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Abstract

Heterotrophic bacteria are recognised as vital compsnerthe cycling and regulation of
inorganic andbrganic matter in the oceaResearch to datmdicatesthat future changes in
ocean conditions may influence bacterial extracellular enzydeolysis rateswhich could
affect the strength of the microbial loop atmhsequentlyrganic matteexport Theaim of
thisthesiswas to examine how changes in ocaaitlification and warming predicted to occur
by the end of the century wiffect extracellular enzyme activities in the nearfaceocean
andbelow the surface mixed layerthe South West Pacific.

A series ofsmallscaleseawateincubations were calucted under thredifferent perturbed

conditions elevated temperature (ambient +3°@w pH (pCQ 750 ppmv; pH 7.8) and
greenhouse conditions (elevated temperature and low pH), with responses compared to ambient
control samples. In particular the reponse of protease activity (leucineand
arginineami nopepti dase) an-dangblutbsidasd) weaesegamiaet,tas v i t vy
these enzymes are known to degrdmddwo major componenisf organic mattein the ocean,
namelyproteins and carbohydrates. Bacterial secondary produaies(®*H-TdR & 3H-Leu

incorporation werealso examined as a proxy foarbon turnover

To investigatespatial variability parameter responses from nsarface open ocean seawater
consisting ofdifferent phytoplankton communities were compared with coastal seawater, as
well as seawater collected from below the surface mixed layer. To determine temporal
variability, both direct and indirect parameter responses were investigatatly, responses
were determined froma shallow CO» vent that provided anatural low pH environmerin
coastal waters north of New Zealamy comparing responseterived from vent wateand
artificially low pH water,vent plumes were also investigated foeir utility as proxies for

future low pH environments.

Incubatiorresults showed thatroteasectivity increased imesponse to low pH conditions in
each seawater environment testeldwever, neasurface open ocean incubations showed
variability in the response of protease and glucosidase actwitly bacterial cell numbers
between different phytoplankton communitiaad treatmentssuggestingthat parameter
responses were determined by direct and indirect effects. Eldeatpdrature had an e

positive effect on bacterial secondary productrates between different phytoplankton
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communities in the neaurface open oceaBurprisingly, althouglelevated temperature and
low pH treatments shoxd independent effects, ndear additive orsynegistic effect was
detected irany parameteundergreenhouseonditions In contrast to the neasurface ocean,
greenhouseonditionshad a additive effect onproteaseactivity in seawater collected from
below the surface mixed layer (100 m dgptBacteial secondary production rates and
bacterial numbers varied in response to elevated temperature in the subsurfacevioibean
bacterial secondary productioatesdeclinedundergreenhouse condition&lucosidase and
protease activies were highest inthe coastal seawater, witbhoth enzymes responding
positively to low pH conditions. Coastal seawater also contained the highetdrial
secondary productioratesand bacterial cell numberbowever these parametergre not
significantly affectedy low pH conditionsVaridgion in the direct resporsof enzyme activity

to low pHbetween ocean environmemtsuld indicate the synthesis of different extracellular
enzymes by surface and subsurface bactenortantly,resultsfrom anaturally low pHvent
plume indicatal that pH was not the only factor influencing the response of extracellular
enzymes. Other influentiéctors could includaigh concentrations of dissolved nutrients and
trace metal ions. Natural low pH vemt Whale Island in the Bay of Plentyere determined
notsuitable as proxies for future low pH environments based on vent variability and differences

in seawater biogeochemistry when compared to the ambient ocean.

Overall, the incubation resulssow tha under conditions predicted for the end of the century,
proteaseactivity will increasein open ocean and coastal waters which caagicelerate and
strengthen the heterotrophic microbial lo8acterial secondary producticates arexpected

to vary in he nearsurface ocean, but decline in the subsurface. The resulting increase in surface
ocean protease activity could increase heterotrophic metabolic respiration and reduce organic
matter export, weaken the biological carbon pump amiminish longterm cabon
sequestrationAn increased turnover of proteins and amino acids in each environment tested
could lead to nitrogen limitation and contribute to an expansion of oligotrophic waters.
Thisfuture scenario magreat a positive inorganic carbon feedbackat would further
exacerbate acidification of the surface ocean.
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Chapter 1 : General Introduction

1.1 Theworld& changingocears

Global atmospheric and oceanic conditions atengingrapidly when compared tthe
pre-industrial period (IGBP-IOC-SCOR 2013, IPCC 2013Fromapproximately24 million

years agalp until 1750,the atmospheric C®concentratiorwasrelatively stableremaining

below 500parts per millionby volume (ppnv, Pearson & Palmer 2000gquating toan
approximateoceanpH of 8.18 to 8.20 (Orr 2011, IGBPIOC-SCOR 2013, IPCC 2013)
Averageatmospheric€O, concentrationdaveincreasedr om 280 ppmv it t he |
391 ppmvin 2011 (IPCC 2013) a 406 increase since piiadustrialtimes(Fig. 11).

Surface ocean CO, and pH
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Fig. 1.1. Partial pressure of dissolved €&t the ocean surface (blue curves) emsitu pH
(green curves). Measurements are from three stations situated in the Atlantic and
Pacific Oceans. Source; IPCC 2013: Summary for policymakers

This rapid rise in atmospheric GG primarily driven by anthropogenic burning of fossil fuels
with forest clearing explaing approximately 20%Denman et al. 2007, Hannah 2011)
Atmospheric CQis freely exchanged withhé ocean at theceariatmosphere interfacand
its absorption directly alters tlmeeanscarbonate chemistrizeebe & WoltGladrow 2001)
The acearsduptake of anthropogenic@@ is currently estimated at 1 million metric tons per

hour (Brewer 2009) and accouns for approximately48% of anthropogenicCO; since
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pre-industrial times (Sabine et al. 2004, IGBROC-SCOR 2013, IPCC 2013Yhe current
business as usual emissiscenario(Representative @hcentrationPathway 8.5, RCP 8.%

predicts that the global average ocean pH could decline7® bythe year 2100 while a
decline to 7.76 igpredicted for theChatham Rise region of New Zeathijpers. comm.
G. Rickard, NIWA). This decline iglobalocean pHs unprecedented in the last Bbllion

years (IGBP-IOC-SCOR 2013, IPCC 2013)

TheERAr t hds s mmosphareeeeiveasignifiaant amount of solar radiatido balance
this incoming energy, it musimit a similar amount of outgoing lotvgave radiation (thermal
energy).Outgoing radiation is regulated laymospheric greenhouse gaghs, most abundant
being water vapour, carbon dioxide and methaBesenhousegas concentrationfiave
significantly increasedince preindustrial timegIPCC 2007)eading to the retenton ofmore
long-wave solar radiation and thermal energy in our atmosp(te@C 2007) This causes
atmospherievarming which igransferred to the oceafiveragesea surfaceemperaturebave
increasedetween0.4 to 0.8°C since the late ¥'century(IPCC 2001) with an increase in
global surface ocean temperataf@.0to 5.4°C predictedoy theend of the centurynder RCP
8.5(IGBP-IOC-SCOR 2013, IPCC 2013pn a more regional scale, the RCP 8.5 predicts that
the offshore Chatham Rise region of New Zealamdll increase between 1.4 and 43
(pers. comm. G. Rickard, NIWAJ his unprecedenteénvironmentakhange is expected to
have both direct and indirect effects othe biological functioning and large scale
biogeochemical cyclino the oceandPCC 2001, 2013, Raven et al. 2005, Gattuso & Hansson
2011, IGBRIOC-SCOR 2013)

1.2 The ocean carbonate system

Carbon dioxide cyclelsetween the atmosphere, ocean biodphereandplays a fundamental
role in the determination of the oceérarbonate system, and therefore acidRgst et al.
1990) The free exchange oftraospheric C@ with the ocean surfacgvolves multiple
processeseach on alifferenttemporal scal€Zeebe & WoltGladrow 2001, Denman et al.
2007) Little of theexchangeditmospheric C®remains as dissolved G@vithin the ocean

(< 1%); mostis converted to HC® (approximately 90%)with the remaining convertetb
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COs* (approximately 9% Zeebe & WolfGladrow 2001, Cunha et al. 2010, Gattuso &
Hansson 2011 As atmospheri€C O, enters the surface ocean it reacts wehwater tdorm a
weakacid, carbonic acid (KCOz), which freely dissociates to bicarbonate (H€Oand free
hydrogen ions (H. These hydrogen ions react with carbonateform further bicarbonate
(HCGs, Zeebe & WoltGladrow 2001, Riebesell 2004inportantly, the dissociation constants
which determine the rate of each reactoms also affected by temperatusgth increasing free
hydrogen ions as temperature increa$asre et al. 2009)The describedreactions can be
presented as théllowing equilibria (Stumm & Morgan 1981, DOE 1994, Zeebe &
Wolf-Gladrow 2001, Dikson et al. 2007)

CO2(g)D COz(aq) (1)
CO:(ag) + HO () D H.COs (aq)  (2)
H,COs (aq)D H* (aq) + HCQ (aq) (3)
HCOs (agq)D H* (aq) + CQ? (aq) (4)

(The lettersn parentheseefer to the state of the speciagas g; liquid: I; aqueousag)

Theoceansarbonate systerm described by several different parameters. Dissolved Inorganic

Carbon(DIC) represents the sum of the forras,follows

DIC = [COy] + [HCOs] + [COs?]  (5)

andthe total alkalinity (TA)the sum of negative ions that da@neutralised by adding'libns

minus the H already present, and so representctiegge balance of the seawdtgeebe &
Wolf-Gladrow 2001, Emerson & Hedges 20@ée equation 6). Alkalinity is dominated by
carbonate and bicarbonate components, however other bases such as borate and hydroxide are

also prominent (equain 6).
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TA = [HCOz] + 2[CQs?] + [B (OH)«] + [OHT] - [H*] + other minor proton donors ~ (6)

As there is no charge associated withCs@awater TA does not change whern,@6ers the
ocean by exchange withe atmospheré&Zeebe & WoltGladrow 2001, Emerson & Hedges
2007, Rost et al. 2008However, the acidity of an agueous solution, defined by pH as the
negativelog of the H* concentrationjncreases following an increase in positively charged
hydrogen ion§Emerson & Hedges 2007Importantly, this acidification reaction maturally
buffered by th@cea n s 6 ¢ a r fequatiart 4¢ nept@lsihigpe increased acidity through
the formation of bicarbona{@lCQOzs). This processdns successfull ypH egul at
for millions of yearqRiebesell eal. 2009) Today however, tils naturalsystem isunableto
buffer the increase ifree hydrogen ionarising from the increasing anthropogenic LCO
emissions. The natural rate of supply of proton acceptors (B£323/in the ocean cannot
balance thencreased concentration of anthropogenic proton donors (a&jdsfrerson &
Hedges 2007)es a resultcarbonate levels are declining the oceaausiralbuffering capacity
(Gattuso & Hansson 2011)

ThepH of seawateis one of the most influential parameters regulating biological processes in
the oceans, determining the rates of biogeochemical reactions as well as indik@alal
species ditributionsand oxidation state@ipton & Dixon 1979, Hinga 2002)f the natural
buffering capacity of the ocean continues to decline, the carbonate systetnerefore pH

will become less stahlé-uture changes in ocephl arepredicted to have direct and indirect
effects on fundameal biogeochemical reactions whialay have a cascade affect onto large

scale foodweb structures and community shifts.
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1.3 Marine organic matter

Carbon is an essenti@lement ér biological life (Romankevich 1984andthe ocears areone

of thelargestreservoirs of organic carbam the Earti{Post et al. 1990, Benner 2002, Hansell
et al 2009) Carbon in the ocean exisés DissolvedinorganicCarbon(DIC, Section 1.2)
Dissdved OrganicCarbon(DOC), Particulatdnorganic Carbon (PIC) and Particul@eganic
Carbon (POCPost et al. 1990with DOC operationally defied aghatwhich passes through
a GF/Ffilter with a nominal pore size of 0.2 to/Qum, while substrate retain@uh the filteris
termedparticulatelRomankevich 1984, Benner 2002, Simon et al. 2002)

The Ea r t dedarscontain a significantly higher DIConcentrationapproximately 37 000
gigatons) than the atmospkgwith a higher proportion found in deep, cold dense waters when
compared to surface watgRost et al. 1990)A significant proportiorof the organic carbon

in the ocearf> 976) occursas DAC (Romankevich 1984 again withthe majority residng in

the deep ocea(Benner 2002)DOC is the carbon component BissolvedOrganic Matter
(DOM, Hopkinson & Vallino 2005)by far the most abundafdrm of carbon(Azam et al.
1994, Benner 2002, Kirchman 2008, Nagata 2088)well as DOC, DOM typically consists

of dissolved organic nitrogen, dissolved organic phosphorus and dissolved organic sulphur
(Kirchman 2008, Wurl & Min Sin 2009, Kujawinski 201DOM is highly diverse in physical
form, often found as biofiimgNeu & Lawrence 1999)gels (Verdugo et al. 2004)and
chromophoric or coloured DONRochelleNewall et al. 1999, Nelson & Siegel 20083 well

asa range of micro to mactaggregatesuch agxtracellular PolymesubstanceEPS, Decho
1990, Neu & Lawrence 1999, Wingender et al. 1999, Bhaskar & Bhosle @0@bjansparent
Exopolymer Particle¢TEP, Alldredge et al. 1993, Passow & Alldredge 1994)

DOM is categorised asither labile, semilabile or reckitrant, reflecting its nutrient
constituents, biological reactivity and therefore its redentime in the water columfCarlson
2002, Church 2008, Hansell et al. 2009, Hansell 2008.term labile refers to biologically
reactive, nutrient rich, fresh orgameater. The majority of new DOM production occurs in
the surface oceamwhichis theeforethe location of the highest concentrations of labile DOM
(Benner 2002, Hansell et al. 200Babile DOM primarily consists of carbohydratand simple
sugarsand itis a nutrient source for mamyicrobial organismand therefore rapidlytilised

(hoursto weeksRomankevich 1984, Fuhrman & Ferguson 1986, Cherrier et al. 1996, Benner
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2002) Demand for labile DOMexceeds supply, creatingw surface ocealoncentrations
(UM range)which furtherdecreas with depth(Williams 1975, Amon & Benner 199&enner
2002, Ogawa & Tanoue 2003emtlabile organic materias present in the water column for
alonger duration (weeks to yeafSherrier et al. 1996andthus is of lesser nutrient quality
having experienceteachingandor partial degradation Semilabile material is composed
predominantly of carbohydrateis often widespread throughout the water column and is a
typical subsurfacebacterialnutrientsource(Benner et al. 1992, Church 200&ecalcitrant
dissolved organic material (RDOM) makep the largest pool of organic mater{al®0%)
within the oceanBenner 2002, Church 2008, Jiao et al. 2010, Hansell 2&RE8alcitrant
material consists of a range of biologically altered DOM, mainly lowrbactive watke
products(Carlson 2002)resistant material following mortality @n organism(Jiao et al.
2010) or organic substragethat are naturally resistant to microbial degradati#ry et al.
1996) Themajority of RDOM is found inthe deepoceanand its biological turnover is very
slow, with an average agangeanywherebetweerthousandsndmillions of yeargHansell
et al. 2009, Jiao et.€010, Hansell 2013)

The chemical composition of marine organic mattdrghly diverse consising of hundreds
or even thousands of individual monomeara polymeriainits (Azam & Cho 1987, Ducklow
2000) Research showghat the mostimportant substrates for bactdrigrowth include
carbohydrates, proteins, amino acids and lijWdliams 1975, Azam & Cho 1987, Benner
2002, Church 2008)with glucosealso supporing a substantial portion {5 to 45%) of
bacteral production and respiratiofiRich et al. 1996)The class of organic matter with the
highest concentrations of these components is labile DB®€&composition ofabile DOC in
the suface ocean consists of 10 to%5carbohydrates, whilsubsurfaceDOC cmsists of
approximately 5 to 19 (Pakulski & Benner 1994)otal hydrolysable amino ats make up
approximately 1 to % of surface ocean DOC ametween0.8 to 1.86 of subsurfacddOC,
with a range of other organic acid compounds also conimdpuiinor proportions
(Romankevich 1984, Benner 200Despitemany years of researclgreater than 80%f
surface andgubsurfac@rganic carbon is yet to be characteri@enner 2002)

DOM is categorised &sed onmolecular weight high molecularweight (HMW) substrate
refers to mattewhichis > 1 kDa(~0.4 pum Dalton- atomic mass unit), whileoiv molecular
weight (LMW) substrate is < 1 kD@Amon & Benner 1996, Engel et al. 2004, 20Ei{y. 1.2).
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To place this in context lytoplankton releasd®OC in the size rang&5 to > 300 kD&Chrost
& Faust 1983) Monosaccharide and disaccharide compounds arefiddsss LMW, while
oligosaccharide(3 to 10 monomeric units) and polysacchag@e 10 monomeric units) are
HMW (Fig. 1.2).

Carbohydrates

Monosaccharides Disaccharides Oligosaccharides
(one sugar (two sugar (three to ten suga
molecule) molecules) molecules)

Polysaccharides

(ten or more suga
molecules)

B LMW (<1 kDa) 38 LMW (< 1 kDA) S HMW (> 1 kDa) | ™8 HMW (> 1 kDa)

Glucose, Sucrose, . Starch,
Raffinose,

Fructose, Lactose, Glycogen,

Stachyose

Galactose Maltose Cellulose

Fig. 1.2. Carbohydratescategorised based on molecular weigtMW: low molecular
weight; HMW: high molecular weighEigure generated using information derived
from Skoog & Benner (1997 Borch & Kirchman (1997) and Benner (2002)

It is accepted that approximateis5 to 80% of DOM within both surface amslibsurface
oceanss of LMW (Benner et al. 1992, 1997, Amon & Benner 1994, 18@6ner 200p, while

the remaing component of DOMonsistsof HMW material,~20to 35% > 1 kDa and-2 to

7% > 10 kDa(Benner et al. 1997, Ogawa & Tanoue 20@3XPM concentrations vary both
spatially and temporally, with low concentratsoin the open oceaifihe availability of HMW
organic matters of great importance to bacterial communities as a carbon rich food source
(Amon & Benner 1994, 1996, Benner 200R) this thesis, the process involving degradation

of HMW material to LMW material is referred to as remineralisatidrange of natural
aggregates caalsooccur atmuchlarger partite sizesfor instancelransparenExopolymer
Particles(TEP, 3to > 100um, Alldredge et al. 1993and marine snow (> 50@m, Simon et

al. 2002) TEP areclassed as gglexisting in the medim between dissolved and particulate
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matter operationally described aa particulate (>0.4 pum in dianeter) retained on
polycarbonatefilters that are stainable with Alcian Bludye indicating the presence of
polysaccharideg¢Passow 2002)TEPhave a sticky naturedue toa large number ofation
bridges and hydrogen bond formatsdretween particle@Passow 2002andas a resulthey
facilitate the production aiggregate that are diverse icomposition while alwaysconsisting

of anorganic polysacchate componenfPassow 2002 EPform primarily fromthe products
of primary productior{Wurl et al. 2011)with highest concentratinsoccurringin the surface
micro layer ranging from 28 to 5000 particles f(Alldredge et al. 1993ndconcentrations
decreamg with depth(Wurl et al. 2011)It is constantly recycled in the water colurand
subject to intensive heterotrophic decomposi{iWurl et al. 2011) TEP are of importance
becausdhey promote aggregate fomtion, transforning DOC into POC,and thereforecan
significantly influenceorganic matter export ratéBassow 2002, Engel et al. 2004, Mari 2008)
Natural aggregates may also bsed by bacteria aattachment sitegherebyaltering their
spatialdistribution and densitiewhen compared to the surrounding environment, as well as
providing direct access to hydrolysable orgasutbstratdSmith et al. 1992, Alldredge et al.
1993, Passow002)

Proteins play a vital role in a widange ofmicrobial processes essential for survival in the
ocean (Romankevich 1984)from intracellular growth, toHMW organic compound
remineralisationliberating nutrient rich substrate for cellular assimilatidicrobial proteins
make up a large proportion of internal cellular material, which is eventually transferred to the
dissolved pool through natural biogeochemical pgses(Romankevich 1984)Sources of
extracellular proteins include direct liberation by bactéGardst 1989, Hoppe 93), or
indirect release througlrazing and cell lysi§Tanoue et al. 1995Proteirmaceousompounds

in the ocean make up more thar®f arganic mattef(Romankevich 1984)and occur as
either individual native extracellular proteins p&ptide chainassociated with PONITanoue

et al. 1995, Saijo & Tanoue 2004 raeins in theoceanvary in their molecular mass
(commonly detected from 14 to 66 kDa)dspatialdistribution(Romankevich 1984, Tanoue
et al. 1995, Tanoue 1996, Saijo & Tanoue 20B}ive proteins sawell asvarious particulate
combined amino acidare highly labile andapidly degradedby heterérophic organismsn

the surface ocean, howevestrall extracellular proteigs are equally bioavailable, wisome
moreresistahto degradationsuch asa porin channel membrane protein derived from Gram

negative bacteriéfanoue et al. 1995, Tanoue 1996)
23



1.4 Marine carbon cycle and microbial loop

Carbon in its various states is not found homogelyotilsoughout the ocean&ather its
spatial and temporal distribution is largely regulatedh®sy marinecarboncycle (Jiao etal.
2010) This cycle consists of threenajor component pumps, the biological, carbonate and
solubility pums (Denman et al. 2007, Bowler et al. 200@mas et al. 2010)Of primary
interest tahisresearchs the biological pumpalso known as thigiologicalcarbonpump(Fig.

1.3). Thisinvolves thetransformationof DIC into particulate organic materiaPOM) via
photosynthesiby phytoplanktopandtheeventual exporf a small proportiof thisthrough
active or passive transportintheoceanébottom wate(Volk & Hoffart 1985, Ducklow et al.
2001, Jiao et al. 2010pue to the extensive residence time of bottom w@@tto 1¢* years)

the exportectarbon is potentially removed from the atmosphere and trapped for thousands of
years(Ducklow et al. 2001, Arrigo 2007, Hansell et al. 2009, Jiao et al. 2010)

Autotrophic phytoplankton
!

Grazing & cell lysis Exudation Aggregation — HMW substrate

— |
' J L

Unicellular o
zooplankton Sinking POM

Microbial loop

% Biological carbon
extracellular enzyme activity pump

CO:

Heterotrophic bacteria —

OM sequestration

Fig. 1.3. A conceptual diagram o€arbon flow in the surface oceahighlighting two
primary drivers, the microbial loop and the biological carbon pudid: Organic
Matter.Figure generated using information derived from Jiao et al. (2010)
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The drawdown of atmospheric COis largely driven by phytoplankton, including
cyanobacteridjxing inorganic carbomto organic carbothrough the use of the staradiant
energyin a process known gotosynthesiéSverdrup et al. 1942a, Campbell & Reece 2005)

this reaction is presented below

6CO+6H0+hvY 11206 + 60

(hv representsolarradation, while CsH120¢ is the general formula fasrganic matter

Following photosynthesis,@oportionof fixed organic carbors exudednto the surrounding
watercolumn(Saunders 1972, Lancelot & Billen 1985g. 1.3), asnot all of the synthessed
carbon is incorporated infohytoplanktoncellular proteins or lipid¢Bell & Mitchell 1972,
Williams 1975, Azam et al. 1983, Myklestad 2000, Church 20Bignificant organic carbon
productionoccurs during ghytoplankton bloom event. The bloom siaed therefore the
amount of organic carbon producéd duration and dominant species composition is defined
by the in situ abiotic and bioticenvironmental conditions, including dissolved nutrient
concentrationsphotosynthetic active radiation (PAR)ceantemperaturesalinity, pH and
loss processesuch as grazingnd vertical sinking ratgSverdrup et al. 1942a, Fehling et al.
2012, McManus & Woodson 201Additionalprocesses that influence the DOM poalude
zooplankton faecal mattédacobsen & Azam 1984, Azam & Cho 198¥hzingof algaland
bacterial cellmaterialby zooplankton(Steele 1974, Sharp 1977, Azatmaé 1983, Azam &
Cho 1987, Carlson 2002jiral cell lysis(Myklestad 2000, Kim et al. 201Fig. 1.3), natural
mortality andmarine snow dissolutio(Azam & Ammernan 1984, Lancelot & Billen 1985,
Suttle 2007)

Organic carbon may be exported from the surface to deep ocean by diffatbniays
Onepathway, referred to as passive transpovplves thenaturalformationof aggregatesia
the binding together o MW organic matteinto POM (Fig. 1.3). A small proportionof this
aggregatereferred to as marine snow, exported from the surfaceean(~10%, Bhaskar &
Bhosle 2005)with a smaller proportion(< 1%) reacling the oceanfloor where iteventually

becomsburiedand sequesterdMartin et al. 1987, Hedges 1992, Amon et al. 2001, Ducklow
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et al. 2001Fig. 1.3). An akernatepathway referredto as active transpoijvolvesthe direct
consumption ourface oceaROM by largerheterotrophianicrozooplanktonand its transfer
to depth during heterotrophitturnal migrationswith thereleaseof POM in the form of faecal
pellets (Ittekkot et al.1984, Romankevich 1984, Riebesell 2004, Denman et al. 2007)

A portion of organic carbons channelledhroughthe microbialloop (Azam et al. 1983)
involving the consumption of DOC compounds and conwertd inorganic carbon dioxidey

heterdrophic bacterigsee equation beloy)

CeH1206 + 602 Y 6CQ; + 6H20 + Energy

(CsH1206 represents the geral formula for organic matter)

Heterotrophic bacteridiverta portion of therganiccarbonthatwould otherwise bexported

to the ocean flooandeventuallysequestere(Legendre & Fevre 1995, Weinbauer et al. 2011
Fig. 1.3). Nutrients are released following HMW organic mattemineralisationwhich
supportgphytoplankton and bacterial growth, and so ftleésheterotrophic food wefJiao et

al. 2010) The microbialloop plays a vital rolén recycling of organic carbgmiedges (2002)
reportsthat it couldprocessthe euivalent of 10to 20 x 13° g C per year. Under ocean
conditions predicted by the end of the centuhgse component inputs are likely to change
(IPCC 2013) altering thecurrent flow of organic material throughotiie water column
(Piontek et al. 2010, Riebesell & Tortell 2011, Segschneider & Bendtsen &0d 3)irectly
influencing theefficiency of the oceanasth@E t hds | ar ¢@reber et@la20a9)o n
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1.5 Heterotrophic bacteria

Heterotrophic Bcteriaare amongstthe mostabundant organissnin the w o r | cdeas
(10" to 1@ cellsmi™?, Bird & Kalff 1984, Whitman et al. 1998)nd aretypically most abundan
in the surface oceg?Pomeroy & Wiebe 1988, Aristegui et al. 2009, Evanal.e2011) They
also maintainone of the largest biomassesthe oceanCho & Azam 1990, Ducklow &
Carlson 1992, Kirchman 2008Marine heterotrophic bacteria aoensideredpart of the
microbial conmunity, which refers targanisms smaller than 1@@n (Kirchman 2008. The
smallestheterotrophidacteriarange from0.2 t00.4 um in diameterand areresponsite for
processing thenajority of DOM in the ocear{fAndrews & Williams 1971, Kirchman 2008)
Azam & Hodson(1977)reporedthat over 90% of heterotrophic activity ilne ocearcan be

attributed to bacteria ¥ um in diameter.

Marine heterotrophic bacteria occur as eitfreeliving or particle attached(Hoppe et al.
2002) Freeliving bacteria are found in much larger numbers when compared to particle
attachedbacteria for exampleduring thedevelopment of a phytoplankton blooAllgaier et

al. (2008 reported that %o 6 x 1& cells mI* werefree-living bacteria, while 0.28 0.42x 1¢°

cells mit wereparticleattached bacterialso, Cho & Azam(1988)foundthat > 984 of the
mesopelagic bacteria in their studfythe central north Pacific gyre and Santa Monica basin
were freeliving, while Azam & Hodson(1977)determinedhat up to 1Go 20% of bacteria

may be attached to particles and the readeriexist as free bacterioplanktoRarticulate or
aggregate formationsuch as TEfhavemuch greater nutrient concentrations when compared
to their surrounding seawat@rent et al. 1978 attracting high concentrations ée-living
bacteria which then beconparticle associateAzam 1998, Simon et al. 2002, Azam &
Malfatti 2007, Grossart et al. 200Qonsequently, although lower in volumetric concentration,
particle associated communities have considerably higher metabolic and eactywitees
when compared to freeving bacteria(Kirchman & Mitchell 1982, Hollibaugh & Azam 1983,
Smith et al. 1992, Grossart et al. 2007, Piontek et al. 2@D@)thereforemay contribute
proportionately more to organic matter breakdgvan cdl, when compared tordeliving
bacteria.However,Jacobsen & Azam (1984putiored that this trend mayeflect the larger

cell size ofattached bacteria andeih increased organic ntat uptake.This trend may be
attributed to the increased availability and localised concentration of suitable nutrients

associated with organic aggregatgBdredge 1979. It is also suggested that by attaching to a
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solid surface, the bacterium escapes the diffusion boundary layeursdirrg the cell, thus
increasing the accessibility of nutrients to the bacterial\¢éfite 1986.

Bacteria are categorised as either Gfpositive or Gam-negative based on their cell structure.
Grampositive bacteria have a simple cell wall which is relatively permeable t&VHM
moleculegChrost 1990)whereasGramnegative bacteria have a more complex cell structure,
consisting of a second cell wall merahe(Nikaido & Vaara 1985, Nikaido 2003hus making
the cell less permeabte transport of organic materi@Chrost 1990, Nikaido 2003, Weiss et
al. 1991) Bacteria efficiently transport nutrients into theslls througtboth active and passive
transport mechanisnf€ohen & Monod 1957, White 1986, Engel et al. 20@®mebacteria
mostly photosyntheticyanobacteriahave the abilityd directly assimilate ©: into cellular
biomass(Roslev et al. 2004howevermostare heterotrophic anetly on the availability of
DOM in the water colummo meet their growth requiremer{tsujawinski 2011) Because of
this dependencen organic matterbacteriaare consideredhe oceansdominantconsumes
(Andrews & Williams 1971, Azam & Hodson 1977, Benner 2002, Kirchman 2008)
Bacteriaperform two fundamentalfunctions within the marine environmerfirstly, by
consumiig DOM and respirig (Waksman & Carey 1938jhey area significantproducer of
CQ in the oceanPomeroy 1974, Azam et al. 1983, Azam 199condly,bacteriaare
responsible for the significatmansfornation ofbetween 4@o 50% of phytoplanktorerived
net primary production in the upper oceand account for a significant fraction of the océans
total metabolisnfPomeroy 1974, Azam et al. 1983, Ben 2002, Azam & Malfatti 2007, Jiao
et al. 2010) Bacteria are vital in this particular role as they are one of only anfarine
organismghat have the ability to transform both DOM and PQ@Bhrost 1990, Munster &
Chrost 1990) indirectly structuing the distribution oforganic mater within the marine
environmen{Caron et al. 1995, Azam & Malfatti 2007, Kujawinski 2011)

Bacteria aresensitive to environmentabnditionsdue to their large surface araad small
volume(Azam et al. 1983, Kawasaki & Benner 2006, Cunha et al. 20&@)perature and pH
can directly affect a range of bacterial activitiesludingrespiration(lturriaga & Hoppe 1977,
Rivkin & Legendre 2001 )metabolisn{Price & Dixon 1979, Wohlers et al. 200@phdenzyme
catalysed hydrolysis ratéSipton & Dixon 1979, Hoppe 1983, King 1986, Chrost 1989, 1992,
Piontek et al. 2009, 2013)as well as bacterisubstrate interaction$Wiebe et al. 1992,

Pomeroy & Wiebe 2001Bacteria possess the ability to modify their surrounding environment
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by altering the metabolic products they prod{ééhite 1986. For instanceywhenexposed to
increasingacidicconditionsbacteriamay target the production of alkaline products, modifying
their localised environment to a more optimal @Mhite 1986¢. Furthermore, bacteria may
also control their enzyme activity. Grossart et al. (208@dpredthat specific bacterial isolates
rapidly up or downregulate their protease activity basedvdrether they are atthedto an
aggregateor freeliving. Individual bacterial communiésare known tdhavespeciespecific
environmentakensitivites andstresgolerancs (Raven et al. 2005, Passow &ilson 2012,
IPCC 2013)with significant community changeredicted to occur in response to changing

ocean conditions.

1.6 Catabolic hydrolysing enzymes

Enzymes are proteins whidct as biological catalysts increasng the speed of a specific
chemical reaction without themselves undergoing any permanent of@ewgd 1975)while

cataboic enzymes break down substances and release gfitwgpe et al. 2002, Wassenaar
2012) Dueto theiruniquethreedimensioml structure, enzymes are highly spec{fiennelly

& Krebs 1991 Miller & Agard 1999) Enzymes contain unique active sitghich allow

specific substrate molecules of a known shape to bind to the enzyme, classically referred to as
the6l ock and k Sggelddds Gatsthalk 198T)he catabolic process involves
substratetemporarilybinding to target enzyme active sites, the cleavage of specific bonds
within the substrate molecylend the subsequent release/liberatiobd¥V productsfrom the

enzyme active sit€Segel 1975, Campbell & Reece 20aBlie to enzyme specificity, different
enzymes are required to breagecific bondswithin different substrate(Somville 1984,
Kennelly & Krebs 1991Arnosti 2000Q; for exampleaminopeptidase enzymes target the amino
terminus of a pept i-gueosithagestargets s esdbdpridavtdachlenk  wh i | e
two glucog moleculesAs each enzyme targets a unique linking bondiimdividualsubstrate

molecule, each enzyme pro@sca unique produ¢Somville 1984)

In any reaction transforming specific reactaotssubstratesnto one or moreproducts, the
reactioris unique activation energy must first be reacliéeebe & WoltGladrow 2001
GarciaViloca et al. 200% Enzymesact bylowering this initial energy barrieallowing the

reaction to proceed at a lower energy requirensnthateachreactantmoleculerequiredess
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energy to be converted intbe targeproduct(Segel 1975, Garci¥iloca et al. 2004)At this
lower activation energy, a greater number stibstratemoleculescan be converted into
productsover afixed time, increasing the speed of treaction(Zeebe & WolfGladrow 2001,
GarciaViloca et al. 2004)Enzymes arhighly efficient and maintain substrate hydrolysis even
at trace quantitieZeebe & WoltGladrow 2001, Hoppe et al. 2002)

Catabolic enzymes are frequentgrmed as endp ecte or exa, refering to their active
locationin relation to the host cell that produced it (situated inside, on or outside the host cell
respectively) Another important distinguishing enzymeatureis the locaton at which the
enzymecleaves substrate polymer borfagd-polymer chain or terimal ends)Within marine
science, exa@nzymes or extracellular enzyme® seferred to agatabolic enzymesvhich
occur outside of the host céflat synthesised,ifree in the surrounding environmé®ollock
1962)cleavng substrate polymer bonds at their terminal ef@wést et al1986, Munster &
Chrost 1990, Simon et al. 2002, Cunha et al. 204ifhougha range of aquatic invertebrate
have the ability to produce extracellular enzyr(ieasla & Gude 1996, Vrba et al. @), it is
accepted that a significant fractiohcatabolic extracellulagnzymesre produced by bacteria
(Chrést 1989, Hoppe 1993)is widely considered that there are two primigpes of eaymes
synthesised byacteria constitutive enzyng thosesynthesised independent of the ambient
substrate concentratipand inducible enzymeswhich aresynthessed dependent o the
concentration ombientsubstratgCohen & Monod 1957, Rogers 1B6Gottschalk 1985,
Arnosti & Jgrgensen 2003Thecellularrelease of extracellular enzymes can oatuesponse

to a number of factors such as firesence of a corresponding HMW subst(iténster 1991,
Boetius 1995)a change in cell permeabilifChrost 1990)andviral lysing and cell rupture
(Karner & Rassoulzadmn 1995) as well as throughbacterial starvatiorfAlbertson etal.
1990)

Extracellular enzymes aramportant becausea proportion of organic matter consists of
insoluble HMW polymeric compoundbataretoo largefor direct transport systenasross the
bacterial cell membrane 600 Da, Rogers 1961, Billen et al. 1980, Munster & Chrost 1990,
Chrést & Rai 1993, Nausch et al. 199B) order for heterotrophic organisms to utilise such
nutrient rich substrateatabolicextracellularenzymes a required to breatown the complex
polymer structure into smaller swimits such ashort peptides, amino acids and monomeric
sugargLaw 1980, Azam & Ammerman 1984, Azam & Cho 1981nster 1991)Proteinsand
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carbohydratesonstitutetwo of the most commoHMW substrates in the oce@denner et al.
1992)and bothareessentiafor cellular growth and repa{Azam et al. 1983, Simon & Azam
1989 Sectbn 1.3).Two groups of extracellular enzymes which play a significant role in their
respectivedegradationare aminopeptidase and glucosidass. Aminopeptidasg are widely
distributedthroughout naturédeingassociated with animals, plants, fungd®acterigMatsui

et al. 2006) This group of enzymagmowesamino acidresidues fronthe termini of peptides,
polypeptides and protein@Burley et al. 1990, Matsui et al. 2006, Bogra et al. 2009)
Leucineaminopeptidasecatalyses the hydrolysis déucine residue$rom the termini of
proteinbased substrate (Burley et al. 199Q)resulting in aprogressivelysmalleg peptide
segmentLeucineaminopeptidaseccurs as a single polypeptide chain made up7ohmino
acids and two zinc ion@Burley et al. 199Q0)Each enzyme hasx active sites located in the
interior of the enzyme hexamer structuegach incluthg two positively charged amino acid
side chains. PotentitlMW substrategains access tohe enzymeactive sitas throughspecific
solvent channelgherdy restricing the peptidelengththat the enzyme can clea\(Burley et

al. 1990) Metalions play an important role in enzyme activiigterminingactivation, stability
and inhibition (Smith & Spackman 1955) Another common aminopeptidase
argining, differs fromleucine in that iprimarily deavesarginine residuesrom the Ntermini

of peptides, polypeptides and protei(Bogra et al. 2009)Arginine-aminopeptidase is
classified as a chloride activated sulfhydryl dependent metalloen@gogra et al. 2009)
Again, & previouslydescribedor leucineaminopeptidasegrginine-aminopeptidase also ba

two metal binding sites, most likely occupied by ZfBogra et al. 2009)

Glycosyl hydrolases, which include the grodpapsidaseare a larggroup of enzymes that
catalyse the transformation oérbohydratento glucose(Beguin 1990 Davies & Henrissat
1995,Saha & Bothast 1996 arbohydrates have extensive stereochemical variatidrare
subject to hydrolysi®y a number of different glycgsenzynes(Davies & Henrissat 1995,
Naumoff 2011) Two particular glycosly enzymes areb-glucosidaseand U-glucosidase
b-glucosidases anexocellulasehat catalyss the hydrolysis otellulose based substratats
the terminal 1-4 b-glucosidic links, in particular,aryl-b-glucosides ancellobiose substrate
(Beguin 1990, Iwashita et al. 199&}glucosidase are frequently associated with bacterial
activity (Hildebrand & Schroth 1964)nd can bénhibited by high concentrations of sugaas,
well as activated bglucose maltose mannose, lamnose and xylo@eashita et al. 1998)

Another common glucosidasérglucosidasedi f f e r s-glutosidaseas ib cleave the
31



terminal linked1-4 U-glucose residues, liberatingsimgle alphaglucose moleculdn contrast

to b-glucosidasel}glucosidasectivity is not inhibited by high concentrations of glucose or
maltose(Suzuki et al. 1976)Most glucosidase do not require metal ions for hydrolysis,
however a small number of enzymes, sastthose belonging to th&lycosyl Hydrolase
Family 4 GH4), are dependent aa dinucleotide coenzym@AD™*) and Mrf* for catalysis
(Varrot et al. 2005).

1.7 Temperature and pH

Extracellular enzyme activity is the initial step in the remineralisation of HMW organic matter
which facilitates bacterial cellular uptakdé LMW organic mattewria diffusion through porin
proteingBillen et al. 1980, Chrést 1989, 1990, 1992, Arnosti & Jargensen 2003, Delcour 2003,
Cunha et al. 2010As with many biological processes, catabbldrolysisis known to have
optimal pH and temperature rang&egel 1975, Tipton & Dixon 1979, Campbell & Reece
2005) Becauseextracellular enzymes are by definition free, they are directly susceptible to
natural fluctuations in a wide range of variables within their surrounding enviror{@eniha

et al. 2010)

Temperature haloth direct and indirect effects cautotrophic and heterotrophiicrobial
organisms within the ocedliVaksman & Carey 1935, Haight & Morita 1966, Church 2008,
Riebesell et al. 2009The effect of temperature on metabolic rateemesented by thei§)
coefficient which recognisdbat an increase in temperate of 1@i€reasesnetabolic activity
by an approximatefactor of two (Sherr & Sherr 1996, Zeebe & WeBladrow 2001)
Similarly, bacterid metabolic activity decreasesnder reduced temperature environments
(Pomeroy & Deibel 1986, Lomas et al. 200Phe increase in bacteriaietabolicrateswith
increasing temperatureis reflected by increased bacterial community respion rates
(Pomeroy & Deibel 1986, Lomas et al. 2002, VazgDeminguez et al. 2007, Hoppe et al.
2008) cell numbers(Li & Dickie 1987), total carbon deman{/azquezDominguez et al.
2007) andchanges itommunity compositioiiRose et al. 2009Elevatedtemperaturemay
alsoincreasénydrolysis ratefor a range of aquatic enzymig4ollibaugh & Azam 1983, Hoppe
1983, Zeebe & Wolfsladrow 2001, Piontek et al0@9, 2010) The majorityof biological and

chemical rate processeseariven by enzymatic pathwayand temperaturkasa significant
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effect onthese(Eppley 1972, Segel 1975, Pomeroy & Wiebe 2001, Lomas et al. 2002, Brown
et al. 2004) All biological reactions have an optimal temperature at which the process of
transforming reactants into productsnest efficient(Campbell & Reece 20054 typical
reactionrate increases withtemperatureuntil a specific maximum temperatures reached
Beyond this the reaction will plateau and eventually decliidedwell 1999) The same
principalis true for enzymeatalysedeactionsprimarily driven by the increased frequency of
substrate collisions with potential &me active sitefCampbell & Reece 2005Beyondan
enzymes optimal temperature, activity will declinas the weak hydrogen bonds between
proteins begin to denatueaidler & Peterman 1979, Nedwell 1999) the rate ofenzyme
destructions greater thanepair, thecatalysedeactions willdecline Many enzymes have the
ability to functon at temperatures much higreerd lowerthan foundnaturally(Thingstad &
Martinussen 1991, Arnosti et al. 199B) some cases temperatures uf 140C (Brown &

Kelly 1993) or below 0°C (Thingstad & Martinussen 1991Not only do someenzyme
efficiently function under elevatedtemperatureselative toin situ, but particularenzyme

actuallyoperate optimallfYague & Estevez 1988, Arnosti et al. 1998)

As with temperature, bacterigecondary production arall abundance aralsoaffectedby
changes in pH, however variation in the response is often reported. For instance, several studies
found no significanthange irbacterial secondary productiostes(Arnostiet al. 2011, Teira

et al. 2012)pr bacterial cell numbemunder low pH conditiongGrossart et al. 2006, Arnosti et

al. 2011, Newbd et al. 2012) while others report a significant increasebacterial cell
numbers(Maas et al. 2013, Endres et al. 2018)milarly, pH is known to significantly
influence enzymatic process@ixon 1953, Segel 1975, Tipton & Dixon 197®atabolic
enzymes are typically most activetime pH range from 50 9 (Campbell & Reece 2005as

they are made up of a large number of acidic and basic component groups (amino acids,
carboxyl and amide termini) that operate under relatig&dble intracellular pHBeyondan
enzymés optimal range, pH has the potentialinterfere with the ionisation state of the
enzymesomponenamino acid¢Dixon 1953) A significant change in pH can affect the polar

and nonpolar intramolecular attractive and repulsive forces within an enzyme, potentially
altering the shape of thitaree dimensional struatel of the enzym@ active sitgTipton &

Dixon 1979) Assuming the reaction does not follow the induced fit hypotl{&sgel 1975)

a significant bangen active site shapayinhibit the enzymé ability tobreakdowrHMW

organic matterUnder more extreme pH changes, structural chamggelead to irreversible
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enzyme conformational changeith the protein unfolohg, rendering the enzyme denatured
and no longer functiongbegel 1975Madigan et al. 2000 verall, changes in the pH of the
surrourding environment can affect extracellulanzyme catabolic activity and structural
stability (Dixon 1953, Tipton & Dixon 1979)Extracellular enzyme activitynay also be
indirectly affectedby changes in pHthroughaltering thebacterial cellular membrane fluidity
(Jacobs 1940, Ray et al. 197A% bacteria receive their nutrients through cellular uptalod
induced change inetlular permeabilityvould affect celllar diffusion rates for both substrate
uptake and extracellular enzymateasdGould et al. 1975, Vetter & Deming 949). A change

in pH couldalsoalter the activity of enzyme inhibitors, potentially increasing their binding to
the enzymes allosteric site (a site other than the ertsyawtve siteHardy et al. 2004 thereby
indirectly influencing a specific enzyme activitgxtracellular enzyme activity may also be
indirectly affected by changes the availability of organic substrate driven by changes in
phytoplankton composon and biomass in response to pH chafigegel et al. 2014)

pH induced changes in bacterial abundance and community composition could also indirectly
affect extracellular enzyme activity through change in the number and aypnzymé s
synthesisedEndo et al. 2013)

1.8 Research @ams

Bacterial extracellular enzymefay asignificantrolein determining the flux o€arbonin the
oceamnd may be susceptibleftturechangesn ocean pH and temperatuiievo glucosidase
and two aminopeptidase enzymesre selected to investigategsiblefuture changebased

on their importance in the remineralisation of HMW carbohydrate and prsigistrate
Theaim of thisthesiswas to examinehow changes ipH and temperature predicted to occur
by theend of the enturywill effect extracellular enzyme activitiend bacterian different
water typesn theSouthWestPacific, allowing insight into possible future changes in the ocean

carbon flux

To address thisesearchaim, key questionsill be answeredeach specifically designedfit

an existingknowledge gap in the literature.
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1. Arenearsurface ocean extracellulanzyme activiessignificanty affectedby ocean
pH and temperatuneredicted by thend of the centufy

To determinghis, several diferentwater typegopen ocean and coastalgreincubatedunder
different perturbation treatmen{a combination ofeduced pHand elevatedtemperature)
Following sampling of relevant biotic and abiotic parameétnsredeterminetime intervals

thecommunity responses eveexamined

2. What factors determine spatial and temporal variation in the response of extracellular

enzyme activity to decreased pH and elevated temperature?

To determine spatial variabilitpjotic and abiotigparameter responses fraoastal seawater
andnearsurfaceopenoceanseawater of different phytoplankton communitiesecompared
with seawater collectefilom belowthesuface mixed layefTo determingemporal variability,
both direct and indiregarameter response&keinvestigated, including tests on acidification

methodology
3. Do natural highCO, shallow watercold ventenvironments show similar responses?

To examine thishiotic and abiotiparameteresponsedeterminedrom a naturally highCO»
cold vent plume vere compared to those fromurtificially acidified ambientseawaterAlso,
through this treatment comparisphl wasinvestigated aghe primary driver for change as
was whether other confounding variables need to be considered when usinglwemet

seawatens aproxy envionment for a futuréow pH ocean
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Chapter 2 : Analytical methods

To address the effect of ocean warming awean acidificatioron extracellular enzyme
activity and a range of additional abiotic and biotic parameterseries of perturbation
incubatons werecompleted Whendesigning an incubation experiment multiple factors first
need to be considergtbr instance, the incubation conditions and the number of treatments
should reflect the primary research aim, while the duration of each incubation should reflect
the organism or community of interest and its predicted response time. The number of
incubatedreplicates should also be large enough to ensure a representative organism or
community response, as well as allow sufficient statistical power for robust interpretation
(Riebesell et al. 2010)To address theroposedresearch aims, a suite of analytical
methodologies were used throughout each incubation. Details of the experimental incubation
set up and the standard operating procedures of the analytitaidséollow.

2.1 Incubation set up

Three perturbation treatments were created to investigate the effect of ocean warching
ocean acidification individually, and also their combined effect under conditions pkdict
theend of the centurylhe hightemperature treatment (HT) consisted of ambient pH seawater
with an artificially elevated temperature (+3°C); the ocean acidification treatment (OA)
consisted otrtificially acidified seawatempir 7.8) at ambienseawatetemperature; and the
greenhouse trément (GH) consisted of acidified seawater and elevated tempeedttine
same levels as the individual treatmentseatment pH valueseflect future year 2100
predictionsbased onan atmospheric C®of 750 patm (Riebesell et al. 2010, Gattuso &
Hansson 2011)while treatment temperatures reflect future year 2100 predictionthdor
Southern Ocean surrounding New Zealghd: & Curry 2010) The three perturbation
treatments were compared to an unmodified seawater sample used as an ambient control
(Fig. 2.1). Eachtreatmentand ambient contralvas replicated in triplicateand held inacid
washed, miliQ water rinsed 4.3 Illow-density polyethylene LOPE) cubitaners

(ThermaoFisher Scientific).
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AAmbient AAmbient AAmbient AAmbient
seawater seawater seawater seawater
temperature and temperature temperature temperature
pH ApH; 7.8 +3C +3iC

AAmbient ApH; 7.8
sample pH

Fig. 2.1. Incubation treatment desig®A: ocearacidification; HT: high temperature; GH:
greenhouse

To achievdahetarget pH valugredictedoy the end of the centurglifferentCO> gasmixtures
were passed through individuglaspermeable tubing log(Tygon Tubing R3603; ID 1.6
mm; OD 3.2 mm; Conné@ Control Ltd Fig. 2.2 fitted to each4.3 | cubitaner, as used by
Law et al.(2012)andHoffmann et al(2013.

Fig. 2.2. Custom made nylon scregap andvalve, permeable silicon tubing loop hangs
below
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The OA and GH treatments were acidified through the sequential application of 100%
synthetically produced CQas for 25 min and 10% G@as for 70 min (in 20.8% £n Ny,

BOC Gas Ltd). 742750 patm CQ@gas(alsoin 20.8% Q in N2) was continuously introduced

to maintain the targepH throughout the incubation, whereas tl@racidified treatments
(ambient control 8HT) received ambient air from aquarium-pirmps. Oxygen concentrations
were not measure€ubitainer headspace wasmoved toeliminateambientgas exchange.
Before and after each incubation, both cubitainer caps andegasable tubing loops were

acid washed and thoroughly rinsed in m@liwater.

Sample pH values weraonitoredusing a CX505 laboratory multifunction meter (Elmetron)
fitted with a platinum temperature integrated pH electrode (lM4#Cenhancedseries
accuracy 0.002 pH unijtsvhich wasregularly cleaned usingotassium kloride reference
electrolytegel (RE45lonode). Folbwing recommendations from thEBuropean Project on
Ocean AcidificationRiebesell et al. 2010all reported pH values in this research reflect the
total hydrogen ion scale (phl Using known carbonate parameters and a jp€p@ciation
calculator CO; calc (Hunter 2007) electrodepH measurements calibrateding National
Bureau of Standards (NBS) pH buffers (Acorn Scientific L¥ehre converted to pH
equivalents The TA values used in this conversion were calculated using a regietific
ocean zone algorithifLee et al. 2006and validated against values previously recorded from
the respective sitédn electrode pH offset was routinely calculatddn situ temperatureby
comparingthe pH ofartificial Tris bufferedseawatedeterminé by the electrodewith that
calculatedusing a formula provided iickson et al.(2007) This pH offset was then
incorporated into each subsequent electrodenpdsurementElectrode pHmeasurements
were also routinelgompared with those attained from a pH spectrophotometer using a thymol
blue dye solutioiMcGraw et al. 2010, Law et al. 2012g. 2.3).InstrumenpH agreement to
within 0.02 units provided confidence in the continuea wd the electrode for routineH
measurement§.he pH spectrophotometer was considered for use only when detection of fine
scale pH change (&02units) was predicted, but as the pH difference between the ambient
control and high Cetreatments was > 0.2 phlinits, the electrode was wke
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Fig. 2.3. Automated pH spectrophotometer taking pH measurements from trial seawater
samples, as ihaw et al. (2012)

Each cubitainer waBoused in one of two identicabpspex incubation chambers (1730 mm
long, 450 mm high by 325 mm deep). Each chamiees divided intathree large internal
partitions (325 mrf), each holdingwo cubitainers (Fig2.4). Oneincubationchamberheld

the ambient temperature cubitainers @mnbient controhnd3 x OA), while the other chamber
contained the elevated temperataubitainers(3 x GH and3 x HT, Fig. 2.4). To ensure a

stable incubation temperature, each chamber was externally clad with high density Formathane
Rigid Polyurethane Insulation (Forman Building Systems Ltd) and hanseademperature
controlled laboratory. Additionaline temperature control was provided by two manually
adjustable temperature controller units (TropicoXIC4000A; Thermoelectric Refrigeration

Unit) installedat bothends of each incubation chambgfig. 2.4).
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Fig. 2.4. External view of an incubation chamber on board the NIWA research vessel
Tangaroa Six empty cubitainers sit ready to be filled. To the right, a temperature
controller unit is positioned inside the wall of the incubator

The water sample within each cubitainer was mixed using an inflating diaphragm system of
hot water bottlespositioned underneath each cubitaineonnected to a timeontrolled
air-pumpprogrammed attensecond intervaléFig. 2.5). The inflationand collapse of the hot
water bottle under the weight of the sample resulted in contimatdr displacement and
mixing within each cubitainerTo supplement this automated mixing, cubitainers were also

manually removed and inverted three times priorthesampling.
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Fig. 2.5. Internal view ofanincubaton chambershowing wooden spacer blocks and hot
water bottlesvhich maintain mixing of water in the overlying cubitainers

Incubaed nearsurface seawater receivedrtdicial photosynthetic light from external
fluorescent light banks (Philips TLD 36 W/840phe ight intensiy at 10 m depth is
approximately 10% of surface ocean photosynthetic active radigi@s. comm. Dr CIiff
Law, NIWA). Approximate values weiliadirectly determinedby takingphotosynthetic active
radiationmeasurementst sea levebn acloudlessVellingtondayin November (350 370uE

m? s1). Neutral density polycarbonate screening (The Light Site Ltd) ensigrgdntensities
were uniform between incubation chambeidanually adjustable mains timers ensured an
automated diurnal2 hlight dark cycle, while black polythene rubbish bags applied to the

external viewing windows of each incubator minimised light exposure durirdpthecycle.
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2.2 Incubation sampling protocol

Three sets of incubation experiments were completed during this research (incubations 1 to 4,
5 to 7 and 8 to 9)each set followed aunique parameter sampling protoc®he original
incubation sampling protocol was destgibased onnformation gained from a brief pilot
incubation completed duringesearcleruise in the Southern Ocean during 2(dsults from

the pilot incubation revealed thah initial samplingpoint at 12h or 24 hwould provide a
valuable baselineference poinfor each parameter sarepl This pilot studwlso highlighted

the importancef incubation duration, witleachperturbatiorntreatment requing incubation

for a minimum of 96 o determinestatistically significant responsdadividual sampleswere
collected from each triplicate cubitainer using a sterile disposable pipkitebasic sampling

framework was employed for all additional incubations throughout this research.

2.3 Extracellular enzymeactivity

Potential a&tracellularenzyme actiity rateswere estimated indirectly through the use of
artificial fluorescent substrate proxies designed to mimic corresponding natural substrates
(Hoppe 1984) Fluorescent substrateonsistof an artificial fluorescent molecule bonded
(covalenty or throughpeptide binding) to one or moratural monomer moleculéKim &

Hoppe 1984Arnosti 2011). Themolecule is noffluorescent until it is hydrolysed or cleaved

by an extracellular enzynwehichtriggers the fluorescent response offtnerophore allowing

it to be detectedand quantified(Hoppe 1993 The measured fluoresdemtensity is
proportional to the amount of substrate analogue hydrolysed by the el@ymiest 1989,

1992)

Two artificial fluorogenic substrate analogues were seletdedquantify protease activity;
arginineaminopeptidase activity  (Arg-amingeptidase) was  quantified  using
L-arginine-7-amido4-methylcoumarin hydrochloride (AfNICA, P212121 LLC, USA and
leucineaminopeptidase  activity  (Leaminopeptidase) was quangdi  using
L-leucine7-amido4-methylcoumarin hydrochloride (LeMCA, P212121 LLC, USA).

Two artificial fluorogenic substrate analogues were selected to quantify glucosidase activity,

Ugl ucosi das e-glucasase) v was yquan(ifisd using-Methylumberlliferyl
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aD-gl ucopyr aMOR iP@E121 ( ILC, USA a n-glucosiolase activity
( fylucosidase) was quantified usingMethylumberlliferylb-D-g1 ucopyr aMgsi de (
P212121 LLC, USA

A single etracellular enzyme sampleas collectedrom each triplicate cubitainer at each
predeterminedampling point using a sterile disposable pip&ssed orpreliminary research
conducted by E. Maas (NIWAVellington, N2, 5 ul of 1.6 mMatrtificial fluorogenic substrate
working standardvereadded to 200 pl of seawater samfdeeating a finahrtificial substrate
assay concentration of 40 uM) produgsaturated enzyme kinetics for greater than Bath
sample was assayed in triplicated loaded onto a singd&-microwell flat bottom blaclassay
plate (NUNC).An individual enzyme assay was performed for glucosidase and protease
activity. Positive ducosidase controls consistexf b-glucosidase from almonds, and
glucosidase fronBacillus stearothermophilugl x 10* U plIt working standardSigma
Aldrich), while the combing proteas@ositivecontrol was proteinask (0.2 mg mit working
standardRoche DiagnostigsUItraPure distilled water (InvitrogéM, Life Technologies) was
used ashe negative controA four point standard calibration curve of the fluoroph@réo(8
nmol) was created for each assay using eitheredhylumbeliferone (MUF) for glucosidase
activity, or 7#amino4-methylcoumarin (MCA) for protease activity (SigrAddrich).
Eachfluorophore working standaf@00uM) andpositivecontrolwasmade up irautaclaved

phosphate buffered saline solution, prepared from commercially produced @biats UK).

Each assay plate was reatcd min intervals for a minimum of 3 h using a Modulus microplate
reader (Turner Biosystems) 865 nm excitation and 460 nm &sion wavelengthEach
enzyme assay as completedinside a temperature controlled laboratory with temperatures
reflecting ambient seawater tiaie site of collectionThemaximumenzyme ratgVmax, hmol

It hl, Rudolph & Fromm 1979yvascalculated using Michaelslenten kinetic{Tipton &
Dixon 1979) Triplicate Vmax determinéions were averaged per sampl®. dapture optimal
linear kinetics, only fluorescence produced between 35 to 180 min was usedrnialiyss It
mustbe noted thatachassay vasrun at a highesubstrate concentratiadhantypically found

in the openoceanto ensure a detectable signs averageactivitiesreflect potentialvalues
unless otherwisspecified(Wingender et al. 1999Fxtracellularenzyme methodology was

optimised based on inddual experiment research ainfer(details see Section 3.1
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2.4 Bacterial secondary poduction

Both 3H-thymidine (*H-TdR) and 3H-leucine @H-Leu) of high specific activity
(>80 Ci mmor !, SciMed Ltd)were used to quantifyotentialBacterialSecondary Rduction
(BSP) throughout each incubatichhe *H-TdR incorporation was useasa proxy for cell
division and DNA synthesifKnap et al. 1996)from hereorreferred to a®DNA synthesis;
while the®H-Leu incorporation was used to estimate protein syntliSsiith & Azam 1992)
from hereon referred tasprotein synthesisTotal BSP refers tthe combination of botBNA
and protein synthesi®oth BSP proxies are presented in pg ¢ ¢, andfollowed the
centrifugation methodolog{smith & Azam 1992, Knap et al. 1996)

Triplicate 1.7 ml samplesom each cubitainewere used for the determination of béthTdR
and®H-Leu incorporation, including a control sample. Controls were killed by adding 100 pl
of 100% cold trichloroacetic acid (TGSigmaAldrich). Next, 8ul of 2 nM3H-Leu and 2.4ul

of 18 nM3H-TdR wereadded to each respective sampkijratingconcentrations wer20 nM

and 18 nM respectively and sampleswere incubated for a recorded length of time.
Followingincubation, each sample was killed with 100 pl of 100% cold TCA. WRhih of

adding TCA, samples were centrifuged at 18 009 for 10 min at 4°C. Each sample
supernatant was carefully aspiratewier low vacuum pressure (< 200 mba ml of cold 5%

TCA was added, and the sample was vortexed and centrifuged as described abowbeAgain
supernatant was carefully aspirated and 1 ml cold 80% ethanol was addedamatd was
vortexed and centrifugkeas described above. The supernatant was again aspirated and the
sample tube left open to dry for a short period of time. Finally, 1 r@iptiphaseHighsafe3
(Perkin ElImeywas added to each sample and vorteketbelled samples were refrigerated at
4°C until radioassay analysis using liquid scintillation countiSgiith & Azam 1992)The
3H-Leuincorporation was determined post cruise using a liquid scintillation counteC &fii

2910 TR). The resulting decay eted by the radiation source, disintegrations per min (DPM),
was calculated based on the duration of sample incubation. Control blanks were subtracted
from DPM values andadjusted for sample volume>H-Leu specific activity. Each value

was then multipkd by a known protein constant, according to the following forr{&il@aon

& Azam 1989)
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Protein synthesis (ug Ctld™) = *H-Leu incop (Mol I h1) x (100/7.3) x 131.2 x 0.86 x
1000000 x 24

The valuel00/7.3 = 100/mol%of leucine in protein131.2is the molamassof leudne, the
bacterial protein production equivalent was converted to bacterial carbon/biomass production
by multiplying the value by 0.8&¢llular carborproteinratio). Cell-specific protein synthesis

was determinedbr select incubationby dividing theprotein synthesis by total bactercall

numbers producing an estimate of calpecific synthesis.

The 3H-TdR incorporation was also determined post cruise using a liquid scintillation
counter(Tri-Carb 2910 TR). The DPM output values were adjusted for control blanks, sample
volume, incubation duration, the specific activity®pETdR and finally a carbon conversion
constant converting mol thymidine into grams of carbon. The selected conveansgiat was
originally calculated byruhrman & Azan(1982)for the Southern Californian Bight, and more
recently used b$mith & Hall (1997)in offshore New Zealand research under similar ambient
conditions used here. Final productions were then multiplied by wrkearbon content per

bacterial cell originally derived b§ho & Azam(1988)for use as relevant carbon equivalents.

DNA synthesis (ug C1d?) = *H-TdR incorp (Mol It ht) x (2.4 x 168) x (20 x 10" fg Ccel®)
x 1000000 x 24

The value2.4 x 108 refers to the carbon conversion constant, while the valuel®3°xefers
to the known carbon content per bacterial c8bme liquid scintillation counting was
performedpersonally howeverthe majority was completk by Karen Thompson (NIWA

Hamilton).
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2.5 Cell numbers

Triplicate samplefrom each cubitainervere collected in 2 mirgovials (Raylab Ltd)clearly
labelled and frozen in liquid nitrogéhiall et al. 2004until post cruise analysi€ell numbers

were determined usinga FACS Calibur flow-cytometer (BectonDickinson) with
photomultipliersset to quantify the red fluorescence from chlorophyll (wavelength 670 nm),
the orange fluorescence from phycoerythrin (585 nm), and the green fluorescence from
phycourobilin (530 nm).Synechococcuspp, Prochlorococcusspp. and total eukaryotic
phytoplankton(picoplankton < 2 pm and nanoplankton < 20 ypm)nbers were determined
through fluorescence and forward liggdatteproviding an estimate of cell siz8acterial cell
numbersvere detected following the addition of 25 ul of SybrGreenll DNA stain (Invitrogen
Lebaronet al. 1998) Once stained, samples were incubated at room temperature in the dark
for 20 min, allowing stain uptake prior to analydtsch 500 pl sample was analysed along
with 50 pl of internal referenceTruCount™ beal solution BD Biosciences
Button & Robertson 1989, Lebaron et al. 1998311 numberswere calculated based on the
ratio of TruCount™ beads detected over a certain time at a standard flow rate.
The flow-cytometer was programmed count 20 000 events. Data wearalysed using
software CellQuest v3.3 (BD Biosciences) and final count values were recorded astells
Some experimental samples were analysadonally, however th@ajority was analysed by

Karen Thompson (NIWA Hamilton).

2.6 Total high molecular weight organic compound oncentration

TotalHigh Molecular WeightfiIMW) substrate was determined without-fiteering treatment
seawaterTherefore the calculated HMW subs&abncentrations include reducisggar and
protein derived fronbacteria and phytoplanktaells trapped on the filter. This cellular content
would not have been accessible to extracellular enzymdsring the incubationso the

following methodology reflet s o6t ot al 6 HMW substrate concen:

Total HMW reducingsugar concentration was quantified using the Sombigjson detection

method in conjunction with filtratiofSomogyi 1926) A minimum of 150 ml of sample

seawater erefiltered through 5 mm glassibre filter (GFF Whaman) Following filtration
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each filter was stored in a 5 ml flat base polypropyleak(@arstedt) and frozen-&0°C until

post cruise laboratory analysSF/Fsare known tabsorband trapparticulate organic misr

(Karl et al. 1998)and so to avoidinsing eachndividual sampldilter in an effort to maximise
recovery of trapped organic compoupelschfilter was directly incorporateitito theanalysis.

This procedure ensured maximuscovery and detection of substrate retained on the filter.
During this research, GF#FRwere shown to retain > 50% tetrasaccharide smdastrate
(approximatelyl231 daltos), consisting of four monomeric unjtand therefore according

Fig. 1.2, classd as HMW (refer to Appendix A: 2.1 for substratesize retentiontrials).
Following basic aseptic techniques, each sample filter was defrosted and cut into twelve
individual pieces following a standardised cutting pattern. Appropriate reagents were added in
accordance witiNelson(1944) and sample filters were thdeated in a water bath at XG0

for 15 min. A linear six point glucose calibration cu(@e¢o 300 pgmli™) incorporating blank
GF/Fs was also prepatén triplicate. Finakolutions were centrifuged at 13 00@ for 1 min

to pellet any looseglass fibrestrandsandthena 200 pl aliquot of each sample was plaged

a clear flatbottom 96 well tissue culture plate (Sarstedt). Sample absorbance wagedeat

520 nm wavelength on a plate reader at 25°C (SpectraMaMb8ttular Devices).
Calculatedsample concentrations were converted to pg based on the original volume of
seawater filtered. Using the reference glucose standard cumaéHMW redwing-sugar
concentrations reflect glucose equivalent valiié® methodologyas amaximum detection

of 0.6 mg and minimum detection of approximately 0.01(8wmnogyi 1952)

Total HMW protein concentition was quantified using the aaified Lowry method in
conjunction with filtration(Lowry et al. 1951, Hartree 1972, ThersRsher Scientific 2010)
Each samplewas collected following the same methodology describedtdtal HMW
reducingsugar detection. Reagepteparation and standard sample analysis protocol were
modified fromHartree(1972) A six point lineabovine £rumabumin (BSA SigmaAldrich)
protein calibratiorcurve (Oto 1000 pgml™) wasrun in triplicate with blank GF/& directly
incorporated. As described fetotal HMW reducingsugarstotal HMW protein concentration
samples were centrifuged 13 000 g for 1 minprior to absorbancegetermination at 560 nm
wavelength using a 96 well plate reader at 25°C (SpectraMaMb®€cular Devices
Thisanalytical technique is capable of detecting dipeptides, with the detection efficiency
increasing with increasing peptide size. TWwerking deection limit is reportedto be

approximately 50 2000 mgml? (Hartree 1972, ThermbisherScientific 2010)
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2.7 Dissolved organic carbon

Using a polycarbonate filter holder fitted with a qwambusted 47 mm GF/Filter,
approximately 40 ml of sample filtrateerecollected in a triple rinsed pr@mbusted 50 ml
Schott bottle. Glassware and consumables weregriusted by heatirig an oven overnight
at 550°C Filtrate samples were double bagged and frozeR0AC for post cruise laboratory

processing.

Usingthenonpurgable organic carbon meth@mericanSocietyTesting& Materials 1994)
Dissolved Organic Carbon (@C) samples were defrosted, 30 ml of sample solutienew
acidified with 250 pl of 2N HCI and sparged with cardoee air. Thisprocess effectively
removed all inorganic carbon, while the residual organic carbon was analysed based on
electronic combustion and measured>@0tput from an infrared detectdrhe DOC samples

were analysedwith the assistance dflarieke van KootenNIWA Hamilton) using atotal
organic carbon analyséfOC-VCSH, ShimadzuCorp., Japan).

2.8 Chlorophyll a and dissolved nutrients

Chlorophylla (Chla) anddissolved nutrient concentrations were both determined from a single
samplefrom each cubitainerChl a was collected byilt ering 500 ml of a sample through a

25 mm GF/F. Followingiltration, each filter was placed insecol pocket (Secol Ltd), flas
frozen in liquid nitrogen and stored &@®0°C until post cruise laboratory processi@il a
detection followed the acidification method describedSimickland & Parsong1968)
Sampléfilters were firstdefrosted, soaked in 10 ml of 90% acetone and stored0&C
overnight. Each sample was analysed and thematysed following acidification with three
drops of 10% HCI, effectivelglestroyingall chlorophyll pigments. Fluorescence was measured
using a minescent spectrometer (PeHgimer LS55)fitted with a xeno blue light source at
430 nm emission and 670 nm excitation. The@bhigment was determined by subtracting the
un-acidified fluorescence reading from the acidified fluorescence. Resulting values were
plotted against a seven point linear calibration curve of knownaGtdncentration and

fluorescenceconcentrations are reged in pg mt.
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Using200 ml of Chl a filtrate from each samplelissolved reactive phosphate (DRP), nitrate
(NOz), ammonia nitrogen (NHN) and dissolved reactive silicate (DRSi) concentrations were
determined Dissolved nutrient samples werelleoted in triple rinsed preleaned nutrient
bottles,and samples were double bagged and frozer2@¢C until post cruise laboratory
processingEach dissolved nutrient was analysed simultaneously using an Astoria Pacific
segmented flow analyser followgnAstoriaPacific International protocols (Re&.6/00).
Eachanalyte had a detection limit of 1 ug.IChl a and dissolved nutrient samples were
analysed by Marieke van Kooten and Cara Mackle (NIWA Hamilton) ubemgASPac Il

Flow Analyser Softwar®ackage.

2.9 Transparent exopolymer polysaccharides and total carbohydrates

Transparent ¥opolymerPolysaccharide (TEP) antiotal Carbohydrate (TC) concentrations
were determined from a singl@®mI| seawater sample collected and stored Inlire screw
top bottle spiked with 3l of formadehyde 37% (Sigm&ldrich). Samples were storeahder
ambient conditions untpost cruise laboratory processing

TEP concentrationsvere determined with reference trruda Fatibello et al.(2004) with
procedural refinement for seawater analysis. A 1 ml aliqusawiplewas transferred to a 10

ml centrifuge tubeandto this 0.5 ml of Alcian dye preparation was added and well mixed.
Sample tubes were centrifuged at 3 50@ for 25 min thereby minimising turbidity.
Absorbance measurements were made in a spectrophotometer at 602 nm using a 1 cm light
path cuvette. The amount of dye taken up was calculated by determining the absorbance
difference from a deionised water/Alcian dye blanlcafibration factor was produced from a
known concentration of Xanthan standard that was also treated with Alcian dye. The number
of equivalent pg mt of sample TEP was multiplied by the volume of sample concentrate to
provide the final concentration, engssed as ugtiXanthan equivalent units.

The TC analysis was determined accordindgtdois et al.(1956) A 1 ml subsamplewas
transferred to a 10 ml centrifuge tube, to which 0.5 ml of 5% aqueous phenol solution was
added and mixed. Next, 2.5 ml obncentrated sulphuric acideve added to the tube and

immediately shaken by hand, ensuring total mixing. An exothermic reaction results with any
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carbohydrates present. A deionised water blank and glucose standard were both included in the
analysis to praeide a direct calibration. Once the tubes had cooled, caps were applied and
centrifuged at 3 500 g for 25 min. Blanks, standards and sample absorbance were read in a
spectrophotometer at 485 nm in a 1 cm light path cuvette. A calibration factor waistestab

from the blanks and standards and applied to the sample absorbances to determine the amount
of glucose equivalent per volume of sample concentrate. The number of equigataritof

sample was then multiplied by the volume of sample concentratjdmg a final
concentration expressed as ffgglucose equivalent units. All methodology development and

sample analysis was completed by Graham Bryers (NIWA Hamilton).

2.10 Dissolved inorganic carbon and alkalinity

Precombusted 12 ml dissolved inorgami@rbon (DIC) sample viald.&bco Ltd) werdriple

rinsed with sample seawater and filled ensuring no air bubbles. One drop of saturated HgCl
wasadded to eachample vial before being capped, labelled and stored at room temperature.
EachDIC samplevasanalysedisingevolved CQ gas after sample acidificatiam a Marianda
AIRICA system.The accuracy of fB methodwas estimated to bet 5 umol kg! and
determined by analysis of Certified Reference Material provided by Andrew Dickson from
Scripps Institubn of OceanographyAlkalinity samples were collected by filling a 1 litre
screwtop bottleand following the same sample preparation and storage procedures as for DIC
above. Sample alkalinity was later analysby potentiometric titration in a closed

cel. Theaccuracy of tls methodwasestimated to b& 2 pmol kg anddetermined by analysis

of Certified Reference Material provided by Andrew Dickson from gpsrilnstitution of
Oceanography. Both DIC and alkalinisamples were analysed byr Kim Currie
(NIWA/University of Otago Research Centre for Oceanografidippwing methodology from
Dickson et al(2007)
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2.11 Data andysis

This research focused on significant differences between perturbation treatments within each
incubation, and statistical relationships between incubations were not investigated. All sampled
parameter values reported are the meanspicate samples per treatmergample outliers
weredefined as thas+ 3 standard deviatiorad were subsequenttgmoved.Figures with
missing data points reflect those removed either because they were below methodology

detection limits, were outliers samplesvere lost

Cell-s p e c 4glficos@lasé and Leaminopeptidase rates were determined by dividing activity

by +tot al b act edlucasidasec and Leammapepbdase svere delected for
cell-specific determination because they showed thd nmssistent measured activity across

each ocean environment. The difference betweerab@nopeptidase activity and the ambient
controlaveragedicrossr2hwas cal cul ated for each treat men
potential (asin Pionteket&.013) . The & hydrolysis potenti a
in Leur-aminopeptidase activity between treatmegats posi ti ve @& hydrol ysi
enhanced Leaminopeptidase activity, while a negative value represents a lower activity
relativeto the ambientcontrol o i nvesti gate t he-gladodidaseandof t e
Leu-aminopeptidase activity, @factors were calculated (for formula see Piontek et al. 2013)

for each incubation at 48 h and 96 h.

Statisticav.10 (StatSoft Inc., USAwas used to generate basic graphics and descriptive
statistics, including linearegression, -test, oneway ANOVA, factorialANOVA and
repeateemeasures ANOVA. Boyplots were used as data exploratory tools, visualising
potential parameter responsetwea treatmeng at specific sampling pointkine graphs were

then generatedo illustrate parameteresponses within each treatmethiroughout an
incubation Error barsindicate standard error from triplicateamplesfor eachtreatment.
Following visual idetification of a potentially significant parameter response, datatested

for normalityand equality of variance prior to statistical analysis. Due to the small sample size
at each sampling point, these assumptions were infrequently met and efetg(x+1)
transformed prior to analysis. r&peatedmeasureANOVA (RM-ANOVA) was used when
comparing the response of a dependent variable over time throughout an incubation, while a

oneway ANOVA was used to investigate a significant treatm@sjponseon a selected
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dependent variable at a fixed sample point. Standard hypothesis formulations were used for
each ANOVA the alternative hypothesis (H1) tested whether the mean parameter of interest
was significantly > 0, whereas the null hypothesi€)(itas u =0. The significance level of

each test wap < 0.05 unless otherwise specified. fOHvas r ej ect ed, a Tu

posthoc analysis test was run to identify individual variable responses.

PRIMER v.6.1.15 (PRIMERE Ltd) with the PERMANOVA packagewas used for
multivariate data visualisation and to provide insight into possible parameter interactions.
Datacollected br six parametergactivitiesof four extracellular enzymeBNA synthesigates

and bacterial numbers) sampled at five points dureach incubationwere log(x+1)
transformedtherebyensuring both a balanced statistical design as wallcasnmon scaltor
comparisons(Riebesell et al. 2I0). Following the calculation ofa Euclidian distance
resemblance matrpa singlelinkage cluster analyis was generated to visualise similarities
betweenincubatedreatmentovertime. A similarity profile routine (SIMPROF) wassed to

test forthe presence of patterrmetweenrclusters that could have occurred by chaf@arke

et al. 2008)Highlighted clustersvere created at a 5% significance level using 1000 random
permutations, unless otherwise specified. If the SIMPROF analysis rejected the nul
hypothesis, that particular sample group had no further identifiable str{Ctarke & Gorley

2006) Using a Euclidian distance resemblance matrix series of non-metric
Multi-Dimensional ScalingMDS) plots werealso generatedin MDS plot, also known as an
ordinationplot, ordess data basedn their similarity or dissimilarity from one another and
preserg themin dimensionalspace The extent to which the multivariate matrices agree is
reflected in the stress coefficient (Clarke 1993). An MDS stress < 0.05 gives excellent
representation, stress <l@orresponds to a good ordination, while an ordination with a stress
> 0.2 has the potential to mislead (Clarke 1993).

52



Chapter 3 : Methodology optimisation

This chapter describes the optimisation of the methods outlin€dapter2 for use in ocean

acidification experiments. Thillowing objectivesnvereaddressed

1 To investigate lie effect of acidification on several fundamerdamponents of the
enzyme assay
1 To determine the short term response of enzyme activioceéan acidificationand

whetherthemethod of acidification plas/a significant role in tresponse.

This methodoptimisation and evaluatiois essential for ensuring results collected in field

experiments were valid and could be used to address the ainmstbé#is.

3.1 Enzyme assayefinement

Introduction

The previously described enzyme kinetic determination technisgetign 23) requires the

use of several artificial chemical components in order to accurately determine enzyme kinetics.
Only limited research has looked at howshadividual chemical components respond to
changes in pH. If artificialluorophores are significantly affected by low pH conditions, the
proposed enzyme kinetic methodology would be unsuitable for useean acidification
experimentation. In this seéoh, theeffect of pH on both MUF and MCA artificial fluorophore
fluorescencewvas investigated, after which the effect afifecial fluorogenic substrateon
seawatepH was investigated\ buffer solution was tridedin orderto mitigateanymeasured

pH effect. Because a buffer solution consists of a weak acid and its conjugate base in
equilibrium, the pH of the buffershouldremain relatively stable following the addition of an

acidic or basic artificialluorogenicsubstrat€Riebesell et al. 2010)
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3.1.1 The effectof pH on artificial fluorophore fl uorescence

Artificial fluorophoresareusedas reference calibration curves for the determination of enzyme
kinetics in response to pH. If pH does have a significant effed¢luonophore fuorescence
thecalculated enzyme activity ratesaybeeither under or over estimated. For this reason, the

effect of pHwas investigated.

Methods

In triplicate, MUF and MCA atificial fluorophore working standasq200 uM)diluted in 1%
2-methoxyethanol (SigmaAldrich) werecreated at 0.8, 4 and 8nol at four pH values (8.2,

8.1, 7.9 and 7.8) usingtamperature integrated pH electro@edtion 21). To adjust the pH,

0.1 N agueoublaOHwas added. Fluorophores were also added at their respective natural pH.
Aliquots of 200 pl of each sample were placed in arféowell clear flat bottom assay plate
(NUNC) and fluorescence determined3&D nm excitabn and 460 nm emission wavelength

using a Modulus Nuclear Magnetic Resonance Fluorometer.

Results

The results clearly show that as the pH of the solution containingUiteand MCA artificial
fluorophore decreases, so too does the average fluoropppscence (Fig3.1). The MUF
fluorescence at pH 7.8 was significantly higher abttlthan the noradjusted pH 6.22-fest,

df = 128,p < 0.06), while MUF fluorescence at pH 8.1 was also significantly higher than
fluorescence at pH 7.8¢st, df = 138, p < 0.05, Fig. 3.1). MCA fluorescence at pH 7.8 was
not significantly different from the neadjusted pH 6.4at 8nmol (t-test, df = 128, p> 0.05),
while MCA fluorescence at pH 8.1 was also not significantly different from fluores @i

7.8 (ttest, df = 128, p> 0.05), however fluorescence at pH 8.2 was significantly higher than
fluorescene at pH 7.8 fest, df = 128, < 0.05, Fig.3.1).
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Fig. 3.1. The effect of pH on MUF and MCA fluorophofieorescence (mean + $SB=3).
Treatment legendpH 8.2 blue squaregH 8.1 red circlespH 7.9 orange stars
pH 7.8 pink diamondsnon-adjusted fluorophore controgreen triangles. MUF
fluorescence at 8mol was 3.08 x 1%

3.1.2 The effect ofartificial fluorogenic substrate on the pH of seawater

To determine basic enzyme kinetics, standard operating procedure only requires the addition
of 5 pl of artificial fluorogenic substrate to 200 pl of samgection 23). Following the
addition of sub a small volume of substrate into seawater which éghebuffering capacity,
it was hypothesised that the artificial fluorescent substrate would not havefigang effect

on seawater pH.
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Methods

To investigate the effect ofrtificial fluorogenic substrateaddition on sample pHarbour
seawater wasollected from Evans Bag Wellington( 4 1 A1 8 A0 6t ANBD @nthel 60 E)
pH of individual seawater sampleasadjustedo 7.95 and 7.70y additionof 0.1 M HCI,

including replicates used aontrols. All four artificial fluorogenic substrates previously
described inSection 23 were made up to working standards of 1.6 mM usirtg -
methoxyethanol (SigmAldrich). A time-zero referenceH wasrecorded from each seawater
sample,andthen 650 | of each substratat working standaravas added to 26 ml of each
seawater sampl® give afinal artificial substrateconcentration of 40 uMSample pH was
recordedimmediately followingfluorogenicsubstrate additigrand again30 min following
fluorogenic substrate additiocachartificial fluorogenicsubstratevasrun in triplicateat each

level of pH and compared to a control with no substrate added.

Results

Immediately following the addition adither LeuMCA or Arg-MCA substratéo sample pH
7.95, pH significantly decreased (ANOVA k p O 0Q,.Fig.3.2). After 30 mins both Leu

MCA and ArgMCA substrate significantly lowered the seawater sample pH when compared
to their respective timeero pH(pH 7.88,ANOVA F1, 4= 13.21,p < 0.05; pH7.87, ANOVA
F1,4= 16.18,p = 0.01 respectively, Fid.2). Again,immediatelyfollowing the addition of
both LeuMCA and ArgMCA substrate to @ample at pH 7.7QH significantly decreased
(pH 7.64, ANOVA Rk, 4= 61.16,p < 0.01; pH 7.65, ANOVA E 4 = 268.83,p < 0.001
respectively, Fig3.2). Thirty minutes after the addition dfoth LeuMCA and ArgMCA
substratesample pH was significantly lower than the tizexo pH (pH 7.66 and pH 7.65,
ANOVA F1,4 p<0.01 respectively, Fig.2). No statisticaly significant change in sample pH
wasrecorded mmedi ately foll owing, or -MUWormMdFs aft e
substrate to sample pH 7.95 or 7.70 when compared to the respective ogity.082),

suggesting that they are neutral compounds
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Fig. 3.2. Sample pH immediately following (T1) and 30 mins after artificial fluorescent
substrate addition (T30, mean +,3&3) for samples at initial pH 7.95 (above) and
pH 7.70 (below) Treatment legend UMUF substrate blue squargsb-MUF
substratered circles Le-MCA substrateorange starsArg-MCA substratepink
diamondscontrot green triangles

3.1.3 Fluorescent substrate buffer solution

Methods

Both LeMCA and ArgMCA substrates areydrochloride saltsandonce added they reduce

the pH of seawater (average decline of 0.05 and 0.06 pH units respecis/elginonstrated
above Fig. 3.2) To ensurgobust applicationn this research, a buffer solution was required

to counteract thisA Tris/HCI buffer was selected as it has been successfully used in the past

by researchers using artificial fluorescent molec(itxppe 1993)

Tris buffered MCA substrate working standards (1.6 mM) were made by dib@@gul of
MCA substratestock (16 mM) with 4 ml of 0.1M Tris/HCI buffer. Duplicate Tris buffered

substrate working standards were made for bothNMI&A and ArgMCA. Using a temperature
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integrated pH electrode, duplicate Tris/substrate solutions were adjusted to pH 8.1 and 7.8
through addition of 10% HCI, proding a final volume of 5 ml. Using harbour seawater
collected from Evans Baip Wellington( 4 1 A1 86 06 . 8 0 S, the pHroAdAdli&@ 2 2 . 1 0
10 ml aliquots wasadjustediusing 10% HCI to a target pH 8.1 and 7.8. For each pH treatment,

250 pl of TrissMCA substratesolutionat the respective pH wasldedto 10 ml of seawater

fixed at the corresponding pH. Duplicate trials were undertaken to determine if sample
seawater pH remained stable following the addition of the Triss/MCA substrate solution at
working standard concentrationshe pH measurements were recorded at room temperature

using a pH electrodeéséction 21).

Results

Following the addition of Tri¢feu-MCA substrate solutioat pH 8.10 to seawater at pH 8.12
(trial 1) and 8.11 (trial 2)pH values were shown to decline by 0.03 and 0.01 pH units
respectively (Fig3.3).

8.12 5
2115 3
.11 3
2105 3

813

095 3
5.0 3
2085 3
5083
2075 3
2073

trial 1 trial 2

Fig. 3.3. Sample pH following the addition of pH 8.1 Tris/lL8MCA substrate solution.
Duplicate results shown. Treatmésgend-sample seawatdblue columnsample
seawater and Tris/substrate solutiged column

Similarly, Tris/Arg-MCA substratesolutionfixed at pH 8.10 was added seawater samples
at pH 8.1((trial 1) and pH 8.1Xtrial 2). Following substrate additip sampleH declined by
0.06 and 0.04 units respectivghig. 3.4).
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trial 1 trial 2

Fig. 3.4. Sample pH following the addition of pH 8.1 Tris/AMCA substrate solution.
Duplicate results shown. Treatment legesdmple seawatdblue columnsample
seawater and Tris/substrate solutiged column

Tris/Leut-MCA substratesolutionfixed at pH 7.80 was then addexseawatesamplesat pH
7.86 (trial 1) and pH7.80((trial 2). Following addition, sample pH declineg¢ B.03 and 0.08
units respectivelyFig. 3.5).

trial 1 trial 2

Fig. 3.5. Sample pH following the addition of pH 7.8 Tris/lLBMCA substrate solution.
Duplicate results shown. Treatment legesdmple seawatdnlue columnsample
seawater and Tris/substrate solutited column

Tris/Arg-MCA substratesolutionfixed at pH 7.80 was then addexseawater samples at pH
7.88 (trial 1) and pH 7.81 (trial 2). Following addition, sanytedeclinedby 0.01 and 0.8
units respectivelyFig. 3.6).
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Fig. 3.6. Sample pH following the addition of pH 7.8 Tris/AMCA substrate solution.
Duplicate results shown. Treatment legesdmple seawatdblue columnsample
seawater and Tris/substrate solutiged column

3.1.4 Discussion

ThepH had asignificant effect on the fluorescence of MUF from pH 8.1 to 7.8, while the MCA
fluorescence was significantly affecttdm pH 8.2 t07.8. Ths response supports findings
fromBelanger et al. (1997andis of importancdecause treeartificial fluorophoresareused
to generatefluorescentstandard cun for calculating extracellular enzyme kinetics in
response to treatment acidification and warming. The pH of seawater ddolineving the
introduction of both Leu-MCA andArg-MCA artificial substratesThis observatiorwas also
reportedby Hoppe (1993yvho also used a Tris/H®Lffer solution taegulatehe acidic effects
of MCA substratescreating aroptimal buffer system foenzyme reactiongA\cknowledging
the sensitivity of the thoroughly cleaned pH electrldd4GHT enhancedseries accuracy
0.002 pH unity the resultingchange in seawatg@H following the introduction obuffered
Tris/lLeu-MCA and Tris/Arg-MCA substratesolutions was determined as acceptable for
continued usand so buffered substrat@sused routinelyEach artificial fluorogenic substrate
stock wasdiluted to working standards (1.6 mM) using 0.1 M Tris/HCI buffer. The pH of the
final solution wasadjused using weak HCI| and or NaOH to reflect incubation treatment pH
values.Based on the buffering capabilities of Tris/HCI, working standards of both MUF and
MCA fluorophores (20uM) werealsomade in 0.1 M Tris/HCI buffeas a substitute fd%
2-methoxyehanol (SigmaAldrich), with the pH adjusted to thosetbk individual incubation
treatments. The resulting enzyme assay standard curvetbeides reference fluorophore
fluorescence at the same pH as the treatment samples.

60



3.2 Short-term acidification trial

3.2.1 Introduction

An experiment was designed to investigate whether pH has a direct effect on extracellular
enzyme activityby monitoring change in enzyme activity over a short temporal scale.
Thisknowledge is important for interpretation of enzyme kinetitetween different
experimental perturbation treatmentss also important to consider the method of seawater
acidification becausacidification of seawatarsing acidand CQ gas has different effects on

the carbonate chemistryhe addition of a strapacid (usually HCI) decreases the sample pH
through the formation of hydronium ionseequation below)this does not alter sample DIC

but does modify TA.

HCI + H,O D H30* + CI

The hydronium ions (proton donors) react with available carbonate amdbicarbonate,
decreasing sample T&merson & Hedges 200&quationd in Section 12), andtherefore the
resulting carbonate system does not reftantditionspredicted to occuby the end of the
century(lglesiasRodriguez et al. 2008, Riebesell et al. 201 other common methotb
acidify seawater isisng CO; gas mixtures. Following the addition of €@asDIC increases
but does noalterthe sample TASchulz et al. 2009, Riebesell et al. 2018jain, as per the
eqguations irSection 1.2, as sample DIC increases, bicarbonate dissociation occurs resulting in
anincrease in free ldrogen ions and theubsequent decline in sample pH. TA is not subject
to change because there is no charge associated with the increased concentratiagaef CO
By acidifying individual samples using bothacid and CQ@gas,it was possible to investigate
whether the method of acidification played a significant role in any -#&ont enzyme

responsgdetected
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3.2.2 Methods

Coastal seawater was colled in November 2013( 4 1 A20653. 00S,and174A45
pumped through a 15wfilter, andthen a 1 minline cartridge filter. Two acidifietreatments

of 4.3 | were createdhe first treatment was acidified to pH 7.8 by adding 4.6 ml of 0.1 M HCI

and was referretb as the acid treatment. The secanilified treatment wa®fered to as the

CO, treatment andtreatedby adding CQ saturated seawater to ambient coastal seawater
Seawater was saturated (pH 5.97) by bubdidg CQ gas(in 20.8% Q in N2, BOC Gas Ltd)

into 500 ml of ambient coastal seawaterdsaturated seawater was added to 4drobient
coastalseawaterto reach dfinal pH of 7.77 Following a 30 min equilibrationperiod b-
glucosidase anddu-aminopeptidase activity asdetermined Section 2.3Yor each acidified
treatment every 2.5 h fortatal of 24h, resulting in a total of five sampling poinigiplicate
samples of each treatment were compared to a triplicate ambient coastal seawater control
(ambient pH 8.05)Sample DIC and TA were also sampl&dtion 2.D) at 3 h following
acidificationto confirm carbonate chemistry changes followaeidification byCO, and HCI

Shortterm temporal changes in pH were not monitored.

3.2.3 Results

Sampleacidificationhada significant positive féect onb-glucosidase activitin both the acid
treatment(0.05 nmol I h') and CQ treatment (0.06vmol I h') compared to the ambient
control at 0.5 h (0.0hmol * ht, ANOVA Fy, 3 p < 0.01), however there was no significant
difference between the acidified treatmerigy(3.7). The b-glucosidaseactivity across all
treatments peadat 5.5 h(Fig. 3.7), but was significantlyhigher in the CQtreatment at 3 h
(0.25nmol * h'l) and 5.5 h@.32 nmol I* h'}) thanthe ambient control (0.09 and O.&ol
It h'l respectively ANOVA F1, 4 p < 0.05,Fig. 3.7). The b-glucosidase activityn the CO,
treatment (0.25mol It h'Y) wasinitially higherthan theacid treatment at 3 h (0.Iimol
It hl, ANOVA F1, 3 p < 0.05,Fig. 3.7), with activity then declimg in all treatments from
5.5 h to 8 hFig. 3.7). After 24 h,b-glucosidase activity was 35% higher in the@&@atment
(0.19nmol * h'Y) thanthe ambient control (0.1dmol I ht, ANOVA F1, .= 34.22,0< 0.05,
but was not significantly differe from the acid treatment (0.hénol * h'?, Fig. 3.7).
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ThelLeu-aminopeptidasactivity was variabldetween sampling intervals, howewvercontrast

to b-glucosidaseactivity, acidification did not have a significant effect at 0.5Hg( 3.7).

The Leu-aminopeptidasactivity in the CQ treatment increased from 0.5 h (25:@2o0l I*

h') to 3 h (29.7mol I* h'Y), thendeclinedsharply to 8 h (20.18mol I h'l) as was measured

for b-glucosidase (Fig. 3.7PespiteLeu-aminopeptidase following a similar activity trend to

that of b-glucosidase, there was no overall significant difference between the treatments and
control.
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Fig. 3.7. The direct influence of pH onxeacelldar enzyme activity rhean + SEn=3.
Treatment legend acid treatmentblue squaresCO; treatment red circles
ambient controlgreen triangles

As expected, sample alkalinity was significantly lower in the acid treatment (2166 pr)ol kg
when compared to the ambierantrol at 3 h 2282 umol kg!, ANOVA F1, 3 = 10402.12,

p < 0.000) and the CQ@treatment (2281imol kg, ANOVA F1, 4 = 28537.53p < 0.0001)

DIC howeverwas significantly higher in the G@reatment (2152mol kgt) when compared

to the ambient control (2067 pumol kgANOVA F1 > = 2199.81,p < 0.01) and the acid

treatment (2066 pmol ky ANOVA Fy, 4 = 818.63p < 0.0001)
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3.2.4 Discussion

Extracellular enzymactivity is known to be sensitive to changes in (@tsi & Tipton 1979,
Tipton & Dixon 1979) however disentangling a direct effect of increased f@®n an indirect
effect is challengingYoshimura et al. 2013)n this studythe results clearly demomate a
immediatepositive b-glucosidase activityesponsen acidified treatments when compared to
the controlat 5.5 h suggesting that the is a direcpH effect on b-glucosidase activitybut
that this is not maintained’he b-glucosidase aitity increased by a factor of 4i@ the CQ
treatment and 3.8 in the acid treatment at 0.5 h after acidification to pHr¥cohtrastLeu
aminopeptidase activity in the acidified treatmentswot significantly different fom the
ambient controlUsing the same artificial fluorogerscibstratesRiontek et al(2013)detected
a direct response to sample acidification, showwet}-s p e c i-gfucosidasé and Leu
aminopeptidase activityjcreased by a factor of 2.1 and 1.8 respectively at pH 7.79.

Enzymes havalifferent pH optima(Tipton & Dixon 1979) and so a change in pH may be
increasingly optimal for some enzymes and less optimal for others. These results, together with
those of Piontek et al. (2013) suggest gitat7 8 was closer to the pH optima pfglucosidase,

while my results suggest thatH 7.8 was further away from the pH optima of protease.

The b-glucosidaseresponses supported byParham & Deng(2000) who discovered that
b-glucosidase activity in soils had an optimal pH of 5.5. The contraséagminopeptidase

pH responseéetectedy Piontek et al. (2013) could be attributed to a different type of protease.
The immediate die t -glucosidase response could have resulted froohange in H
concentratiorwithin the surrounding environmerithis couldaffectthe protein tertiary and
guaternary structureas these are dependent on chacharge interactiongApplebury &
Coleman 1969)A change in Hi concentratiorcould also directly change the charge of key
residues in the enzymesd act attradbnandattieessite pot en
accessibility. This wouldresut in faster more efficient substrate transformation and turnover
(Dixon 1953), in either case modulgg the activity of the enzymé&inder more extreme pH
changes, a significant increase i ¢bncentratiorcould result in changes in intramolecular
forces, influencing the structural stability of the enzyme and ultimately the exterior three
dimensional structure of the enzymes active $ifggon & Dixon 1979) If thetarget substrate
molecule can no longer fibto the enzymés active site, the enzynveould become inhibited

with a reduction in activityContinued structural changeould lead to thenzymds protein
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structuesfailing, causing the enzyme to unfold andt@epermanentlyenatureqTipton &
Dixon 1979).In this shoriterm acidification trialthe modest pH changes are unlikely to lead
to denaturation of the proteinand indeed, there was no significant decreasieatment

activity relative to controls.

Results from this shoeterm acidification trial showed that a direct effect of lowErwasnot
maintained. It iconceivable thathe initial increasén activity stimulated feedback inhibition
and a decrease further enzyme synthegiBerg et al. 2002)The increase in Hconcentration
whichs t i mul at e -@lucbsidase activity tespansayfave alsceduced the bacterial
cell membrane permeability, therelreducing further enzyme release (Jacobs 1940).
Differencein seawatecarbonatehemistry between the two acidified treatmetitsnothave

a significansshorttermeffect on extracellular enzyme activiglthowg h -glicosidase activity

was initially significantly higher inboth treatmentsBoth treatmentsand controlshowed a
declinein activity at8 h, followed by recovery at 24 h, indicating a common response possibly
associated with the microbial community. If the elevdtaegiucosidase activitis maintained

for a longer temporal period, this may have implications for organic matter remineralisation in

a future low pH ocean.

In summary, thee results show thaain increase in seawateacidification either through
addition of acid or C@gashas & immediatedirect positive effect ob-glucosidasectivity,
although this was not sustained beyond 6 h, had no detectabledirect effect on
Leu-aminopeptidasactivity. Althoughthere was a shoeterm stimulation of the activities of
both enzymes to 3 h, there wassignificantdifference in the response overdiherefore the
differing approaches used, and tiesulting differences inllealinity and DIC did not have

differential direct effects.
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3.3 Seawater acidificationmethodology

3.3.1 Introduction

The following experimentation continues on fr@action 3.2 tdurther examine the influence

of acidification technique on extracellular enzyme activity in longer incubations.
Whenartificially adjustng the carbonate chemistryf seawater the acidification method
selected needs to be consideireterms ofphysical and biogeochemicaitefacts as well as

the effecton the carbonate chemistry of seawaBaveralmethods exist to artificially adjust
seawater pHRiebesell et al. 2010Thesimplestmehod involves the addition of a stroagid
(typically HCI) to an open systenfSection 3.2.1).Anothercommon method oteawater
acidification is through the use of G@as mixturegSection 3.2.1which alters the seawater
carbonatehemistry in the same way predicted to occur from the uptake of atmospheric CO
(Rost et al. 2008, Gattuso & Lavigne 2009, Schulz et al. 2009, Riebesell et al. R@4lxtic
future carbonatsystemresponseganalsobe achieved by adding equimolar amountsuof

acid and a ase HCIl and NaHCQ to a closed systerfRost et al. 2008, Gattuso & Lavigne
2009, Shi et al. 2009] he addition of the acid reduces pAdmaintains the balance of charged
species and #dreforethe sample TA, while the addition of the carbonate species increases the

sample DIC([Emerson & Hedges 2007@quation below

HCOs +H'Y C® H0

A review byHurd et al. (2009¢oncluded that condération of the acidification method is vital

as the difference in samptarbonate chemistry has tpetential to influence phytoplankton
photosynthesis and growth rates, as well as POC production peSdalilz et al. (2009)
suggestd that biological organisms are likely to respond to changes in individual carbonate
chemistry (e.g.changes in B CO;, HCOs or CQs?), rather than changes in overall DIC or
TA. For calcifying plankton, the change in carbonate spemvasability could also affect
calcification rates and even dissolution raf@folf-Gladrow et al. 1999, Feng et al. 2009,
Hendriks et al. 2010)Shi et al. (2009) alsoeported that acidification methods should be

66



considered based on the experimental objectieesnstance, theye@monstratedhat the use

of buffers to acidify samples resulted in changes in trace metal availability, suggesting that this
method should not be used unttace metal limiting conditionst is also feasible that changes

in carbonate chemistry could significantly altactive and passive cellular transport
mechanismgJacobs 1940)hereby directly affectingpacterialextracellular enzyme release
andalso LMW substrate assimilation.

Not only is the method of acidification of importance, but so too is the method of application.
One possible method of introducing £@as into a seaater sample is through bubbling.
Althoughthis method isimple to implement and run for extended periods, it is challenging to
control the carbonate chemistry duenasitu biological activity(Hurd et al. 2009)There is
also amechanical disturbance associated with bublfli@ggasthatmay influencecoagulation

of organic maer (Kepkay & Johnson 1989, Zhou et al. 1998, Engel et al. 2@84yellas
microbial interactiongKepkay & Johnson 1989Because this research concernsttheterial
transformation and processing of HMW organic mattary artefact onorganic matter
coagulatiormay significantly affect experimentdindings Overall, effort should be made to
avoid use of mechanicaubblingwhenever possiblgRiebesell et al. 2010, Weinbauer et al.
2011).An alternative method ahtroducing CQ gasis by gaspermeablesilicon tubing as
used inLaw et al.(2012 andHoffmann et al(2013) A potential downside of this method is
the marginal increase in surface awmdlbwing possible bacterial attachment and grawth
Although this method of pH adjustment is considerably more time consuimamy CQ
bubbling themechanicakffectof bubblingis removedas a potential confounding variable yet

it still results inrealistic carbonate chemistr{Riebesell et al. 2010Research has been
conducted comparing the effect of acid/base acidification with th@Oafgas bubbling on
phytoplankton growth, with no significant effect detec{€hen & Durbin 1994, Shi etl.a
2009, Hoppe et al. 2011 owever no research haseen arried outdirectly compang the
bacterial response to adidse addition and CG@asaerationwith that of CQ gas introduced

through gaspermeable silicon tubing to determine the most slgtabidification method.
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3.3.2 Methods

Two separate OA perturbation incubations were conducted under controlled temperature
environments, one iautumn(May 2013i trial 1) and the other in early spring (October 2013

T trial 2). Coastal seawatavas collectedand underwent the same twstage filtration as
described inSection 3.2.2 Threedifferent acidification methods were selected to acidify
seawater to that predicted thye end of the centuipH 7.80,Riebesell et a2010), includng

acid addition using 0.1 M HCI, referred to as the acid treatment, bubbling&Qhrough an

acid washecquariumairstone, referred to as the airstone treatneand introduction of C®

gas througlgaspermeablesilicon tubing fitted toa custoramade nylon screweap Section

2.1), referredo as the perrtubing treatment. Each acidification treatment was incubated i

triplicate along with an ambient seawater control.

The permtubing treatment was acidified through the sequential application of 100%
synthetically produced @ gasfor 25 minand10% CQ gas (in 20.8% @in N2, BOC Gas

Ltd) for 60 min The initial useof high concentration Cmade it possible to reach the target
pH of 7.80within 3 h. The airstone treatment was acidified by direct bubbling of 742 patm
COp gas(in 20.95% Qin N2, BOC Gas Ltdfor 143 min until the target pH 7.80 was reached.
The volumeof 0.1 M HCI required to acidifghe acid treated sample to pH80 (trial %

2.0 ml, trial 2 3.1 ml)was calculatethased on the known sample volume, DIC and TA using
a pCQ amendment spreadshdé&r Kim Currie, NIWA/University of Otag) basel onan
algorithm from Dickson et al. (2007)Each sample pH was further verified using a pH
electrode. The differenteatments were acidified at a similar rate over a 150 min period. Each
treatmentwas incubated inacid washed miliQ waterrinsed 4.31 LDPE cubitainers
(ThermoFisher Scientific), gaseous headspace was removed and no further artificial pH
adjustment toolplaceover the 96 h incubatiofach cubitainer was housed in one of the two
incubation chamber$éction 2.1), temperatusmntrollers were set at situambient seawater
temperature and milxg was achieved atescribed irbection 2.1. Throughowachincubation

a range of parametersag/sampledevery 24 h ¢r as indicated in Tabl&.1) following
techniques described i@hapter2. The initial timezero sampling occurred after pH was

adjusted.
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Table3.1. Parametesampling protocol, showing the total number of times a parameter was
sampled and its respective sampling frequency [in square brackets], following an initial
time-zero sampling point. Parameters in bold indicate primary sampling significance

Paameter sampled Samplingprotocol
b-glucosidase andJ-glucosidase 4[24 h]
Leu-aminopeptidase andArg-aminopeptidase 4[24 h]
Bacterial numbers 4[24 h]
Synechococcuspp. numbers 4[24 h]
Total eukaryotic phytoplankton numbers 4[24 h]
BSP (DNA & protein synthesis) 4[24 h]
DIC 2 [48 h]
Alkalinity 1[96 h]
3.3.3 Results

3.3.3.1 Extracellular enzyme activity

During trial 1,each extracellular enzyme significantly declined in activity across all treatments
from timezero to 96 h RM-ANOVA, p < 0.0001,Fig. 3.8). Timez e r -glucdsidase and
U-glucosidase activity was significantly higher in each treatment when compared to the ambient
control, with bothenzymesdecliningin a similar trend to 96 (Fig. 3.8).The b-glucosidase
activity was highest in the airstone treatmantach sampling point fro@% h(11.65 nmol I*

h1to 96 h (1.23wmol *h? Fig.3.8.Si gni f i ¢ a rgludosidade actvityes detbcted

in the acid treatment and pettabing treatment at 24 h, 48 h and 7®@lmen compared tthe
ambient control (Fig3.8& p-values in AppendiB: 3.1). The U-glucosidase activity declined

in all treatments throughout trial 1, with thegghest activity in thecid treatment from 24 h
(2.62nmol I* h') to 96 h (0.661mol It h'l), although thisvas not significantly different from

the airstondreatment (Fig3.8). The Uglucosidase activityvas significantly higher in the
permtubing treatmentompared tahe ambient control at each sampling point from tzaso
(1.70nmol I* h'Y) to 72 h (0.95nmol ! ht, Fig. 3.8 & AppendixB: 3.1).
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Arg-aminopeptidase activity was highest in the acid treatment at each sampling point from
time-zero (40.5&mol 1 hl) to 96 h (24.8mol ! hl, Fig. 3.8), and the only treatment to
contain a significantly higher activity than the ambient control (Fig. 3.8 & Appendix B: 3.1).
Similarly, Leuaminopeptidase activity was highest in the acid treatment at each sampling point
from 24 h (71.14mol * h?) to 96 h (42.22mol I h'l), with activity significantly higher than

the ambient control at each sampling point from tzaeo to 96 h (Fig3.8 & Appendix B:

3.1). The Leu-aminopeptidase activity was also significantly higher in the airstone treatment
and permtubing treatmenivhen compared to the ambient control at 48 h and 72 h3Bi&.
Appendix B: 3.1)
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Totalcell-s p e ¢ igfudosidasé activity in the airstone, petubing and acid treatment
declined from timezero to 96h (Fig. 3.9). Despite this, a significantly higher calpecific
b-glucosidase activitywvasmeasuredn each treatmeritom time-zero to 48 lwhen compared
to the ambient contrd ANOVA F1 3, p < 0.05, Fig.3.9). Throughout trial 1,he cell-specific
b-glucosidae activity in each treatment became increasingly similar to the ambient control,
with very similar values at 96 h (Fig. 3.9)ptal cell-specific Ledaminopeptidase activigiso
declined in each treatment from tirmero (195.7%amol i* h'') to 96 h (5662 amol * h,
Fig. 3.9). A higher celispecific Lesaminopeptidase activity was detecte@daich treatment at
selected sampling points from timaero to 96 h, similar to that detected of
Leu-aminopeptidase activity (Fig. 3.8).oever, only the acid treatmecdntaineda higher
activity throughoutnuch ofthe incubation (Fig. 3.9).
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Fig. 3.9. Cell-specific extracellular enzyme activitthroughouttrial 1 (mean + SEn=3).

Treatment legend airstone red circles acid pink diamondspermtubing blue
squaresambient controlgreen triangles
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In contrast to trial 1, which took place autumn -glicosidaseactivity more than tripled
across all treatmenfsom 24 h to 96 h during trial RM-ANOVA F3, 9= 42.28,p < 0.0001,
Fig. 3.10). The highesb-glucosidase activityas detected in the airstone treatnfemin 48 h
(0.18nmol r* ht) to 96 h (0.04mol It 1), with activity significantly higher than the ambient
control at each sampling point from 24 h to 9@ he acid treatment was the only treatment in
which Uqglucosidase activity was detectedhis activity increased from timeero
(0.07 nmol It h1) to 96 h (0.40nmol It h?, Fig. 3.10). In direct contrast to trial 1,
Arg-aminopeptidase activitwas significantly lower in the acid treatmehtanthe ambient
control from timezero (20.6%mol ! h'!) to 72 h(14.68nmol ! h, Fig.3.10& Appendix

B: 3.1). While similar to tle trenddetectedn trial 1, the airstone and pertubing treatment
followed similar activityprofiles @& thosan the ambient control (Fig.10. In contrast to trial

1, Leu-aminopeptidasactivity wassignificantly lower in the airstone and acid treatment when
compared to the ambient contatltimezero(Fig. 3.10 & Appendix B: 3.}, activity increased
by 50% a&ross all treatmentsom timezero (20.8Inmol ! ht) to 96 h (30.581mol I h?,
RM-ANOVA F4 32 = 65.42,p < 0.0001 Fig. 3.10. The Leu-aminopeptidasactivity was
significantly higher in thggermtubing treatmenthan theambient control at each sampling
point from 24 h (23.17mol It hl) to 96 h (31.74mol It h, Fig. 3.10& Appendix B: 3.).

At the final sampling pointLeu-aminopeptidase activity was significantly higher in each
treatmenthan inambient controlbut activity was significantly highan the airstone treatment
relative toboth the prmtubing treatment and acid treatmehig 3.10& Appendix B: 3.).
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A very similar treatment response waketected between b-glucosidase activityand
cell-specifich-glucosidase activitguring trial 2 Cellspecifich-glucosidase activitincreased
across all treatments from tirzeroto 96 h (Fig. 3.11); this trend contrasts that from trial 1
Cell-s p e c igludosidasé activity was highest in theid treatment at 24 h (0.2#mol [*
h1), while celtspecific activitywas highest in the airstone treatmérom 48 hto 96 h;each
was significantly higher than the ambient control (ANOVA, & p < 0.05 Fig. 3.11).
In contrast to Letaminopeptidase activity (Fig. 3.10)elespecific Ledaminopeptidase
activity declinad by 42% across each treatment from tineeo (93.32amol [* h') to 72 h
(53.72amol ' h?, Fig. 3.11) In contrast to trial 1,el-specific Leyaminopeptidase activity
wasalsosignificantly lower in each treatment when compared to the amntaeerrol at time
zero (ANOVA R, 2, p<0.05 Fig.3.1]). Cell-specific Ledyaminopeptidase activity was highest
in the permtubing treatment at 24 h (78.64nol * h'!) and 48 h (63.9amol ! h1), both of
which were significantly higher than tlaenbient control (ANOVA [ 2, p <0.05 Fig. 3.11).
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Fig. 3.11 Cell-specificextracellular enzyme activitthroughouttrial 2 (mean + SEn=3).
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3.3.3.2 Cell numbers

Trial 1 bacteriakcell numbersncreasedn eachtreatment frontime-zero to 96 h, whileatal
Synechococcusspp. and eukaryotic phytoplanktonnumbers declined (Fig. 3.12.
Total eukaryotic phytoplanktonumbers were significantly lower in the petabingtreatment
and airstone treatmetitanthe ambient control at tiraeero (Fig.3.12& p-values in Appendix

B: 3.2); this trend was alsevidentwithin the permtubing treatment at8h (ANOVA F, 4=
11.51,p < 0.05, Fig.3.12. Bacterial cell numbers were significantly higher in the airstone
treatmentand acid treatmenvhen compared to the ambient control at 96 h (Bi§2 &
Appendix B: 3.2.
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Fig. 3.12. Bacteria,Synechococcuspp. and total eukaryotic phytoplanktoell numbers
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During tial 2, bacterialcell numbersalso increaseth eachtreatment from timeeroto 96 h
(RM-ANOVA F4, 28= 1028.3,p < 0.0001), while totalSynechococcuspp. and eukaryotic
phytoplanktonnumbersdeclined significartly (RM-ANOVA F4, 32p <0.000] Fig. 3.13.
Bacterialcell numbers were significantly higher in thermtubing treatment(3 x 1 cells
ml1) than theambient controbt time-zero @ x 1@ cells mit, ANOVA Fi1, 4 p < 0.01) but
significantly lower(3 x 10° cells mit) than theambient control at 48 t x 1@ cells mf?,
ANOVA F1, 4, p < 0.01) Bacterialcell numbers were significantly higher in each treatment
when compared to thEmbient control at 96 (ANOVA F1,4p < 0.05, while total eukaryotic
phytoplanktonnumbes were significantly lower in theistone treatmenthanthe ambient
controlat timezero, 48h and 96 HANOVA F1, 4, p<0.05,Fig. 3.13.
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3.3.3.3 Baderial secondaryproduction

A significant positive relationship waseasuredbetween DNA and protein synthesates
throughout trial 1(linear regressiorp < 0.01, r = 0.52). DNA synthesisincreasedn each
treatment from timeero to 96 (RM-ANOVA F4, 32= 54.23,p < 0.01, Fig.3.14). A higher
DNA synthesigatewas detected in the airstone treatnarttmezero (57.01 pg C1d?) and
96 h (141.53 pg C1dY) when compared to the ambient con{(@6.26& 102.20 pug Ctd*
respectively, Fig. 3.14 &-values in AppendiB: 3.3). Protein synthesialso increasenh each
treatment from timeero to 96 {RM-ANOVA F4,32=22.85p<0.01, Fig.3.14). The potein
synthesisrate was significantly lower in thairstone treatmentl.08 pg C * d') than the
ambient control aime-zero (1.22 pg Ctd?, Fig. 3.14 &Appendix B: 33). A higher protein
synthesigatewas detected in each treatment48 h, 72 h and 96 h when compared to the

ambient control, however not all treatments were statisticallgréifit from thembient control
(Appendix B: 3.3.
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Incubation time (h)

Fig.3.14. BSPthroughoutrial 1 (mean + SEn=3). Treatment legend airstonered circles
acid pink diamondspermtubing blue squaresambient controlgreen triangles
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As in trial 1, asignificant positive relationship wadsomeasuredetween DNA and protein
synthesigatesthroughout trial 2I{near regressiom < 0.0001,r = 0.60).In each treatment,
DNA and proteirsynthesigatesincreasedrom time-zero to 96 t{Fig. 3.15. Therate ofDNA
synthesis increased significantiy the acid treatmenafter longterm (> 48 h) exposure
(Fig. 3.15 & Appendix B: 33), with protein synthesisates indicatinga similar positive
long-term respase ineachtreatment (Fig3.15& Appendix B: 33).

DNA synthesis(ug C11d})

Protein synthesis (ug C 1"t d™Y)

\ \ \ \
0 24 48 72 96

Incubation time (h)

Fig. 3.15. BSPthroughoutrial 2 (mean + SEn=3). Treatment legend airstonered circles
acid pink diamondspermtubing blue squaresambient controlgreen triangles

3.3.3.4 Carbonate chemistry

During trial 1, as expectedlkalinity was significantly lower in the acid treatment
(2245umol kg?) than in theambient control(2295 pmol kg!, ANOVA F1, 4 = 847.12,
p < 0.01) thepermtubing treatment (229fmol kg', ANOVA F1,4 = 663.80,p < 0.01) and
the airstone treatmerdat 96 h (2300 umol kg!, ANOVA Fi 4 = 143.34,p < 0.01).

Similarly, during trail 2 alkalinity was again significantly lower in the actdeatment

79



(2208umol kg 1) thanthe ambient control (2285 umol RgANOVA F1,4=8511.45p < 0.01),
the permtubing treatment (2285 pumol Kg ANOVA F1,4 = 32687.38,p < 0.01) and the
airstone treatmerat 96 h(2285umol kg?!, ANOVA F1,4 = 15918.32p < 0.01).

During trial 1, DIC concentrations were significantly higher in thermtubing treatment
(2139 umol kg') and airstone treatment (218ol kg') than theambient control at 24 h
(2110umol kgt, ANOVA Fy, 3, p < 0.05 Fig. 3.16), while the same treatment trend was also
apparent at 96 h (ANOVA1f, p <0.05, Fig.3.16. The was no significant differeain DIC
concentrations between the acid treatment (2095 umd)l &gd the ambient control at 96 h
(2094 pumol kg', ANOVA F1, 3= 8.80,p > 0.05, Fig.3.16).

2150
214

o 213

2

= 212

S

O

a 2100
2090% 1
2080} —‘r

24 96

Incubation time (h)

Fig. 3.16. DIC concentrations per treatment at 24 h and 96 h during trial 1 (meam&3E
Treatment legend airstone red circles acid pink diamondspermtubing blue
squaresambient controlgreen triangles

Using the determinedsample alkalinity and gCQ: speciation calculatorCOy calc
(Hunter 2007)actual DIC values were validated to within 2% of gredictedDIC values.
During trial 2, DIC concentrations were significantly higher time permtubing treatment
(2114 pmol kg') and airstone treatment (2125 umotikghanthe ambient control at 24 h
(2070 pmol kg', ANOVA F1, 3 p < 0.01),while the same treatment trend veetectedat 96 h
(ANOVA F1,2,p<0.05, Fig.3.17). As previously discovered during trialDIC concentrations
were not significantly different betweehe acid treatmerf056umol kg 1) and ambient
control (2080 umol kg) at 96 h (Fig3.17).
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Fig.3.17. DIC concentrations per treatment at 24 h and 96 h during trial 2 (meam&3E
Treatment legend airstonered circles acid pink diamondspermtubing blue
squaresambient controlgreen triangles

Summary of results

Overall, the results show thdt-glucosidase activity was highest in the airstone treatment at
48h and 96 h i n-glhoodidhse was highéssin thewdiditréagmerid (Table 3.2).
Leu-aminopeptidasend Argaminopeptidase activity was highest in the acid treatment at
48 h and 96 h during trial 1. Bacterial cell numbers were highéke acid treatment at 96 h
during triak 1 and2, while protein synthesisateswere highest in the acid treatment at 48 h

duringboth trials (Table 3.2).
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Table3.2. Summary okachparameter response whesmpared to the ambient contrpl< 0.09. Blue shadesignificant response at 48 ho
shadesignificant response at 96 y1.parameter significantly higher than the ambient con#aignificantly lower, empty cell no significant
change wasletectedl: highest numerical respons& median numerical respons$ejowest numerical response; similar numerical values

Trial 1 (late summer May 2013)

Trial 2 (early spring October 2013)

Parameter

b-glucosidase

U-glucosidase

Arg-aminopeptidase
Leu-aminopeptidase

Bacterial numbers

Synechococcuspp. numbers

Total eukaryotic phytoplankton numbers
BSP (DNA synthesis)

BSP (protein synthesis)
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3.3.4 Discussion

Temporal enzyme activityresponsesvere differentbetweenthe two trials, for instance,
enzyme activitiesind celispecific activities declirgtin each treatment during trial Whereas
b-glucosidase activitycell-specifc b-glucosidaseactivity and Ledaminopeptidase activit
increasedluring trial 2 This opposing trenchaysignify differences in substrate concentrations
and biological communitieassociated with the different tismef yearthat each trial was
conductedautumnand early springd-glucosidaseactivity, cell-s p e c {glicos@aséctivity

and Leu-aminopeptidase activity as higher in trial 1 when compared to trial 2, possibly
corresponding to a highsubstrateoncentration in trial IVrba et al. (1992)eporteda spring
glucosidase activity maxiom in eutrophic freshwatewhile Engel et al. (2014)oncluced
that extracellular enzyme activity was tightly coupled with the availability of organic matter in
the ocean Total eukaryotic phytoplankton arfllynechooccus spp. cell numbers weralso
higher in trial 1 when compared to trial@tentially due to the higher light and coastal water
temperaturesn autumn(Sverdrup et al. 1942aJhe higher phytoplankton biomass in trial 1
could have produced@gher concentration of DOC either directly by cellular exudaton
indirectly by @Il lysing from phytoplankton grazingKim et al. 2011) providing precursor
materials for the abiotifiormationof HMW organic matte(Zhou et al. 1998, Wurl et al. 2011)
andthereby stimulating the higher overall enzyme actindgtectedDuring trial 1, the large

i mmedi at e dglfu eaoxindgrcosidase dutvitylbetween each treatment and
the ambient control at timeero supports the findings concluded during gtertterm

acidification trial(Section 3.2).

Regardless of seasonal differences between the two trials, the different acidification approaches
had significantly different effects on enzyme activities and other paraméterairstone
treatmenshowedhe highestb-glucosidase activitpnd cellspecificb-glucosidase activity in

trials 1 and 2(Table 3.2) Thei n c r e-glwasidasebactivitynay reflecta bubblingeffect

which could have ruptured phytoplankton celi®leasng labile organic substrate This is
supported by the immediate decline in total eukaryotic phytoplankton cell numbers in the
airstone treatment in both trialehe negative phytoplankton response in the airstone treatment
contradicts that reported by other researchers. For exa@ipte, & Durbin (1994)eported no

significant difference in the response of the phytoplankfmctiesr halassiosira pseudonana

83



andT. oceanicabetween acid/base addition and £fas bubbling from a pH range of 7.0 to

9.4. Hoppe et al. (2011¢ompared the response tbk coccolithophoreEmiliania huxleyito
seawater media acidified by acid/base addition angiga®aeration, concludimgp significant
difference in growth or calcification rates between the methodologies, while Shi et al. (2009)
also reported that there was no significant difference in the calcification or growth rate of
Emiliania huxleyibetween acidification using acide, buffers or C&gas bubbling. In this
thesis research, although the acid treatment was not shown to have a direct effect on
phytoplankton cell numbers, the airstone treatment had a direct negative effect on total

eukaryotic phytoplankton in both trials

The acid treatment stimulated the highestU-glucosidase, Argminopeptidase and
Leu-aminopeptidasectivity during trial 1,althoughthis same response was m@tectedn

trial 2 (Table 3.2) Again,this variation in enzyme response between trrabsy reflect
differencedn the availability ofenzyme specific substrate. During trial 2, an indirect positive
enzyme response westectedn the acid treatment from 72 h to 96ahichcould be explained

by the change in carbonate chemisincreasing the rate of substrate coagulation, possibly
increasing substratgickiness(Mari 2008)when compared to the ambient aqoht The acid
treat ment al so s h ogleatidaseraetvity duling triafl 22 duggesting thdt e U
the acid treatmenhay havediffering indirect effects on different enzymes and their specific
substrate compositionExtracellular enzyme aciives within the perrtubing treatment were
closest to those detected in the ambient control across all acidified treatments throughout trials
1 and 2.

The increase in enzyme activity would increase the availability of LMW organic matter for
bacterial assnilation, supporting the late increase in bacterial cell numineasuredn the
airstondreatmentn trial 1 and ATable 3.2)A positivebacterial response to physical bubbling
was also discovered bilepkay & Johnson (1989)who suggested that surface DOC
coagulation facilitated by bubbling resulted in increased heterotrophic respiration anbacter
numbersBubbling may havencreased the abiot@pagulatiorof organic matteand formation

of HMW glucose based substrate when compared to the other acidified treafrhentsuld
expl ai n t hglucosidase activitysarddcdlfp e ¢ iglicos@as® activityneasured

as well as the increase in total BSme trendin b-glucosidaseactivity, howeverwas not

detectedor any other enzyme in either tridt is possible thathe shape, size or densityasiyl-
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b-glucosides and cellosesubstrée makeshese morsusceptible to coagulation by bubbling
when compared to other organic subsgatesulting in an increase in HM®/linked glucose

substrate relative to the other substrates present.

The airstone treatmerdlso had a positiveeffect on DNA and protein synthesrstesfrom

72 h to 96 Huring trial 1, wlile the acid treatmeritad the same effeat trial 2 (Table 3.2)
Thei ni ti al s t-glucositiaaet activity in aril 1 fmay have increased substrate
availability for baterial growth and assimilation aseasuredn the later phase of trial 1.
As DNA and protein synthesmtesincreasedn the airstone treatmerglative to the ambient
control, both metabolic pathways were activetire bacterial communityDuring the irtial
stages of trial 2all treatmers showed similaDNA andprotein synthesigates tahe ambient
control, indicatingthat BSP was not directly affected the method of acidification. During
trial 1, protein synthesis the permtubing treatment was not significantly different from any
other acidified treatment, however during trigdr®dtein synthesis in the pertabing treatment
was significantly lowefrom 48 h to 96 twhen compared to the acid treatméFable 3.2.

Due to the comasting response between triaks, direct treatment affect is not likely
Importantly, he responseof extracellular enzyme activities, bacterial cell numbers and BSP

in the permtubing treatment were closest to thoseasuredn the ambént control.

The DNA synthesisesponsen the airstone treatment correlated well to the late increase in
bacterial cell numbers in trial 1, while the high Aaminopeptidase and Leaminopeptidase
activity in the acid treatment corresponded with an irsgeéa protein synthesis and bacterial
cell numbers throughout trial 1. Thegarameter correlations show thatal BSP may have
been correlated with the catabolic breakdown of HMW organic matter, providing LMW
substrate suitable for heterotrophic assitiala and subsequent cellular growilonso &
Pernthaler 2006, Allers et al. 200A)thoughsimilartemporal parameter correlations were not
as obvious during trial 2, the airstone treatment dosbtow a late increase in
Leu-aminopeptidase actiyi which corresponds well to an increase in protein synthesis and a
late increase in bacterial cell numbeResearchsuggest that before bacteria can actively
assimilatelabile substrate into their cells, extracellular enzymes st transform HMW

into LMW products(Law 1980, Azam & Ammerman 1984, Azam & Cho 198Wnster
1991)
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In summarytrial 1 showedthatcoastakeawater acidified with either acid or €gas resuéd

in higher enzyme activities when compared to an ambient covixahtion intheresponse of
extracellular enzyme® the differat acidification methodwas evident between trials run at
different times of the year, most likely reflecting differences inithsitu organic matter
concentration andacterial communitgomposition Significant dfferences were measured
totalgluccsidase activity between the airstone treatment and-péyimg treatment during trial

1, with higher activities detected the airstone treatmenfotal eukaryotic phytoplankton cell
numbergeclined in the airstone treatmehiring trial 2, possibly due to the mechanical effect
of bubbling causing cell lysing. Significant differences were alsasuredh protease activity
between the acid treatment and the parlmng treatment during trial 1, witihgher activities
detectedin the acid treatmentConsequentlythe method of acidificatiorhasan effect on
extracellular enzyme activityParameteresponses in the pertabing treatment were closest
to those detected in the ambient control throughout both @iads, combined wth the fact that
this method has the least impact on mixing, and also produces the spgeiethalance in
carbonate chemistryt is the most suitable method of acidification for use in future OA

experimentation
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Chapter 4 : The response of enzyme activity televated temperature and low
pH in near-surface open ocean phytoplankton blooms

4.1 Introduction

The initiation of a phytoplankton bloom requires a combination of suitable photosynthetic
active radiation, surface ocean tesratures,dissolved nutrient concentrations, namely
nitrogen and phosphorusace concentrations of iron and other elements, as well as a low
grazing pressuréSverdrup et al. 1942aPhytoplankton blooms are characterised by the
drawdown ofdissolved mtrients and subsequent increase in phytoplankteii numbers
(Sverdrup et al. 1942a, Eppley & Peterson 1979, Finkel et al. 2Bh@oplanktorderived
organic exudation typically increases with increasing phytoplanktombersuntil the bloom
peaks(Sverdrup et al. 1942b, Engel et al. 2011, 2024high concentration of dissolved
carbohydrates typically marks the peak in phytoplankieth numbers(Engel et al. 2011,
2014) followed closely by a declinen numbersdue to a combination of nutrient limitation
and cell mortality, led by increasing grazing pressure and viral (¥5igel et al. 2008,

Danovaro et al. 2010)

Phytoplanktorderived dissolved organic matter (DONWpically consists of a range of
carbohydrates, proteins, amino acids and ligWfdliams 1975, Azam & Cho 1987, Benner
2002, Church 2008, Engel et al. 201the composition and concentrationwhich varies
significantly throughout a bloom, as well as between different phytoplankton b{@arison

2002, Engel et al. 2, 2014) Some bloorrforming phytoplankton communities produce
DOM which consists of a higher carbon or nitrogen component, while other {twormg
communities may produce more DOM per c@iingel et al. 2011, 2014)During a
phytoplankton bloom, amino acids are often rapidly utilised and therefore typically occur in
low concentrations. Complex carbohydrates however, take longer to degrade and often

acamulate towards the end of a blogEngel et al. 2014)

Heterotrophic bacteria remineralisbypoplanktonderivedparticulate organic matt¢POM)
through the use of extracellular enzymes, producing labile nmhecularweight (LMW)
substrate which drives thmicrobial loop (Azam et al. 1983Section 1.6)and supports a
substantial portionof bacterial secondary mduction (Rich et al. 1996, Carlson 2002)
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Oceanacidification and warming have a range of direct and indirect effects on bacterial
extracelular enzyme activities. For instandew pH may alter thelonisation state of the
enzymé& component amino acidgDixon 1953) affecting the polar and nepolar
intramolecular attractive and repulsive forces within an enzyme, possibly leading to inhibition
or alteredsubstrate affinityA reduction inpH may also change protein amino acid side chains
into carbonyl groups (ketones and aldehydes) through oxid&ioruki et al. 2010} ow pH
conditions could also haweveralindirect effectson extracellular enzyme activitiesich as
changes in the phytoplankton and bacigiankton community compositigiiRiebesell 2004,
Engel et al. 2008, Witt et al. 2011, Endo et al. 2p@BYytoplanktorcell numbergRiebesell et

al. 1993, Schulz et al. 20138nd an increase in phytoplanktaterived carbon rich organic
exudation(Engel 2002, Engel et al. 2014)

Temperatureplays a key role in the regulation of enzyme kinetjmgviding energy to
overcome thactivation energy of a specific enzyifeebe & WolfGladrow 2001, Daniel &
Danson 201Q)ncreasing its turnover rateélevated temperature may also hagessalindirect
effectson extracellular enzyme activitiesuch asncreases in bacterial metabolic potential
(Sherr & Sherr 1996, Zeebe & WadBladrow 200}, increased exudation of
phytoplanktorderived DOM(Engel et al. 2011andabiotic coagulatiorandthe formationof
high molecularweight (HMW) organic mattefEngel 2002, Piontek et al. 2002k well as a
change in bacterial community compositi¢hinkel & al. 2010, Huertas et al. 2011)
Becausesurface ocean organic mat@mposition and concentration deegely determined
by the dominant phytoplankton communigysignificant change ithis communitycould alter
theorganic carbomvailable in thesurface oceafCarlson 2002, Moran et al. 2006, Kim et al.
2011, Tada et al. 2011, Engel et al. 20Djferences in the composition, concentration/and
aggregation potential of phytoplanktderived organic matter may affebtydrolysis of
bacteral enzymea, as well as how enzyme activity will respondeievated temperature and

low pH conditiongredicted tdoy the end of the century

Engel et al. 2014) report that future low pH will enhancethe production angbarticulate
aggregatiorof organicmatter duringcoastal phytoplankton blooevents Similarly, research
by Piontek et al. (2009) reportedsggnificantly higherparticle aggregation and total POM
concentration under elevated temperatugegiel et al. (2011however reporedthatelevated

temperaturemay have asignificant negative effect on the total amowtpolysaccharides
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produced during a phytoplankton bloom, but stiaéthis is unlikely to affect dissolved amino
acid composition. Becaug®lysaccharide makeup a significanproportion ofDOC released
by phytoplankon during a natural bloom formatidingel et al. 2011, 2014nd are also
component®f HMW organic mattefVerdugo et al. 2004, Wurl et al. 201HMW substrate
composition and concentrationtimefuture ocean may depend on the eff#atach individual
driver on a spatial and temporal scdtaportantly, there is also thgotential for interactive
effects additive,synergisticor antagonistit between the two driving factors, which could also

vary on spatial and temporal scales and between different bloom communities.

It is possible thaklevatedoceantemperaturewill alter the physical structure of the HMW
substrateits size, shape afat density(Piontek et al. 2009)Thesechanges could further
influence the efficiencyith which the substratas broken down by extracellular enzymes
(Munser 1991, Abdullahi et al. 2006)f extracellular enzyme activés differ between
phytoplanktoncommunities under elevated temperatures and low pH condpredscted by
theend of the centuryariation in theemineralisation rates @urface oceanrganic matter

is likely to occur. This potential outcome would modify the strength and efficiency of the
microbial loop, thereby affecting heterotrophic respiration and the vertical flux of organic
matter entering the biological carbon pumA. significant change in the strength of the
biological carbon pump could alter the amounbafaniccarbon sequestered and the overall

balance of inorganic and organic carbon in the ocean.

The aim of the following chapter was to investigate potential changes icealkitar enzyme
activities in response to elevated temperature and low pH predicted by theteadentury
between different neaurface open ocegrhytoplankton bloom types.
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4.2 Methods

Four perturbation incubatior(§ to 4)were completediuring two researctcruises in2012.
Time-zero bulk seawatdor incubatiols 1, 2 and 3 wscollectedfrom a depth of 10 m from
independent sites acrodse Chatham Rise, New ZealaifBig. 4.1). Time-zero bulk seawater

for incubation 4 was collected from a depth of 10 m outside the Cook Strait, South Coast, North
Island (Fig.4.1).
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Fig. 4.1. Bulk seawater collection sites for incubasdnto 4. Colour bathymetry highlights
the Chatham Rise off the East Coast of the South Island, New Zealand. Annotated
numbers correspond to respective incubation experiments

Seawaterwas collectedfrom an independent phytoplankton bloahdiffering community
composition and cell abundance at the four locatiangpical phytoplankton bloom is defined
as > 1 mgt Chl a, howeverin this researchsome incubation experiments aederred toas

blooms despite not meeting this criteriBloom communities ged for incubations 1 tovgere
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identified by heir optical properties using satellite imagery. For instance, coccolithophore
blooms were identified by their characteristic turquoise reflectance, whereaslodying
phytoplankton blooms were identifiéxy a greerbrown colouration. Onclecated, the bloom

centre was determined by shipboard underway measurements includeygChb, dimethyl
sulphide concentratiomnd backscatter. Dominant bloom community compositions were
determined byKarl Safi (NIWA, Hamilton) using microscopyollowing sample collection.

Bulk seawater was collected using a Seabird Electronics Inc. 32 Carousel water sampler fitted
with 24 x 10 | externaspring Niskintype bottles (Ocean Test Equipment Standard 10 BES).

In situ water column parameters were monitored and depths acquired using a Seabird
Electronics Inc. 911 plusonductivity, temperature and depth sen$of) attached to the

carousel water sampler

Following theprotocol in Section 2,threetreatmentgOA, HT and GH)includingan ambient
control were createdSeawater was not prefilteredH and temperature was measured at
selected sampling points throughout each incubation (Appendix A:Eath treatment was
incubatedand housedn one of the two previouslgescribed incubation chambe&e¢tion

2.1). Incubationd, 2 and 3 were each conducted over a six day period (144 h), with a range of
biotic and abiotic parametesampled at predetermined timé&alble 4.1). Cruise logistics
dictated incubation periods, ity incubation 4 restricted to only five days (120 h). During
incubation 4, the same parameters were investigated as in incslatood, but were sampled
usng a different sampling regime (Takdel). Enzymesamples collected during incubations

1, 2 and3 could not be analysed at sestead these were frozen-80°C and processed post
cruise A lower enzyme activity is detected from frozen seawater samples when compared with
fresh seawater (pers. combx: Els Maas, NIWA, however previous work condect by E.

Maas suggests that there is no signifncnat difference in enzyme acti89afrozen samples

are analysed rapidly post cruiskandbased enzyme assays were processed using the

methodology described fBection 23.
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Table4.1. Parameter sampling protodok incubations 1 to 4The total number of times a particular parameter was sansgledicated, followed
by its respective sampling frequency [gquare bracketshfter an initial timezero samm. Parameters ifbold indicate primary sampling
significance

Incubation 1 2 3 4
Location () 446N 174.74E 43.59N 180.1%E 44 54N 174.8&E 41.53N 174.9E
Duration 15.02.13 21.02.12 22.02.120 28.02.12 29.02.121 06.03.12 17.03.121 22.03.12
Depth (m) 10 10 10 10
Ambient temperaturexC) 11.8 15.8 14.5 14.2
Salinity (psu) 34.46 34.66 34.49 34.68
Phytoplanktoncommunity Mixed Mixed (dinoflagellate, Mixed (dinoflagellate, Unidentified
compositionat time-zero dinoflagellate/diatom coccolithophore & small coccolithophore & small

flagellates) flagellates)
Parameter sampled
b-gl ucosi dase a 1112 h] 1112 h] 11[12 h] 912 h]
glucosidase
Leu-aminopeptidase andArg- 11 [12 h] 1112 h] 11 [12 h] 9 [12 h]
aminopeptidase
Bacterial cell numbers 1112 h] 1112 h] 1112 h] 9[12 h]
Pico-cyanobacteria cell number 2[72h] 2[72h] 2[72 h] 2 [60 h]
Total eukaryotic phytoplankton 2[72h] 2 [72h] 2[72 h] 2 [60 h]
cell numbers
BSP DNA synthesis 4 [36 h] 4 [36 h] 436 h] 4 [30 h]
BSP protein synthesis 2[72h] 2[72h] 2[72 h] 2 [60 h]
Dissolved nutrients 1[144 h] 1[144 h] 1[144 h] 2 [60 h]
Chla 1[144 h] 1[144 h] 1[144 h] 2 [60 h]
DOC 1[144 h] 1[144 h] 1[144 h] 1[120 h]
Total HMW organic compound 2[72 h] 2[72 h] 2[72 h] 2 [60 h]

(reducingsugar and protein)
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4.3 Results

Comparison of ambient conditions

Microscopyof bulk seawater samples showed that incubatiphytoplankton biomaswas
dominated by dinoflagellates with a minor diatom componentk Beawatercollected for
incubations 2 and 3 represented a mixed community consisting mainly of coccolithophores,
dinoflagellates and a range dfflagellates cryptomonadsandeuglenoids categorised here

as O oFighMe)r The blulk seawater phytoplankton composition of incubation 4 was not

determined.
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Fig. 4.2. Average timezero phytoplankton compositiathetermined by microscopiyom
three blooms used in incubations 1, 2 an®iatoms yellow; dinoflagellates
green other red coccolithophoresblue (microscopy Karl Safi NIWA)

As expected from theariation in fytoplankton compositiotnetweenblooms 1, 2 and 3
(Fig. 4.2), time-zero sampled parameters were different betweeniraghation(Table4.2).
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Table4.2. Average timezero data for each sampled parameter per incubation (xSE). Samples were analysed following methodology in Chapter

2. Empty cell: not determined

Parameter Incubation 1 Incubation 2 Incubation 3 Incubation 4
b-glucosidase (nmotih?) (n=2) 0 0.04(0.01) 0 0.13(x0.03)
U-glucosidase (nmotih?) (n=2) 0 0 0 0
Arg-aminopeptidase (nmofh?) (n=2) 0 3.94(0.37) 7.29(0.66) 0
Leu-aminopeptidase (nmofih?) (n=2) 0.84(+0.21) 6.12(0.75) 2.67(0.21) 23.13(+6.48)
Bacterial numbers (cells M (n=3) 5x 10 1x1¢ 6x 10 5x 10
(+4.9 x16) (+2.0 x10) (3.6 x10) (7.8 x10)
Synechococcuspp.numbergcells mit) (n=3) 3x 10 4 x 10 1x 10 1x1¢
(8.7 x106) (£3.0 x16) (£1.0 x16) (£3.2 x106)
Prochlorococcuspp. numbergcells mit) (n=3) 3x 10 6 x 16
(3.0 x10) (+2.8 x10)
Total eukaryotic phytoplankton numbers (cellstnl 9x 1C 1x1¢ 2x1C 9x 10
(n=3) (£1.1 x16) (£1.1 x16) (£1.6 x16) (£2.1 x16)
BSP DNA synthesis (ug Cld?) (n=3) 1.56(+0.02) 3.83(0.03) 3.82(0.11) 4.25(+0.19)
BSP protein synthesis (ug ¢ tI'1) (n=3) 1.22(+0.00) 1.73(x0.02) 1.19(0.05) 1.04(+0.03)
Nitrate (ug 1Y) (n=3) 85.37(+9.11) 35.23(+0.85) 58.15(+3.10) 46.07(0.46)
DRP (ug ) (n=3) 51.02(+0.66) 4.55(+1.33) 18.36(+4.87) 50.85(+0.45)
DRSi (ug 1Y) (n=3) 5.25(+0.82) 4.67(0.58) 2.90(+1.42) 50.03(0.27)
Ammonium (ug 1) (n=3) 3.28(+0.82) 2.61(+0.38) 11.65(+2.24) 3.05(+0.75)
Chla (ug mr?) (n=6) 0.52(+0.16) 0.54(0.02) 0.37(+0.01) 1.59(+0.04)
DOC (ug mtt) (n=2) 0.85(+0.02) 23.43(+0.42) 20.00(+0.31) 0.84(+0.01)
Total HMW reducingsugar (ug nikgluc eq.)(n=2) 0.02(+0.00) 0.01(x0.01) 0.02(+0.01) 0.01(+0.00)
Total HMW protein (ug mFBSA eq.)(n=2) 0.34(+0.13) 1.17(+0.01) 0.39(+0.06) 0.80(+0.10)
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4.3.1 Extracellular enzyme activity

4.3.1.1 Incubation 1

Very little b-g | u c o s igtheosidaseor Arg-aminopeptidase activity was detected
throughout incubation land as a result no clear treatment response wedstected

No -dlucosidaseactivity was detected in the first Z h of incubation 1 (Fig.4.3.

The b-glucosidase activity was first detected in the OA treatment at 84 hrfmort h),
showinghighly variable activity within and between treatmedespite thisactivity increased
across all treatments from 84 h to 144 h (A@. Ver y | 4glucbsidase ddtivity was
detected throughout incubatiopmlith activity first detected in the OA treatment at 132 h (0.07
nmol*h').Due to | arge wi t hglucositiaseactitityrirtnetOA treatménat i o n
was not significanthydifferent from the ambient control at 144lhn ¢ o n tgluesideset o U
activity, Leu-aminopeptidase activity was detected in each treatment at each sampling point
(Fig. 4.3). The Leu-aminopeptidase activity increased throughout the incubation tivéh
highest activitiesletected in the OA treatment (Fig. }.Bhe Arg-aminopeptidase activity was

first detected in the OA treatment at 36 h (In23ol I h'), with activity increasingn each
treatmento 144 h(Fig. 4.3). TheArg-aminopeptidase activiinp the OA treatment (12.8@mol

It by was almost twice as high as that in the GH treatment (6v&9 I h'l), while activity

was significantly higher ifboth treatments than the ambient control at 144 h (Amé&l I*

h, Fig. 4.3 p-values inAppendix C: 4.1). The Leu-aminopeptidase activity increased
significantly across all treatments from 24 h tal44 h (RMANOVA Fio, o= 38.67,p <
0.0001, Fig4.3), howeveractivity was higher in th&H andOA treatmentsvhen compared

to the HT treatment and ambient contr@io values for Letaminopeptidase activity
determined fromwo samplingpoints ranged from0.21to 11.65in the HT treatment.
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Fig. 4.3. Extracellular enzyme activitieshroughout incubation 1 (mean + SiE=3. Data
below detection limits are shown as zero. Treatment leged: blue squares
GH: red circles OA: pink diamondsambient controlgreen triangles

Due to low b-glucosidase activity during incubation 1reatment comparisons using
cell-s p e c i-dlucosidasé activitycould not be calculated (Fig. 4.4). Cellspecific
Leu-aminopeptidase activity however increased acatisgseatments from timeero to 144 h
(Fig. 4.4). The onlytime temperature had an effect was at 36 h, wherespetific activity in
the HT treatment (4.41neol celf® h'Y) was significantly higher than the ambient control
(2.75 anol celf* h'l, ANOVA F1, 5, p<0.05, Fig. 4.4)Cell-specific activity in he OA treatment
(6.33 anol celf* h't) was 30% higher thaim the HT treatment (4.41nsol celf* h'l) at 36 h

while at 72 h, celbpecific Leyaminopeptidase activity was almost three times higher
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(9.26 amol celf! h'l) than the ambient contr¢B.42 amol celf* h'l, ANOVA F1, 2= 32.43
p < 0.05, Fig. 4.4).Cell-specific Leyaminopeptidase activity in the GH treatment was not

significantly different from the ambient control at any sampling p@iig. 4.4)
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Fig. 4.4. Cell-specific extracellular enzyme activities throughout incubation 1 (mean + SE
n=3). Data below detection limits are shown as z&lo.value indicatesnissing
sampleTreatment legend HT: blue squaresGH: red circlesOA: pink diamonds
ambient controlgreen triangles

4.3.1.2 Incubation 2

Throughout incubation 2enzyme activity was highly variable in the OA treatment
Theb-glucosidase and Argminopeptidase activity fluctuated substdhtim the OA and GH
treatmentgFig. 4.5),while U-glucosidasectivity wasbelowdetecion in each treatment which
prevented the interpretation of enzyme respo@serall, he highesb-glucosidase and Leu
aminopeptidase activitwyas measured in the OA treatmdmiwever due to the large sample
variability, activities wereonly significantly different from the ambient control at selected

sampling pointsFurther analysis of thmeasured r e n d s s hgusosidasetctivigy t b
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peakedat 36 h in the OA treatmerdnd thendeclined from 8 h to 144h (Fig. 4.5). The b-
glucosidasectivity was almost three times higher in the OA treatment (@a@ * h'l) than

the ambient control at 48 h (0.68nol ! h?, Fig.4.5& Appendix C: 4.}, while activity was
significantly higher in each treatmenhen compared tthe ambient control at 72 h (Fig.5

& Appendix C: 4.1 Arg-aminopeptidase activity fluctuated substantially across all treatments
from 24 h to 144 lwith no clear treatment sponsedetectedFig. 4.5). Leraminopeptidase
activity in the GH treatment (13.78mol ' h'l) and OA treatment (17.69mol * h'l) was
more than twice that of the ambient control at 48 h (6r6d! I* h', Fig. 4.5& Appendix C:

4.1). The Qo values for Leu-aminopeptidase activity determined from two sampling points
ranged from 1.2@ 8.50 in the HT treatment.

Fig. 4.5. Extracellular enzyme activities throughout incubation 2 (mean mS8. Data
below detection limits are shown as zefiaeatment legend HT: blue squares
GH: red circles OA: pink diamondsambient controlgreen triangles
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