the winter North Atl@stdlation(NAO) index

which is characterised by increased mixing processes (Irigoien et al., 2000). April 2015 had
below average rain fall of 10 mm compared to an 8 year mean of 46 mm for April
(supplemental figure 4.2a), which may have favoured a phytoflagellate bloom due to

increased light (reduced cloud cover) and stability (reduced mixing) (Irigoien et al., 2000).
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4.4.2 Depth resolved bacterioplankton diversity and community succesglon \Aestern
Channel Observatory
Previous studies that have characterised bacterioplankton abundance and diversity at the
WCO have focused primarily on the surface waters (<1 1®)adion L4. Bacterioplankton
abundance and biomass at Station L4 typically increase from March t(Radyiguez et
al., 2000 Mary et al., 2006a)The Station L4 bacterioplankton community is dominated by
the Alphaproteobacteria the bulk of which arewithin the SAR11clade and the
Rhodobacteraleshich are dominated by the MRBacteroidetegmainly Flavobacterig
and members of thEammaproteobacteriare also found in abundance at Station L4. In
addition to the dominant community, sporadic bloomsacé taxa have also been recorded
at Station L4(Gilbert et al., 2012)In this study, Station L4 and Station E1 were sampled
weekly at three depths spanning the entire water column. The bacterioplankton community
composition at Station L4 and Station tatoughout the water column was very similar to
existing studies describing Station L4 surface wdtdesy et al., 2006&Gilbert et al., 2009,
Gilbert et al., 2012)and was dominated by SARIHhodobacteraleandFlavobacteriales

The seasonal successiof bacterioplankton has also been well characterised in the
surface waters of Station L4 and is typified yAR11dominated community in the winter,
transitioning to &hodobacteraleRhodobacteracedelominated community in the spring
and summer(Mary et al., 2006aGilbert et al., 2012) This pattern of succession is
characteristic of other temperate coastal and shelf{aé@sso-Saez et al., 2007.eeling et
al., 2016) Owing to the long timaeries at the WCOwe know this annual cycle of
succes®n in community composition is robust and predictd@lgbert et al., 2012)During
this study, we also observed significant seasonal variation in the bacterioplankton
community, at both station L4 and Eiat was comparable to previous studies at Staib
24 of the 26 orders at Station L4 and 28 of the 32 orders at E1 were significantly different in

abundance by month. Beta diversity analyses showed that generally the community
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exhibited succession by consecutive month and three main groups weifeeiéjta pre
bloom community, 2) a spring bloom community and 3) a summer community.

At both Station L4 and E1, pf@oom and spring bloom communities were uniform
throughout the water column, whereas summer communities became distinct above an
below the thermocline. Deep summer communities below the thermocline were more similar
to prebloom communities than their corresponding surface community. The between depth
dissimilarity increased 3 fold during summer at both stations and coincidedtheith
formation of thermal stratification evidenced &yl °C change in temperature between the
surface and bottom of the water column. Thermal stratification at Station L4 has previously
been described by a more conservativeati{n0.5 °C between 0 and 30 m) than Station
E1l (h1 °C between 0 and ~75 nipmyth et al., 2010)Our result suggests that the
bacterioplankton community is only affected by thermal stratification processes when the
temperature difference #%1° C between thsurface and bottom of the water column, which
in this study occurred later at Station L4 than at Station E1. Summer bacterioplankton
communities play an important role in the regeneration of nutrients, which fuel the late
summer phytoplankton bloom on thesakdown of stratificatiofRodriguez et al., 2000)

The presence of distinct communities within the water column during summer suggests this
process is more complex than previously thought. Further work is required to determine the

individual contributon that these communities to nutrient regeneration.

4.33 Environmental drivers of bacterioplankton seasonal succession at the Western
Channel Observatory

Rodriguez et al. (20003howed that bacterial abundance was determined by seawater
temperature drive growth rates versus countering bacterivorous grazing rates, and that
bacterial biomass was influenced by seawater temperature during autumn and winter and b

biological interactions during spring and sumntitbert et al. (2009jound that seawater
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temperature and nutrients (e.g. phosphate and silicate) influenced the bacterioplankton
community, and in a later stud@ilbert et al. (2012)went on to describe complex
physicochemical and biological interactions at Station L4. This study also found significa
correlations with physicochemical and biological parameters. To identify which of these
parameters were most important in the seasonal structuring of the microbial community,
redundancy analysis was performed to test the response of the bacterioptanktomnity
to different explanatory variables. The results showed that physicochemical variables
explained the variation more strongly than biological variables, and that salinity closely
followed by seawater temperature were the most influential drif@@omunity structure.
Salinity showed contrasting trends between the stations over the study padod,
consequently it is difficult to infer the ecological significance of this variable in determining
bacterioplankton succession. Salinity at StatiorsBdwed a slightly decreasing trend over
the study period and was generally higher than at Station L4, which showed an overall
increasing trend over the study period and was much more variable due to influences from
the river Tama(Rees et al., 2008myt et al., 2010)The RDA analysis reflected the trend
in salinity seen at E1 suggesting salinity is a more influential variable at Station E1 than at
Station L4. Given the similarity in the overall pattern of succession between the two stations,
salinity may describe between station variability better than between month variability. The
spring bloom community was associated with lower seawater temperature and increased
primary production, whereas summer communities showed the opposite treibdPne
communities were associated with both lower seawater temperatures and lower primary
productivity. This suggests that bacterioplankton are primarily responding to changing
temperature until a threshold of primary productivity is reached after which phytoplankton
also influence the community composition as has previously been sugRstitjuez et

al., 2000)
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Of the phytoplankton, phytoflagellate biomass was the strongest significant
influencing biological variable and was more strongly associated with thegspioom
community, whereas the summer community was more strongly associated with
dinoflagellate biomass. These associations fit with the patterns seen in the phytoplanktor
abundance data, however, as surface measurements were assumed for the entire wa
column it is difficult to make complete conclusions about influence of phytoplankton on the
bacterioplankton community from this dataset.

This study focused on a few key variables and cannot account for trophic interactions
or mortality, the complexit® of which have been discussed previoRgdriguez et al.,

2000, Gilbert et al., 2012The comparable bacterioplankton community succession seen in
2015 (this study) with previous studig@Silbert et al., 2009Gilbert et al., 2012)coupled

with the na-typical spring bloomsupports the earlier result that physicochemical factors
are stronger than biological factors in determining bacterioplankton community structure.

Phytoplankton communities at the WCO also show a strong seasonal scale pattern o
community successiofWiddicombe et al., 2010which has been linked to climate and
hydrological processeg$Southward et al., 2005and the dominant spring bloom forming
species varying considerably ird@nnually(Widdicombe et al., 2010)These data sugge
that although specific microbmicrobe interactions are potentially important in structuring
the bacterioplankton communityfGilbert et al.,, 2012) ultimately the seasonal
bacterioplankton community structure at the WCO is directly and indirectly ndaaeby
climatological and hydrological process altering the physical, chemical and biological
components of the environment.

A fundamentally important consequence of these overarching physicochemical
drivers is the coupling of bacterioplankton and phigonkton community succession. The
switch from the metabolically streamlined, oligotrophic, figang strategy of the SAR11

(Giovannoni et al., 2005)o the phytoplanktomssociated, copiotrophic, metabolically
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diverse strategy of th&hodobacteracea¢Pyalte et al., 2014)following the spring
phytoplankton bloom has been reported in coastal and shelf sea ecosystems(gobady

and Pinhassi, 2017This switch is driven by an increase in phytoplanidenved organic
matter that alters the trophic ieg favouring generalist bacterioplanktuchan et al.,

2014) such as th&khodobacteraleand Flavobacteriales The resulting bacterioplankton
bloom regenerates nutrients that in turn fuel the subsequent summer phytoplankton blooms
(Rodriguez et al., 2@)Bunse and Pinhassi, 201 The importance of these bacterial groups

in secondary production has been reviewed previoushBighan et al. (2014)who
concluded that the ability of bacterioplankton like RieodobacteraleandFlavobacteriales

to respondto phytoplankton derived substrate is likely due to their metabolic diversity.
Recent studies at the WCO have linked changes in the bacterioplankton communities,
including theRhodobacteralego specific phytoplankton derived materials such as microgel
particles(Taylor et al., 2014, Taylor and Cunliffe, 201a0)d nucleic acid¢Taylor et al.,

2018)

4.34 A comparison of total bacterioplankton communi@éStation L4 andE1l
Despite the apparent similarity in the taxa present at order and OTU |leatedn3t4 and
E1 bacterioplankton communities were found to be significantly different to each other. In
total, Station E1 was slightly more diverse with 730 OTUs in comparison to L4 with 708
OTUs. Station E1 also had a higher number of abundant (>0.Jafveehbundance) orders
than Station L4, however these 6 orders 6uni que
abundance (0.10.17 %) and were also recorded in the rare fraction (<0.1 % relative
abundance) at Station L4.
There were two main driverof dissimilarity between Station L4 and E1 identified.
Firstly, there were significant differences in the abundance of the dominant taxa. The

RhodobacteralesFlavobacterialesand Caulobacteralesvere found to be significantly
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higher at Station L4, wheas SAR11 and were significantly higher at E1l. The
bacterioplankton community at both stations were characteristic of productive coastal shelf
seas(Rappe et al., 200(inger et al., 2011)however, the higher abundance of the
metabolically diverse and eft phytoplanktorassociated taxa at Station L4 points toward a
more productive ecosystem than the relatively more oligotroph dominated Station E1. The
significant abundance &lteromonadalest E1 was due to an acute peak in May, and is
most | i kadycabdée®spmbd in response to increec
of these taxgalLopezPérez and RodriguéZalera, 2014) Secondly, there are different
phenological changes in bacterioplankton communities. The succession frogreto
postbloom communities occurred earlier (week-113) at Station L4 than at Station E1
(week 1315), and the stratification of bacterioplankton communities was evident earlier at
Station E1 (week 21) than at Station L4 (week 25). Station E1 is further offehar8tiation

L4 and it is likely that the two stations receive different levels of influence from the land and
other water bodieswhich drivesthe subtle differences between the stati@myth et al.
(2010) concluded tha coastal Station L4was influenced more strongly by landea
exchanges that opehelf Station E1. Conversely Station E1 is more strongly influenced by
larger scale climatic and hydrological influences from the North Atléibéiane et al., 1996,
Smyth et al., 2010)

4.45 CO-oxidisingbacterioplanktonat the Western Channel Observatory

Not all phytoplankton derived organic matter is directly assimilated by bacterioplankton. A
significant fraction of DOM is photoxidised to a range of compounds including carbon
monoxide (CO)Conrad and &iler, 1980, Miller and Zepp, 1995, Moran and Zepp, 1997)
The distribution of CO in the marine environment is therefore closely linked to productivity
(Jones and Amador, 1993, Jones, 1991, Conrad and Seiler, 1980, Tolli and Taylgr, 2005)
and the major sk for CO in the seawater is bacterioplankton oxidafaiiriou et al., 2003,

Xie et al., 2005) Representative subsets of the samples used in the 16S rRNA gene analysi:
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were assessed for the presence of the carbon monoxide dehydrogenase (CODH) encoding
genecoxL (King, 2003) A total of 241 bona fideoxL OTUs were identified, with the

majority of abundance attributed to 6 OTUs.

Most of the coxL OTUs were identified asRhodobacterales (family
Rhodobacteracege with OTUs representing Actinobacteria Rhzobiales and
Burkholderialesalso identified gupplemental figure 8). Short read lengths and possible
bias towards MRCG6s in the NCBI database due
taxonomy could not confidently be assigned at a higher resalatidrother bacterial groups
may be under represented as only OTUs with high similarity to confirmed CODH were
included. The prevalence BhodobacteraceasoxL sequences was not however surprising
given the prevalence of tiRhodobacteraceaim the total baterioplankton community in
this study and the high abundancecokL genes previously reported amongst the MRC
(Tolli et al., 2006 Cunliffe, 2011) a major group withilRhodobacteracea@ujalte et al.,

2014) The abundance of G&xidisers in the dominarRhodobacteraceasuggests CO
oxidation may play an important role in bacterioplankton secondary production at the WCO.

The COoxidising bacterioplankton community was significantly different by month,
with the greatest dissimilarity seen between sp(Mgrch, April and May) and summer
(June and July) communities. The abundance of dominant OTUs showed a seasonal switch
from OTU_2 which declined steadily over the study period, to OTU_3 which peaked more
acutely in June and July. Two deep samples from dodeuly were also assesseddoxL
gene presence; deep €@Ridising communities more closely resembled the spring
community than the summer community suggesting that stratification significantly affects
the composition of the GOxidising community.

CO-oxidation is used as a supplementary energy source in carboxydovores such as

the MRC and may provide an advantage by increasing heterotrophic efficiency when
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substrate turnover or competition for substrate is high (Chapt@appraso et al. (2012)
andGibbons et al. (2013)ave suggested that the existence of a microbial seed bank at the
WCO, where variation in community composition is determined by the relative abundance
of taxa selected for by the environment from a reservoir of persistent taxaxi@adion

alone is unlikely a dominant driver of community succession, but given the diversity of
metabolic strategies utilised by members of Rteodobacteracea@Buchan et al., 2005,
Moran et al., 2007)CO-oxidation potentially contributes to the succekths group at the

WCO and in other coastal and shelf sea ecosystems.

4.46 Conclusios

In conclusion, this study made the first characterisation of bacterioplankton community
dynamics at both Station L4 and E1, and throughout the entire water colunfiouNdehat

the bacterioplankton present are typical of previous studies at Station L4 and exhibit strong
seasonal patterns in response to physicochemical and biological inflggees4.11)

Using a depth resolved approathis study has identifiestertical changes in the
bacterioplankton community composition in relation to thermal stratification. A 1°C
difference between the surface and bottom of the water column in summer coincides with
the formation of distinct surface and deep bacterioplanidomuunities. Our findings show
that significant patterns in bacterioplankton community dynamics are missed by only
sampling the surface of the water column in stratified coastal systems. This may have
implications for our understanding of nutrient regenengprocesses in coastal systems.

We also show that differences in the meteorological and hydrographic conditions at
the coastal Station L4 and opshelf Station E1 influence the bacterioplankton community.
The dominance of SAR11 suggests a more opennocegime at Station E1, and is
supporting evidence that the meteorological and hydrographic influence from the North

Atlantic reaches Station E1. Future studies should consider a larger transect encompassir
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the entrance of the English Channel into theAtic Ocean. Despite the importance of long
term data sets, feweecentstudies are conducted at multiple WCO Stations. Future plans
for the WCO should consider including these historic stations to better represent the Western
English Channeglespeciallywhen monitoring the area for impacts of climate change.
Biodiversity alone is insufficient to understand ecosystem functioning especially
within natural microbial assemblages. Hebog identifying thecoxL gene which has been
conclusively linked to CO adation (see Chapter 3) in the environmewg have
successfully demonstrated the use of a-traged approach to characterise potential CO
oxidising bacterioplankton. We found a prevalence of the functamélgene amongst the
Rhodobacteraceasnd idetified seasonal changes in the community in relation to the spring
phytoplankton bloom. C@xidation is not only an important sink of CO in coastal
environments but also potentially important in bacterioplankton secondary production and
may contribute to &cterial succession. Although progress has been made, we can only
speculate at the potential of the @&idising community identified. More evidence is
required to fully understand the ecological role of-@@dation in the marine ecosystem.
We suggest futre studies of this kind should focus on transcripts to confirm activity of these

genes in the environment
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spring bloom cycle at a coastal shelf sea and open shelf sea site.



9eT

4.5 Supplementary material

Supplemental table &.coxL-2 OTUs showing significantly different (Bonferroni correcfedalue <0.05 fronLog-likelihood ratio tets) abundance

when grouped by month.

OTU TestStatistic ~ Bonferroni p value March mean April mean May mean June mean July mean
OoTuU2 836.75 0.000 761.00 370.00 374.00 156.00 68.75
OTU3 1112.49 0.000 5.00 13.50 27.00 292.75 451.75
OTU5 167.80 0.000 84.50 167.50 215.50 165.25 40.25
OoTU7 22.82 0.031 84.50 127.25 76.00 114.50 76.25
OoTU4 559.37 0.000 0.00 1.25 58.00 59.50 255.75
OTU11 40.65 0.000 40.00 79.00 55.00 108.00 54.25
OTU20 24.42 0.015 18.00 28.50 25.50 47.00 13.00
OoTU14 42.54 0.000 25.00 48.75 24.00 4.75 21.50
OTU34 78.68 0.000 2.50 57.50 31.00 10.25 17.00
OTU39 41.27 0.000 1.00 26.00 29.50 22.00 10.75
OTU26 24.92 0.012 37.00 12.75 10.50 9.75 17.75
OTU60 40.29 0.000 4.00 31.25 7.00 6.25 3.75
OTU196 21.94 0.047 0.50 3.00 13.00 3.00 0.50
OTU116 56.50 0.000 18.50 0.00 0.00 0.00 0.00
OTU360 48.43 0.000 0.00 0.00 16.50 0.25 0.00
OTU122 26.44 0.006 0.00 10.50 5.50 0.50 0.00



Supplemental tableZ2. Si gni fi cant

(in

bol d)

Spear m

components axes (16S rRNA PCoand, phytoplankton and microzooplankton (Ab =

abundance, BM = biomass at 10 m).

Variable

Diatom (Ab)

Autotrophic dinoflagellate (Ab)
Coccolithophorid (Ab)

Total Phytoplankton (BM)
Autotrophic dinoflagellate (BM)
Coccolithophorid (BM)
Phytoflagellate (BM)

Total Microzooplankton (Ab)
Ciliate (Ab)

Heterotrophic dinoflagellate (Ab
Total Microzooplankton (BM)
Ciliate (BM)

Zooflagellate (BM)

PC1
R value
-0.10
0.29
0.25
0.02
-0.08
0.26
0.33
0.55
-0.04
0.46
0.07
-0.06
0.48

p value
0.46
0.03
0.06
0.88
0.57
0.05
0.01
0.00
0.78
0.00
0.58
0.66
0.00

PC2
R value
0.33
0.32
-0.72
0.48
0.70
-0.69
-0.02
0.00
0.53
0.18
0.51
0.56
-0.12

p value
0.01
0.02
0.00
0.00
0.00
0.00
0.86
0.99
0.00
0.18
0.00
0.00
0.38
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Supplemental figure 3. Molecular Phylogenetic analysis by Maximum Likelihood method showing an amid@lignment of the 6 most abundant
OTUs and other carbon monoxide dehydrogenase Form | sequences from-thduratant protein sequence database. percentage of trees in

which the associated taxa clustered together is shown next to the branches.



Chapter 5

Diversity and distribution of total and
active bacterioplankton communities In
relation to light along a transect of the

Atlantic Ocean
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5.1 Introduction

Marine bacterioplankton sustain glolsmiale biogeochemical cycles and
significantly contrimte to primary (Richardson and Jackson, 200@pd secondary
production(Ducklow, 2000) The total diversity of bacterioplankton (i.e. from DNA) has
been characterised from a variety of different locations glo@igger et al.,, 2011,
Sunagawa et al., 281 However, not all bacteria in these communitiesraetabolically
active at a given tim@el Giorgio and Scarborough, 199%herefore, total bacterioplankton
diversity can only provide information about the potential of bacterial communities in the
ervironment.

Bacterial activity has been shown to vary both spatially and temp(ddigso-Saez
and Gasol, 200Alonso-Saez et al., 2008, Lami et al., 20@&mpbell et al., 201 Hunt et
al., 2013)and in response to changes in environmental factats &1 nutrient availability,
organic substrates, temperature and l{@htnso-Saez et al., 200@\lonso-Saez and Gasol,
2007, AlonseSaez et al., 200&,ami et al., 2009Hunt et al., 2013)These findings have
implications for our current understandinglbsogeochemical cycles. Bacterial production
estimates used in global models are most likely inaccurate as these models generally assume
bacterial production to be uniform across all téasham et al., 1999n addition bacterial
abundance is deouplal from bacterial activityAlonso-Saez and Gasol, 2005lonso-Saez
et al., 2008, Lami et al., 200€ampbell et al., 201Hunt et al., 2013,)suggesting that
estimates of ecological function based on gene presence and abundance are also likely to be
inaccurate (Krause et al., 2014Rocca et al., 2015)In order to better understand the
ecological function of bacterioplankton communities and how they interact with
biogeochemical cycles, we must not only understand which taxa are present but also which
taxa are active in a community.

Light has a critical effect on several marine biogeochemical cycles, providing energy

directly and indirectly to bacterioplanktgkarl, 2002,Moran and Miller, 2007, Richardson
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and Jackson, 2007Vltraviolet radiation (UVR)from light also causes cellular damage,
negatively affecting metabolic processes, bacterial abundance, substrate uptake and activit
(Bailey et al., 1983, Herndl et al., 1998iiller-Niklas et al., 1995, Sommaruga et al., 1997)
Bacterioplankton are expaddo daily fluctuations in light levels and many taxa have
developed resistance mechanisms to UWARrieta et al., 2000Agogue et al., 2005b)
Sensitivity to light and the metabolic requirement for light has been shown to influence the
vertical distributon of some Cyanobacte({@ix et al., 2007Mella-Flores et al., 2012).ight
could also be a determining factor of general community compogaionsoSaez et al.,
2006) but so far, no significant effect of light has been shdWfinter et al.,, 2001,
Schwalbach et al., 2005)

The Atlantic Meridional Transect (AMT) programme is a mdisciplinary and
collaborative time series that has been running since (s et al., 2015)nlike most
other time series, the AMT is not a fixed station but insta&ds the form of an annual
research cruise from the UK to the South Atlantic. Spanning multiple biogeochemical
provinces from supolar and temperate coastal shelf seas to open ocean tropical gyres, the
AMT provides an almost pol®-pole oceanographic search platform. The aims of the
AMT have developednd grown, but the primary aims remain largely unchantedecord
the biogeochemical properties of the Atlantic Ocean in order to validate and develop global
ocean models, provide a lotgrm observatgr for monitoring the effects of change on the
ocean and to provide a platform for multidisciplinary research and training in 3 keylgreas
The structure and function of planktonic ecosystems, 2) processes controlling the fate of
organic matter and 3) abaphere to ocean exchange processes.

Over 20 years, the physicochemical properties of the Atlantic have been well
characterisedAiken et al., 2000, Robinson et al., 200Blpwever, biological monitoring
has largely relied on the measurementphotosyithetic pigments, bulk biomass and

productivity estimates often relying on remote sensing methods. Although bacterioplankton
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communities have been investigated, these studies have focused on specific functional
groups such as methanol utiliz€¢sxon et al, 2013)or have been based on flow cytometry
analysis(Zubkov et al., 2000)

Geographical patterns of bacterial diversity are today relatively well characterised
and have been greatly advanced by global data sets such as Tara(Sueagawa et al.,

2015) and ICoMM (Pommier et al., 2007 However, a large proportion of the euphotic
global ocean remains poorly characterised. For exartidee is a lack ofesearchn the
southern hemisphere and few ocean tsages none of which, to our knowledge, thedt
basinrwide. Currently, little is known about the latitudinal distribution of bacterioplankton
communities in the Atlantic Ocean. There have been two genomic studies of bacterial
diversity over a latitudinal transect of the AtlantMilici et al. (2016 characterised
bacterioplankton diversity throughout the water column but did not report phylogenetic
diversity, and Reintjes (2017) who characterised phylogenetic diversity of particle
associated and free living bacterioplankiid so only at 20 m belv the surface. The AMT

is a longterm observatory for monitoring the effects of change on the Atlantic Ocean but to
date has largely overlooked bacterial communifiesel the AMT platform to record the
microbial diversity of the Atlantic Ocean. Doisg on an annual basis could help improve
our understanding of the effects of change on the oceans and help to develop global ocean
models.

The primary aim of this study was to characterise the diversity and distribution of
total and active bacterioplanktocommunities along AMT using high throughput
sequencing techniques. We hypothe#ii® community will be dominated by a core set of
taxa but the abundance and activity of these taxa will vary independently in response to
differing environmental charactstics along the transect. This study also aimed to
investigate the specific effect of light on the composition of bacterioplankton communities

by comparingsamples collected from three different depths ranging 97 to 1 %
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photosynthetically available radiati (PAR). We hypothesisthere will be variation in the
community in response to light, and that taxa will be partitioned into different light niches
based on their resistance/tolerance to light stress and metabolic requirement for light, whick

in turn, will lead to diurnal differences in the community composition.

5.2 Method summary

5.2.1Seawater ampling
Seawater samples were collected during the AMT 25 cruise on bodRE®dames Clark
Ross, which sailed from Immingham, UK to Stanley, Falkland dsial 8" Sep to 4 Nov
2015). The cruise track crossed nine biogeochemical provihoeghurst et al., 1995h
the North and South Atlantic Ocean (figusel), which represented a range of marine
ecosystems from temperate coastal seas to tropical ggessfable 51).

Seawater samples were taken from three different light depths (97 %, 55 % and 1 %
PAR) during 16 casts at eight stations that consisted of pairedhpne (~04:30 local time
=04:00i 07:00 UTC) and solar noon (~13:30 local time =13:0®:00 UTC) castswhich
were approximately 150 km apafwo additional samples were also collected from 4 m and
27 m (08:00 UTC) at the Western Channel Observatory Station E1 (Chapter 4). Seawate
samples were immediately filtered onto a 0.2 um filtmbrane and stored in a nucleic
acid preservative aB0iC. On return to the laboratory, DNA and RNA wereestracted
from the membranes using commercially available DNA/RNA isolation kit (E.Z.N.A). DNA
and cDNA, synthesised from the RNA by reversedcaption were sent for 16S rRNA gene

amplicon sequencing (see Chapter 2 for further details).
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Figure 51. Map showing location of samples taken during the Atlantic Meridional Transect
(AMT) 25 that were analysed in this study. Symbols reprabkemfeographical position of
casts ( noon,E predawn andd Western Channel Observatory Station E1), open circles
indicate paired casts and represent a station. Lines show borders of biogeochemical
provinces annotated by their abbreviatitab(e 5.).
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Table5.1. Atlantic Meridional Transect 28ampling statios, including details of

Longhurst provinces and climatic regions.

Continental Shelf

Station | CastID Longhurst Province Domain Region
North East
E1l CTD001 NECS Atlantic Coastal
Continental Shelf
CTDO006
STN1 NADR North A_tlannc
Drift
C1IDo07 Temperate (Boreal Autumn)
CTDO12
North Atlantic
STN2 NASTE Tropical Gyral | Westerlies
CTDO13 East
CTDO021
North Atlantic
STN3 NASTW Tropical Gyral Sub-Tropical (North)
West
CTD022 °
CTDO033
STN4 NATR .\I-Olﬂll Atlantic
Tropical Gyral
CTDO034
Tropical
CTD042
STNS ETRA Eastem Tropical | ./ 4o
Atlantic
CTDO043
CTDO066
STN6 SATL South Atlantic Sub-Tropical (South)
Gyral
CTDO067
CTDO076
STN7
CTDO77 SSTC South Subtropical | v o Jies
Convergence
Temperate (Austral Spring)
CTDO080
N
SINS South West
CTDO081 FKLD Atlantic Coastal
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5.3 Results

5.3.1Physicochemical characteristics of tAdantic Meridional Transect

Seawater temperature ranged from 4.4 °C in the southern temggratesrto 29.6 °C in the
surface waters of the tropical regions (figbtga). Salinity ranged from 34.1 to 37.6 PSU

and was highest in the gyral regions and lowest in the southern temperate regions (figure
5.2b). Generally, seawater temperature and $glaecreased with depth, and stratification

was evident from 50°N to 30°S, after which the water column became mixed. Fluorescence
was highest (2.6 RFU) at Station E1 in the Western English Channel and lowest in the
northern and southern gyres. A deep oiypdyll maximum (DCM) was present throughout

the transect, and was deepest (160 m) in the gyral regions (figuee2c). Oxygen ranged

from 57.1 to 305.2 uM t and was lowest between 20°N and 20°S below%0n and

highest in the southern temperate oegi (figure5.2d).
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[m] on the Y axis vs. latitude on the X axis. Symbols represent the position of water samples
analysed in this study (noon,E predawn and Western Channel Observatory Station
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Photosynthetically available radiation (PARnged from 3 to 1,340 W “fnduring noon
sampling and was highest at the surface declining with depth (fig2ag PAR was much
lower during predawn sampling and was consistently <1.5 W (figure 5.2b). PAR at

97 % (mean 4.3 m), 55 % (mean 12.5 m)ld % (mean 86.7 m) light depths were on average
745.1, 371.6 and 8.7 W-fmespectively. The two additional samples collected from 4 m and
27 m at the Western Channel Observatory Station E1 were equivalerfidarid 1 % light

depths based on the situ PAR measurements.
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Figure 5.2 Datalnterpolating Variational Analysis (DIVA) gridded section plots showing
photosynthetically available radiation (PAR) data [W]ralong the AMT25 during 2016.
a) noon and b) prdawn. Depth [m] on the Y axis vs. latite on the X axis. Symbols
represent position of water samples analysed in this study¢n,E predawn andd

Western Channel Observatory Station E1).
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The seawater nutrients nitrate and nitrite combined, phosphate and silicate were low < 1 puV
L-tand ofen below theiinits of detection for phosphate (< 0.0®1 L), nitrate + nitrite (<
0.02uM L™ and nitrite (< 0.0uM L) throughout the upper 50 m of the water coluamd

down to ~150 m in the gyral regions (figir&). Maximum values up to 34.5 pMinitrate

and nitrite (figures.4a), 2.3 uM L* phosphate (figurs.4b) and 11.4 pM [ silicate (figure

5.4c) were recorded in the southern temperate regions throughout the water column anc
between 20°N and 20°S below a depth of 50 m. Due to the higberuoh missing data
points, nitrate and nitrite could not be separated, although mean nitrite when recorded wa:

~0.03 uM Ltsuggesting nitrate and nitrite values are composed mostly of nitrate.
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5.3.2 Total (DNA) and active (RNA) aterioplankton diversity along theAtlantic
Meridional Transect

Bacterioplankton diversity was assessed by bacterial 16S rRNA gene and 16S rRNA high
throughput sequencing. Reads were filtered to exclude singletonshacterial and
organelle sequences, then rarefied to a depth of 8,391 reads per sample resulting in a total
83,910 high quality reads (250 bp) that represented 2,366 operational taxamatsi
(OTUs) based on 97 % similarity. 134 taxonomic groups identified to order level were
detected, 38 were considered abundant (>0.1 % relative abundance) in DNA samples and 2
were considered abundant (>0.1 % relative abundance) in RNA sampleshgeisultO
abundant taxa at order level (figure).

The majority (~80 %) of the relative abundant (RA) taxa was contributed by just
seven taxa mostly at order level. However, the relative contribution of these taxa varied
significantly between DNA and RN samples @ble 52). Total bacterioplankton
communities assessed by 16S rRNA gene abundance (DNA) were dominated by
Prochlorococcus followed by Flavobacteriales SAR11 clade, Oceanospirillales
Rhodobacteralesind Synechococcuffigure 5.5a). Active baterioplankton communities
assessed by 16S rRNA (RNA) were dominated Brpchlorococcusfollowed by
Flavobacteriales Synechococcyus Oceanospirillales, unidentified Cyanobacteria
(Subsection 1 Other) andRhodobacterales The Cyanobacteria Prochlorococcus
Synechococcuand Subsection | Other were almost twigere abundant in RNA samples
than DNA samples. In contrast, the SAR11 clade was 30 times less abundant in RNA
samples compared to DNA sampleg:lavobacteriales Oceanospirillales and
Rhodobacteralewere also less abundant in RNA samples than DNA samples but to a lesser

degree (1.2 1.8 times lower).
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Table 52. Contribution to baerioplankton community of the sevemerall most abundant

taxa by number of normalised reads and relative abundance.

All samples DNA samples RNA samples
reads RA% reads RA % reads RA%
Prochlorococcus 380678 454 141091 33.1 239587 58.0
Flavobacteriales 106275 12.7 65141 15.5 41134 9.8
SAR11 clade 51226 6.1 49476 11.8 1750 0.4
Oceanospirillales 43851 5.2 23737 5.7 20114 4.8
Rhodobacterales 41098 4.9 26389 6.3 14709 3.5
Synechococcus 33456 4.0 11675 2.7 21781 5.3
Subsection | Other 22850 2.7 7862 1.8 14988 3.6

Taxa
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5.3.3 Bacterioplankton community structure alongAliantic Meridional Transect
Permutational multivariate analysis ofrieance (PERMANOVA) on weighted UniFrac
metrics showed that DNA and RNA samples were significantly different to each pther (
<0.05), as were samples grouped by province and by light depth (t&pbl©%erall there

was no significant difference between n@and predawn samples (tabled, although Log
likelihood ratio tests on abundant orders (RA >0.1%) of combined DNA and RNA samples
showed thatProchlorococcus(statistic =49.34 p <0.000, Rhodobacteralegstatistic
=48.58 p <0.00Q and Oceanospirillaés (statistic=10.72 p <0.0429 were significantly
higher in noon samples. Where&$avobacteriales (statistic=27.52 p <0.00Q and
Subsection | Othersfatistic =15.15 p <0.009 were significantly higher in prdawn

samples.

PERMANOVA on DNA and RNA saples separately showed that DNA samples
were significantly different when grouped by province and light depth, whereas RNA
samples were only significantly different when grouped by provineblg 53).
PERMANOVA on all DNA samples by paired light deptheowed the bacterioplankton
community at 97 % and 55 % light depths were not significantly different to each other but
were both significantly differentp(<0.05) to the community at the 1 % light deptidb(e
5.3). Log-likelihood ratio tests on DNA samplsbBowed 21 taxa were significantly different
(Bonferroni p <0.05) when grouped by light depth, of these taxa Subsection | Other,
Cellvibrionales PuniceicoccaleandRhodobacteralewere higher in abundance in surface
samples (97 % and 55 % light depthsrt the 1% light samples. 14 taxa from RNA samples
were also significantly different (Bonferrom <0.05) when grouped by light depth.
Cyanobacteria Subsection Il (identifiedlagchodesmiunspp), Rickettsials (excl. SAR11
clade) and KI89A clade wereare abundant in surface samples compared to 1 % light

samples excepbynechococcuwhich was most abundant in 55 % light samples.-Log
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likelihood ratio tests on both DNA and RNA samples showed nearly all taxa were

significantly different when grouped by piace (Bonferronp <0.05).

Table 53. Permutational multivariate analysis of variance (PERMANOVA) of categorical

variables, bold text highlight significant differences.

ALL samples DNA samples RNA samples

Category pseude p- pseude p- psewo- p-
F value F value F value
Predawn vs Noon 1.02 0.359 0.63 0.623 0.55 0.712
DNA vs RNA 10.17 0.001 NA NA NA NA
Province 16.53 0.001 11.17 0.001 13.93 0.001
Light Depth (97,55 & 1% 2.24 0.025 2.13 0.033 0.91 0.511
97 % vs 55 % 0.17 0.975 0.09 0.995 0.12 0.987
1% vs 97 % 3.27 0.017 3.24 0.015 1.35 0.261
55 % vs 97 % 3.45 0.009 3.28 0.019 1.36 0.256

To further investigate the bacterioplankton communities by biogeochemical province,
Principal Coordinates Analysis (PCoA) were conducted on DNA samples anddiNAes
separately using weighted UniFrac metrics. DNA and RNA PCoA plots showed similar
patterns of sample orientation (figusé). Samples from the same province clustered well
with the exception of samples from SSTC. Provinces FKLD, SSTC and NECSistaretd

from the other provinces along axis PC1 and were grouped tightly by cast along axis PC2
Other provinces were more closely clustered, forming two groups along axis PC2. Group 1
was composed mostly of samples from 97 % and 55 % light depths ohgesMNADR,
NASTE and SATL. Group 2 was composed of provinces NATR, ETRA and the 1 % light
depths of the stgroup. The only province to show a difference in sample grouping between
DNA and RNA PCoAs was NASTW, which was clustered with group 1 in the DN&APC

(figure 5.6a) and with group 2 in the RNA PCoA (figuseésh).
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Minimum spanning trees (MST) were also constructed from the weighted UniFrac metrics
for DNA and RNA samples (figurg.7). Correspondingamples from different light depths
were closely related to each other in provinces FKLD, SSTC and NECS. Whereas, in all
other provinces, samples from 97 % and 55 % light depths were more closely related to eac
other than the corresponding samples fromdémme station from 1 % light depth. This
pattern was strongest in the DNA MST (figwr&a), where samples from 1 % light depth

of different provinces with the exception of NADR were clustered together and more related
to each other than correspondingface (97 % and 55 %) samples. The RNA MST (figure
5.7b) was generally linear, with minimal branching. SSTC and FKLD samples were linked
by NECS to NADR, NASTE, SATL, NASTW, ETRA and NATR in succession. In contrast
the DNA MST was more heavily branched. £53nd FKLD samples were linked by NECS

to NASTW and the other provinces that were branched forming 2 groups as per the PCoA

plot, with Group 2 being further branched into surface and 1 % light depth samples.
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5.3.4 Linking lacterioplankton communityrsicturewith physiochemical parameters along
the Atlantic Meridional Transect
Spearman’s rho correlations were conducted on the principle component axes PC1 and PC
PCL1 from both DNA and RNA PCoAs correlated positively with seawater temperature and
salnity, and negatively with oxygen, fluorescence and all nutrients (nitrate/nitrite, phosphate
and silicate). Axis PC2 (RNA) correlated positively with nitrate/nitrite and axis PC2 (DNA)
correlated negatively with all nutrients.

Redundancy analysis (RDA)as also performed on weighted UniFrac metrics of
RNA and DNA samples. Analysis of variance on RDA models showed that overall, the
physicochemical data explained the ordination of the samples (fi@)rarl temperature,
salinity and oxygen were significarexplanatory variables in the DNA RDA and
temperature, salinity, oxygen and fluorescence were significant explanatory variables in the

RNA RDA (table 54).

Table 54. Analysis of variance (ANOVA) of Redundancy analysis (RDA) models, bold text

indicates gnificant values.

. DNA RNA
Variable

F value p value F value p value
Temperature 28.2 0.001 27.9 0.001
Salinity 9.3 0.001 5.4 0.004
Oxygen 5.7 0.002 2.9 0.037
Fluorescence 2.0 0.080 3.5 0.019
PAR 0.5 0.758 0.6 0.652
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5.35 Comparison betweeaotal (DNA) andactive RNA) diversity
Log likelihoodratio tests were used to compare RNA abundance to DNA abundance for
each abundant (>0.1 % RA) tax Over the whole transect, only 5 taxa, 4 of which belonged
to the Cyanbacteria Prochlorococcus Synechococcus Subsection | other and
Trichodesmium and the GammaproteobacteriaKI89A clade, had a significantly
(Bonferronip <0.05) higher abundance in RNA samples compared to DNA samples. 13 taxa
had a significantly lower almgdance in RNA samples compared to DNA samples and the
remaining 22 taxa showed no significant difference between RNA and DNA abundance.
When grouped by province, 29 of the 38 taxa showed a significant difference
between RNA and DNA abundance in at least @rovince. The ratio of RNA to DNA
abundance was calculated for each taxon in each province. Across all provinces, 45 % o
taxa (n 17) had a mean ratio of ~1:1, 39 % (n 15) had a mean ratio <1:1) and 16 % (n 6) ha

a mean ratio >1:1 (figurg.9).
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Figure 59. Heat map showing the ratio of RNA to DNA abundance for all abundant taxa

(>0.1% RA). Symbols indicate mean RNDNA ratio for each taxacross the whole transect

(p >1:1,0 <1:1and’ =1:1). Bold numbers indicate a significant difference (Bonferro

p <0.05) between RNA and DNA abundance by province. Underlined taxa indicate a
significant difference (Bonferrorp <0.05) between RNA and DNA abundance over all

samples.
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5.4 Summary of the physicochemical characteristics along the Atlantic Meridional
Transect

The Atlantic Ocean can be partitioned into domains and provinces that are based on physics
oceanographic features and biological production estinfatesghurst et al., 1995)he

details of which have been reviewed for the AMT previoiéliken et al., 2000) During
AMT?25, twice daily casts recorded core physicochemical data along the transect that crosse
ten biogeochemical provinces (figusel). The northern temperate region {88°N) was
relatively well mixed and characterised by lower sg@wtemperatures (~15 °C) and salinity
(~36 PSU). Nutrients were logmean 2.2uM L nitrate+nitrite,1.4 uM L silicate and.2
phosphatgiM L) and oxygerhigh (mean 224uM L), fluorescence was very high in the
upper 50 m especially in the coaddamain at Station Egmaximum 2.6 RFU)suggesting

the presence of a seasonal phytoplankton bloom typical of boreal ayBimse and
Pinhassi, 2017)This was further evidenced by a high abundance of mainlyeuikaryote
primary producerssgipplemental jure 5.). Seawater temperatu¢®s-27 °C) and salinity

(36-37 PSU)increased moving southward into the drdpical (3323°N) and tropical
northern Atlantic (23°ND°), which was characterised by high surface seawater temperatures
(25-30°C) and salinity(37-38 PSU). Fluorescen¢g0.1RFU)and oxyger{57 uM L) were

low, increasing slightly around 1&60 m at thdDCM to maximumof 0.5 RFU and 223

UM Lt respectively Temperatures remained high into the equatorial region but salinity
decreased (386 PSU) Fluorescencincreased slightlyo 1 RFUaround the equator as did

the abundance of eukaryotic primary producempiiemental Figure 5)1the DCM was
located at ~ 50 m close to a high nutrient/low oxygen zone that existed below the thermocline
between20°N and 20°S. The characteristics of southern tropical Atlanti@30S) were

much the same as the north although temperatures were slightly(ii24 °C) and the

DCM extended to ~200 m. Nutrient levels throughout the tropical Atlantic were close to o

at detection limits, either side of the equator this nutrient deplete area extends from the
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surface to around 200 m and describes the northern and southern oligotrophic gyres.
Temperature and salinity decreased heading south into the southdrapscdh (23-33°S)

and temperate Atlantic (336°S). The southern temperate region was well mixed and
characterised by logr temperature$4-12°C ) and salinity(33-35 PSU) especiallpelow

40°S (<10 °C and <35 PSU). Nutrient levétsean 17uM L nitrate+nitrie, 5 uM L™

silicate andL uM L *phosphatend oxyger(mean 28pwere high, with the highest values
recorded below 40°S. Fluorescence and the abundance of eukaryotic primary producers was
also higher in the upper 50 m compared to the oligotrophic gyrewer than the northern
temperate ocean suggesting the austral spring bloom was not yet established due to lower

seawater temperatures.

55 Discussion

5.5.1 Diversity and distribution ototal and activebacterioplankton along the Atlantic
Meridional Transect

Each province has distinct physicochemical characteri¢tiosghurst et al., 1995hat

could influence the composition of the resident microbial community. A recent study by
Milici et al. (2016)showed that bacterioplankton communities in thiamic exhibit strong
biogeographical patterns in response to differing environmental drivers but did not report
the composition of the communities. In this study, bacterioplankton communities were also
found to vary significantly by province, and the pitpchemical seawater properties
temperature, salinity, oxygen and fluorescence significantly influenced provincial
differences in agreement witililici et al. (2016) The bacterioplankton present were
generally uniform across all provinces, with commuesitdominated by members of the
CyanobacteriaAlphaproteobacteriaBacteroidetesand GammaproteobacteriaHowever,

the relative contribution of individual taxa to the communities varied significantly, agreeing
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with the suggestion that bacterioplankton camity composition is determined by
abundance rather than preseneeby changes in the abundance of the bacteria present in
the community rather than by changes inghesence or absence of specifacterial taxa
(Caporaso et al., 2012, Gibbons et2013)

Prochlorococcusdominated the communities in all provinces except those in the
temperate coastal domains (NECS and FKLD), where the relative abundances of
heterotrophic bacterioplankton such&vobacterialesRhodobacteralesheSAR11 clade
ard Oceanospirillaleswere higher. This pattern largely followed the distribution of
eukaryotic primary producers, which are thought to out compete prokaryotic phytoplankton
in productive regiongZinger et al., 2011)The coupling between eukaryotic phytapkton
and heterotrophic bacterioplankton is well documeKiBacthan et al., 2014nd has been
discussed previously (Chapter 4). Province SSTC which is the convergence zone betwee
the productive Southern Ocean and the more oligotrophic Southern AQeetan was also
characterised by a higher abundance of thederdteophs and the Cyanobacterium
Synechococcushich is associated with more productive nutrient regifREsnbaum et al.,

2013, Pittera et al., 2014Consequently, bacterioplankton commuitia these three
provinces were more similar to each other than with neighbouringrgpical/tropical
provinces and considered to be mesotrophic. The remaining provinces which had a highe
abundance of the oligotropsochlorococcusand the SAR11 cladeere closely grouped

and considered to be oligotrophic.

The oligotrophic provinces could also be further divided intotsofical (NASTW
and SATL) and tropical (NATR and ETRA) provinces. The provinces NADR and NASTE
are geographically temperate (i.e.33Rl) but were more similar to the provinces in sub
tropical regions, and so were included in the-saopical grouping. Bacterioplankton
communities from sulropical provinces were generally quite similar to the

bacterioplankton communities from tropigadovinces, but had a slightly higher relative
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abundance of copiotrophic heterotrophs such afldobacterialesand a slightly lower
relative abundance &frochlorococcusThis distribution of bacterioplankton coupled with
physicochemical variables thate midway between the mesotrophic (NECS, SSTC and
FKLD) and tropical oligotrophic provinces (NATR and ETRA) suggest that changes in the
bacterioplankton community occur over a latitudinal gradient and/or with distance from the
coast, presumably in resp@t® changing environmental conditions. Therefore;tsuical
provinces are transitional regions connecting temperate and tropical regions of the ocean.

Interestingly, NASTW was the only province to vary between total community and
active community in té ordination analyses. This apparent switch in group is possibly due
to an increase in the abundance of Rickettsiales (excluding the SAR11 clade) in the active
community. The abundance é&fiteromonadalesalso increased in both total and active
communitieof the NASTW provinceAlteromonadalesire typical fstrategists, blooming
rapidly in response to increased available subst(aegin et al., 2013, LépeRérez and
RodriguezValera, 2014) In addition, the abundance d@tichodesmiumsp., which are
knownto bloom in response to atmospheric iron depositi@apone et al., 1997, Chen et
al., 2011, Rubin et al., 2011)ncreased in neighbouring province NATR. These two
provinces are within the influence of nutrient and trace metal inputs from Saharan dust
(Baker et al., 2006}t is possible that these taxa were responding to atmospheric deposition
of terrestrial nutrients.

Seasonal scale variations in bacterioplankton communities are greatest in temperate
regions compared to sttopical and tropical regia(Bunse and Pinhassi, 2017y this
study, the mesotrophic provinces showed greater variability than oligotrophic provinces,
most likely due to differencsein nutrient status between the northern and southern
hemisphere in opposing seasons. Northernipce M NECS (autumn) had low nutrient levels
in common with oligotrophic provinces but high eukaryotic primary production in common

with southern temperate provinces SSTC and FKLD (spriRgdchlorococcuswere
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dominant in province NECS, but less dominantpirovince SSTC and FKLD when
Flavobacterialedbecame more dominant. These diversity patters agree with seasonal scale
studies of temperate regions discussed in detail in Chapter 4, which show that oligotrophic
bacterioplankton increase in abundance dusimgmer and autumn seasons in contrast to
spring when copiotrophs (e.8hodobacteralesdominate Bunse and Pinhassi, 2017)

It is also worth noting that in this study each province was represented by samples
within a relatively localised area (~1kfh), while thisis representative when comparing the
bacterioplankton community over the entire transect, it is possible that the community could
vary within a province. STN8 was divided across the two adjacent provinces SSTC and
FKLD, with the bacterioplanktonommunities from these samples more closely related by
their spatial proximity than their province grouping. This may be due to seasonal variation
in the geographical position of the classic Longhurst province bouf(idaygondeau et al.,

2013)or may be eidence that transitional gradients exist over province boundaries.

5.5.2 Bacterioplanktorpresencers. bacterioplankton activity
Using RNA:DNA ratioHunt et al. (20133howed that bacterial activity was decoupled from
bacterial abundance in the Facii.e. high abundance does not denote high acjivitg
investigate the active communities in this study, 16S rRNA gene transcripts were comparec
to 16S rRNA gene abundance. Although the overall diversity and distribution of the total
and active commuties were comparable, the relative abundance of individual taxa varied
significantly between total and active communities leading to variations in the RNA:DNA
ratios.

On the whole, marine bacterioplankton communities are considered active according
to previous method¢Campbell et al., 2011Hunt et al., 2013,)with a mean activity to
abundance RNA:DNA ratio of 1.18. However, this activity level was not uniformly

distributed across provinces or taxa. Overall, the activity of heterotrophs was low astontr
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to the autotrophic Cyanobacteria, which were highly active members of the community. The
high activity of the Cyanobacteria is predictable given their significant role in photosynthetic
primary production in the open oce@artensky et al., 199Richardson and Jackson, 2007,

Uitz et al., 2010)

In this study, bacterioplankton communities were more active in the mesotrophic
provinces compared to the communities in oligotrophic provinces. The increased activity in
the northern and southern mesotroptiavinces was largely attributed to members of the
BacteroidetesAlphaproteobacteriaand GammaproteobacteriaCyanobacteria (excluding
Prochlorococcusand Trichodesmiumalso contributed to increased activity in the northern
mesotrophic provinces. Bactaki(secondary) production shows a positive relationship with
chlorophylta (a proxy for primary productioiiflel Giorgio and Scarborough, 199%tega
Retuerta et al., 2008)Heterotrophic bacterioplankton (including members of the
BacteroidetesAlphaproeobacterilandGammaproteobacterjahave also been shown to be
less active in the uptake of dissolved organic matter (DOC) derivedHroamlorococcus
(the dominant primary producer in this study) than from other primary producers such as
Synechococcusrd diatoms(Sarmento and Gasol, 2012)herefore it is likely that the
higher heterotrophic activity in coastal provinces was stimulated by substrates produced by
eukaryotic phytoplankton, which had a higher abundance in the mesotrophic provinces in
this sudy.

In agreement with other studies using RNA:DNA rafiicami et al., 2009Hunt et
al., 2013) the abundant SAR11 clade had low activity across all provinces, which is likely
a reflection of their oligotrophic life strateg§iovannoni, 2017)Howeve, several studies
that have investigated the assimilation of specifimpoundsuch as leucine, glucose and
other amino acids, suggest that the SAR11 clade are very active in the community
(Malmstrom et al., 2004Viary et al., 2006bl.aghdass et al., 2@). Considering the global

abundance of the SAR11 clade, it is important to elucidate their contribution to
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bacterioplankton secondary production. The discrepancies in reported SAR11 clade activity
may be because of the different methodologies used (RNA:@Nos vs substrate uptake);
seawater incubated with supplementary substrates stimulate SAR11 clade activity wherea
in situ RNA:DNA ratios suggest SAR11 clade activity is low in the environment. These
results taken together show the SAR11 clade hastmtéo be a highly active member of
the community when conditions suit,e. when concentrations of labile substrates such as
amino acids are more abundgmit otherwise exhibit low activity. These results also suggest
more environmentally relevant sstbates such as organic matter (OM) derived from
phytoplankton cultures should be used to determine heterotrophic productivity as suggestet
by Sarmento and Gasol (201#ho showed that the SAR11 clade have very low interaction
strength withProchlorococcg derived DOC but very high interaction strength with leucine.

In contrast to the SAR11 clade, the oligotropghammaproteobacteril189A clade
had a higher than average activity in all provinces but was generally a rarer member of the
community. The K188 clade is a member of the oligotrophic marine
Gammaproteobacterigroup (OMG) and has slow growth ratgSho and Giovannoni,
2004) Therefore the high RNA:DNA ratio seen in the K189A clade is likely a result of
increased metabolic activity rather thanregmsed growth. These results suggest that
abundant oligotrophs employ a different strategy to rare oligotrophs, with the SAR11 clade
displaying a less active but abundant strategy versus K189A clade that displays a rare bu

active strategy.

5.5.3 The verical distribution of total and active bacterioplankton in relation to light

Solar radiation impacts the activity of some bacteria and has been shown to alter
bacterioplankton community compositiohlonso-Saez et al., 2006T he effect of light on

the compsition ofthe bacterioplankton community was examined by comparing samples

taken at three different light depths; NECS was excluded from these analyses as the samplin
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occurred at a different time of day from only two nominal depths. The overall active
bacterioplankton community (i.e. RNAerived) in this study did not differ significantly with
light intensity, although several individual taxa did show some significant differences.
Conversely, an overall significant difference in total bacterioplanktonmugriies (i.e.
DNA-derived) was seen between 'high' (97 % and 55 %) and 'low' (1 %) light depths.

Of the total and active bacterioplankton communities, the majority of taxa to show a
significant difference by light depth were lower in abundance at higjit depths than at
low light depths (e.gRhizobiales, SAR406 clad&lteromonadalesAcidimicrobiales).
Taxa that showed a significant difference in both the active community and the total
community showed the same relationship, suggestinghb&NA:DNA ratio i.e. activity
level did not change in response to light but their abundance di&Gdmenaproteobacteria
K189A clade and the Cyanobacterfaichodesmiumsp. had a significantly higher
abundance in the active community at depths where there wabdtgmtensity with no
difference seen in the abundance of the total community, suggesting that these taxa were
more active at high light depths and have some form of UVR resistance or tolerance.
Trichodesmiunsp. are known to produce protective compausdch asnycosporindike
amino acidgCai et al., 2017¢nabling them to inhabit near surface waf€apone et al.,
1997) A high proportion ofcammaproteobacterihave also been shown to be resistant to
UVR (Agogue et al., 2005b)JVR resistance in thik189A clade has not been determined,
although other members of the OMG group are known to contain genes enabling
mixotrophic growth using lightSpring et al., 2015)

Previous studies have shown tRabchlorococcusire more sensitive to UVR stress
thanSynechococcud.labrés and Agusti, 200&ix et al., 2007, Zinser et al., 200Mella-
Flores et al., 2012However, the vertical distribution of Cyanobacteria in this study did not
show any distinctive patterns that suggested ditgtendant niche partning within this

phylum. This is possibly because vertical partitioning according to high and low light is less
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defined inSynechococcuahich exhibits stronger latitudinal niche partitioni(fjttera et
al., 2014, Zwirglmaier et al., 200@nd the OTU cuoff of 97 % used in this study would
not distinguish between light ecotypesRybchlorococcugJohnson et al., 2006, Zinser et

al., 2007)

5.5.4 Diurnal patterns in the distribution of total and active bacterioplankton
Circadian rhythms are establish@en Cyanobacterieand some heterotrophic bacteria have
al so been shown to possess (Johnsa<setah 2E.OHc i 8
Whether bacteria contain true biological clocks or just diurnally regulated,gbegsare
exposed to variatianin light and other physicochemical variables over a diurnal cycle
potentially influencing bacterioplankton community structure. Diurnal effects of light on the
bacterioplankton community were investigated by comparing samples taken durng pre
dawn and slar noon casts. For these analyses, NECS was also excluded for the same reasor
mentioned before. Although overall there was no significant difference between noon and
pre-dawn bacterioplankton communities, some specific dominant taxa showed a significant
difference in noon and p@awn abundance.

In both the total and active bacterioplankton communi@besdobacteralesvere
more abundant in noon samples dfdvobacterialeswere more abundant in pdawn
samples. Members of boBacteroidetesand Rhodobateraleshave also been shown to
have rhythmical genes that are expressed with a periodicity of 24 h, such as circadian clocl
geneskaiBC and oscillator gengrx (LozaCorrea et al., 201006rnlein et al., 2018)
Building upon the substrate controlled session/niche separation of heterotrophic
bacterioplankton proposed Geling et al. (2012andBuchan et al. (2014he metabolic
wave theory proposes diurnal variation in heterotrophic activity is also coupled to the
production and availability of organimatter from primary producef(&asol et al., 1998,

Ottesen et al., 2014)Given these two taxa occupy-oocurring niches and are often
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associated with phytoplankton, their contrast in total and active abundance may be a result
of substrate specialisatio Flavobacterialesdegrade higimolecular weight OM (e.g.
phytoplanktonderived polysaccharides), arRhodobacteraleslegrade associated lew
molecular weight OM (e.g. monosaccharid@a)chan et al., 2014)

Although OM concentration was not recorded his tstudy, a previous study by
Obernosterer et al. (200fgund that DOC in the sutvopical Atlantic to be higher in the
morning (08:00) than at noon, similar patterns have also been observed for amino acids and
particulate organic carbon (POC) in thetRadeaMopper and Lindroth, 1982, Szymczycha
et al., 2017)Assuming the same pattern is true for this study, the higher abundance seen in
primary degradersHavobacteriale} at predawn and higher abundance seen in the
secondary degraderRifodobacterkes) at noon would be explained by the metabolic wave
hypothesis.

The abundance afomeCyanobacteriaaxa also varied significantly between pre
dawn and noon sampling timeRrochlorococcusvas more abundant at noon in the total
and active community and@ubsection | other which was most closely related to
Synechococcusp., was more abundant at dawn in the active community. However because
these taxa also varied significantly by light depth, further comparison was made between
predawn and noon at eachffdrent light depth. In the total community (DNderived)
ProchlorococcusndSynechococcushowed little variation in abundance between noon and
pre-dawn, although their abundance increased with depth at noon and decreased with depth
predawn. In the actie community (RNAderived),Prochlorococcusand Synechococcus
were both more abundant pilawn and decreased in abundance with depth at both noon and
predawn sampling times. The same relationship was also seen for the putative
Synechococcusut was lesgpronounced.

The patterns seen in the total community suggest that-ofégleexist between

photosynthesis and UVR stress; although the vertical distributi@yariobacteriaappears
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to be influenced diurnally by ligh€yanobacteriare overall more abundaduring the day
when PAR is higher. The higher abundance seen in the active commurilgwmaés more

likely indicative of cell division rather than other metabolic processes such as
photosynthesisZubkov et al. (20003howed a higher proportion Bfochlorococcusn the
Atlantic contained double the amount of DNA at night than during the day. A diurnal strategy
of cell division at night and photosynthesis during the day may allow for more efficient use
of light hours, and limit UVR damage which has idieked to cell activityAlonso-Saez

et al., 2006) Also growth at night may boost the population which probably becomes

depleted throughout the day by UVR induced cell dddtdbrés and Agusti, 2006)

5.5.5 Conclusions

This study characterised the baoplankton communities from nine different
biogeochemical provinces spanning the north and South Atlantic Ocean, showing that the
bacterioplankton community composition was typical of the environments investigated (e.g.
open ocean and coastal), and exbid strong biogeographical variation in response to
prevailing seawater characterist{figure 5.10)

The data presented here suggest that the physicochemical properties that define
provinces occur across gradients. While biogeochemical provinces @sefd tool to
estimate environmental conditions the variation in physicochemical properties within a
province can affect the bacterioplankton community. Therefore, the general characteristics
of a province are not enough to accurately predict bactenikijola community composition
and activity without more specific physicochemical data, which may have implications for
biogeochemical modelling.

A major aim of this study was to compare total and active bacterioplankton
communities. We have shown that leiplankton activity is decoupled from abundance

throughout the Atlantic, although the two community types show similar patterns in beta
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diversity. Cyanobacteriawere among the most active members of the community,
compounding their important role in prary production in the open ocean. In contrast, the
abundant SAR11 clade were one of the least active members of the community, raising
uncertainty about their potential contribution to bacterial secondary production. Organic
carbon source (i.e. the domirigarimary producer) is potentially important in determining
the activity of dominant heterotrophic bacterioplankton with the activity of copiotrophs most
likely coupled with eukaryotic primary producers.

There are limitations in using RNA as a measumctiity; RNA concentration does
not always correlate to growth rate and this relationship can differ between taxa. Without a
better understanding of how RNA concentration relates to different metabolic activities it is
not possible to determine if the sy measured in the environment relates to growth
activities or norgrowth activities (Blazewicz et al., 2013). Howewiiere is still merit in
using RNA as a measure of activity, here we have normalised RNA to DNA concentration
and shown changes in aty for different taxa over a range of environments, in this context
using RNA:DNA ratios as an estimate of bacterial activity could help improve our
understanding of bacterioplankton production in the oceans, and if applied to functional gene
transcripton and abundance has potential to improve measures of ecosystem function by
individual taxa or the community as a whole.

This study suggests that light contributes to the vertical distribution of
bacterioplankton communities in the open ocean. Surplysitight did not significantly
affect the overall structure of the active community. However, the activity of a few taxa such
as theCyanobacterialid vary according to light depth. Although not identified in this study,
light niches are likely to existub require a higher taxonomic resolution to resolve different
ecotypes. Using a higher OTU cut off or amplicon sequence variants (A&\Wgntify
variation in highly similar sequencesould help to further resolve distribution patterns

within closely reatedtaxonomic lineages.
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Whole bacterioplankton communities did not vary between noon ardiapre, but
ecologically important members of the community did show distinct differences in activity.
Our data provides supporting evidence thiaiichlorococcusand othelCyanobacteridhave
higher growth rates during dark hours. We also show diurnal patterns in heterotrophic
bacterioplankton and suggest that this is a result of the metabolic wave theory proposec

previously(Ottesen et al., 2014)

177



8.T

.......................................................... > Temperature D S T T P P P PP PP EPEEE
N T > Salinity PP S
< >

e

Eukaryotic @
primary

Eukaryotic Q )
primary ‘

100 %

Little variation at the Temperate . . .
Light community level in regions characterised by higher relative abundancg
penetration response to light or and activity ofheterotrophs andcopoitrophs

day/night

Subtropical
regions transitional between temperate and tropica
community composition

Taxon specific

Tropical
regions characterised by a higher relative abundan
and activity of phototrophs andligotrophs

Figure 5.10.Conceptual diagram of thepen ocearenvironmentillustrating the typical bacteriophkton communig compositionin response to

different biogeographical environmeraser a latitudinal transect of the Atlanticcluding a shematic ofdepth resolved variation in response to

light.



5.6 Supplemental material

g
2

ETRA
SATL
SSTC
FKLD

150

[Cells mL]

200

250

Eukaryotic phytoplankton

0 = - 350000

(on

50

100

150

Depth [m]
Synechococcus
[Cells mH]

g 2 3
$ 88

200

Ocean Data View / DIVA

250

(5]

50

100

150

200

Prochlorococcus
[Cells mH]

250

40°N 20°N EQ 20°S 40°S

Temperate Tropics " Temperate

Supplemental figure 5. Datalnterpolating Variational Analysis (DIVA) gridded section
plots showingflow cytometrydata Cells n_"1] along the AMT25during 2016. a)dtal
eukaryotic phytoplanktgrb) Synechococcuand c)ProchlorococcusDepth [m] on the Y

axis vs. latitude on the X axis. Symbols represent position of water samples analysed in thi:
study ( noon,E predawn and® Western Channel Observatory Station.E1)

179



Chapter 6

A multi disciplinary approach to studying
the sea surface microlayer reveals the
complexity of physicochemical influences

on bacterioneustondiversity
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6.1 Introduction

The sea surface microlayer (SML) is the physical boundary between thgpdtene and the
marine environment, generally defined as the upper most 1mm of the surfac@thogan,

1980) The SML is a biogenic particlenriched biofilm layerSieburth, 1983, Wurl and
Holmes, 2008Cunliffe and Murrell, 2009)hat can exist as anvisible (to the eye) layer or
visible |Ilayer that is often referred to a
matter (OM) to the SMI(Salter et al., 2011)'he SML has physicochemical properties that
differ significantly from the undéying water (ULW)(Zhang et al., 2003Jorming a unique
microhabitat and often creating distinct biological communities termed neiN&wmann,

1917) Covering 70% of the Earth's surface, the SML influences everything that passes
through the ahksea boundary and therefore has a major role in global biogeochemical and
climate processes.

Bacterioneuston communities originate from the underlying bacterioplankton
community (Agogue et al., 2005a, Joux et al., 2006, Stolle et al., 2Bafl)can have
markedlydifferent community structur@ranklin et al., 2005, Joux et al., 20@.nliffe et
al., 2009. It is largely accepted that the differences between the bacterioneuston and
bacterioplankton community structure are in response to-S§pécific ecological dviers
(Cunliffe et al., 2011) Previous studies have demonstrated changes in bacterioneuston
community composition and distribution in response to different biological, chemical and
physical characteristics of the SML, such as prevailing meteorologicaitiomsqStolle et
al., 2010, Stolle et al., 201 Rabhlff et al., 201y and organic matter (OM) composition
(Obernosterer et al., 2006unliffe et al., 2009, Zancker et al., 201HApwever, few studies
have examined a large range of -aaxurring physicochaical measurements
simultaneously. The need for a witBnging holistic approach when studying the SML has
been highlighted in review articles over the past de@@dsliffe et al., 2011, Cunliffe et al.,

2013, Engel et al., 2017, Wurl et al., 201Despte many conceptual models of the sea
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surface microlayer being proposed (e.g. figurB,&o previous studies have investigated

the hypothesised interactions of the major physical, chemical and biological components of

the SML.
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Figure 61. Conceptual moel of the sea surface microlay€&unliffe et al., 2013)

OM is often enriched in the SMWurl et al., 2009, Kattner and Brockmann, 1978, Wurl et
al., 2011apnd exists in a variety of forms such as soluble, colloidal and particulate material.
Rich in ntrogen (N), phosphorous (P) and carbon (C), OM in the SML is a reservoir of
valuable substrate for bacterial growé@ncker et al., 2017Yhe SML varies spatially and
temporally in response to biological, chemical and physical influgihad et al., 2Q.1b),
and recently OM in the SML has been shown to vary according to the prevailing nutrient
regime (Zancker et al., 2017)Yet very little is known about how bacterioneuston
communities respond to differing geochemical regions.

In addition to OM, biologsally important trace elements are also enriched in the
SML (Hunter, 1980,Ebling and Landing, 2017)Trace elements enter the SML via
atmospheric deposition and, based on estimates of residence time in the SML, could be

altered by biological and chemicplrocesses before passing to the UIBbling and
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Landing, 2017) Despite the importance of trace elements to microbial community
composition and biogeochemical functioning in the o¢Baiyd et al., 2017 )yelatively little

is known about the fate of traeéements in the SML and microlbmace element interactions
remain an underestimated but potentially important component of marine nutrient cycles
(Wurl et al., 2017)

Bacterial production in the SML can be limited by physical stressors such as high
levelsof solar radiation and increased exposure to turbulent prod&isdle et al., 2011
Santosetal.,20)2 SML o6éstabilityd is often defi ne
as stable (i.e. distinct from the ULW) at wind speeds up tos5 (Btolle & al., 2011, Wurl
et al., 2011pRahlff et al., 201)¥ Wind speeds in excess of this threshold have been shown
to inhibit the formation of distinct bacterioneuston communities under experimental
mesocosm conditions, however, in the marine environment, @iMhenents have been
shown to persist in the SML under wind speeds up to X} (Vurl and Holmes, 2008,
Reinthaler et al., 2008Vurl et al., 2011h)The OM composition of the SML can alter the
effect of physical stress acting on the surface oceandingiy capillary wavalampening
(Salter et al., 20119r increased viscoelastic properties allowing the SML to rapidly reform
after disturbancéWurl et al., 2011h)It has been proposed that OM, especially particulate
OM, could aid the enrichment of badbneuston to persist at increased wind spéetidle
et al., 2011) However, we currently know little about how the interaction of physical,
chemical and biological characteristics of the SML, influence the structure of
bacterioneuston communities.

The aim of this study was to identify the potential links between the SML
physicochemical environment and bacterioneuston diversity. The study focused on
simultaneously examining the influences of physical stress, dust deposition, and
metkaological processesn the chemical composition of the SML and bacterioneuston

communities in two contrasting marine environments; the productive coastalStaidea
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shelf region off the north coast of Australia and the oligotrophic open ocean warm pool
region in the West#&ific Ocean. The extensive collection of@wcurring physicochemical

data during this study facilitated an unprecedented comprehensive analysis of the SML
physiochemical environment. In this study, we address three novel questions: 1) Are
bacterioneustonommunities uniform across different breschle marine environments? 2)
What bacterioneuston taxa are enriched in the SML, and what are the physicochemical
drivers of their enrichment? 3)dinteractions of physical and chemical SML characteristics

influence the bacterioneuston community composition?

6.2 Methodsummary

6.2.1Seawater sampling

Sampling was carried out during the Schmidt Ocean Air to Sea cruise (FK161010) from
Darwin, AU to Guam, US (October 1llovember 10, 2016RV Falko). Samples were
collected at nine coastal stations located in the SAndfura shelf region off the north coast

of Australia (fgure 62a and c) and at 7 oceanic stations in the warm pool region of the west
Pacific (igure 62a and b)SML and ULW samples were collectddring AM (~23:00 UTC)

and PM (~04:00 UTC) workboat deployments. Samples were filtered oiondviembrane
filters and stored in a nucleic acid preservative8@ii C. On return to the laboratory at the
MBA, DNA was extracted from the membranes using mroercially available extraction

Kit and sent for 16S rRNA gene sequencing.
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6.3 Results

6.3.1 Physicochemical and metelogical properties

Overall there was little difference in temperature between the SML and the ULW at both
coastal and oceanic stations, although temperature shinaettie SML was more often
slightly cooler than the ULWSeawatetemperature ranged 28- 33.6 °C (mean 30.°C)

in the SML and 29.2 33.8 °C (mean 30.8 °C) in the ULW at coastal stat{figsre 63a),

and 29.0- 33.6 °C (mean 30.5) in the SML and 29.32.9 (mear30.6) in the ULW at
oceanic stationdigure 63b). The SML was generallgnore saline than the ULW at both
coastal and oceanic statiordthough delta salinity was more varied at oceanic stations.
Salinity ranged 31.637.0PSU (mean 34.90 PSU) in the SML and 323%.0 PSU (mean

34.7 PSU) in the ULW at coastal statiofigyre 64a) and 31.6 35.8 PSU (mean 34.1 PSU)

in the SML and 32.60 34.9 PSU (mean 33.88 PSU) in the ULW at oceanic statfmusd

6.4b). The pH at coastal statiorfig(ure 65a) was generally higher in the SML, range 7.83

- 8.28 (mean 8.15) than the UL\WAnge 8.02 8.26 (mean 8.12). At stations 4 and 7, the pH
showed sporadic large drops of ~ 0.15 units in the SML compared to the ULW. The
difference in pH between SML and ULW was more variable at oceanic stdigums @5b),

but was generally lower ithe SML, range 8.09 8.27 (mean 8.18) than the ULW, range
8.18- 8.62 (mean 8.62), especially at stationg 1¥, where the pH of the ULW increased

by ~ 0.4 units above that of the SML.
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Figure 63. Temperature’C] measurd in the sea surface microlayer (SML) and underlying water (ULW4) abastal stations b) oceanic stations

Points represent an individual data point, bars represediftbeence betweethe SMLandthe ULW, and crosses represent the mean for eaclostati

EJS at AM and PM sampling time®ata is not continuous between stations, intervals between each station are indicated by dashed gridlines
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Figure 64. Salinity [PSU] measurenh the sea surface microlayer (SML) and undedywater (ULW)at a) Coastal stations b) oceanic stations
Points represent an individual data point, bars represediftbieence betweethe SMLandthe ULW, and crosses represent the mean for each station

at AM and PM samplingmes.Data is not continous between stations, intervals between each station are indicated by dashed gridlines.
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Figure 65. pH measureth the sea surface microlayer (SML) and underlying water (ULVH) ebastal stations b) oceanic statioRsintsrepresent
an individual data point, bars representdifference betweethe SMLandthe ULW, and crosses represent the mean for each station at AM and PM

% sampling timesData is not continuous between stations, intervals between each station aredriajagdshed gridlines.



Fluorescentlissolved organic matteflfOM) was only recorded for coastal statiofigure
6.6) and was generally higher in the SML (mean 2.79 pigrange 0.4 31.6 pg LY) than
the ULW (mean 1.22 pgt; range 0.4 6.8 pg LY), with large peaks above average in the

SML at stations 5, 5B, 6 and 7 and an extreme peak reaching 31:6gugtation 4.
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Figure 66. Fluorescentdissolved organic matter@OM) [ug L] measured in theea
surface micrtayer SML) andunderlying water LW) at coastal station®.oints represent

an individual data point, bars representdiféerence betweethe SMLandthe ULW, and
crosses represent the mean for each station at AM and PM sampling Diam@ss not
continuous between stations, intervals between each station are indicated by dashed

gridlines.
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Fluorescent chlorophyh in the ULW (1 m) was higher at coastal statiomgu(e 67ai)
(mean 1.35 g t; range 0.024.85 pg 1) than oceanic stations (mean OlBLY; range
0.03 to 3.77 ug 1) (figure 67aii). Discrete chlorophyll concentrations also showed a
similar trend, and were generally higher in the SML than the ULW at coastal stéijons (
6.7bi) with a mean difference of 7.57 ug that was large driven by a large peak at station
4. Chlorophylta was generally not enriched in the SML at oceanic statigus€f67bii).

Surface active substances (SAS) at coastal stations were on average 2.3 times high
in the SML (mean 972.78 pug Teq'L.range63 - 22,200 ug Teq 1) than the ULW (mean
269.53 ug Teq 1; range 53 to 4,099 pg Teqt) with the exception of station 4, which
showed a large peak in the SML that was on average ~6.8 times higher than the ULW. SAS
at oceanic stations was only slightigher (1.1 times) in the SML (mean 102 ug Tet L
range 49 609 pug Teq ) than the (ULW mean 83 pg Teqtfrange 50 613 pg Teq )
except at station 11 where the SML was on average 3.6 times higher than the ULW.

The partial pressure of carborogide PCO,) at coastal stationdigure 6.9a) was
consistentlyhigherin the seawater (meav0patm range 04327 491 pyatm) than the air
(meand04 patnt 40171 408 patm), resulting in a mean flux of G®om the sea to the amf
67 1 atm at a rate of.B7 cm h'. In contrast, th@CQO; at oceanic stationdigure 6.9b) was
consistently lower in the seawater (mean @&8n range344-366atm)than the air, (mean
370.69puatn range 367399 patm), resulting in a mean flux of 12atm at 59 cm fifrom

the ar to the sea.
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Figure 67. Chlorophylta measurements a) from fluorescencehe underlying watefULW) b) from discretebottle samples of theea surface

microlayer (SML) and ULWAt i) coastal stations, igceanic statios. Points represent an individual data point, bars represedifteeence between

the SMLandthe ULW, and crosses represent the mean for each station at AM and PM samplindtiaeis not continuous between stations,

intervals between each statiar éndicated by dashed gridlines.
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Figure 68. Surface active substances (SAS) indba surface microlayeBkIL) andunderlying waterJLW) ata) coastastations andb) at oceanic
stations. Points represent an individdata point, bars represehe difference betweethe SMLandthe ULW, and crosses represent the mean for

— each station at AM and PM samplitignes.Data is not continuous between stations, intervals between each station are indicated by dashed gridlines.
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Figure 69. Partial pressure of carbon dioxi@CO) [patm] in seawater and air aj coastal stationandb) oceanic stations. Points represent an
individual data point, bars represent tliéerence betweethe seandthe air, and crosses represent the mean for each station at AM and PM sampling

times.Data is not continuous between stations, intervals between each station are indicated by dashed gridlines.



The air temperature measured by 8ea Surface Scanne&833 andfrom the ship agreed
well and ranged 23.1 to 31.4 f@r the duration of the cruisdigure 610a). The mean air
temperature during sampling periods at coastal and oceanic stations was 29.4 °C and 27
°C respectivelyThe SSS determined solar radiaticanged from 281123 W nf, and was
generally lowest during the morning with the exception of stations 10 and 11, which were
low throughout the day. Relative humidity measured from the SSS and from the ship agreec
and ranged 34.9 to 100 % over the duratiothefcruise. Dew point measured from the SSS
and calculated from ship based relative humidity and air temperature also agreed and range
16.88 to 25.76 °Cfigure 6.4b).

Wind speed measured from the SSS (1 m above sea level) and from the ship (U10N
= wind speed 10 m above sea level) agreed well and ranged from 0.0 tm &5 digure
6.11a). Mean wind speed during sampling at the coastal stations wass3.4Vind speeds
during sampling at oceanic stations were slightly higher (mean 6.0%).nWénd stess
ranged from 0.0@.47 N' m? for the duration of the cruise (figurel@b), with a mean wind
stress at 0.02 Nm? at coastal stations and 0.08 N? at oceanic stations. Atmospheric
boundary layer stability represented by Mefiibukhov length rangeddm-0.42 to-524.29
m for the duration of the cruise (figureléc), with mean values ofl1.9 m for coastal
stations (with exception of station 2 AM which had a mean of 315.6 m)3dnd5 m for
oceanic stations. The low negative values indicate thatthespheric turbulence at the-air

sea boundary wasfluenced morestrongly by buoyant forces thahear forces.

195



96T

Figure 610. Meteorological parameters measured from the sea surface s€a88gand ship. a) air temperatuyt® relative humidity and dew point.

Points represent an individual data point and crosses represent the mean for each station at AM and PM sampling times.



