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Abstract

Humans depend on freshwater rivers and lakes fokidg water globally, with few exceptions.
The dominant microscopic primary producers in theaters, specifically phytoplankton, can, in
some cases, cause irritation, odour and, if tdeaxd to death of humans and livestock. To better
understand the community structure of the phytdgtampopulations in one such Australian
system, we undertook a thorough investigation efgghysiology of a number of phytoplankton
species, isolated from Lake Wivenhoe, AustraliazUssing on photosynthesis, carbon acquisition
and accumulation, and the impact of elevated @®these physiological parameters, three main
areas were investigated. Broadly, we hypothesisaithe studied species of phytoplankton would
possess physiological characteristics consistethttiweir ecological niche in the natural
environment. Further, differences in charactegstietween species cultured at atmospheric partial
pressures of C&would aid in predictions of the algae’s respatoseulturing at elevated GO

partial pressures.

Initially, the growth and photo-physiology of sitkains of phytoplankton from Lake Wivenhoe (the
cyanophyteCylindrospermopsis raciborskiihe diatomdNitzschiasp. andCyclotellasp.; and the
green algadlonoraphidiumsp.,Stichococcusp., andStaurastrunsp.) were characterised. The
low light-harvesting efficiency of the strain 6f raciborskii combined with its low rate of
photoinhibition, suggested that it is well adapi@the high light conditions present at the surface

This is consistent with its toxic bloom- forminghaiour.

Having looked at the effect of light on photosyrsisecarbon uptake and concentration were the
next logical cellular characteristics to measurgluTar affinity for dissolved inorganic carbon
indicated that all species possessed active-€@@centrating mechanisms (CCME).raciborskii

was capable of concentrating €ap to 14-fold, relative to external G@oncentrations, whereas
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the internal C@concentrations of the diatoms and green algae medh lower, reflecting their
possession of more efficient Rubisco enzymes. Ehalar surface area to volume ratio was shown
to correlate with internal bicarbonate concentrgtguggesting the scaling of this physical trathwi

the increasing cost of diffusive loss of £0

Finally, the physiological impact of predicted fradevels of CQ (1000 ppm) was explored.
Cellular affinities for CQ were lower for all species with high g0ndicating CCM down-
regulation. Photosynthetic rates and cellular serfarea to volume ratio were higher for most
species with C@ The impact of elevated G@n growth rate varied between species, with kbth
raciborskii andStichococcusp. growing at a lower rate with high @@&nvironmental data from
Lake Wivenhoe suggested that carbon availabiliyglan important role in defining species

dominance at the surface.

This research contributes to the relatively limipdysiological data on freshwater species, and will
aid efforts to predict future changes to phytoptankpopulations in freshwater bodies globally, as

atmospheric C®levels continue to rise.
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Introduction
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Background

Phytoplankton are small, highly efficient, solawgwed, self-replicating, biological machines
that are responsible for half of the world’s anmaabon assimilation (Behrenfedd al,

2001), and provide the base of most aquatic fodaswieroughout the globe (Ged al,

2016; Hoegh-Guldberg & Bruno, 2010; Woodwatdal, 2010). Phytoplankton source their
building blocks from their surrounding aqueous medi Some have the capacity to actively
pursue the nutrients they require, while otherg@liant on currents, rains, winds or tides to
bring them within reach of limiting nutrients. Mae and freshwater ecosystems, like others
across the planet, are under threat from globalatk change. Compared to marine systems
though, relatively little research is being carread into how global change, and particularly
elevated partial pressures of £ @ill impact these organisms present in our frestiew

systems.

Lake Wivenhoe is a sub-tropical reservoir in Sdaéistern Queensland and is responsible for
providing more than 60 % of the city of Brisbanegplation ~ 2 million) with drinking

water (Macovaet al, 2011). Like many sub-tropical bodies of freshwatake Wivenhoe
experiences stratified, warm spring and summenpgsriinterspersed with storms, and cooler
winter months (Aryakt al, 2016). Weather events mix Lake Wivenhoe, cyclingients

from the depths of the lake and making them avkslsbphytoplankton and other organisms
in the surface waters, though depending on raiafiatiin the catchment, dilution of the
nutrients can also occur (Aryet al, 2016). However, during periods of calm weather,
mixing stop and nutrient concentrations in the atefwaters diminish (Talling, 1966).
Nitrogen, phosphorus and other elements and mmaralcycled this way, returning from

the depths during weather events, and diminishirgpncentration as they are utilised in

biological activities during periods of stratificat (Maclntyre & Melack, 1995). Along with
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nitrogen and phosphorus (essential for, amongst ¢ktings, protein and nucleic acid
synthesis), carbon dioxide and its hydrated indigearbon isoforms (carbonate €Qand
bicarbonate HC®) also follow this cycle (Wachniew & Rénski, 1997). Respiration by
microorganisms breaking down organic matter rele&® at depth in the lake, while
inflows from the catchment bring with them dissalv@arbonates (Tranvigt al, 2009). As
the water’s pH varies around the pK values foralissd inorganic carbon (DIC) species
(ignoring gas exchange with the atmosphere), tedgminant species of DIC will change
form. At 25°C CQ is predominant at pH < 7, HGG@t pH 7-8, and C&" at pH > 9 (Holland

et al, 2012).

Gas exchange with the atmosphere maintains anl@quih of CQ concentrations in the
sub-surface boundary layer, thus at shallow deptisand alkalinity affect only the
concentration of bicarbonate and carbonate (Map&€96), though in reality the interactions
of these parameters are far more complex. The deptiich air equilibrium concentrations
of COz extend, is dependent on rates of mixing (i.e. ydvinduced waves, and rainfall)
(Gorham & Boyce, 1989) and the rate of Q@take by phytoplankton. When deep mixing
occurs in freshwater lakes (via storms, and lanfjews from the catchment), they often
become a source of G@ the atmosphere (Tranwdt al, 2009). Reservoirs, due to the
massive quantity of submerged organic materiaham®st permanently a G@ource (St.
Louis et al, 2000). Conversely, when mixing is insufficientiadhe waters are stable and
stratified, DIC can remain held at the bottom @&kl for days, making the atmosphere the

only available carbon source to surface dwellirgaoisms (Wachniew & Ranski, 1997).

Phytoplankton, having evolved to survive in thisiemnment, possess diverse mechanisms
that achieve the processes of nutrient uptake pghinthesis, and ultimately growth, in a

wide variety of conditions. Seasonal (and oftenradjztable) changes in temperature (Paerl
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& Huisman, 2008), pH (Maberly, 1996), mixing ratekiismanet al, 2004), sinking (Waite
et al, 1997), nitrogen availability (Muhid & Burford, 2@), phosphorus availability (Grover,
1989), light intensity (Huismaet al, 1999), salinity (Fongt al, 1996) and predation (Jiang
et al, 2014) are some of the most common and importasspres that phytoplankton of
freshwater lakes must cope with. No individual spetas evolved to dominate under all
conditions that occur during and between seasdnss, the species-dominance changes
throughout the year, dependent on changes in tysqaichemical characteristics of the lake
and the individual characteristics of the phytojtan themselves, their cell concentration,
and capacity to acclimate or adapt to the dynamirenment. Indeed some species of
phytoplankton directly influence the lake (on a Breeale), further enhancing conditions for
their own growth over that of other competing speciAn example of this is during a
summer cyanobacterial bloom, where surface watserhe limiting for inorganic carbon
and the influx of atmospheric G@& greatly consumed by a dense layer of cyanobagcte
preventing other phytoplankton at greater depthsifits supply, as well as limiting their
light supply (Paerl & Huisman, 2008). In a dynamit/ironment, a species’ capacity to
harvest, utilise and in some cases dissipate ¢ightgy is vital to its success. Therefore
investigating the photosynthesis of a number ofipresly unstudied species of freshwater
phytoplankton may provide insights into the popolastructure. This thesis is divided into
three main topics, which correspond to the threeuseripts presented in this thesis. The
following is a brief introduction to each of thespics and more detailed introductions are

found in the individual chapters.
How photosynthesis affects algal dominance

Photosynthesis is the process by which energydridrm of light, is used to biochemically

assimilate inorganic carbon from the environmetd organic compounds, thereby storing
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the sun’s energy in a usable chemical form. Thieg@ss releases approximately one
molecule of oxygen for every molecule of £fxed. Fundamental to the existence of life on
earth today, cyanobacteria were the first photdmfit organisms to produce oxygen and
evolved around between 2.5 and 3.5 billion yeacs(&averet al, 2012; Schopf, 2000).
Today, cyanobacteria and other phytoplankton aspamsible for approximately half the
world’s oxygen production (Behrenfedd al, 2006). Current phytoplankton populations
comprise many species, all competing for the saseurces. In these assemblages,
photosynthesis is often limited by access to lihtus, how a species responds to changes in

light intensity, at both the high and low extremissyital to its success.

By measuring the response of an algal speciesaiogas in light intensity, inferences can be
made about how that species will respond to changimditions. In a landmark paper,
Richardsoret al. (1983) compiled and discussed the responses of spaties of
phytoplankton to light intensity, describing howaciges in the P vs. | curve could indicate
differing strategies of adaptation/acclimation tghhor low light habitats. From an ecological
perspective, the authors discussed the formatialifferent light habitats as caused by
seasonal variation of mixing rates and solar raghatn late autumn, winter and early spring
the water column is generally well-mixed, resultinga habitat where nutrient availability is
homogeneous and the incident photon flux dens@&D{Rraries from high intensities to zero
(depending on depth). In this habitat, growth @ttaims should be favoured, as they tend to
possess lower critical light intensities for growatid photosynthesis and can also cope with

high light levels.

As local temperatures increase, and rainfall dsegaRichardsoet al. (1983) suggest that,
with reduced rates of mixing due to stratificataomd limited inflows, multiple habitats

develop - high light intensities and high tempemaduat the surface declining to low (or zero)
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light intensities, and cooler temperatures at losegths. Consequently, any phytoplankton
species, well adapted to the conditions of a spe@fion of the water column, may grow
successfully and, depending on the initial derspieesent and maximum density achievable,
summer blooms might also occur. More recently, mtidelling (Huismaret al, 1999) and
empirical evidence (Huisman, 1999), have showndhatto light attenuation, a species
capable of inhabiting the surface water will outrg®te other species deeper in the water
column, based on competition for light. This, imtunay starve the other available habitats
in the water column of energy. It is this stratélggt many bloom-forming cyanobacteria
utilise to great effect, having evolved mechanismsodulate buoyancy, scavenge nutrients,
produce toxins, and survive the high temperatuneslight intensities at the surface during

summer (Burforcet al, 2016; Burford & Davis, 2011; Paerl & Otten, 2013)

The physiology of the phytoplankton of Lake Wiveehs not well studied, though some
considerable work has gone towards understandingriudrient availability affects the toxic
cyanobacteriunCylindrospermopsis raciborskénd its ability to form blooms (Burforet

al., 2016; Burfordet al, 2007; Honget al, 2015; Williset al, 2016). It is this deficiency that

the first data chapter (paper 1) seeks to address.
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Inorganic carbon acquisition by phytoplankton

Phytoplankton need GQor photosynthesis, and so it follows that its@ypand the capacity
of microalgae capacity to consume it, are possibteal factors controlling growth rates and
species dominance in Lake Wivenhoe. In photosyighthe enzyme ribulose-1, 5-
bisphosphate carboxylase oxygenase (Rubisco)psmsible for catalysing the carboxylation
of an acceptor, ribulose-1,5-bisphosphate. Rubisith,the primary function of a
carboxylase, may also bind oxygen and carry outtimepeting oxygenase reaction, leading
to the loss of carbon in the process known as péspiration. The selectivity factor £ of
Rubisco is a measure of the enzymatic preferemnceitieer CQ or O, and takes into account
both affinity (Michaelis-Menten half saturation stifate concentrations) for G@nd Q
[Ko5(CO,) andK, 5 (0,) respectively], and substrate saturated rates goimtratex mol

active sites) of carboxylase or oxygenase activiky.[,(C0,) andk.:(0,) respectively].

kca: (CO2) X Ko 5(02)
kcat(OZ) X KO.S(COZ)

Srel =

To maximise rates of carbon fixation and minimisetprespiration, COmust be in
saturating supply, which, in most cases due t@timyme’s poor kinetic efficiency and
selectivity, is a concentration much higher thaat found in ambient conditions. To
concentrate Cgat the active site of carbon fixation, most phpiketic cell utilise a C®
concentrating mechanism (CCM), responsible forstavenging of extracellular DIC, its
influx (both active and passive), and its conversmCQ for Rubisco (Beardall & Raven,
2016). There are, however, a number of speciesrsinoivto possess CCMs that rely on
diffusive entry of CQ for carbon acquisition (Maberbt al, 2009; Raven & Giordano,

2017).
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CCMs vary broadly in function and mechanism, inahgdactive bicarbonate and GPumps

at the cell membrane and internal membranes (ssiptaatid envelope and thylakoid
membranes, depending on the taxon), as well esciitular and extracellular carbonic
anhydrases. Cyanobacterial CCMs utilise activerbmaate and C&pumps at both the
plasmalemma and thylakoid membranes, in concent @gtbonic anhydrase (CA) enzymes
to concentrate DIC in the form of bicarbonate witthie thylakoid, minimising losses of €O
by leakage (Giordanet al, 2005). Bicarbonate then diffuses into carboxyse(peotein
structures where Rubisco is present), where otiionic anhydrases dehydrate bicarbonate
and produce high concentrations of 4@close proximity to Rubisco, overcoming the
oxygenase reaction for maximum rates of C fixati®dadger & Price, 2003). Eukaryotes
possess similar mechanisms by which DIC can beerdrated internally. Active transport of
bicarbonate and Cccurs in the plasma membrane, chloroplast eneelmpboth, while
extracellular carbonic anhydrases may enhanceetta 6f CQ at the cell surface by
catalysing its formation from bicarbonate in theiplasmic space. Other pumps and CAs act
inside the chloroplast at the thylakoid membrare tarsaturate Rubisco, which is often
located, at high concentrations, within pyrenomstfucture hypothesised to act in a similar

way to carboxysomes in cyanobacteria) (Giordetnal, 2005).

Rubisco reaction kinetics vary greatly from spet¢gespecies, though generalisations can be
made across taxa. Green algae, with Form 1B Rubistbalf saturated with CQK,, (¢o,))

at concentrations of 30-60 uM (Badgdral, 1998), while diatoms with Form 1D Rubisco
are saturated at around 30 pM £g®ounget al, 2016). Cyanobacterial Rubisco (Form 1A
or 1B) are the least kinetically competitive, amtdme half saturated at concentrations
above 150 uM of CgYBadgeret al, 1998). Considering that at air equilibrium, the

concentration of C®in sea water is around 12-15 puM, it is clear #iatost every species’
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Rubisco will be less than half saturated if thaitire carbon supply were to come from

diffusion of CQ alone.

Depending on the taxon, CCM expression is generajylated by the availability of DIC in
the external medium and also a range of other maitéactors (Beardall & Giordano, 2002).
In a number of studied eukaryotes, it was showh@@M activity is regulated by GO
concentration (BermahRranket al, 1995; Matsuda & Colman, 1995; Matswtaal, 2001),
whereas in cyanobacteria, the CCM appears to heateg based on HGCOconcentrations
(Mayo et al, 1986). Irrespective of the form of carbon usecegulate the CCM, it is likely
that its expression is proportionate to changekarDIC concentration at sub-saturating
levels. Thus, a slight decrease in DIC, within apienal ranges, would result in a slight up-
regulation of the CCM (Matsuda & Colman, 1996)ppposed to a complete activation or
deactivation in response to a slight change in €d@centration. As CCM regulation is
dependent on external DIC concentrations, it foldtat variables that affect DIC
equilibrium may also lead to changes in CCM operatPrimarily, changes in pH,
temperature and alkalinity may lead to an enviromnsevitching from high to low C©

concentrations (Maberly, 1996).

CCM operation is energy intensive, with high radéturnover of the molecular machinery,
and maintenance of concentration gradients (Ravah, 2014). Thus, along with DIC
availability, most species’ primary energy soutight, also plays an important role in
regulating or at least facilitating CCM functiorhi&iwa and Miyachi (1983) showed that the
DIC affinity of low CO, adaptedChlorella vulgarisincreased with increasing light intensity.
With a similar theme, Beardall (1991), and Yound &eardall (2005) were able to show
Anabaena circinaligcurrently regarded as a synonymDulichospermum sigmoideum

(Nygaard) Wacklin, Hoffman and Komarek] abdnaliella tertiolectaalso experienced
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decreases in CCM activity, though only at very l@ht intensities. The vital point is that

carbon uptake via CCM activity is closely linkedtwa cell’s capacity to harvest light.

It is for this reason that CCMs are necessary anthocon among phytoplankton. It is also for
this reason that changes in atmospherie g&dtial pressure are predicted to have wide
ranging effects on the physiology of phytoplankigorid-wide. To understand how GO
supply might affect species competition, it is intpat to understand cellular affinities for,
and acquisition of, inorganic carbon. Due to thessnge biodiversity of phytoplankton, in
combination with the limited physiological infornnan of freshwater species, a large
information gap exists and this research seeksritribute to filling this gap through

information presented in data chapter 2 (paper 2).
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Potential impacts of future CQ; levels

Due to anthropogenic action, and inaction, atmosplevels of CQ are expected to
increase from current levels of ~400 ppm, to up@®0 ppm by the year 2100 (Meetlal,
2007). Atmospheric temperature increases, acidiifinaf water bodies, and changes in
weather dynamics are all predicted consequenciéeaficrease in COFor phytoplankton,
and indeed for other carbon fixing organisms, clearig the partial pressure of ¢&re
expected to have significant impacts. It shoulshbied however, that in most productive
freshwater lakes, the surface water is rarely uildgium with the air (Seekell & Gudasz,
2016). Due the supply of inorganic carbon by a’mkerrestrial catchment acting in opposite
effect to the potentially high rates of carbon ddown by phototrophic organisms, surface

waters rarely stay at air-equilibrium levels of £@r long.

As already discussed, the operation of an enealgtiexpensive CCMs is largely regulated
by external DIC concentrations. It follows, thatpastial pressures of Gan the atmosphere
rise, and air equilibrium concentrations of £i@crease, CCM operation will be down-
regulated proportionately in those phytoplanktorosénRubisco would be unsaturated
without CGQ enrichment. This reduced expression of CCM machijrand thus the decrease
in necessary energetic expense has been expeaesltbin an increase in growth rates of
algae, as more energy becomes available for grpraitesses (Ravest al.,2014). Changes
in growth rate should be proportionate to the esigrdenefit of down regulation of the
CCM,; thus different species with different Rubidgdoetics may exhibit differing responses
to elevated atmospheric @@nd this may influence competition between spesesspecies

dominance.
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For instance, Spijkermaet al. (2005) measured the DIC uptake of a variety ofrdéds
species from different ecological niches, and dised the likelihood that carbon acquisition
significantly contributes to species distributidfore recently, after observing differences in
CQO, affinity between two strains (one wild-type, onatant) of the same species of
Microcystis aeruginosa monoculture, Van de Waat al. (2011) recorded reversal in
competitive dominance of mixed cultures with chanigeCQ partial pressure. This change
provides a perfect example of what might be seea lange scale in the environment, where
many thousands of species with slightly differeichranisms for carbon uptake will react

differently as atmospheric G@evels rise.

Super-saturated GQ@onditions already exist in many freshwater ecsys, thus the species
that inhabit these waterways are potentially we#lted to high C&conditions. There are,
however, periods of CQlepletion in the surface waters that regularlyuocturing summer
months. It is during these periods that speciek ighly active CCMs would be expected to

thrive.

As CQG (and DIC in general) levels increase, CCM actiistgown regulated as less
accumulation of DIC is required to saturate Ruhigduos results in a reduction in whole cell

affinity for DIC, and thus an increaseki s (pic)-

As well as changes to carbon uptake, other chageslular physiology also occur.
Increased C@concentrations often result in increased photdtit rates (Burkhardt al.,
2001; Collins & Bell, 2004; Pierangeliet al, 2014; Yang & Gao, 2003), as the energy that
was once diverted to CCM operation becomes availabdl is directed towards carbon

fixation (Raveret al, 2014). If excess light energy is harvested, énisrgy must be
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dissipated as heat, often through the process krswion-photochemical quenching

(Lambrevet al, 2012).

For a species in culture, short term changes tpga@ial pressure could be either beneficial
or detrimental, depending on its capacity to il dissipate this newly available energy,
while maintaining saturated rates of carbon fixatibhe energy savings provided by the
increase in DIC concentration should be proportiena the energetic cost of CCM
operation, though, depending on the regulationféér@nt CCM- related mechanisms, this
change may not be linear. Over a longer periodthaé,tmore complex regulatory changes
should occur to ensure the continued survival efgpecies. For instance, if the light
harvesting complex under conditions of CCM downditation initially accumulates more
energy than can be funnelled into carbon fixatargnges in the synthesis of light harvesting
pigments may occur, or an increased capacity todibon may also be a strategy employed

to cope with this change. It is likely that thegpmaches will vary between species.

As CQO levels rise, phytoplankton that have adaptedke &lvantage of surface water £O
depletion may begin to experience increased cotigefrom other species that require a
higher concentration of GOn their habitat. Depending on the frequency amction of low
COz periods, at current atmospheric conditions, chamg€Q partial pressure may lead to
dramatic shifts in population structure if @&cquisition defines the competitive dominance
in this scenario. Commonly, it is thought that aylaacteria fall into this category, though
exactly what contributes to their capacity to fdstboms varies, and is contingent upon
multiple variables (Burforét al, 2016; Hyenstrandt al, 1998; Paerét al, 2001; Soarest

al., 2009).
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How elevated C@will affect species composition freshwater systésnsot well understood,
though valuable research into this area has bdgum-Décarieet al, 2015; Low-Decariet
al., 2011; Low-Décariet al, 2013). With the research presented in paper 3eek to
contribute to the understanding of how elevated fe@els will affect species composition

among phytoplankton species in freshwater systems.
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Structure and themes of the thesis

This thesis is comprised of three data chaptetisariorm of manuscripts; the first is still
undergoing final changes before submission, whitesecond and third have been submitted
for peer review. Following the data chapters, aegainconclusions chapter summarises the
key results of the work and attempts to draw bimattlusions, as well as make
recommendations for future research. There is rthaas chapter, as all methods can be

found within the manuscripts themselves.

Carbon acquisition and photosynthesis are two kssgiplogical characteristics that will
respond to elevated G@artial pressure and lead to changes in phytopdangopulations.
Adding to knowledge of how phytoplankton store A respond to light will improve the
understanding of population dynamics in currentditions, as well as increase the quality of

predictions of these populations asO€¥els increase into the future.

In this study, isolated strains of freshwater ppidaakton from Lake Wivenhoe were studied
to better understand how their physiological chizmstics might contribute to species
dominance. These species of algae include the ty&nobacteriunCylindrospermopsis
raciborskii, the green alga8taurastrunsp.,Monoraphidiumsp., andstichococcusp., and
the diatom<Cyclotellasp. and\itzschiasp.. With these species we sought to add to pusyio
but limited, physiological studies on the photostic and carbon uptake characteristics of
freshwater phytoplankton, while improving the urelending of current competitive
dominance within the phytoplankton of Lake WivenhBerther, we aimed to investigate
how elevated levels of GOnight impact phytoplankton population structur®ithe future,
with a focus on determining whether toxic bloonmfiation byC. raciborskiiwill increase

into the future. Given the differing taxa studiadd their differences in pigmentation and
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other physiological measures, diversity in phottisgtic and carbon uptake characteristics,
as well as response to elevated.@@s expected. Very little is known about thesegse
with the exception o€. raciborskiiwhich was known to bloom in surface waters during

summer months.

A species of considerable focus, we examined adsdispermopsin-producing toxic- bloom-
forming strain of the cyanophyt@. raciborskii Of particular industrial and public interest,
costly mitigation strategies are in place to mirsienihe risk of harm to waterway users from
toxic algal bloomsC. raciborskiipossesses the characteristics of many toxic cyanteba,
such as high temperature tolerance, buoyancy, aitggor nitrogen fixation, tolerance of
high light and possession of a highly active CCMifBrd & Davis, 2011; Paerl & Otten,
2013). It regularly forms toxic blooms at the laksurface during heavily stratified summer

months (Burforcet al, 2016).

Stakeholders of Lake Wivenhoe are thus eager tokmaw their waterway will change into
the future, and whether further mitigation stragsgshould be put in place to allow its
continued use, or alternatively whether the risk®xic cyanobacteria may subside (Pasrl

al., 2011; Visseet al, 2016).

Aims

Overall, the aim of this thesis was to study thespdlogy of the phytoplankton of Lake
Wivenhoe, with a focus on carbon utilisation angl ithhpact of future levels of GOStandard
techniques were used to characterise photosyniltesison uptake and storage. We
hypothesised that the studied species of phytopsankould possess physiological
characteristics consistent with their ecologicaheiin the natural environment and that

differences in characteristics between speciesi@dtat atmospheric partial pressures of
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CO, would aid in predictions of the algae’s respaiwseulturing at elevated Cartial

pressures.

The aim of the first data chapter was to investighe physiological and photosynthetic
characteristics of six species of phytoplanktofeisal from Lake Wivenhoe, and identify
whether these characteristics may influence cotiytiominance. For the second data
chapter we aimed to characterise and quantify spebies’ ability to concentrate Qs

well as measure cellular affinity for GCalso relating these characteristics to the niclike
natural environment, each species inhabit. Theioelship between cell surface area to
volume ratio and internal bicarbonate concentratvas also discussed. Lastly, the aim of the
third data chapter was to determine how elevateg ri@ight affect these species into the
future, and understand some of the possible cdasésese changes. We observed changes
in these characteristics in response te €@vated to the levels expected by 2100, and
related these to some observation of the populayoamics of the selected species in Lake

Wivenhoe.

A final chapter (General Conclusions) attemptsremdtogether the results of the
experiments described in the data chapters to s¥twve this work contributed to scientific
understanding of microalgal physiology in freshwageosystems, and how predicted:CO
levels in the future will affect them. This chapédso discusses the strengths and limitations

of the research carried out.
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Photosynthetic characteristics of six freshwater microalgae isolated

from a subtropical reservoir
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Abstract

Freshwater phytoplankton populations in large b®dfewater (such as lakes and reservoirs)
often undergo sequential changes in dominanceffefeint speciesUnderstanding the
ecophysiology of important members of the phytoktan population might assist in efforts
to model the observed changes in community compasiind phytoplankton biomass. In
this study six common species of freshwater phyioition were isolated from Lake
Wivenhoe, an important water resource for SouthidfagQueensland, Australia, which
suffers from annual cyanobacterium blooms dominate@ylindrospermopsis raciborskii
The growth and photosynthetic physiology of thesdates, including the cyanobacterium,
Cylindrospermopsis raciborskiiwo diatom speciedNftzschiasp.,Cyclotellasp.), and three
green algae (the chlorophytg®noraphidiumsp, Stichococcusp.and the desmid
Staurastrunsp.), were characterised to explore the diverditheir growth and
photosynthetic characteristics when grown undeetemutrient conditions. Growth rates
varied between 0.21 + <0.01 dafor C. raciborskij and 0.8+<0.01 dayfor
Monoraphidiumsp.. Maximum photosynthetic rates ranged from 19.435.4 nmol @
(10’cellsy* min't for C. raciborskiiandStaurastrunsp.respectively. Respiration as a
percentage of net photosynthesis shoiedoraphidiumsp. with the least, an@yclotella

sp. with the greatest, relative respiration rafek.®7% and 16.4% respectively. Light
harvesting efficiency was lowest f@ raciborskij at 0.1 nmol @(10cells)* min?t (umol
photons n? s1)1and highest foBtaurastrunsp. at 4.7 @(10’cells)* min (umol photons

m2 s1)1. This study shows considerable variability in ¢iiewth rates and photosynthetic
abilities of the different phytoplankton specieshil& the maximal photosynthetic capacity of
C. raciborskiiwas too low to explain its capacity to dominatgtpplankton blooms there are

other characteristics of its photosynthetic perfamce, such as low light harvesting
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efficiency and high light tolerance, which may acan competitive advantage in a high light

environment.
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Introduction

Phytoplankton populations are a mix of diverse gseenorphologically single celled,
colonial or filamentous, with the major groups lgediatoms, dinoflagellates, green algae,
and cyanobacteria. Phytoplankton play an importaletin freshwater ecosystems where in
many cases they provide the base of the food weliding fixed-carbon into the system
(Field et al.,1998). Changing species composition and sequeldralnance of
phytoplankton species occur seasonally as envirataheonditions alter. These changes in
species composition can have a downstream effettteofood web and are an indicator of
ecosystem health (Sterner & Hessen 1994; Hay & Kek2002; Ptacnikt al.,2008). For
example, the nutritional value of cyanobacteri®&phniais less than that of diatoms, due to
their lack of particular poly-unsaturated fattydsc{Martin-Creuzburgt al.,2008; Guoet

al., 2016) and this has been shown to affect grazioglankton and fish populations
(Oglesby 1977; Ahlgreet al.,1990). The presence of toxins in many cyanobactaesay also
be of importance when consumed by predators. lldhwe noted, however, that changes in
nutrient availability and other environmental cdratis can affect nutrient and toxin
composition of any given species. Understandingtiaphysiology of important members of
the phytoplankton population might assist in eBdd model changes in community
composition and phytoplankton biomass (Van de Véaal.,2011).

Lakes and reservoirs can show wide ranges in togiditions, and phytoplankton thrive in
an equally wide variety of changing environmengaitbrs. The major factors driving
phytoplankton primary production are temperatuyglrblogy, stratification, nutrient loads
and light (Fieldet al.,1998; Behrenfel@t al.,2006). The photosynthetic capacity can differ
greatly between algae (Falkowski 1980; Richardsoal.,1983) and lead to changes in

growth and population species composition in respdo changing light conditions. In sub-
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tropical and temperate freshwater bodies, changesvironmental conditions are caused by
seasonal variation in temperature, water inflow antlient loads (Burford & Davis 2011).
Seasonal mixing also affects the environmental itmms in sub-tropical systems; for
instance, high mixing rates during the wet seaswnigcrease turbidity, while during the dry
season minimal mixing and stratification lead tghhsurface water temperatures and higher
light intensities (Huismamt al.,1999). These variations in environmental factens drive
sequential changes in species dominance. For egam@n Amazonian flood plain lake
(Lago Batata, Brazil), diatom and desmid prevaletedined as water levels dropped, with
populations transitioning to filamentous cyanobaatelominance as mixing decreased and
stratification occurred (Huszar & Reynolds 1997nig&r sequential changes in community
composition are observed in water bodies througtieitvorld (Schindler 1977; Pinckney
al., 1998; Rochat al.,2002; Smith 2003; Muhid 2011). A species’ abitilyeffectively

utilise low and high light intensities, move withime water column, or acquire nutrients from
dilute solutions are traits that confer competitg®vantages to populations experiencing
various environmental changes (Dokulil & Teubned@0Paerkt al.,2001). Successful
strains are often capable of forming blooms, githenright conditions. Cyanobacterial
species in particular provide widely reported exispf bloom formation during summer
months where stratification is high, resulting onditions where their higher temperature
optimum (Lurlinget al.,2013) and nutrient scavenging or nitrogen fixiaga&city results in
dense, often toxic, blooms (Downieg al.,2001; Schindleet al.,2008). However, recent
work suggests that the capacity to fix nitrogeariBkely to be a major factor in the
dominance ofCylindrospermopsis raciborskfused in the present study) in tropical and sub-
tropical systems, as only low rates of growth carsistained by nitrogen fixation in the

absence of other nitrogen sources (Pekall.,2014; Williset al.,2016a).
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Lake Wivenhoe is a reservoir in subtropical SoudilstErn Queensland that provides potable
water to the city of Brisbane. Given that this syst(in common with other water bodies
around the world) is subject to seasonal changesvironmental factors, as well as periodic
blooms of potentially toxic cyanobacteria [inclugi@ylindrospermopsis raciborskiised in
this study, and in the study by Wille al. (2016a)], with major implications for water quslit
and public health, understanding how individualcég® characteristic of the water body,
react to environmental factors, such as light isitgnis important for lake or reservoir
management. Further, the effect of future enviramadechange is unpredictable; however,
understanding the growth and photosynthetic chariatics of locally relevant freshwater
phytoplankton in its present state, is importantefigplaining future changes in ecology of a
given system. This research may potentially be usegvelop mitigation strategies to deal
with toxic bloom formation.

We here report growth and photosynthetic charatiesi focussing on response to light, of
six species of freshwater phytoplankton, to exptbeediversity of physiology of
phytoplankton species within Lake Wivenhoe, anddtermine if these characteristics might
be related to the observed dominanc€windrospermopsign summer and diatoms and

green algae at other times of the year.

Materials and Methods

Six strains of phytoplankton were isolated fronugace water sample collected in January
2013 from Lake Wivenhoe, South Eastern Queenslant)6' S, 152° 32' E). The water
sample was enriched with Jaworski’s +Si medium [gdew) and strains were isolated by

micropipette. All strains have been added to thexdst University culture collection.
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Unialgal cultures were grown and identified to geaus level by light microscopy. The
isolated strains wer€yclotellasp.(Class: Bacillariophyceae§ylindrospermopsis
raciborskii (Wotoszyaska) Seenaya & Subba Ré{Liass: Cyanophyceae; strain WSO?7,
capable of producing cylindrospermopsin as desgnbé&Villis et al. (2016b)],
Monoraphidiumsp. (Class: Chlorophyceaé\itzschiasp.(Class: Bacillariophyceae),
Staurastrunsp. (Class:Zygnematophycea@rder: Desmidiales), arfstichococcusp.
(Class: Chlorophyceae). The strains were all gra2BC in modified Jaworski’'s medium
(Andersen 2011) supplemented with 300 pM$i@; (JM+Si), under a photon flux of 60
umol photons M s?, with a light: dark cycle of 12h: 12h, except @rraciborskij which
was grown under a photon flux of 20 umol photorssh[preliminary experiments showed
this was a low-light preferring strain (Willet al. 2016b)]. Growth light intensity was
selected to be close to saturating, but withoeissing the algae and was within the spectral
region, 400 nm to 700 nm, measured with a LiCoBBR and a cosine corrected quantum
sensor. Cultures were agitated to prevent settliggation was optimised for each species,
with Nitzschiasp.,Staurastrunsp.,Stichococcusp.andMonoraphidiumsp. mixed with
magnetic stirrer bars, whilgyclotellasp.andC. raciborskiigrew better when hand-shaken
for 30 seconds, twice daily, to homogenise theuceltThese species were selected to
represent the most frequent different classes @yacteria, green algae and diatoms) of
phytoplankton in the surface water.

For each experiment, 250 mL Erlenmeyer flasks ¢omg fresh medium (100 mL) were
inoculated from a culture growing in exponentiahph. Growth curves based on daily cell
counts (see below) were carried out to determingmnam growth rate, and the timing of

exponential phase. For later experiments, celledoh strain were collected in mid-
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exponential phase, after four to five days of gloydepending on the strain), for
physiological analysis.

Cell concentration was determined using an imprdVedbauer haemocytometer (Boeco,
Germany). Due to the trichomic morphology@jlindrospermopsjsnumeration of
individual cells using this method was not possibith the available equipment. Instead the
average number of cells per trichome was estimatedy a Zeiss Axioskop optical
microscope (Zeiss, Gottingen, Germany) for at ld@drichomes as previously described by
(Hotzel & Croome 1999). This value was then muitiglby the number of trichomes per
millilitre as determined with a haemocytometerphliain a final cell density. The value of
cells per trichome did not change greatly throughioe course of the experiments (data not
shown), however separate values were determineshfdr experiment. Cellular biovolume
was determined for each strain via measuremengs taging a light microscope and
calculated using the formulae of Hillebragidal. (1999) and Vadrucet al. (2013).

The relationship between photosynthesis and ligig @stimated by performing
photosynthesis vs. irradiance (P vs. 1) curvesguaitemperature-regulated Clark-type
oxygen electrode (Hansatech, Norfolk UK) to measxyen production by the algal cells.
Strains were grown to late exponential phase bdfeneg concentrated via centrifugation for
8-10 min at 2500 x g. Pelleted algae were immelyiagsuspended in 2.2 ml buffered (20
mM HEPES, pH 7.35) medium containing 2 mM NaHG&aturating based on preliminary
experiments). A sample was taken for cell countiafpre 2 ml of the suspension was
transferred to the oxygen electrode chamber. @alle dark acclimated for at least ten
minutes, which allowed measurement of the steaaty slark respiration rate {RCells were
then exposed to light intensities between 10 ar@) 24nol photons ras® for approximately

30 seconds, until rates ob®©volution were stable. Nitrogen gas Mas us