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| Abstract

In one millilitre of sesawater there ien averagepproximately 1®microbial cells andthese
are largely responsible formearly half of all pimary prodwetion on Earth Mixotrophic
microorganisms are ubiquitous in the photic zon¢hefocean yettheir role hadong been
unclear Marinemixotrophs areas all marine organismexpectedo be affected by the current
climatechangesincreased temperatware expected to increag@ownificationof lakes and
coagal watersdue tomore precipitationcausinghigher input ofdissolved organt carbon
(DOC). The darker wateis in turn hypothesisedo increase phagotrophy in mixotrophs due to
lower availability of light, which isneeded to perform photosynthesigreased availability of
dissolved iron (dFehas been observed in rétm to increagd input of DQC. My main
hypothesesverethat brownificationandincreaseddFe concentréions lead tochangs inthe
microbial community composition that brownification promotes higher percentages of
mixotrophicplankton andthat alteredlFeconcentratiosaffect these percentagero test these
hypotheses sampledrom a mesocosmx@erimentwereexamined through flow cytometiy
enumerating different grousd specieand using the probe LysoTrackenyestigating how
many phaotrophsperformedphagotroply. Here | $iow thatbrownification did change the
commposition of the mimobial community butdid not lead to higher percentages of mixotrophic
organismsAddition of dFe did notaffect composition nor mixdrophic percentageg\mong
the goups accounted for in this p&riment,brownificationled to increasd abundance of
autotrophic picoeukaryotes and bateriag and decreasd abundance of autotrophic
nanoeukaryote@ANES). Brownification alsoled todecreasegercentageof mixotrophicANE
cells. Though addition of dFwasexpected to induce a bloom of tb@ccolithophoe Emiliania
huxleyi no effect vas observeth anyof the studiedjroups. Some ANESs werpictured through
confocal microscopy andhown tohaveunspecific stainingrom LysoTracker The factors
controlling mixdrophy in microbial communities, pscialy in relation to climate change, are
yet to beunderstoodAs thisand similarstudiesshow a clange in themicrobial communities
is expected tthhapperdue to ongoing climtechangeUnderstanding tiseeffectsis important
to understand howholemarine communitiewill change.Thisis justone of many newtudes

in this study areaand there is muchetto explorebefore a clearer understandingndhat will

happen is rezhed
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iv Abbrevationsand terms

ANE
APE
Bro
dFe
DOC
DOM
FLB
HNF

N

P
POM
SE

Nitrogen
Phoghorus

Autotrophy

Constitutve
mixotrophs CMs)
Eutrophic
Heterotrophy
Meso

Micro-

Microbe
Mixatrophy
Nano-
Nonconstitutive
mixotrophs (NCMs

Oligotrophic
Phagotrophy

Phototrophy

Pico
Planktan

Autotrophic nanceukaryote
Autotrophicpicoeukarypte
Brownification

Dissolved iron

Dissolved organic carbon
Dissolved orgaic mater
Fluoresently labelledbactera
Heterotrophic nanadigellate

Partculate organic matter
Standard error

Nutritional process where G@ reduced and assimilated into cel
material.Includes phototiophs (hroughphototrghy) and
chemolithotrophs (througthemosynthesis).

Organisms that perfor phagotrophy and ka an inherent apacity
of phototrophy(See )

Rich in organic andnineral ndrients

Nutrition invaving use of organic compounds asaabon source.
Preix indicating anorganism size of >20@m.

Prefix indcating an orgaism size of 2e200um.

Microorganism, organism too smédl be seemy thenaked e.
Nutrition involving both autotrophy andeterotrophy(See )
Prefix indicating an organism size @20 um.

Organisms that perform phagotrophy and acquire a catydibili
phaotropty by consiming ghototrophic pre. Prey can be specific
(SNCMs) ornonspecific(general; GNCMs). (See )

Poor in nutrents.

A form of hetertrophy tha involves engulfing a particle to bring i
into the cellto be digsted.

A form o nutrition that involves conversion of ligknergy into
ATP that is ued incellular pocesses. Often combinedthv
autotrophy (phataubtrophy) tofix CO- using light energy.

Prefix indicating an organisnize of 0.22 um.

Organsms sispendedh the water column that are unakbberesist
water airrents.




1 Introduction

1.1 Marine microorganissn
Microorganisms, @ransms too sméato be seen by the naked gjadigan etl., 20L9), hawe

beenobsened for seeral centuriesTheir discovery icredited to Antoie van Leewenhak
in thesecond half of the seveetgh century(The Editors of Encyclopaedia Britanric2019)
It wasonly towads theend of tle twentieth century, witmew technological adanees, that
studying marine microorganisms entered mainstream science, antllitadast-growing area
of reseach (Munn,2011)

Theoceans cover 71% of the surface of the Earth and contain 97% whtkr orthe phret
(Munn, 2011) In onemillilitre of seawater there is, on average, approximatelyniiorobial
cells(Madigan et &, 2019) Marine environmentsonprisea great vaety of microorganisms
bacteria, archaea, eukaryotmicrobes, as well saviruses(Munn, 2011) The eularyotic
microbes mclude a wie vaiety of aganisms at severdvelsin the food web, inkeiding
smallerphototrophic microbes like haptophytes, heterotrophic flagell&teginoflagellaes

andciliatesthat gaze onother microbegMunn, 2011)

The oceansperform nearly half of all primgr producton on Erth, of which the
microorganisns are responsible for a largeoportion (Field, Behreffield, Rarderson, &
Falkowski, 1998) Carbon dioxide (Cg) is used by aatrophic organismto createarticulate
organic matter (POM) andislved organic mattgiDOM). This canthen be taken up by small
heterotrophic organisms, that in retwamn be ean by hrger heteotrophs (Munn, 2011). The
processes in which carbon is transferred between the atmosphewgetiie ad marire
organisns, is collectively cdled the biological carbon pumiitra et al., 2014)In this g/cle,
CQO is incorpoatedinto cell material by phototrophs, and these organisms are either eaten by
heterotrophghat produce CQ, or threydie, breakdown to POM, and sink to the sealfdtinn,
2011) The POM can be consumég heterotophs lke hetertrophic bacteia in the lower
ocean or seabe@unn, 2011) Models of the biological pump higbghts theimportance of
mailine miaoorganisms ad shows how all marine life depends the productiorof the
aubtrophs.

Since marine microorganisms wer discoveed, sciensts have workedto understand
interactions between them and their environmi@nt983 the mdel ofthe micrdial loop was
introduced to the marine food wé¢Bzam et al., 1983 , ). The goal vas to expin

thecycling of DOM, in which micramrganisms have important roles.fact, about half bthe




orgarnc cabon fixedby phototrophs gesthroughthe micobial loop na the classisimple
food chain(Munn, 2011) This mode] althaugh it hascontinuously developed ev time wth
new dscowries, focuse on the traditional concept that microorganisms are either
A p hy tam K thad areautotrgphic ard perform primay  pr oduct i on, thair
are heterotrophiandperform seondary prauction(Flynn et al, 2013; Stoecker et al., 2017)
This is based on the classificatiof macr@rganisnson land, withfi p toplanktororesembling
plantson landa n d o p £ a n lesembihg landliving animals(Flynn etal., 2013. Of
course, egn among macroorganismeth is not always @ear lineof distinction between the
two. For examplethere isthe carnivorous pta genusDroseraand the photosythetic green
sea slug Elysia chlorotica (Adamec, 1997; Baumgdner, Paia, & Toth, 2015) In
microorganisms the linketween thee is evernessddined, and maw arein fact mixotrophic

T theycanactasbofnphyt opl dn&g¢ obfamd&@on).o

Models of the marie food web are often very simplified, with few levels and intactions. While many
include more complex faractions of macroorgarims, most do not @ude inteactionsof microorganisms
beyond fAzooplrmghkhgahkiop oomrs ufina | g aradceof mMigoorgahisns irtha [
oceans has become more recegdinew models havieeen introduced that¢lude hemicrobial loop which
wasfirst modelled byAzam et al(1983)( ). This model includes bagtia, adotrophic and hetrotrophic
flagellates, microzooplankbn (heterotrophic plankton in the size rang@200 um, for example ciliates)
mesozoofankton (heterotophic plankbn that are >20Qum, for example gpepods) and ofen vruses It
shows muchmore conplex interactionst the microbialtage of thdood web, andemphasissthe importance

of dissolved organicmatter (DOM)(Munn, 2011)

Mesozooplankton

|:M I : rDzoa@_—

Heterotrophic flagellat:

|

Phototrophic

Heterotrophic bacteria Cyanobacteria e

DOM |— POM

Model of themicrobid loop in the marine food web, adapted fromaieet al.(1983). Full lines
show transfeof maerial tothe next trgohic level. Dashed orange linesasitransfer of nateral to the pool
of dissoled and particulate organic nti@r in theoceans. Ddsedblad arrow atthe top indicates transfer t
highe trophic levds. Green squares indicaimary producton and blue guares indicate heterotrophic
organisms. Note thanot all interactions are inadedhere, and mixotrophic ahkton will be able tcact as
both phototrophic plankton and heterotrophiamkton inthisweb at the same time. DOMdissdved organic

matter, M = particulate organic matter.
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Even though the prevalee and importancef marine mixotrg@hic micioorganismsare
beginning to be recognisethere are smanydifferent defintions of what amixotroph is(e.g.
Godrijan,Drapeau& Balch, 2020; Heifetz, &rster, Osmond5iles,& Boynton, 2M0; Sanders,

Mixotrophy has beembsewedfor over 100 yeargBiecheler,1936; Pascher, 191, But only recentljhas the
impottance and prevalence of naittophyin aquaic environmets ben realisedFlynn et al., 2019; lfra et

al., 2016) There hae been mangttempts tdefining mixotrophy, and the definition can vary aéegding on

thefield of study. Tradition&}, mixotrophy eferredto the acaisition of alternate formsfaarbon, but now
also includes acquisition ohitrogen {\), phosphorousR), trace elements, trace nutrientsidaenergy
(Stoecler, Hansen, Caron, & Mitra, 2017Ysing different defnitions, it can include everyihg from the

uptake ofdissolved organic carboQC) to symhioses(Stoecke etal., 2017)

Generally, phagotrophy (uptake of nuients in particulate formprovides nutrients likeN and P, while

photoauttrophy provides carbon via photosynthe§fndersa, Charvet, & Hansen, 2018titra et al., 2014)
Mixotrophy exists in both thgroupst y pi cal | y r etfoeprl raeadd theenirthesphoficzbng
consi der e d ooplankonodMitra etial G2016).7At first, mixotrophyin photoautotrophic organism
was onsideredd be imprtart for uptake of nutrients primarily in iglotrophic waters, but its importance in
eutrgphic waershas also baeremgnised(Burkholder, Glbert, & Skdton, 208). Furthermore, mixotrophy
has been descetl in bothmaiine and freshwatemdicating hat this isa widespreadtraegy(Sanders, 1991)

Mitra et al. (2019 defined mixotrophs by dividing the planktaén protists into four eological groups: (i)
phagohetermophs with no phototropic ability, (i) photoautotophs with no phagotrophic abilityjiif
consttutive mxotrophs (CMs)i phagotrophs with an inheresapaciy for phototrophy, and (iv) non
consttutive mixotrophs (NCMs}thatacquire their phototrophicapecity by ingesting pey that can beither
specifc (SNCM) orgeneral(GNCM). These @& ecophyslogicaly based functional groups, based on hc
the aganisns aquire energy and nutrients.

Whenresearctheganto focus nore o mixotrophy, it was at fgt considered to be rargg. Bird & Kalff,
1986; @andes & Porter, 1988)Over time more and more speciagere discovered to be mixatphic, and
now it is known that mixwophy is ©@mmon ineukayotic protists in the photic zor(e.g. Hartnann etal.,
2012; Jeongt al, 2010; Pitta & Giannakoau, 2000; Sanders & Gas2012; Unrein, Massana, Aleo-Saez,
& Gasol, 2007; Zubkov & Taan, 2008)Flynn d al. (2013 argues thd photosynthetic protists should in fa
al be assimedto perform mixotrophy, as thigppeardo be the normatherthan the exceptioriThe ony
group of photosynthetiprotists assumetb be stictly phototrophs is the diaton{slynn et al., 2013)

Flynn et al. (2013presents thédea thatphotosymhetic protists can be placed on a continuwvith strict
phototrophs and strict phagotroplas theextremes( ). This allows any mixotrophs tde placed
anywhere in bisveen Based on thie contribution to primary and secondary prmtion theywill be closer to
the strict phototrophs, vith only performprimary production, or the strict phatrophs, which only perbrm
secondary production. Thieontinuum thus highlightsthe fact that primay and seondary production is in
fact possite in one ell, andthatthe level of mixotrophy can change ovimne for asingle cell.

Strict phototrophs Strict phagotrophs

] §
B

d [
« L

Mixotrophs

Illustration shaving the scale ofmixotrophy, from strict phototiphsat one end to strigthagotrophs
at the other. A species placed between will bexatrophic b some dgree Adaptation of figure by Flynn e
al. (2013).




1991) making it difficult to compare studies and draenclusions Another chalenge & that
much ofthe existing science on marine micr@anisms has assed thatthey fit into the
dichotomy and are not maxrophs(see Flynn et al., 2013 and referencesem) which cauld

affect howwe understanthemtoday.

1.2 Climate change andxotrophy
Theongang climate chang hagecivedincreasingocusover he last years ahdecades, both

in scientific communities and in the general public. It is a compieghaism with many
effects Theseinclude increasing temperatures Ho on land and in the oceansgciesing
precipitation inthe NorthernrHemisplere,ocean acidificationdecreasing massf ice sheets,
increasing extreme weathemd rising sea leveldPCC, 2014) These effects irturn lead to
other changes,of example in mane communities, stratification, and primary production
(IPCC, 2014; Walheret al., 2002)

It is expected that the ongoistimate dange will affecthe composion of marinemicrobial
communites (Harley et al., 2006)Increasing runoff from landnd rivers due toenhanced
preciptation affects casal waters § increasingthe amounts ofdissolvedorganc carbon
(DOC) and sspended minats, whichcauses brownificatio ard thus adeceasen the light
penetration in the watef(Aksnes & al., 2009; S. LarsenAndersen, & Hessen, 2Q;
Pozdnyakov et al., 200.7Qthe factors seem to bmvolved inthe process of brownification,
thoughmany are sti debated For example Kritzberg am Ekstrom (2012)arguel that iron
accounts for a sigficart portion of the vaation in waer colour They theorised thaan
increase irconcentrationof dissolved iron (dFels controlled by similar prosses @ those
cortrolling increases in DOM and FOM. Nitrogen (N) levels inthe oceans arexpectedto
increa®, both due to natal causes and &gultural runoff contaimg fertilizer (Randall &
Mulla, 2001) Thiscouldcause the usilg N-limited systems todcome phosphor®)}limited
(Cotrim da Cunha, Buitenhuis, Le Quéré, Giraud, &wig, 2007 Munn, 2011) Increased
input of dFe cauld also affect microlail communities, as iron Bn essetial micronutrier for
growth of plotatropic microbes dugrimarily to its cental role in photosynthesigBehrenfeld
& Milligan, 2013). The increasing nutrienput will likely lead to norecoastabreasbecoming
eutophic (Burkholder et a] 2008) and isexpecte to increase phototrdpc activity (Jickells,
1998.

The change in lighattenuation is expectead favou mixotrophs ovestrict phototrophsThis

is because they arotas dependemn light, and because they dot have tdairectly compete




for inorganic P with the bacteria(Jones,2000) The ongoing démate change alsmakesthe
oceans warmernwhich will likely favour mixotrophicphototrophs ovestrict plototrophs
(Cabrerizo, nz 81 ez Ol al |l a, &i G o s &ganbol 20Pe U t iPaer al t
Cordero etl.,2017) This is expeaddue to apredictedncrease in bacterikUr r ut i a Cor d
et al, 2017), as well as the limitation of photasyetic rates due to low light arfidgher
temperature6 Wi | ken, Hui sman, Na us.Thakxegeeted fayour@go¥/an Do
mixotrophswill likely lead to less diverse communitieiie tothem outcorpeting strict

phototrophsand mixotrophs heavily relying on phototroptyr r ut i a Cor der o et

With increasing mixabphic activity, it is possible thahe efficiency of the biological carbon
pump will increase due to an enhancement of transfer of biomass to larger organisms at higher
trophic level§Ward & Follows, 2016)It has been reported that larger fsynthetic cells like
diatoms are being replaced inns® places by autotrophic picoeukaryotes (8fPBnd since

these smaller cells include many known mixotropiis, shift will likely change the transfer of
carbon tahe deep ocean, as smaller cell&kslower(Wordenet al., 2015) The change in the
composition of the microbial communities may also affectv organisms on higher trophic
levels interact with their prey, as studies have shown that feeding onmophsatannegatively

affect growth of a predator comparedfeeding on strictly autotropic ke of the same species
(Weithoff & Wacker, 2007.)

Understandig mixotrophyis thereforeimportant,not only to gairknowledge, but also to be
ableto predict future scenarios as accurately as posgiblie research of the effects of climate
change is more relevant than ever, being able to create modele#h epresentreality is
necessary, but this is not possihintil the significant role of mixotrdgy in marine

microorganisms isinderstood

1.3 Studyig mixotrophic microbes
One way of studying marine mixotrophic microbes is throolgbeving specific specigin a

laboratory. This has been done for several descan many species of different phylogen
groups(e.g. Anderson et al., 2018; Brutemark & Granéli, 2011; Caron, Porter, & Sanders, 1990;
Rothhaupt, 1996; Trevik, Porter, & Sieburth, 1989; Young & Beardall, 2003

Another way to commonly study marimeixotrophs is to take water samples from a marine
environment(e.g. Anderson, Jurgens, & Hansen, 2017; Havskum & Riemann, 1996; Pitta &
Giannakourou, 2000; Unrein, Gasol, NBbrn, & Massana, 2014This way it is possibléo
analyse for example which species are present, which groups aret,pvdseh cells are




phototrophicor heterotrophicand/orwhich aremixotrophig their growth rates, ahcellular
activities Throughstudies like these, isipossible to gain an understanding of the natural
environment in which these organisms exist, wigy tare, ad how they interact with each
other. Studiesn natural environments, however, are diffituto perform, especially if it
involves looking at migtrophs. This idecausanethods of detecting mixotrophy in cells rely
on living cellsas they éher need to be currently feed (when using labelled preor the ell
must be able to tain a dye. Membrane potential, and thusahitity to retain dye, is reduced
significantly after cells di¢Rose, CaronSieracki, & Poulton, 2004)Analysismust therefore
be performedshortly after sample collectiorwhich is raely possible if thesamples are
collected from the oceadue to limied access to equipntesnd other resource®ne reason
that mesoosm (i.e. water enclosujestudiesare usefulis thatthey allow for a semnatural

environment while still being confiddike in a laboratorgxperiment ).

Beisner, Grossart, and Gasol (20)@esent an overview of ailabde methods used to
characterisephototophic organismm that perbrm phagotrophy, inclling addition of
fluorecently labelled baetia (FLBs) to cultures to determéwhether any have been ingested
(e.g. Havskum & Riemann, 1996; Unrein et al., 20839d vacuole stainingn combination

with microscopy, flow cytometryand/or genome sequenci(gg. Andersn et al., 2017; Li,

A mesocosm, as defed byOdum (1984), is a bounded and paaliy erclosed outdoor egerimental setup
where it is posible to study both thersaler parts like populatiosy and the whole ecosystem. SinceuQd 6
definition, mesocosns have also been performed indo@eg. Hope et al, 2008; Sommer teal., 2007)
Mesocosms are aiddle-ground between labatory studies (miawcosms)and studying the real worlc
(macrocems).

Mesaosm expriments have been conducted for several des&ol sudy microbial communities in a semi
naural environment(Odum, 1984). These studies can be cuttedon land in largeanks(e.g. Lebaon et
al ., 1 9 9 9rdero ®tralr, 201 7jorain laEge bag immersed in theea o a lake(e.g. Egge & Aksnes,
1992; Lébret, Langenheder, Colinas, Ostman, & Lindstrom, 209&te, that can be either unfilted or
filtered, is punpedinto the enclosures, arlde organismand conditions withirare followed for dengh of
time. In tanks, conditions can be manipgeathtosimulate natural conditions, and for the bags it is irtgu
to choose materials that Wijive conditons closeo the water surrounding &m. In a mesocosm experime
it is possible to get coritions close to the natura@nvironmentwhile still being albe to keep track of the
organisms and manipulate the ebyfor example adding nutrients

There arssomedisadrantages to using mesocostadies; mainly that there is no waydet a true contt, as
all enclosures are manipulated in some wagatinga bottle effect(Marras, Lim, & Caron, 1992) thaugh
this effect is reduced with in@sing volume. Whehaving bags immersed in water, it is possible taete
sampesof the surrounding water, but this is not a propetiad sample.

Mesocosmexperimens are particularlyusefil to study reactions to future scenarios. However, though t
can give us an ideaf futurereactions, it is important to keep in mind thhanges in the climate happe
much slower than over theW weeks or months a mesocosm eipent takes place.




Podar, & MorgarKiss, 2016) and use of fluorescent in situ brydization (FISH) tolabel
bacteria that can be quantified in food vaca@éeg. Gerea et al., 2@; Medna-Sanchezk-elip,
& Casamayor, 2005)Genome sequencing useful both to identify species known to be
mixotrophic by sequencing deoxyriboneid acid (DNA)(e.g. Li et al., 2016; Unreiet al.,
2014) and to sequence ribonucleic acid (RNA) to exanantvities (e.g Liu, Campbell,
Heidelberg, & Caron, 2016; Santoferrara, Guida, Zhang, & McManus, 20bé)e are
advantagesral disadvantages to all methods, and the method used is usuatiyideteby

what the reseahds focusel on.

The fluorescent dye LysoTrack&reen is an example of a dye that stains acidic compartments
in cells(Rose et al., 2004This dye has been used in several stugheslerson et al., 2018; Li
et al., 2016)as well as similar ds like LysoSensdCarvalho &Granéli, 2006)to detect cells
assumedd be mixotrophic. Though it is oftensasned in studies of mixotrophyvolving
LysoTracker Green that it is food vacuoles and/or lysosdimgsare being stained, some
compartments ofhloroplasts are also acidimeaning that the dye could also accuneithere
(Rose etl., 2004; Wilken et al., 2019¢arvalho and GranéR006)noted that in their test of
a grea acidotropic probe they experiencedvlepecificity for food vacuolesyith the probe
staining the cell membrane, cytoplasm, and chlostpldn contrast,.i et al. (2016 did not
detect fluorescence from the dyetire purely photosyntheti€hlamydomonaspecies they
analysed. This mains a method that needs more resetctinderstand how LysoTracker

interacts with compartments of plankton cells.

1.4 Knowledge gaps
Throughout the years most studies on mixotropimicrobes have been performéd a

laboratory setting, commonly usingblelled bacterige.g. Anderso et al., 2018; Nygaard &
Tobiesen, 1993; Rothhaupt, 1996; Tranvikak, 1989) More recently research has feed
more on mixotrophy in natal or seminatural environment{®.g.Anderson et al., 2017; Unrein
etal., 2014; Unrein et al., 2007; Wilken et al., 2Q1&)t there isstill much that is unknown.
Identifying mixotrophs innatural environmentigke the ocean is difficult, and finding methods
that can be applied generally ¢hallenging, as there is adardiversity among mixotrophic
speciegStoecker et al., 2017Even if a mixotroph igdentified, there are still many unknown
factors, suctas which organismjst eats, how often it eats, the rate of photosynthesis, and what
variables affets phagotrophy(Flynn etal., 2019) When studies are germed on whole

communities it is not possible to know what the individya¢ces contribute, and when




studyingindividual species in the laboratory it is unknown how they woalthlve in a natural

setting and interact Wi ather organisms.

There are may unknown factors when it comes to mixotrophy in marine microbes, and many
of them are pointed out in a recerdper byFlynn et al. (2019)Since many species that were
previously assumed to be sthycphoto or heterotrophic have B been discovered to be
mixotrophic, the findings from earlier stied of these species may not show the wipature.
Ideally a wide rangefdactors(for examplechanging lighattenuation, increased temperas,
increaed availability of DOMand otler effects of climate changsehould be studied to see
whether theyaffect the mixotrophic activity or not, bo in individual species and in

communities, in laboratory and field experiments.

Understanding the marinedd web and he interactionetweernthe organisms it comprises

is vital to be able to predict changespeciallyregardingclimate change. Sae the microbial

loop and the micrarganisms within it are the base of the entire food web, any
misunderstandgshere cold have wide effects. This one of the reasons why incorporating
mixotrophy into mainstreamarine science is so important, and vithg necessary to do more
researchon this topic. With the immense variety in mixotrophic microorganismee the

likely bea wide variety of reaions to the changes in their environment. Though some studies
havebeen performed, both in the laborat@iyderson et al., 2018; Brutemark & Granéli, 2011;
Wilken et al., 2@3)and inhe field( Ur r ut i a Cor der o €2018atbgain 201 7 ;
a better understandirgf how mixotrophs reacto the effects of climate change, there is still
much to larn,both on the specssandcommuniy level

1.5 Objectives
The objective of this théswas to gain a wider understanding of how nrephic phototrophs

in a marine environmemhay respond to climate chgas. More spefically how this group
responds tothe addition of brownificaion and dissolved irorby testing te following

hypotheses:
Brownification leads to a change in tt@mposition of the microbial community.
Brownification leads to &igher percentage of mixotrojghphototropk.

Addition of dissolved iroraffects both pthe composition of thenicrobial

community and b) the percentage of mixgtoc phototrophs.




The hypotheses were tested by following thencwnity in a mesocosm experiment by
counting cells on aflow cytometer and usg an acidotropic probe to identifyotentially
phagotrophs phototrophs.




2 Materials and methods

2.1 Mesocosnsetup
A mesocosm experiment was conducted in June of 2019 agrespeMarine Biological

Station 60°16'N 5°B'E), locakd in the Raunefjordear Bergen, Norway. Jund'Svas sets
day 0 of the experient, and the end was Juné"2@ay 21.

The 12 mesazsm bag were made of higbensity polyethylene and were covebgdids made
of low-density polyethylenel(ln?). Both maerials are transpareto photosynthetically active
radidion and ultraviolet radtion. The bags were all filled with fjord watérom 6 m depth
Airlifts were placed in the bags tweate circulatin of the enclosed water snsure that the
water withinthe mesocosswashomogenou¢Egge & Hemdal, 1994)

The mesocosewere each given one of four treatmentbwnification (Bo) and dissolved
iron (dFe):-Bro-dFe,-Bro+dFe, Bro-dFe, or +Bo+dFe, with the minus sign raring the
substace wasot added, and the plus sign meaning it (¢vas. 2). There were three replicates
of each treatment. Thmesocosmsverelocatedin the fjord attached to a fldag platfom,

with randomised pl@ment along the platform

+ Bro
1 |
+ Bro
+ dFe + dFe

1 1
Illustration showinghe 12 mesocossin the experiment angthich treatment they were gived1-M3:
-Bro-dFe, M4M6: +Bro-dFe, M7ZM9: +Bro+dFe M10-M12: -Bro+dFe.

To achieve the @ired level of brownification, HminFeed® (Humintechgranulated sodium
humate was added tthe +Bro mesocosmat the concentration of 2 migt. Dissolved iron
was added to the +diRgesocosmasthesiderophorelesfeoxamine B (DFBpata concentratio
of 70 nM. Both HuminFeed@nd DFB was added at day 2 of the experiment. Theients




nitrate (10 uM) and phosphat®(3uM) were added at day 0. This was done to induce a bloom

of thecoccolithophordemiliania huxeyi.

2.2 Flow cytometry
Samples wereaken from the mesocosmatdaysO, 2, 6, 8, 10, 12, 14, 16, 19, and 21. Atday 0

wate was pooled fromlathe mesocos while at later dates, water was collectesn each
mesocosmn carboys20 L of water werecollectedin themorning petween 6 and Bat 2 m
depthby genly vacuum pumping into acidrlashed carboy&Segovia et al., 2017These were
thenkept at 1°C. In addition, samples were collect@dthe same way from the fjord at days
6, 8,10, 12, 14, 16 91and 21 From each carbogpproximately 50 it of water werecollected
(between &nd 10. This was brought to the lab at the Department of Biokd@dences at the

University of Bergenn a moledcontainer andkept at8°C.

When counting phototropl{é. Larsen et al., 20015 ampleswvere prepared for flow cytometry
by adding 3 h of each sampléo two sets oflow cytometry tubesOneset of samp tubes
was hen directly counted on the flow cytometéttune NXT Acoustic FocusgnCytometer,
Thermo Fisher Scientifjc ), while the tubes in the othéad10 uL LysoTracker® Green
DND-26 (Thermo FisheiScientific added to them a concentrion of 3.33uL mL™?, and
incubated at room temperature in thaldfor 10 minutes before count startedSettings for

the flow cytometeused when counting phototropaiegivenin

For each water saple,a tube was filled witt mL of the sampleThesesanples were fixd
using 20uL mL™* glutaraldehydgand after at least 2 hourstire fidge they were flash frozen

in liquid nitrogen and stored in-80°C freezer.

To countheterotrophic nanoflageltes HNFs) and bacteria, the frozesamples in th& mL
tubes were thaed. This waslone5-8 months aftefreezing. For the bacteriawating (Marie,
Partensky, Vaulot, &Brussaard, 1999a dilution gries d 5x, 10x, 50x, 100x,@0x, and 1,000x
was prepared for each sample. The samples were vortexed before beewidifiltered (0.2
pm, Whatman) TEbuffer to a total wlume of 1 nh. 10 pL SYBR Green (Thermo Fisher
Scientific) wasthen added to thaubes beforemixing by vortexing.The samples were then
incubated at room temperature in the dark foteast 10 minute For counting of HN&
(Zubkov, Bukill, & Topping, 2007, 3 m_ vortexed sample was added to flow cytometry tubes
before theaddition of30 uL SYBR greento afinal concentration of 1L mL™. The samfes
were vortexed anohcubated aroom temperatura the dark for approximatelyturs. When

counting both HNBand bacteriathe tubes were vortexed shortly before ¢ognon the flow




cytometer Attune NXT Acoustid=ocusing Cytometer, Therntasher Sentific). Settings ér

the flow cytometer used wimecounting both bacteria and HNRregivenin

Flow cytonetry is a technique thas used to countellsin a liquid medium and examine their properti
(Madigan, Bender, Buckley, 8key, & Stahl, 2019)The technique was firgteveloped for bdmedical use,
but has berused in marinstudiessincethe late 197Qdrequently in studies of marmicrobes tenumerate
and chaacterisehem(Munn, 2011; Sosik, Olson, & Armbrust020).

A modern flow gtometer has three main cqanents the fluidics system, the optal system, and ¢h
electronics(Marie, Simon, & Vaubt, 2005) Thefluidics system orgarses a sample that hage taken up
into a shgle-file stream of cellsThe cells inthe sample are transpadtéo the point whee alaser light meets
the stream of cells, and when the fneaf laser light meets a celt anothe paricle, the Ight will scatter and
fluoresce( ) (Marie et al., 2005; Sosik et al., 20). This is e opticalsystemThe scattering of light is
measurel by the electrnicsas forward angle sdat (FSC) andide angle scatter (SS®hich arecorrebted
to cell size and here are also detectors that meashedluorescence emitted biyérophoes assciated wih
the cell(Marie @ al., 2005) All the information géhered on each cetlan be viewed and analyd in the
computer software, where it is possible to get figures like dot plots, histegend énsityplots, wih the
desired properties as varlab.

Phototrophic cells aturally have fluorescence due toithghotosynthetic pigments, of which chigtoyll a,
phycoerythrin, and phycocyanin are most common, which allows for identificaficuah cés even
untreate (Marie et al., 2005; Sosik et al., 201®poth chlorophyll a and phycoerythrin areciéed by a 488
nm laser, which is commonly usedaking tem ideal properteto analyséMarie et al., 2005)Based on
their properties, such as size and pigmentation, it is possible to differentiate betwgenagreven spece
of phototrophgOlson, Zettler, & Anderson, 1989; Skt al., 2010)For examplecoccolithophores coverel
in coccoliths (cell coverings of calcium carbonatahbe identified due to their defarisation of foward
scattered ligh(Olson etal., 1989), the cyanobaeriaSynechococcusan be identifiedlue to its ligh level of
phycoerythrin(Olson, Chisholm, Zetgr, & Armbrust 1990) and picoeukaryotes can be identified based
size(Sosiket al., 2010)

Sample (cell suspension)

- Sheath fluid

N/

Emitted light is detected by
forward and side scatter
Laser

detectors and fluorescence

= o

lllustration showing how a flow cytometer works. Arrows indicate direction of fluid/light. 7
sample (most ofte a cell suspensn) is narrowed t@ stream of sigle-cel width with help é the sheath
fluid. Each cell then gesthrough a beam of laser g which scatters the light and the light is detected
different detectors: forward scatter, side scatted,different fluoescence detectorasqrmally able ¢ deted
red, yellow, andir green light).




During flow cytometry,HNFs were discriminated fronautotrghic nanoeukaryotesANES)

based on gree(6YBR Green vs red(chlorophyl) fluorescenceandbacteriabasd ongreen

fluorescenceg and 5d) (Zubkov et al., 2007)Autotrophic picoeukaryotesAPES),
ANESs, and Synechococcusp. were di€riminaied based omed vs orang (phycoerythrir
fluorescencd ) (Bratbak et al., 2011; A. Larsen et,&004) E. huxleyiwas identified
in plots ofside scattevs red fluorescenagueto elevatedide scattecaused by theiraccoliths
( ) (Jacquet et al., 2002)Cryptophytes were identified du to ther high orange
fluorescencd ) (Bratbak et al., 2011)

a) b)
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Plots from the Attune softwarehowing hev the differentgroups weraliscriminated Percetages show
what percenage of total eventsoccurredinside the gate.a) dot plot showinghow side scatte(SSQ vs red
fluorescencgBL3) plot was used to identify the coccolithophdmiliania huxleyi(fiehuxd), b) dot plot showing
how orange(YL1) vs red (YL3) fluorescencavas used to identifputotophic nanoeukgotes ANES, finan@),
cryptophyes (ficryptad), autotrophic picoeukaryotd®\PES fipicod), and Synechococcusp. (fisyno), c) density
plot showinghowgreen(BL1) vs orang€BL2) fluorescence was used to identify baietdfibact) and a group of
possible viuses not discussalthis thesigfivird), d)dot plot showindowred(BL3) vs greer(BL1) fluorescence
was used taliscriminateheterotrophic nanoflagellate’IFs, fihnfo) from ANEs finana) and APEs {ipicod).




2.3 Dataanalysis
The Atune software wassed ¢ calculate the grcentage of possibly mixotrophic cellsor

each sample raoverlay of theBL1 (green fluoresces® histograns with and without
LysoTrackerwas maeé for eab organism grop A thresholdmarkerwas placed o the
histogram without LgoTracker in such a way that <2% of the tad cells were above(it

). Thecels on the samp with LysoTracker tlat wee above this threshold were smtered

tobe possiblemxiot r ophs anldsowercek eada lploesd tfi ve cel | s
a) ANEs b) cryptophytes
100 100
75 75
5 5
= =
5 5
“— 0 -t s0
il R1
& &
0 —n 0 II‘ H
10° 10 10° 10 10* 10° 10 10f 10 10° 10 1¢* 10° 10
BL1-H BL1-H

Examplesof histogramoverlaysshowing samplewith (light green colour) and withut (dark red colour)
LysoTracker addedCells representeihside the R1 gaterere consider LysoTraker positivea) histogram of
countedautotrophic nanoeukaryot@NE) cellswhere0.15% of thenon-stainedand B% of the stained samples
were inside the Rate, bhistogram ofcounted cryptphyte cells where.0% of thenon-stained and 2% of the
stained samples were inside the R1 gate.

2 4 Statistichanalysis

Statistical aralyseswere performed in Rersion 3.6.qThe RFoundation) For eachorganism
group on eactsample day the two éatments -Bro and +Bo, or -dFe and +dF¢ were
compared, using twoway mixed ANOVA with the treatment as the betwseibjecs fector
and saple day as the wWthin-subjects factofKassambara, n.dAn Uvalue of 0.05 was used,
as well asadjustedp-values thacorrect for type | errori. rejection of a null hypotises

without a true effef} were used to determine statisticalrsiigance.




3 Results

Whereno SE is given only one sample was colldc&ampling of the fjorétaredat day 6.

3.1 Abundance®f microbialgroups

For the -Bro treatment(no HumnFeed® added)the mean abundance of autotrophic
nanoeukaryo®(ANES) spanned from 8.2(L0% + 6.60<10" cells mL! t0 4.40<10° + 7.41x1(?
cells mL? ( ). The initial aburdancewas 1.5&10° cellsmL™ for both the-Bro and +Bo
treatment (with HuminFed® added)in -Bro mesocosms two peaksne at day 6 at 2.640°
+ 1.5%10 cells mL?Y, and one at dag9 at 4.4810° + 7.41x10? cells mL?, were observed
Abundancs in +Bro treaed mesocosmsangedfrom 6.8%10% + 8.21x10' cells mL? to
2.9710° + 1.55¢1(% cells mL?! with a peak at day 6 at 2.8970° + 1.55¢<10? cells mL! mean
abundance below 1.50x10° cdls mL? after day 10 Abundance inHe fjord rangd from
7.13x10? cels mL? to 4.9210° cells L%, with a peak at day 10 atiZx10® cells mL?, and a
rapid increase from day 16 to the end of the experiment at day 21, wiibundanceof
4.92¢10° cellsmL™.

ANEs
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Treatment
-Bro

=~ +Bro
Fjord

2e+03

Abundance (cells mL_1)

0e+00 1

0 3 6 9 12 15 18 21
Time (days)

Abundancecells mL?) of autotrophé nanoeukaryote@ANES) on exh sample daof the experiment.
Thedaslkedgrey line shows thabundancén the fjord while the rown and Bue lines show the meah SE with
and wittout brownification, respectivg. n=6 forboththe -Bro and+Bro treatmentgdays 221), n=1 for the fjod,
n=1 for chy 0. Stars indiate a signitant difference between thBro and the +Bro treateghesocosms.




The initial abundancef cryptophytesin both-Bro and +Bo treaed mesocosmsas 1.2X10?
cells mL? ( ). The mean abundncepeaked at day b both tretments,at 1.4510% +
1.85x10" cells mLt in the-Bro mesocosmand 1.6&10% + 1.0%10! cells mL?t in the +Bro
mesocosmsAbundances in the-Bro mesocosmsanged from 3.6%10° + 0.84%10° cells
mL1to 1.45x10? + 1.85x10! cellsmL™?, andin the+Bro mesoosmsfrom 1.00<10" + 1.95¢<10°
cells mL! to 1.66x107 + 1.09<10" cells mLY. Both treatments hacheanabundance at
<5.00x10" cellsmL™ from day 6 {Bro treament) or day 8 (+Bo treatment) Abundance inthe
fjord ranged from 5.3x10" cells mL?* to 3.0%10? cells mL* andpealedat day10 (3.09x1G
cells mLY) and day 142.75x1@ cells mL?Y). From day 195.30x16 cells mL?) therewas a
rapid increasentil the end of the experimefday 23 at 223x1(? cells mL™.

Initial aburdance ofE. huxleyiin both-Bro and +Bo treatd mesocosswas5.09<10? cells
mL? ( ). Abundancen the -Bro mesocosmspanned from 1.28.0? + 4.16<10 cells
mL™ to 5.0%10? cdls mL™. There was a decreasatil day 6(2.68x10? cels mL™), before a
peak at day 8 at 3.880% + 3.54x10" cells mL*. Fromday 14(1.25X10? cells mL?) there was
an increas@ abundancentil the end of the experime(day 21) at 3.7&10? + 2.61x1(? cells
mL?, with large standa erros at dag 16, 19,and 21. Abundarce in the+Bro mesocosms
ranged from 7.7%10" + 1.51x10" cells mL* t0 5.24x10% + 6.15<10" cells mL?, decreased until
day 2(3.1710° cells mLY), and therpeaked at 5.2410? + 6.15<10" cells mL?! at day 8 It
decreasedapidly urtil day 14 (7.75<10' + 151x10" cells mLY) and stagd below2.00<10?
cells mLt until the end @the experimenfday 21) Abundancen the fijorddecreased from day
6 (6.30x10% cells mL™Y) to day 19(5.20x10" cells mL™Y), beforeincreasing to 7.3€10" cells
mL* atthe end othe experimen(day 21)




a_ Cryptophytes b Emiliania huxleyi
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Abundance(cells mL?Y) of cryptophyte (a) and the coccolithophorEmiliania huxleyi(b) on each
sample day of the expenent. Thedashedyrey line shavs theabundance in the fjordvhile the brown and Bue
lines showthemeart SEwith and wittoutbrownification, respectivelyn=6 forboththe-Bro and +Bo treatments
(days 221), n=1 for the fjord n=1 for day O

For oth -Bro and +Bo treatments initialautotrophic picoeukaryoteAPE) abundncewas
4.08x10° cells mL?* ( ). In -Bro mesocosrs theabundancepanmed from 1.75<10° +
7.06x107 cells mL?! to 2.7&10* + 3.33<10° cells mL?, with a peak at day 6 at 257B0* +
3.33x10% cells mL™. In the +Bro mesocosms APBbundanceeaked at dag with a man
abundancef 6.7210* + 1.85x10° cells mL! and spanned from .Z3x10® + 4.9210” cells
mL? to 6.7210* + 1.85¢10° cells nL. In both reatmentsmean abundances wet8.00x10°
cells mLt after day 10.1n thefjord abundanceremainedelow1.50x10* cells mL* throughout
the experinent, with thehighest values beingt day 10 at 1.3410* cellsmL™?, andthe lowest
abundancéeing at day 16t 6.22¢<10? cells mL!. APE abundancéncrease towards tle end

of the experimentreaching a abundancef 9.45¢<10° cells mL* at day 21.

The nitial abundane of Synechococcusp.for both the-Bro and+Bro treatments \as 9.5410°
cells mL?t ( ). For the-Bro treatment, the abundance spanned fromx1.62+ 5.11x10?
cells mL?! to 1.99%10% + 1.7710' cels mLt. Fram day 2 Synechococcusp. abundance
decreaed until day 12(1.52¢10° + 5.11x10? cells mLY), before anexpmential ncreasdasting




until the end of the experimefday 23, reachingl.99x10* + 1.7710" cells mL?, took place
Abundances inrBro mesocosmsanged from 440x10° + 5.5310? cells mL! to 2.95¢<10" +

3.53x10° cells mLL, and pealedat day8 at 156x10* + 4.70<10? cells mL* before decreasing
to 4.40x10° + 5.53«10? cells mL?! at day 14 From day 14 a rag increase until day 2t

2.95¢10* + 3.53x10° cells mL! was observedThe fjord abudancerangedrom 1.0x10* cells

mL?to 4.4%10* cellsmL™?, with a pealat day 10 a#.47<10* cells mL. From 1.0610* cells

mL? at day 16, an increase until dayt®2.93x10* cells mL* was observed

a. APEs b. Synechococcus
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Abundane (cells mL?') of autotrophic picoeukaryotesAPEs) (a) and the cyanobaetium
Synechococcusp. (b) on each sampleay d the experimat. Thedashedyrey line shows theabundance in the
fiord, while the bown and Hue lines show he meant SEwith and witlout brownification,respectivelyn=6 for
both the -Bro and 4Bro treatmentgdays 221), n=1 for the fjord n=1 forday 0. Star indicates a signiant
difference between th@ro and the +Bro treated mesocosms.

The bacterialabundancat day On both the-Bro and the +Bo mesocosmsvas 8.8&10° cels
mL? ( ). Abundance inte -Bro mesocosmsangel from 419x10° + 6.71x10* cells
mL?1to 1.1%10° + 2.31x10* cells mL?, andpealedatday 2 (.19<10° + 2.31x10* cells mL?)
and day 145.96x10° + 5.50x10* cells mLY). From day 16the abundancicreased until the
end of the expeément(day 21) t08.78x10° + 5.82x10* cells mL. Abundance in the-Bro
mesocosmspanned from 4.62.0° + 4.93<10* cells mL* to 1.1&10° + 3.04x10* cells mL2.
It pealedat 1.1%1CP + 3.04x10* cells mL™* atday 2andday 6,decrease until day 16(4.62x10




cells mLY), ard pealedagan at day 19 £6.61x10° + 8.45¢<10* cells mL. Abundances intie
fiord spanedfrom 3.9%10° cells mL? to 9.73x1(° cells mLY, starting at 9.7810° cells mL*
at dyy 6, then decreasingntil day 8 at 7.0%10° cells mL?. It peaked at day 12 at 9.4810°
cdls mL?! befae it decrease until day 19(3.99<1C° cells mLY) andthenincreasd until the
end of the eperiment(day 21)to 4.98<1(° cells mL™.

Bacteria
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Abundancein cells mL? of bactera on each samplaay of the expriment. Thedashedyrey line shows
theabuwndance in the fjordwhile the bown and bue lines show the meat SEwith and wittout brownification,
respectivelyn=6 forboththe-Bro and +Bo treatments(days 221), n=1 forthe fjord n=1for day Q Sta indicates
a significantdifference between theBro andthe +Bro treated mesocosms.

Theinitial aburdarceof heterotrophic nanoflagellateslNFs) in both the-Bro and +Botreatd
mesocosmsvas 1.02x10° cells mL?t ( ). Abundancen the -Bro mescosns spained
from 7.0x10% + 6.19%10" cells mL?! to 3.36<10° + 1.51x10? cells mL?, pealed at day 6
(1.47x10° + 8.30x10" cells mL?Y), decreased until day 10(7.00x16 cells mLY), and pealed
againat day 16(3.36x10° + 1.51x1(? cells mLY). Abundane inthe +Bro mesocosmspanné
from 9.93%10? + 1.24x10? cells mL?! to 2.46<10° + 6.7910! cells mL?L. It pealed at day 6
(2.46x10° + 6.79<10" cells mLY) and day 162.29<10° + 2.76<10? cdls mL1) andreached
approximately 1.0810° cells mL* both beforebetveen, andafter the peak Abundance in the
fiord spanned from 3.98.0? cells mL? to 2.26<10° cells mLL. It started at 1.26L0° cells




mL?t at day 6(1.15¢10° cells mL?) and had a @k atday 12 R.26x10° cells mL?Y), then
decreased unitiday 16 (393x10? cells mL™) and increaedto 6.71x16 cells mL! at the end of
the experiment @y 21).An extreme outlier at day 12 (M&)ith anHNF abundanceof 8.59x

10° cells mL* was excludedas this vas cosidered a measuringrer.
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Abundancen cdls mL* of heterotrophic nanoflagellatedIFs) on each sanie day of the experiment.
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3.2Percentages diysolracker positive cells

Theinitial percentgeof LysoTlracker positiveautotrophic nanoeukaryotANE) cellswas56%
for both the +Bro and the-Bro treaed mesocosms$ ). The mean percenages of
LysoTracker pogive cellsin the-Bro mesocosmeanged from 20% 3.8%to 5%% + 3.6%. It
decreaed to 27% 6.8%atday 2, ad fromday 12 0%+ 3.8% it increased util a peakat
day 19 at 59%+ 3.6% Mean percentages in th®ro mesocosraranged from 13%z+ 1.5%to
56%, decreased to 28%1.3%at day 2, and continued to decrease until dafi 3%+ 1.5%.
In +Bro mesocosms thaean percentagpealed at day 19 at 45% 4.6%. Percentagesin the
fjord rangedfrom 6.3%to 61% andpealedat dgs 8 (25%), 12(18%), and 1961%). At day

14, an outlie not included in the line graph due to an errahmmetod, themean percentage




of Lysolracker positive cells iRBro mesocosmsvas @% + 2.5% and63%+ 2.7%in +Bro

mesocosmsand thepercentage inhefjord was 18%.
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Percentageof LysoTracker positivecells on each sample day of the experimfemteach group;
autotrophic nanoeukaryoteANES) (a), autotrophic picoeukaryes (APEs) (b), cryptophytes(c), Emiliania
huxleyi(d), ard Synechococcusp. (e). The grey line showthe fjord percentagewhile thebrown and bue lines
show the mean percentage: SE with and wittout brownification, respectively. The points day 14show the
mean perentagetr SE when an error was madehen prepeng the samples=6 for both the -Bro and +Bo
treatmentgdays 221), n=1 for thefjord, n=1 for dg 0. The dar indicates a spgnificant difference between the
-Bro and the +Bro treed mes@osms.

The initial perentage ofLysolracker positive cryptophyte cells oth -Bro and the +Bo
treded mesocosmsas73% ( ). Mean percentages the-Bro mes@osmsangedrom
27% + 15%to 73%, ard decressedurntil day 2to 48% + 12%. A peakwas observedt day 6
(58% = 8.3), thenthe percentagdecreased until day 1@7% * 15%) before incresing until
the end of the experiemt (day 21) t051% + 14%. The mean prcentages ofysolradker
positive cryptophytes in+Bro mesocosmarangedrom 6.5%z+ 3.3%to 77% * 3.1% andoeaked
at day2 (77% + 3.1%) and day 1940% + 10%). At day 10, between the twpeaks, thenean
percentag&vas6.5% + 3.3% Theperentag in thefjord of Lysolracker pogtive cellsranged
from 1.2% to 38%, had apeak atday 8 at35%, deaeaseduntil day 5 (3.9%), andincreagd
until day 21to 38%. At day 14, an outlier not includen the line graph due to an erin the




method, thenean percentage ithe-Bro mesocomswas62% + 14% and in the +Bro treatment
71% £ 7.4% and thepercentage in th§ord was1.2%.

The mean percentagef Lysolracker podive cells ofE. huxleyiranged fom 3.9% * 1.1%to
49% in the -Bro mesocosmsand from2.1% + 0.44%to 49%in the +Bo mesoosms(

). Theinitial percentag in both teatments s 49%. Tie mean perceage in the-Bro
mesocosmslecreased until dayté 6.6%+ 0.56%andpeakedat da 8 at 15%t+ 1.0% Fom
day 12(3.9%) it increasedo a second peakt @ay 19 (27% * 5.6%). The percentge in the
+Bro mesocosmslecreasedntl day 8(2.1%+ 0.44%), increasedintil day 2t05.1% + 3.5%
and increasd from day 164.9%x= 0.70%)until day21to 15% + 3.3% Thepercentagein the
fljord rangedfrom 34% to 25% andpeakedat day 10 (14%)and dy 19(25%). At day 14, an
outlier nd includedin the line gaph due taan error inthe method, thenean percentage of
LysoTracker positive cells inRBro mesocosmsvas 31%z=+ 13% and 22% * 8.2% in +Bro

mesocosrs and thepercentage in th§ord was 33%.

Theinitial perentage of.ysolracker paitive autotrophic picoeukaryot@&PE) cells was24%
for both the-Bro and the +Bo treakd mesocosmg ). Mean pecentages in theBro
mesocosmsangedfrom 14% + 4.7% to 49% + 4.8%. It decreased until day 2 (14% + 4.7%,
then pekedat25% * 3.0% at cay 8 From day 8t decease until day 12(19% + 3.7%), then
increagd to anotherpeak atday 19(49% * 4.8%). Thepercentages in theBro mesocosms
rangeal from 15%+ 1.8% to 45% + 4.6%, deceasal until day 2 (15%+ 1.8%), andremaired
<20% until dayl4.It pealedat day 19 at 8%+ 4.6% The percentage df ysoTrackerpositive
cells in the fjord sampremained<10% throughout thexperimentexcept for goeak at day
19 (12%). At day 14,an autlier not included in the line graph due an error ithemethod, the
mean percentaga -Bro mescosns was P% = 1.7%and69%+ 1.9%in +Bro mesocosms

and thepercentage ithefjord was 0.4%.

The initial percentagef LysoTlracker pogive Synecbcoaus sp. cells was 2% in both-Bro
and +Bro teated mesocosnis ). Themean percentgges in-Bro mesocosmeanged from
3.5%+ 0.88%to 10%= 2.5% and pea&d atday 10 at 68% + 3.1% From day 2 (3.9% =
1.2%) it increasedto another pealat day19 (10% + 2.5%). Themean percentages in thd3ro
mesocosmgangedfrom 21% + 0.33%to 9.7% + 1.7%. From dy 2 (4.4% = 0.73%) it
decreased until day X2.1% + 0.33%, thenpealedat day 16 89.7% + 1.7%6. The percentage
of LysoTracker positive ells in the ford ranged from (8% to 2.9% andpealed at day 8




(2.9%)andday 19(2.6%. At day 14, a outlier na included in the line graph due to an error
in themethod, theneanpercentagevas8.1%=+ 2.5%in -Bro mesocosms artP%+ 2.2%in
+Bro mesocoss) and the percentage in ta fjord was 0.5%.




4 Digussion
4.1 Effects of brownification on themposition ¢ the community

Generally,abundancesitially increased to a peak days2-8, then decresed béore either
stayinglow or againincreasing during the second half of the experime(it ). This
mostly compares well vih other experiments at the sarmedion (Paulino, Egge, & Larsen,
2008; Segovia et al., 2017 addition tothe grou accainted for in thisstudy, largergrazers
such as ciliatebkely affectedabundanes by grazing on both nanand picesized organisms
(Rassoulzadegan, LavBRkuto, &Sheldon, 1988)andvirusesarealwayspresentand playan
importantrole for protist communities(Suttle, 2005) However, none of these groups were
targetsfor the main objecties of the current study.

Autotrophic nanoeukaryoteANES), which peakedwice insome nesaosms and wer®und
in high abundances in the fjo(d ), normally bloom durng early summer iremperate
areas(Anderssao, Haecky, & Hagstrom, B2t; Tarran & Bruun, 205), during whichthis
experiment took placd&hemesocomswere filled withwater with relativelyhigh abundance
of Emiliania huxleyi( ). E. huxleyitypicdly bloons onthe west coast of Norwajuring
this time of yeafe.g. Tyrrell & Merico, 2004, anceferences trein) and its rapl decrease in
abundance in the fjord outside the enclosuresatdsa cemising bloom when the filling took

place

Cryptophytesmay bloombothin spring anddte summer in the Raunefjord depending on the
year(Paulino et al., 2018ard in late summer/early autumn in other tempered@ag{Tarran &
Bruun, 2015) Therefore not unexpectedlyinitial cryptophyte doundances were W in this
experiment caied out in early smmer ( ). Due to tleir largecell sizecompared to other
groups accounted focryptopghyteslikely grow slowly(Marafion, 2015; Tang, 1995yhich
probablyaccouns for their low numbershroughout the gxeriment They could also have been
hindered by competition from faster growing cell3he fact that the abundarscén the
mesocoms werdower than the fjord abundanaadicaiestha the mesoasms created poor

environment for theseells.

The ped&s inautotrophigpicoeukayote APE) abundane ( ) showthat the emironment
in the mescosmswas favourable for tB group It has long been thought thgrowth rate
deaeases with siz€lang, 195), but recent studis have showmtermediate size® have the

highest growth rate@eviewed in Marafion, 2015The APEs grew faster initially than any




other group in this experimenndicaing that tre ANEs wee eitler heavily grazeduponor
experienced limitations aunfavourableconditions not experienced by the APE$Se rapd
decreas in APE abundance after the pemaly have been caused by a viral attgoiedation

or a conbination ofthese factor{Baudoux, Veldhuis, Witte, & Brussaard, 2007; Evans,
Archer, Jacquet, & Wilson, 2003)PE abundanceremaininglow during the secontalf of

the experiment could have been due to qefition and/or predatiorBoth heterotrophic
nandlagellates INFs) and ciliatesare known grazers of APERassoulzadegan et al., 1988;
Stockner & Antia, 1986) meaing both groups likely contributed to keeping th&PE

abundace low

Synecloooccussp.cellsexhibitedminimal initial growthand stayedtdow abundaoesfor most
of the experimen( ). Theyare picesizedandarethus together with the Herotrophic
bacteria,of the smallest cels included in the current stud{hdr minimal initial net growth
coud support thetheorythatsmall cellshavelower growth ratsthan intermediately sized cells
though they could have been kept at low abundances duezinggraompetition, or non
favourable conditionsl find the most plausiblexplanation to beompeition (likely from
heterotrghic bacterifor predationsincetheir net growth was much higheotwards the end of
the experiment when the abiotic environmental conditions were sipridggumably due ttess
predationor newly available nutrients. Growth d Synehococcussp. after roghly two weeks
has be@ olservedn mesocosmdue to decreased pagtbn(Agawin, Duarte& Agusti, 2000).
HNFsarethemain grazers of piceized phototrohs( Agawi n et al ., 2000;
Stockrer & Antia, 1986) This is supportedy our experimentas the stger increase in
Synechococcusp. abundance ( ) stared when the HN abun@nce significantly
decrease ( ).

The succession pattern lodicteria ) correponds withmesocosm stues fromboththe
Raunefjord(Segovia etla 2017)and a Swedish lakgé Ur r u t erozet alG @01 1HNFs are
the main predatoralsoof bacteriae.g.Ferchel, 1982; Sanders, Porter, Bennett, & DeBiase,
1989) but other factorsuch as nutrient availability, predatiofrom other organismse.g.
mixotrophg, and virus activity would also have affectealcteral abundanceBy comparing
abundance patns it can be assumed thidiNFs weredlikely not a major predator of APHsS

this experimentthough theycoud have consumed ANEs in addition to bacteriaHAd§=s and
ANEs are in the same sizategorygrazing is more likely to havgeen from leger organisms

like ciliates(Rassoulzadegan et al., 1988)




There wadittle statisticdly significant differace between thierownification(Bro) treatments
(HuminFee® additiong during the first ANE abundance peaut we observed significantly
higher ANE abundances in thBro mesocosmthanthe +Bro mesocossduring the second
peak ( ). Possible reasos for this could bethat ANEs perform badly in low light
conditions,or that therewas more grazing on ANEsor competitionfor nutrientsin +Bro
mesocosmsStudies have shown that ciliateto better in areas of low light and high
concentrations ofdissolved organic carbo®(QC) (Kammerlandeetal., 20L6), indicaing that
ciliates could havéeen grazing mori the +Brothan the-Bro mesocosmsand keepinghe
abundance lowPeaks alate stagsof similar expeiments(hereobserved inBro mesocosms
only) have prevously been observemh mesoosms with high corentratons of N, P, and
silicon (Duarte, Agusti, & Agawin, 20@). In our ex@riment thesenutriertswereadded to he
same concentrans inall mesocosms, so tle peakwas likely an effect obrownification not

high nutrientconcentrations

The cryptophyteabundanceshowed little to no reaction to brownification The mean
abundances weramilar in bothtreatmentswith the +Bro abundances beislightly higher at
some time pointg ). It has been theorised thbatowrification favours cryptophytes
(Weyhenmeyer, Willén, & Sonesten, 2008t our resultscannot support this theoryOur
experiment took placduring very lowcryptophyte Aundanes It is possible a effect would
have been observed bloom concentrationsOther facors such as grazingay also havéad

a biggereffect than thalifferentBro treatments.

Fromday 14,E. huxleyiabundance in one tlie -Bro meso@smsincreased radly, reaching
1.68 x 10° cells mL* at the end of the experimefthere does not appedo be aclear reason
for this bbom only happening in onenesocosm The samemesocosm also had higher
abundanceof APEs(5.37x 1@ cells mL?! at day 19)ndSyrechococcusp. cdls (1.73x 10*
cells mL:t at day 21}han the othesBro-dFe mesoosms This mesocosi could have had lower
levels of predationfor exampledue toa viral attack on thgoredominangrazersor possibly

higher levels oaivailable nutrients

The significantly higher APE abundancepeak early in the experimemt +Bro mesocosms
compared to lmth-Bro mesocosms and the fjord shawatour artificialbrownification created
a favourable environment for the ABE ). This could mean that APEs are better at

utilizing DOC or better adapted to low light conditionthan their competirs or that




brownificationinhibits their maingrazersThelatter is less likelyas brownification appeed
to favour HNFgassumed to bgrazersof APES during the APE peak ), did notaffect
most mixotrophs neg@vely (seechapter 4.2 and isreported to &vour ciliates as well
(Kammerlanderet al., 208). This difference between treatment®ntrasts findings in
freshwaterstudies whereanincrease in DOC andedrease in lighbas been reported t@ave
negativeor no effect on theAPEs(Drakare, Blomqvist, Bergstrom, & Jansson, 2003; Rasconi,
Gall, Winter, & Kainz, 2015)This couldbe due todifferences in marin@and freshwater
ervironments or our initial addition of nutrientgausng a difference fromnatural caditions.
The DOC that leads to brownification in marineveaonments come from terrestrial or
freshwaterrunoff (Hedges, Keil, & Benner, 199730 thesamicrobialcommunities may hee
been more adapted to dealing wittownification. It is alsolikely thatthelongertime s@nsin
these other studiesntributedto the diffeing results suggestingthat short ternstudies an

showa different picture than long terames

Synechococcusp.abundanceneansverehigher in+Bro than-Bro mesocosms throughout the
experiment( ), particularly during the smiapeak at day 8though thisdifference was
never statistically significantArmbrust, Bowen, Olson, and Chisholm (19&Xplain how
Synechococcusp. cellcycles last longer duringght limitation, meaninghey grow slower.
Our results do not shw this, indicating that other factoighibit Synechococcusp. growth in

-Bro mesocosmdor example higher levels of predation or competition.

HuminFee®, the substance added to achiex@amification, contains large amountsOC.
High bacterialabundancesas observed between day 2 ang g ), weretherefore
expectd in the +Bro mesocosmsince bacteriarely on dissolved organic mattgiDOM,;
includesDOC) to grow( ) (Azam et al, 183). Increasedbacteral growthdue to increased
concentrations of DOCbrownification, and temperatuteave been observed in mesocosm
studies previouslyWilken etal., 2018) In ourexperimenthestatisticaly significantdifference
betweentreatments wasot due toincreasedacterial abundance the +Bro mesocosms as
expected, butlue tothe hgh abundances lasg longer As HNFs relyon bacteria for food, th
peak in baarial abundanceould havebeen the cause tiespike in HNF abunanceat day 6
that was notpresenin -Bro mesocosmeg ). It is possible tht the bactericommunityin
the +Bro mesocosms as more resistant to grazers and/or virusean that in the-Bro
mesocosra Thebacterial community could be adaggitodifferent conditiongjuickly enough
thatno effecs from the treatments gen areobserved As the bacteria we not seprated into

groupsor identified it is notknown how the bacterial camunity chaged throughout the




experimemn Thecompositionof the bacterial communitiyas been shown thangehroughout
a mesocosnexperiment(Riemann, Steward, & Azam, 200@ndbacterial communitieare
resilient to changing conditiorcaused byboth topdown corrol and nutrient concentrations
(Matz & Jurgens, 2003; Tsagaraki et 24D,18)

The hypothesis #t brownification wouldéad to changes in the composition of the microbial
communites was partly supported, as statidly significant changes &are observetb some
degreefor ANEs, APEs, and bacteriavith bacteria showing & least dference between

treatment®of the three groups

4.2 Effect of brownificatioron percentageof mixotrophs

The general trend in patterns of percégysoTracker positive cells & that peraggages
decrease or stayed low for the firstdf of theexperiment, before incasing towards the end
( ). Assuming that nxotrophy is a survial strategy for the cellshis suggests that
conditions in the mesmsms gew worsefor them over time and more non-constituive
mixotrophs NCMs) were performing phagotroph towards the eh of the eperiment
Mixotrophy could alsdhave been performed aa response¢o an abundance of nutrientgith
cells only thenbeing able tomaintaina phagtrophic capabity in addition tophototrghy.
Similar studesto ourshave shown thall and Pconcentrations decreased iddp (Egge &
Aksnes,1992; Segovia etl., 2017, meaning the increase in mixotrophic cells was likely a
survival mechanismrhough some bacterjgerform phagotrophySynechocamssp. is only
known to beprey throughbacterial phagotroph{Rashdan & Bird, 2001) not a predator
Therefore, there must have been another explanation for the LysoTracker positive

Synecbcoccussp.cells, likely unspecific staimg.

Mixotrophic autotrophic nanoeukaryot€ANESs) are knownto be of great importanceThey
compiise up to % of the ANE population andireresponsite for >80% of bactexiory in
some areagHavskum & Riemann, 1996; 8nders eal., 1989) Percentages ofLysoTracker
positive ANE cellsstarted higlon day Oand hadbeen redced by apprarnately half by day 2
of the exgeriment( ). This could be the result of suboptimal cdradis in the fjordat
the timethe water was dded to thenesocoms or cellsexperiening stress whebeing pumped
into the mescasms causing them toesort b phagotrophyAnother possilhity is that the strit
phototrophs grewdster than the motrophs, making the percentage of Lysadker pogive

cells decease. However,predaninantly phototrophic mixotrophss theseells ae assumed




to be,have been gorted to have growth ratesnilar to those of stricphototrophgue to the
relatively low costof maintaining a phagotrophicapability (Raven, 197). Percent
LysoTracker positive ANE cells increasd towards the end of the experimég ),
coinciding with an incre&sin abundrce, particuldy in mesocosmswithout addtion of
HuminFee® ( ). It appears that theellsbehaving mag phagtrophicaly made itpossibé
for them to grav, which could mearthat mixotrophy inhesecells is nainly a survival strategy
for poor conditions This straegy has previously been obseed in several nutrientimited
ANEs (Anderson et al., 2018)

Thepercatagesof LysoTracker positiviamiliania huxleyicells staring highon day Gand then
dropping significantly ( ) could mean thatlso thisparticular ANE speciesises
mixotrophy as a survivatrategyandthat condiions improved oncethey were faced in the
mesocosmsilt could also meatiat theyturned to phagotrophdue tostresgduring he pumping
of the water into thenclosures Towards the end of the experiment there was an increase in
percent LysoTracker psitive cells( ), indicating that the calitionsturned subptimal
ard E. huxkyi cdls againhad toresot to phayotrophy It is possible thatells only perform
phagtrophy under optimalonditions It giventhe rapid decline in Lyskrackerpositive cells
right after nutrients were addédhyO0), this isunlikely. The factthat onlya small portion oE.
huxleyicells were LysoTracker positive indicates thagyhareNCMs. This is suppated by
other studiediaving observedome put minmal, phagotrophy irE. huxleyicells(Avrahami &
Frada, 2020; Rokitta et al., 201T)he higher percentage of mitxophs in our studgould be
due to unspecifistaining in he cellsor difference in methods.

Thepercentages of LysoTracker positiggyptophytecellshad wideerror bars due to fewetts
present in the mesocosrfidten <20 cellsmL™ from day 8 ). Anderson eal. (2017
only calculated perrtages of mixotrophswhen the abundance of a group was x80s i,
which decreasgthe chance of #@ype Il error (tonat reject afalse nil hypothesis) Most
percentagesf LysoTrackelpositivecryptophytesn our expeimentwould not have been used

when gplying thiscut-off, sono conclusions should be drawn from these values.

Autotrophic picoeukaryotesAPE9 have also been shown tmntibute significantly to
bacterivory (Sanders & Gast, 2012; Zubkov & Tarran, 200But are less knowro be
mixotrophic than ANEsThis could bea result ofthe method used to determine mixophy,
as observing ingested particlespico-sizedcells can be challengingandmixotrophic APEs
havebeen shown to not ingelstrger prey(Sanders & Gast, 2012puring the first hat of the




experiment percenage of LysoTradker positive APEcels stayed relativéy low, before
increasng towards the end of the experiment in all mesocqsms 1-0), coinading with a
dightincrease in abundande ). Thismayindicate thathe APE population gerienced

growthtowards tle end of the experimedue to moreells performirg phagotrophy

Synechococcusp. showed atrend of increasing percege of Lysolracker positive cells
towardsthe endof the experirent ( ). Up to 20% ofSyrechococcusp. cells in each
sampleduring this experimentvere $ained,and sinceSynechococcusp. is not kown to
perform phagotrophy, thisndicaes that LysoTrackernot only staired food vacuolesOne
possible explaationis staining ofthe thylakoid lumenn chloroplastsas the pl is similar b
that in food vacu@s Rose et al. (2004)id not find a difference in flu@scemn sigral between
live and dead®ynecbcoccussp. cells, meaning tht this isa possibilityonly if chloroplass are
not destroyed in dead celldnspecific gainingin Synehococassp.cellsdoes nohecessarily
mean that this also occurred @ukaryotic cellsas t is possiblahatSynechooccussp.cells or
cyanobadatria in general interact differenttizan ekaryotes with the LysoTraker stain.

The R/Fm values(optimal quantum yield of photosystdin were calculted ineach mesom
throughaut the experimenand give insight into how lealthy the phototrophic cellis the
communities wer¢ , method in ). Normally R/Fm values reaclabout0.6

in nutrient rich conditions arabout0.3 during nutrent limitation(Crespo, Espinoz&onzalez,
Teixeira, Castro, & Figueiras, 2011ln the currentexperiment, theR/Fn values stated
declining at day6, and percentages of LysoTkar positie cells of most groups steed
increagng around day 10rdl2 ( ). It is passible thawith the chlooplasts yielding less
energy cellsneeadto perform more phagotrophlt is alsopossibleha the k/Fn valuesrelate
little or not at allto mixotrophy, and thathte reasorhat thephototrophs in +Bro mesocosms
were less healthy wathat thebrownification of the water made photosynikdsss effectie
so cells created more chloroplasts to cengateThe firsttheay is supported by the fact that
even Synechococcusp.cells had an increase in Lys@tker posite cells towards the end of
the expement( ), possibly caused bytaning of the thylakoid lumen of chlorosts
As theydo not have food vacuolgbe increae mushave aother cage,for examplestaining
of the thylakad lumen There could alsdhave beerless nutrients availablenithe +Bro

mesoCcosms.




The statistically significant differencein percenage of LysoTracker positive ANEcells
between treatments towards the end of the experinmehtated tht more cells in theBro
mesocosmsvere mixotrophic than in the +Bo (brownification mesooans ( ). This
contradcted the hypotheis that brownification leads to more ixotrophs. The differene
occured during the second peak in ANE abundanceBro mesocosms, possibly indicating
thatANE cells resrt tophagotophydue to limited resoursgas observeth some ANE species
by Anderson et al. (2018 he fact thathis differencevas obsared could belue b thehigher
abundanes of ANEs in -Bro mesocosmscausng less nutrients to be available to strict
phototrophs This suppors the idea that phagotrophy is a survival strategy for these cells.
Anothe possibility isthat here was more corefitionin +Bro mesocosmsausingnoreANEs

to notbeable toconsumebacteriaSince he change®bservediue to brownificatiorwerenot
until the last two dgs d the experiment,it is possible hat more changesould have been
observedn a longerastingexperiment. Both the ayptophytes andE. huxleyiappear to lsow

a trend ohigher percentages of LysoTracker positive cellim mesocosms taavds the end

of the experiment and’2d), supporting thee findings

Increase INPAPE abundancaedid not caus a coincidingncreasen percentageof LysoTracker
positive cellq and1”b). The significantly higheAPE abundanaan +Bro mesocosms
compared teBro mesocosmesan therefore ot be explaind by an increase in cells capable of
performing phagtrophy. Themean percentagof LysoTracker positiveAPE cdls in the-Bro
and +Bro treatments did not show significant differences( ), meaning that
brownification did notaffed percentageof mixotrophs in this experimeniThe same was true
for Synechooccussp Though theravere more differences in mesfor this group ( ),
these differencewere not statistically signdant due todrger error barand did not show a

clear trend

Studying the effea of brownification onmixotrophic microorganismsusing mesocosmss

often done in combination i increasingtemperatureg e . g . Urrutia Corder
Wilken et al, 2018) This isbecausdrownificationand increased concentrationsdigsolved

organic carbofDOC) areindirect effecs of the increasin runoff caused by higher temperature

in predided future scenass in lakes ad coastal waers(IPCC, 2014; S. Larsen at., 2011)

The results ofour study indicate hat theeffects shown irsuch studes could bedue toa

combined effect oran increasing temperatumathe than brownification though studies

showing an effect obrownificationaloneexist(e.g. Lelet et al., 2018)All theaforenentioned




studes were performed in freshveat lakes but paralels can stl be made to marine
environments, partiglarly coastal areasjnce not only des freshvater affect the ocearkie
to input of waterbut effects cold still be similar even in different environmen®oastal aeas
areexpected to be atted due tanput of dissolved organic matteDOM) from rivers and

lakes as observed in Nomggianfjords (Aksnes éal., 2009)

Though theonly staistically significant difference between treatmeatsurredfor ANEs, a
more general trend of all ne-sized groups (ANEs;ryptophytes, ande. huxley) appeared
showing a decre in mixotrophs due to brownificatioAs thisexperment only ran for 21
days, andan increase in mixotroplegas observed only in the second half, it is likely that more
pronainced differences would have appeared if the experimeedl|dshger.However,the

hypothesis could not be gpoiorted as the tredsshow the oppositeffect.

4.3 Effects ofron addition
For phototrophsjron is aa important micronutrienfor growth due to its involvement in

photosynthesis andssimilation ofN (Behrenfeld & Miligan, 2013) as well ago minimise
DNA damage(Segovia, Lorenzo, Ifiguez, & Gda-Goéme, 2018) The North Atlartic is
generally not regardeaisiron-limited (Behrenéld etal., 2009) butin some areaEmiliania
huxleyimay experience iron limitatiofNielsdotir, Moore, Sanders, Hinz, & Achterberg, 2009;
Segovia etl., 2017) Therebre, the overdlhypothess put forward in the BIP\&b prgect was
that aldition of dissolved iron ¢Fg would promote a mom of phototrophic plankton,

paticularly E. huxleyi

The average abundess ofboth autotrophic nanoeukaryoteBNES) ( ) andE. huxleyi
( ) cells appeared to be higher {dFe mesocosms thamiFe mesocosméndicating
that iron could have had a negativéeet on these cellsPartly respasible for this trend was
the bloom in one of the&lFemesocosmsThis corrastel both the hypothesf theproject and
previous findings thaE. huxleyiresponds positively tdFeaddiion (Nielsdotir et al., 2009;
Segovia et al., 2017Yhe cryptophyteabundanceslid notappear to be affected by thé&e
addition as he meansveresimilarin both treatment$§ ).

Neitherautotrophic picoeukaryotéAPE) nor Synechococcusp. abundances appeared to be
affected by the adtion of dFe( ). Synechooccussp. has previougl been reported to
be positively affected bgFein a similar mesocosm experimen{Segovia et al., 2017)and
natural APE populationa thePacific Ocean were stimulated by iron as @8hrenfeld, Bale,

Kolber, Aiken, & Falkowski, 1996)Neither ofthose experiments includedbrownification




effect so it is possiblgéhat the brownificationtreatment oncealed ostoppedthe posiive

effects of dFe

Hutchins, Witter, Bugr, andLuther (1999¥ound that eukaryotiand prokaryotic photrophs
used different saitegies to assimilate iron, with eukaryotic species relying more on porphyrin
complexed iron ash cyanobacteria relying more on siderophores. This could be pareof th
reasonwhy dFe appeared to have little effext abundancesf the eukayotic phototrophs
accounted for in this experimenhough it does not explain wiour results contiict others

It is possible thatny effect ofdFe was obscured by the effectbwbwnification, or that the

organisms in the mesocosms simply nad experience ircfimitation.

Bacterid and heterotrophic nanoflagellateHNF) abundancesalso appearto have been
unaffected by dFe additiof and /A6). The effecs of iron onbacterid abundance
reported are varied. Some report littlentmchangeslue to ironaddition(Churd, Hutchins, &
Ducklow, 2000; Kichman et al., 2000while othersreportthat bacteria are stimulated by
addition of iron(Cochlan, 2001; Pakulski et al., 1998his variation could be due to the area
or time of year studies are performextthe compositionfothe bacterial populatigasdifferent
species could respond diféatly to iron additionor have differat needs for iron

The percerstiges of LysoTracker positiveNE cells appear to be slightly elevated in +dFe
meocosms( ), though ot enoughto be statistically significah This trend is not
observed dr the other nansized groups (cryptophytes aid huxleyj and ).
Both picosized groupsAPES( ) andSynechococcusp. ( ), also show a slight
increase in LysoTra&k positice cells in +Bro mesocosymsut not a statistically significant
difference.As previously discusse®ynechococcusp.cannot perform phagotrophy and thus
staining of these cells must @specific.

It has beershownthat ingestion of bacteria i©chromonassp, a speciesbelorging to the
ANESs, canprovidelarge amounts of the iron needed for grgwildicaing that mixotrophs are
well-adapted taron-limitaton (Maranger, Bid, & Price, 1998)Assuming that bacterivory is
not performedsolelyto acquire irain these cellsthis seemdo be supportedybour results that
show little podiive effect from dFe addition fmercent_ysoTracker positie cellsof all groups.
If cells alreadyperform bacterivoryo meet otheneeds an@cquireiron through this there is
no need tdransitioninto usingdFe Behrenfeld et al. (1996pund thairon enrichment caused
the R/Fm values to increase exponeaily. Ourresults contradict this, with thdFe mesocosms

having a higher peak than the +dR@socosmstdhe start of the expenentand reaching lower




valuestowards the end ). Our resultamply that phototrophs in thedFe mesocosms

were healthiethanthosein the +dFe mesocosms

The hypothesis that addition of dFe would affect bdil ¢onposition of the microbial
community andte percentage of mixotrophic phototrophs could not be suppbesed on the
resultsfrom this experimentThere are may possible reasons, for example that any effect from
dFe was concealed by tleffects of brownification or that the water was nobn limited to

begin with.

4.4 The lysoTracker method
The method uskto determine whetheells were mixotrophic or not wéirst usedby Rose et

al. (2004)for enumeation of heterotrophc nanoflagellatesHNFs) in natural samplesand
further developed byintes and Del Giorgio (2010t hasrecentlybeen usedto target and
identfy mixotrophic phototrophsi some studiegAnderson et al., 2018; Alerson et al., 2017;
Li et al., 2016) butis still notawidely appliedmethod In this study the method waisedo
enumerde mixotrophicphototrophs.l chose to denotehésepotertially mixotrophic cells

ALysoTracker positi staningceuldhahberukedoutc e unspeci fic

| used a fluorescence micompeto observehow the LysoTracker stain interacted wihlls
from seveal cultures and found that itvassometimas unclear whether the stained parts were
food vacuolesThereforefo examindn more detaihow LysoTracker interact with somealgae
cells,| investigatectells from cultures obunaliella tertiolectaK-0591 Ochromonasp, and
Tetraelmissp. usingconfocal microscopy , method in ). D. tertiolecta
(described as a pure phototroph; Fischer, Giebekdhd, & Ptacnik, 201 ®ellsdid nottake

up LysoTracker stain whereasboth Ochromonassp. (a confirmedmixotroph; Pringsheim,
1952)and Tetraselmissp. (a possiblemixotroph) cells did ( , ). Ochromonassp.
cells( ) showed a lear line aroud the cell hat indicaed staining of the cytoplasnai

membraneand possibly the cytoplasitself due to saining in somereasinside the cellin

Confocal microscopy, also called confocal lasemnsing microscopy (CLSM), is an imaging technique t
was patented by Marvin Mikg in 1957 and ha since become imp@nt in many ields, including
microbiology (Inoué, 2006) It uses a Iger light soute and an optical microscpe that is connected to
computer wih a digital imaging systerfMunn, 2011) By focusing theight onanarrow part oftie specimen
it is possible to createlearimagesof those slices of specimémoué, 2006)It is also posble to combine
suchimagesinto a 3D image of for>eample a cell, and to put brightfield or phasmtrasimagesnext to or
superimposed ooonfocalimages(lnoué, 2006) In relation to microbiology, one of thgreat advantagesf
confocal microscpy is thatit canbeused on live cellfMunn, 2011)




someOchromonasp.cells(like the lover right cell picturedin ) there appeared to be
an outline of a vacuole @ similar structure indicating staimg of themembrane of cel
structure This was not as expecteahid sometiing thathas notbeendiscussed irany other
papergto my knowledge)Wilken et al. (20193howmicrographsof OchromonasCCMP2%1
stained with LysoTrackefThey observeda clearsignal from one partf the cellwhich is
assumed to be food vacude. Similar results have beenobserved in the chlorophyte
Chlamydomnassp. ICEMDV and the haptophytsochrysissp. MDV (Li et al.,2016) where
a smdl part of the c# was ckarly stainedIn our micrograpls, Tetraselmissp. cells were
stained in large parts of thelkswhere nochlorophyll fluorescencevas observed interpret
thisas alargestainedood vacuolestaining @ the cytoplasmor a canbinationof thesedue to
the large stained @a Thechloroplastsin Tetraselmissp. cellsdid not appear to be stainexs
has been #orised ca happer{Wilken et al., 219), sinethe red olour of hechlorophylland

the greercolour of theLysoTracker were well ggarated.

ThoughOchromonassp. is awell-known phagotroph(e.g. Andersson, Falk, Samsson, &
Hagstrom, 1989; Pmgshem, 1952) this does not menthat the cells pictured must be
mixotrophic These cellscould benonconstitutive mixotrophsNCMs) and thus not alway
have food vacuoles gsent This is supported ¥ the fact hatonly one of the cells pictured
(lower right cellin ) shows theoutline of whatcould bea food vacuoleThe pictured
Ochromonasp. cells have less chlorophyll (red colour) thaeother cells picturedndicating
more efficientchloroplastslower demand for energy amditrients, othem being less reliant
on photsynthesisWhether one of thpicturedOchromonasp. cells show a foodacwle or
not, the majorityof stainingin the picturedcellswas unspeific. Anderson et ali2017)briefly
mertion that they checke for unspecific binding to structuresher tharfood vacuoles on 12
species obmall phytoflagellate§<20 um). They did not dserve unspecific binding, though
the method usdto examinethis was not metioned Wilken etal. (2019) observed unspecific
staining within a plastid of a cellwhen using the acidotrap probe LysoSensor that &ky
resulted fronmstaining of theacidc thylakoid lumen.These diffeing results means thamore
work needs to be e todewelop this method fouse on cells thatgoform plototroply, asthis
use ofLysoTrackeris a relatively new method anglas orighaly developed for use ostrict
heterotrophgRose et a).2004)




Micrographstaken using comfcal microscopyChlorophyll is shown indarkred and the acidotrope
probe LysoTracker Green light greenimagesshow the negative contrBlunaliellasp.with LysoTrackeradded
(a), thepositive controlOchromonasp.with LysoTrackeradded(b), Tetraselmisp. without added.ysoT racker
(c), andTetrasémis stained with LysoTracker(d).

Little research has been doto examindhow LysoTra&er interacts witlcell structures like
chloroplastsWilken et al. (2019prgue tlat unspecift staning ismore likely in phototrophs
than strict heterotrophs due @adack oflumen acwity in strict heterotrophs. Considering the
LysoTrackermethodolayy wasoriginally dewelopedfor use in HNFs(Sintes & Del Giorgio,
2010) then used in iRotrophs wthout adaptatio (Anderson et al., 2017; Li et al., 2018)is
necessary to research the effect of the pspleeificallyon mixotrophdefore establishing the

method as common practice.






































































