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ABSTRACT

Thecultivation and downstream processingf microalgal biomass for low to medium
value products has higlssocited costs (Uduman et al., 2010)and despitethe
emergence of new technologs and efforts to increag efficiencies significant
improvements for largescale productionare still required Open raceway ponds
represent the cheapest method of largeale micoalgae production, requiring only
low power inputs andrelatively simplemaintenance (Vidra Costa et al., 2014)
However, these systems still experience numerous limitatgush ascontamination
risks from undesiable organisms, i.e. grazers, which cdypotentially damage the
entire algal cultivation(Montemezzani et al., 2015)Also, commercialisation of a
variety of algal bioproducts is still limitednamely due tohigh operating costs in
downstream processing, witthé most crucial and expensive steping dewatering
and biomass harvestingaccounting forup to 30% of the ovall production cost

(Uduman et al., 2010, Vandamme et al., 2013).

Chemical cues released by grazers Dieghniaand know asnfochemicalan induce
defensive responses in mialgae, includingolony formation flocculationand other
morphological change@iessen & van Donk, 1993, Lampert et al., 1994, Lirling & van
Donk, 1996, Lurling, 20Q3)This thesignvestigates this phenomenon, as a process
which couldbe exploitedwithin biotechnology to facilitate flocculatioaf algal cells

and therefore harvesting.More specifically the focus is onthe green alga
Scenedesmus subspicatsd the zooplanktonic organisiaphnia magnawhich act

as exemplar organisms.



This thesis mairaim was topresent aDaphniainduced bioflocculation methodto
make the algal biomass harvesting processf@dable and more sustainahleThis

raised the following core objectives:

1 to assess the impacif the specificity of microalgae grazers interactios and

how these can be exploited withadgalbiotechnology;

1 to experimentallyevaluate the fundamentalorking parameters allowing a

feasible and effient bio-flocculation approach;

1 to distinguish between colony formation anaggregation ofalgal cells to

unrawel whichcellularresponsesontribute to flocculation;

1 to evaluate whether thdlocculation processsdriven by the production of ES

(extra polymeric substances);

91 to reveal major metabolic pathwayatered by exposure to thenfochemical

cues andkey to flocculation and EPS productida a proteomic approach.

These objectivesvere addressed in the six chapters which form this thedike
literature review provided irChapter Icovereda variety of studies undertaken from
an ecological perspecty as well as the more relevant and recent biotechnological
viewpoint. This isfollowed by Chapter Jlwhere ameta-analysison existing data sets
was undertaken to investigate patterns associated with the compieberactions
between Daphniagrazers andte microalgaScenedesmudAs infochemicals may be
highly speciespecific and even strain specific, it was important to investigate any
specificity as this could impact on strain selection for industrial biomanufacturing.
Also, the effect size of grazer esi was estimated for the first time, allowing a

standardized comparison among varioudaphnia grazers. The metaanalysis



presented facilitated investigationsinto these mechanisms by synthesizing several
metrics of colony size, including cell number ancerall colony sizeThe work
presented cut across several disciplines, data reporting methods, experimental
conditions and importantly, the strain/genotype/species identity of grazer and algae,
providing the first quantitative assessment of the importandendcroalgaegrazers
speciesspecific interactions (Roccuzzo et al.,, 2016). Key findings were relatad to
significant effect of grazer identity, an effect size similar, or even higher under certain
conditions, than commercial surfactants and no differemcelated to algae strains.
Interestingly, metaanalysis results showed how the poorly studied graephnia
pulicariacould induce changes Bcenedesmuspp mean particle volume (defined as
the ratio between he total algald 2 t dzY $ml)&@rrd Yhenumberof particles per ml
(van Holthoon, et al.,2003)yvhich were not only higher than all other grazers under
study, but generated these responses at very low culture dengBi2® ind/L) Due to

the small amount of data howev, more research is required to investigate the
performance of this grazer spesien induéng microalgal bieflocculation. Chapter 11l
provided an experimental investigation of key parameters associated with flocculation
includinginitial algal concentition and age of the culture, infochemicals dosage, flocs
size and cell surface characteristid@erhaps surprisingly, oderesponse results
indicated that algal growth rate was not affected by thaphniacues at any stage of
the culture and therefore ametabolic cost was not associated to this defensive
response to predatorsHowever, significant flocculation efficiency results could only
be achieved for algal cultures at early exponential stage and exposed to the highest
concentration of infochemicalsFE = 77%), while progressively decreasing for older
cultures (FE = 44%). Colony formation was shown to be a distinct phenomenon from

flocculation, since flocs were predominantly composed by unicells while total cultures

10



registered an increase in coenobia. 2, 4- 8-celled coloniesinterestingly, the dose
response trend for flocculation efficiency was different from whvaisexpected in the

case of a chargeeutralization mechanism (a quadratic flocculation rate with
increasing infochemicals dose, wigfficiency lowest at high and low doses (Billuri et
al.,, 2015, Guo et al., 2015)) or eedll adhesion process (linear increase with
increasing infochemicals dose). Therefore, it was hypothesised that infochemical
induced flocculation irS. subpsicatusccurs upon responseto a biochemical trigger,

and aspecific amount of infochemicals might be needed per algal cell to trigger the
response. Another interesting result from this chapter was that algal cultures at
stationary phase were dominated by-célled coenobia before exposure to any
infochemicals dosage. While colonies increased in the total cultures after exposure to
Daphniacues, flocculation did not occur at this growth stage for any infochemicals
dosage Based orthe previous results, it was concled that while colony formation

was the result of a cell division process producing binary mustipieells connected

by a common cell wall, flocculation was more linked to aggregation of unicells. As
there was no indication of charge neutralizatitke mechanisms but rather a
biochemical stimulus, it was hypothesised that the flocculation process was driven by
the production of EPS, either in higher amount or with different distribution of
components (Chapter IVBubsequently, ite focus was on the assement of SEPS
(soluble EPS) &. subpsicatysand the abundance of sugars, proteins and uronic acids
in the sEPS. In fact, the relative ratios of the EPS components can influence its
hydrophobicity and therefore impact cells aggregation and flocculati@mdg et al.,
2016). Also, the presence in the EPS of uronic acids may facilitate flocculation, as their
carboxyl groups provide effective sites for the attachment of cells (Zhong et al., 2014).

Negative staining was preliminary used to visualise and coenpdanktonic cells

11



versus cells in flocs. SEPS were then extracted and subjected to standard assays for
proteins, sugars and uronic acids. While microscopy images seemed to indicate the
presence of EPS surrounding cells and accumulating in the inneofgthg algal flocs,
surprisingly, no significant difference in the amounts of any of the SEPS components
under study was found between exposed and rexposed algaeThe aly exception

gl a NBLINBaSYiSR o6& (0KS a2 (KSNEtotd 8EP®dA 2y T
weight and the sum of the sugars/proteins/uronic acids amounts. Independent-NMR
oFaSR lylFrfeaira &aLSOdzZ I SR GKAa 203KSNJ FNIC
0l daSR YIFIGSNAIFIf&aédd ¢KS NRES 2F 9thdnth®2 YL Y.
most commonly studied proteins and polysaccharides is not well established yet,
although their hydrophobic and/or hydrophylic features can considerably affect the
process. The presence of the significant portion of the other fraction in the sERS an

higher amount forS. subspicatugells exposed to infochemicals suggests further
investigations would be needed to unravel the eventual presence of lipids responsible

for cells aggregationsEPS production could account for inducing flocculatio® in
subspicatus

Omics approaches have been proposed and trialled to analyse pathways and functions
linked to EPS production, flocculation and colony formation in microalgae and
cyanobacteria (Prochnik et al., 2010, Gulez et al., 2014, Schmid et al., 2odBalY,

2015, Khona et al., 2016, Harke et al., 2017). Here the focus was on the proteomic
response ofS. subspicatuso naturally occurring infochemicals from the herbivore
grazer,D. magna The main objective was to reveal major metabolic pathwayg.(e.

protein, lipid and carbohydrate synthesis, stress responses) altered by exposure to the
infochemicalcues and central to the formation of flocs and E#8duction The

approach here used relied on quantitative proteomics (iTRAQ). Changes were

12



observed & early exponential stage of algal cells andéatarmé and dacclimatiorg
phases of the exposure to infochemicals. These sampling times were chosen to
observe variations early enough under infochemicals effects and at a time after which
no further flocculéion was observed. Results indicated b#occulation of S.
subspicatugn response toDaphniainfochemicals occur already at the alarm phase
and requires increased energy resources; also, an important role was envisaged in the
synthesis of cysteine, a prary aminoacid, precursors of defense biomolecules and
promoter of bioflocculation through the production of extreellular proteins with
disulphide bonds (Xie et al., 2013, Romero et al., 2014, Aziz et al., 2016, Shi et al.,
2017). Higher abundance of rpteins related to photosynthesis, coupled with
decreased protein abundance for carbohydrates metabolism, suggested bio
flocculation is boosted by production of different molecules other than
polysaccharides and which would constitute the EPS matrix resplenfor holding

algal cells together. The data also indicated infochemicals induced flocculation may be
sustained through MAPK signalling cascades. As previously mentioned, it remained
important to distinguish between flocculation and colony formationdarthe
proteomic experimental results, contrasting floc and planktonic cell responses,
supported this idea that there are indeed two separate processes. In fact, and in
contrast to flocculation, colony formation required higher energy demands at the
alarm phase which later decreased at the acclimation stage, therefore suggesting a
trade-off between colony formation and support of floc form. Finally, results
suggested a role of fatty acids metabolism in the process of colony formation, as they
contribute to the several cellular functions, including the accurate separation of
membranes during cell division (Haddaji et al., 20THe final chapter summaries

how the work undertaken in the thesis has progressed the overall concept of
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1.1INTRODUCTION

Algal organisms are photosyrdtic macre or micro-algae which grow iterrestrial or
aquatichabitats. Macroalgae are multicellular plants able to grow fast in either fresh
or salt water. Based on their pigmentation they are classified in brown
(Phaeophyceae)red (Rhodophyceae) andreen (Chlorophyceae) (Demirbas and
Demirbas, 2011)Microalgae are microscopic organisms which can be found in both
freshwater and marine enviroments as well as terrestrial surfathey are classified
according to their colour, life cycle and cellulérusture. The three most important
classes, in terms of their abundance, are diatoms, green algae, and galgaa
Cyanobacteria, or blugreen algae, are also referred to mscroabae (Demirbas and
Demirbas, 20111 There are about 80,000 to 100,000fdrent algal species with size
ranges frommicrometres(microalgae) to tens of metres (macroalgae) (Enzing et al.
2014). The organisms considered in this thesis are microalgae growing in freshwater
environments.There is a growing interest worldwide on a¢gas cell factories, as they
contain lipids, proteinscarbohydratesand pigmentswvhich can be marketed dsod,
feed supplements, fertilisers, cosmetiemd much more(Sharma & Sharma, 2017)

(Fig. 11).

m
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Photobisreactors
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Fig1-1 Diagram of production cycle and possipl®ducts obtainable from algal biomass
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Commercial largscale cultivation of the microalgaéhlorellaspp can be dated back
to 1950s, followed bySpirulinain 1960s 1980s saw the rise of largeale facilities in
Asia, India, United States, Australiaaéd to produce algae for food, feed, extraction
of metabolites(Habib et al. 2008)More recently algae are being considered also for
the bioethanol or biodiesel productiofifang et al., 2016 Research on genetically
modified algae are ogoing for the marmaceutical sector (Demirbas and Demirbas,

2010, Enzing et al., 2014,).

Microalgae aresustainablecommoditiesas hey can be grown on nearable land and
wastewater for nutrientsThey have microscopdimensionstherefore,they cangrow
much faster han terrestrial crop plants; allow higher yields as well as reduced
production costs, especially in integrated bioprocesses withde@ving from exhaust
fumes and gasetSharma & Sharma 2017)The identification of suitableicroalgae
strains is usuallythe very priority in the development of a microalgdmsed
technology they should have high light capture efficiency as well as a high biomass
yield, both in terms of growth rate and culture density, and high light intensity and
oxygen concentration tolance (Moreno-Garcia et al., 2017)Large flocculation
properties would be also useftt facilitate harvesting, along with structural features
allowing easyintracellular products extraction. The ideal strain should also present
resistance to predators ahgrazers as well as other contaminants and efficiently use
Nitrogen and Phosphorous but also the ability to use alternative sources of these
macro elements(OrtizMarquez et al, 2013. However, there are scientifiand
technological barriers to overcomigefore bulkgoodsfrom microalgae becomes an
economic process; although some companies are alresayelopingbusinesss of

algal bieproducts, there is still a great controversy among specialists about their

actual potential (Scott et al., 2010)At preseat, nat one of the suitable strains
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identified for large scale productiomwns all the ideal traits mentioned probably
becausedifferently to the development of modern plardrops,a systematicdoreeding
program for algae has never been realiz€@rtizMarquez et al, 2013. Another
important factor couldbe represented by the lack @&olid knowledge on scalingp
techniques from successfully laboratory results to lasgale industrial applications
(Shurinet al, 2013. Currently, optimal improvementof the desired properties or
functions has been much more focused on the usegefetic engineering, also
facilitated by the continuous improvements in genomseguencing techniques
(Georgiannand Mayfield, 2012)The efforts in this context have beemainlydirected
to the modification of genomes and cellular metabolism it@greasecellular lipid
concentrations, biomass productivity and reaiste to predators. However, no
modified strainshave been authorised for outdoor cultivatior(Shurinet al., 2013. In
addition, the associated environmental risks with genetic manipulation, although they
are likely to be insignificant, are virtually unknown at presamd thorough ecological
and evolutionary assessments astll needed to testgenetically modified ale can
survive in the wild and theipersistence cause environmental harg8now et al.,

2012).

1.1 SYNTHETIC ANINDUSTRIAECOLOGWPPLIED TMICROALGABIOTECHNOLOGY
The useof algal ecology principlesas been reported to havihe potential to lead to
more stableopen microalgal cultivationsystems, disclosingractices that could be
used to preserve and improve algal cultutechniques and managemeiiKazamiaet
al., 2012. In the context of biotechnology applicationsa synthetic ecology approach
combined withindustrial ecology design might allow to overconseme of thetrade-
offs relatedto performance of microalgae functiont fact, while synthetic ecology

impliesthe apgication of engineering principles to biology and tfaional synthesis
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of targeted, complex systemsvhere the building blocks are cells in a mixed
community (Pandhal and Noirel, 201#dustrial ecologyadisciplinewhich describes

the analogy betweenndustrial and natural systems to promotee developmentof
sustainable industrigbractices has the potential to improve total environment quality
while complying with economic demands of industry, providing the tools for
improvement of existing produin processes as well as supporting policies to boost
innovation and commercialisation of new and improved products making use of
surplus materials, water and energde(inksi et al., 1992, Tibbs, 1993, Erkman, 1997,
Roberts, 2004)A combinedsyntheticindustrial ecologyprocedure could offer many
important advantagessuch asthe possibility to isolate specifistrains from their
natural habitat for studies in a more favourable and defined artificial contdldwing

to predict how the algacommunity mght develop and consequently optimise the
algae cultivation systems for a specific goal( f ét 4l.2M2, Kazamiat al.,2012)
Redesigning natural ecosystems as well as unravelling molecular pathways rather
GKFY @aaAYLX @¢ Y2 RA Hddidug DrgaiisrS or BReyies,YaS d is2 F
instead for genetic engineering, couldlso lead to several important practical
applications,such agshe utilization of metabolic potential of organisms that may be

difficult to genetically modify

1.3 LARGESCALECULTIVATION OWMICROALGAE

As the global need fdrioproducts igising, microalgae are increasingly seen as part of
the solution to meet increasing demangdsthanks tothe great diversification of
products hat can be obtained frommicroalgalbiomass, such proteins, glycerine,
pigments,nutraceuticalsand fuels(Jena & Hoekmann, 2017Microalgalbiomass has
found several industrial applications in areas like dietary supplements, lipids,

biomasses, pigmentdertilizers and biefuels For these purposes, microalgae can be
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grown using C@and industrial wastes, so reducing the cost of culture nutrients and
mitigate the environmental issues related to these effluef\geira Costat al., 2011,
Sutherland and faggs, 201), as they canaccumulate nutrients, heavy metals,
pesticides,as well asorganic and inorganic toxic substances even radioactive
elementsin their cells(Sen et al., 2013). Nonetheless, the production of microalgae
biomass has still highosts, especially if compared %62 NB & (0 Nagicaltiral 2 y I £ €
and forestry biomasses, so representing a major issue in the achievement of an
economically viable industrial manufacturing procéasien et al., 2012Ruiz et al.,
2016) Despite several atimpts of process optimization, the development of
cultivation systems being both cestfective and highly efficient still need to be
significantly improved for largscale production to become attainab(Rizwan et al.,
2015, Lammers et al., 201%/hiledata has been generated at a laborateyale not

much has been published in way of technology transfer to large {Ral@atet al.,
2013. Phototrophic cultivations appear a favoured method for algae cultivation, as
the sunlight is freely and abundantivailable.Alsq phototrophic algae can capture
carbon dioxide from exhaust gases, so potentially acting as a superior carb@bhasimk

et al, 2012. This method however presents some weaknesses, especially in those
temperate regions where suitable sugfiit intensity is not always available throughout
the year. Both open ponds and closed photobioreactors are suitable for the cultivation
of phototrophic algae. In any case, an ideal system should meet at least one
requirement amongt availability of a lege effective illumination area, optimal gas
liquid transfer, simple management, low contamination levlw capital and

investment cost®r minimal land requirements.

The following section detaikhe basic design, the main advantages and limitations as

well as the factors to be considered before attempting a segdeof the cultivation
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systems currently used, photo bioreactors (PBRs) and open ponds, with a special
emphasis on the latter. Although, there are advantages and disadvantages associated
with usihg both, herethe focus ion open raceway ponds production systeras they
represent the cheapest method of largeale micrealgal production for lowmedium

value products, requiring only low power inputs, easy maintenance and cleaning

(Vieira Costat al., 2013.

1.3.1 PHOTOBIOREACTORS

This type of production system is mainly considered when the main interest is towards
the production of high value products, i.e. pigments, food additifes human
consumption, proteinsetc. Even in this case however there is still a némdcost
effective PBRs that can overcome the initial investment isaare at the same time
provide large scale efficient cultivations. Compared to open ponds, closed
photobioreactors may show higher plagynthetic efficiencies and biomass
production as well as degree of control. However, they require high initial cost and
only microalgal strains with specific physiologies may be emplyieira Costaet al.,

2014). It has also been reported that PBRancexperience problems with virus
susceptibility and/or bacteria attacks, which can completely crash the production
system down in a few hoursin the last decades, different types of closed
photobioreactors have been developed, such as flat plate, tulbanarcolumn, stirred
mechanically or by airliftingHowever,these systems are limited by the excess of
oxygen being produced and their cost is generally high. The use of sterile systems
allows controlling contamination, but, on the other side, this leadd cost increase.
Moreover, the scale up of PBRs generally requires an increabe afdzo SQa RA | Y S
so preventing cells to receive adequate light for their growtheira Costaet al.,

2014). The main feature of a photobioreactor influencing algalasye to light is the
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Surface/Volume ratio. Some of the materials used for constructions of reactors are
glass, Plexiglas, PVC, ac#ipéC and PERnimportant characteristic of the material to
be employed is its ability to prevent biofilm formation. brct, although biofilms can

be easily cleaned, they can dramatically decrease light transmission.

1.3.2 SMPLEPONDS

Operation is very simple for these systems, having only a giant rotating mixer at the
centre of the pond to avai precipitation of algal biomassiowever, they show a
major disadvantage represented lige surroundingenvironmentwhich cannot be
entirely controlled in terms of temperaturer light availability(Yenet al, 2013.
Moreover, contamination from bacteriar other microorganisms often results in the
predominance of undesirable species. Rainy conditions also represent a common
source of contamination. Consequently, the selection of an appropriate location is
crucial to the success of such systems. Despieeptotential related drawbacks with

the simple open pond systems, their ease of operation and high -sgakevailability

still represent attractive factors and they are currently used for industrial production

(Yenet al.,, 2013.

1.3.3 RACEWAYONDSYSTEIS

Currently the most economical cultivation methodor largescale algal biomass
production is represented by the raceway pond system, mainly due to its relatively low
capital cost as well as easé operation and manageent. The pond is usually made

up of an ovakhaped closed loop recirculation channel, where paddlewheels provide
mixing and circulation, so ensuring the homogenization of culture and consequently

stabilization of algal growth and productivitlyig.1-2) (Vieira Costaet al., 2014).
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Fig.1-2 Plan view of a raceway pond. Nutrient input is inserted after the paddlewheel and executes a
cycle while being aerated with Carbon Dioxide. It is harvested before the paddlewheel to begin another
cycle(adapted fromBrennan and Owend&009.

Some raceway ponds include artificial light in the system but this methoeiiker
practical nor costeffective for commercial production. Raceway ponds can be
constructedin several materialdike concrete and compacted edrtand lined with
plastic bags. Ponds are shallow witldepth usuallyin the range 2660 cmto ensure

an adequate sunlight exposure to algdleam et al, 2014). Despite the several
advantages offered by raceway ponds, the foremost of which being low emgogy
and low operating cost, this systetanstill experience numerous limitations, like high
harvesting costs, water loss caused by high evaporation rate, easy contamination by
unwanted organisms, i.e. grazers, bacteria, fungi andqawa, that could ptentially

G ONJ & K¢ ahdlendre &ldal pojulStionMoreover, it is difficult to control
paraneters like temperature and pHContamination of cultures by different species of

microalgae in open pond systems is controlled by effectively operatiew ths batch
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cultures and restarting the cultures at established intervals with new water and mono
algal inoculum. Contamination from insects, leaves and airborne materials must be
controlled within acceptable limits as well. In open ponds, these contamsnare
regularly removed by using, maally or automatically, a sievim the water flow.
However, if the microalgal biomass is applied to products like biofuels, impurities are

acceptable in the cultivatiofVieira Costat al., 2014).

1.4 HARVESTINGHALLENGES

Althoughalgalbased manufacturings technologically feasible, its wide marketing is
still limited because of high operating costs in processing. Four main steps are
required for bioproducts production from micoalgae biomass: cultivation, harvest,
extraction of compounds of interestnd processing The most crucial and expensive
stagesfor low-medium values bioproducthave been identified irharvestingand
dewateringsteps, as they require high energy inputs $eparation of biomass from a
dilute culture medium, accounting for arourzD-30% of the overall production cost
(Lee et al, 2013. Hence, their efficiency, versatility, productivity and recovery
optimization should become a priority for obtaining cosfteetive viable algadased
products For production purposes, microalgae should be concentratednuchas
possible so allowing the reduction of the subsequent drying process as well as
extraction and purification costs. Furthermore, contaminant or tod&watering
processes should be avoided for water medium recycling to be pogsidiemanet

al., 2010. Harvesting of microalgae requires the concentration of dilute suspensions,
average compositions in the range 0.02%.06%Total Suspended Solid§%$ into
slurry or paste with 5925%TSSor more, based on the process main goal. Surface
charge, steric effects and adsorbed macromolecules or extracellular organic matter

are the main factors influencing microalgae stability. Unlike other types of susplend
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particles, microalgae consist of different species with diversified properties such as
shape, size and motility, each of which affects their reactions to treatrfiétdimanet

al., 2010. As a resultdespitethe development of several tlniques for mimalgae
culture dewateringand harvestingno one performdetter than all he others.Existing
processes rely upon the improvement of suitable propertiggch facilitate harvesting

and dewatering and increase their efficien@mong them, we can mentioa) large

cell size,b) higher specific densitythan the medium, andc) autoflocculation or
induced flocculationQuantitative performance assessment reliestbe evaluation of

the rate of water removalslid content of the reovered microalgasvater slury and
efficiency of dewatering technique, i.eecovered microalgae to total processed

microalgae through measurements ofogorbance and/or turbidity.

1.4.1HARVESTING BFLOCCULATION

This thesis isfocused on microalgae harvesting by flocculation, as it is generally
consideredthe most economicalmethod for the treatment of high volumesof
microalgae cultures and its application to a broad range of spdtidamanet al.,

2010. In general, an algal cell can hewed as a very tiny spherical object, falling in a
continuous viscous medium at a rate governed by the force of gravity and the upward
drag and buoyancy forces. In theory, if the algal particle moves in the fluid by its own
weight due to gravity then itgaches a settling velocity when the combined drag and
odzzél yoe F2NOSs SEIFIOGfte ol t | yéddever,th&S F2N.
settling velocity of an algal particle in a natural context is controlled by several
complex factors, including cell miiby, water flow and turbulence as well as
upwelling caused by wind arat temperature stratification.For planktonic algae,
settling velocity can be increased by enhancing cell dimensions, for example inducing

cell aggregation into a larger body. Thisnpiple is applied in the processes of algae
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separation, where nowadays chemical coagulants are added to form large flocs which
quickly settle to the reactor bottoniShowet al., 2013. The coagulants and flocculants
commonly used consist of metal saltschuas polyaluminium chloride and alum as
well as syntheti polymers like polyacrylamide, as they are reliable and efficient (Alam
et al., 2016).However, the use of these chemicals may have several environmental
consequencedirst of which the contaminabn of the produced biomass, an increase

in metal concentration in water and the production of large volumes of potentially
toxic sludggRenaultet al., 2009. Biopolymers like chitosan are also alternatively used
to avoid biomass contamination; howevehese are currently too expensive for lew
value compounds manufacturing. Other technologies like electrocoagulation have
proven to beefficient, norexempt lowever from metal contamination, since the
electricity flowingthrough the medium causesnore metd to be dissolvedand form

ions(Marrone et al., 2017)r high energetic costs at scale (Alamatt, 2016),

Hocculation of microalgae can also be induced by several microorganisms, such as
bacteriaor fungi Lee et al., 201,3Mlanheim and Nelson 2013,uvkdov et al., 201pby

extra polymeric substances (ERBkob et al., 2016, Busi et al., 2D1and it is often
referred to as bieflocculation(Vandamme et al., 2013Rio-flocculation of microalgae

is influenced by various factors, i.e. nutrients s&gtpH, algal species which make it a
complex process to control and still hinder its application at scHlenetheless, being

a potential low cost, no#toxic, metalfree harvesting method it has a great potential

for the manufacture of lowmedium value cmpounds and therefore gaining a rising
attention in the field (Alam et al, 2016)Other than bacteria or fungi, infochemicals

are starting to be explored as potential biofloccularitdéandamme et al., 2013,

Montemazzani et al., 2015, Alam et al., 2016,dRazo et al., 2016, Zhu et al., 2017).
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1.4.1.1 AN OVERVIEW OEOAGULATION ANELOCCULATIORHEORY

For practical purposes, precipitates and particles classification as suspended or
colloidal depends on their size range. In particular, suspended particle size spans from
ném >Y dzZLlJ G2 wmnn >YZI gKAES O2ftft2ARa | NB
substances (0.00dn ®m >YU0 | yR &adzaLJISYRSR LJ NIiAOf Sao

Fig. 13.
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Fig 1-3 Particulates in water and various other reference sizes (adapted from Davis 2010)

Colloidal particles are in a solid state and can be removed from the liquid by physical
means such as very higbrce centrifugation or filtration; their small sizhowever
prevents their removal by sedimentation or sand filtration processemdamentally,

the goal of coagulation, and subsequently flocculation is the conversion of small
particles into larger ones called flocs, either as precipitates or as suspgradtdes,
whose ready removal can take place in subsequent processes, such as settling or
filtration. In this context, we refer to coagulan as the process of chemicadldition,

while to flocculation as the aggregation process of the destabilized gestiand

precipitation products (Davis 2010).
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1.4.1.2 PARTICLEHARACTERISTICS

1.4.1.3ELECTRICAL PROPERTIES

Surface charge of colloidal and suspended particles represenis rfast important
electrical property, as it keeps them in suspension, preventing their aggregation for
long periods. Particle suspensions are thermodynamically unstable and, given enough
time, they will flocculate and settle (Davis 2010). This procesehemis slowpaced,

so precluding a feasible removal of particles by sedimentation. Most particles in water
are negativéy charged, mainly because of processes like ionization, adsorption and
structural imperfections. Microalgae cells havanet negative sirface charge due to

the ionization of functional groups and the stability of their suspensions relies upon
the forces interacting between the particles themselves and the particles and the

surrounding medium (water) (Uduman et al., 2010)

1.41.4BELECTRIALDOUBLHAYER

A colloidal dispersion in solution does not have a net charge as the negatively charged
particles gather positive counter ions on and near the particle surface, so forming a
double layer (Fig-4). The adsorbed layer of cations, known as the Helmholtz or Stern
layer, has a thickness of about 0.5 nm and it is bound to the particle surface by
electrostatic and adsorption forces. A loose diffuse layer forms beyond the Helmholtz
layer, and the resulting duble layer (Helmholtz plus diffuse) has a net negative charge
over the bulk solution, whose extension depends on the solution properties (Davis

2010)
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Fig 1-4 Surface charge on a particle in water (adapted from Davis, 2010)

1.4.1.5PARTICLESTABILITY

The electric potential between the shear plane and the bulk solution is known as the
zeta potential Empirically, rapid flocculation takes place when the absolute value of
zeta potential is reduced below 20 mV (Kruyt529 Particles stability in natural
waters is described by the DLVO theory (Derjaguin 1934; Derjaguin and Landau 1941;
Verwey and Overbeek 1948) and depends on the balance between the electrostatic
force of the charged particles and attractive forces (d&m Waals). As the particles
have a net negative charge, the major mechanism regulating stability is the
electrostatic repulsion. The double layer extends further into solution than the van der
Waals forces, resulting in the generation of an energy bathat prevents particles
aggregation (Davis, 201(ig. 15). The strength of van der Waals forces depends on
the size and shape of the colloidal particles as well as the chemical composition of the

system under study (Liang et al., 2007).
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Figurel-5 Schematic Representation of the DLVO theory

1.4.1.6 COAGULANTS

Several inorganic chemicals have been tested for microalgal flocculation and the most
effective resulted to be alum, ferric chloride and taén cationic polymers such as
polyacrlyamides and polyamines (Udumaet al., 2010). Surface charges
neutralization, a state where the net electrical charge of the microalgal particle has
been annulled due to adsorption of an equal amount of the oppodi&rge, is the
mechanism reported for microalgae flocculation by inorganic coagulants; its success

mainly depends on the presence of small and approximately spherical algal particles.

Microalgal flocculation mechanism induced by polyelectrolyte flocculantsch are
composed by natural or synthetic cationic species, can be explained by a combination
of charge neutralization and particle bridging, the extent of which depending on
charge density and polymer chain length. Coverage level of microalgal surface
influences the degree of flocculation; in fact, for less than the optimum coverage

value, an inadequate bridging (unable to withstand shear forces due to any agitation)
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will occur. Conversely, an excessive coating caaketrostatic or static hinderingfo
bridging. Concentration and reactivity of functional groups on microalgae cell walls
greatly vary with growth phase and metabolic conditions, resulting in variation of their
charge density and so affecting the adsorption of both organic polyelectrogds
inorganic flocculants (Udumaat al.,2010). Finally, combined flocculation is a process
involving the use of more than one type of flocculants for its overall performance

improvement andeduction of required dosages.

1.4.1.7 PHANDDOSE

Two fundamental parameters in coagulants addition are pH and dose. Because of the
number and complexity of coagulant reactions, the actual optimum dose and pH for
given samples on a given day is generally determined empirically from matabojar

test. Generally, it is reported that the dose of required flocculant depends on
microalgae surface area (Bleeke et al., 2015), which in its turn is influenced by their
concentration, composition, surface charge density, charge density of tHenaat
flocculant as well as flocs size and density. One of the major disadvantages of using
metal salts a$locculants for microalgae recovery is the addition of chemicals into the
system which impacts the environmental sustainability of the procd$sre is also a

risk of potential contamination of the mediunpreventing its recyclingand the
resulting algalbiomasstherefore leading to a more complex downstregmocessing

(Muylaert et al., 2017)
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1.4.2 INFOCHEMICALUSDUCEO-LOCCULATION

Infochemicals are substances excreted by organisms that may change the behavior,
physiology and structure of individuals of another spe¢lda et al., 2004).Hey can
induce defense mechanisms in microalgae againsplam&ton grazing by promoting
colony formation or bieflocculation (Hessenand van Donk 1993, Lampert 1994,
Larling, 1999, Lurling003). Some types of these infochemicals have been isolated and
identified from Daphniaspp being likely aliphaticutfates and sulfamates (Fig-6)

(Yasumoteet al.,2008.).
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Fig. 6 Proposedstructure of 5 | LIK yinfoth&€ndicalsbased on spectroscopand synthetic studies of
fractions extracted with organic solvents from froz@aphnia pulexand reported to induce coloy
formation on the microalga Scenedesnuigwinskii var. heterospinat ngr pug/ml concentration

M = not identified countercationfYasumotcet al.,2008)

A summary of the current literature reports on infochemicals characterization work is

reported in BAble :1.
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Tablel-1 Infochemicals properties

PrRODUCER

RECEIVER

PROPERTIES

REFERENCE

Daphniasp

Daphniasp

Daphniasp
Daphna sp

Daphniasp
(homogenates)

Daphniasp

Daphniasp

Scenedesmusp.

Scenedesmusp.

Scenedesmusp.

Actinastrumsp.

Scenedesmusp.

Scenedesmusp.

Green algae

<0.5 kDa;

insensitive to proteases;
heat and pH stable;
non-volatile;

sensitive to incineration
Lipophilicity increased at
low pH;

olefinic double bonds;
insensitive to sulphatase,
phosphatase and
proteases;

Not free fatty acids

Nonvolatile

Not butanoic acid, acetic
acid or amino acids

Aliphatic Sulfates and
Sulfamates
Anionic Surfactants

8-methylnonilsulfate
Sulfates
Amidosulfates

Lampert et al., 1994

Von Elert et al., 1999

Van Hoolton et al., 2003
Yasumoto et al., 2005

Yasumto et al., 2005 and
2008

Yasumoto etl., 2005

Uchida et al., 2008

In large scale open raceway ponds, infochemicals could be potentially used to

promote flocculationinducing defensive morphological changes in microalgate

direct addition of purified biological infochemicals or extracts could represent an
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their additional production and purification cost. On the other hand, these coeld b

decreased considering aproduction system of infochemicals integrated in the

microalgae cultivation siteln fact, @ infochemicals are expected to be copious in

open raceway ponds, the outflow coming from these could be filtered to remove the

grazers ad then recirculated into the system to boost colony fation and

flocculation (Fig. 7).
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Step I. Cultivation of Microalgae and Filtration of Grazers
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Step Il. Recirculation of Infochemicals to induce bioflocculation, followed by harvest
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Fig. 27 Schematic representation of potential application of naturally occurring zooplankton

infochemicals in open raceway ponds, per Industrial Ecology pléscip

Controlled flocculation of microalgae through infocheals is a promising technology;
however, the use of infochemicals is also likely to be highly spsepedfic. The
underlying mechanism istill poorly understood andvould deservefurther reseach
because it may lead to metalfree method for flocculating microalgaBundamental
research into infochemicals that induce flocculation in microalgae is urgently needed,

because this may lead to a highly controllable method that avamistals
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contamindion (Vandammeet al., 2013). An efficient, sustainable method for
harvesting microalgae is vital for affordable production of microalgal biomass on an
industrial, commercial scaleTheregulated use of naturally occurring infochemicals
would allow a peréct combination ofynthetic andindustrial ecology principlesas it

has the potential to maximize the use of resources, minimize waste generation and

reduce energy costs.

1.5 OTHERHARVESTINBMETHODS
To date, the mai harvesting techniquesused other than flocculationinclude
centrifugation, biofilms formation, filtration, flocculation, gravity sedimentation,

dissolved air flotation, ultrasounds and electrophoresis techniques (Alam et al., 2016).

1.5.1CENTRIFUGATION
This method allows rapid and efficient recovery of a very concentrated algal biomass;
however, it is energy intensive and requires high cost for maintenance @taah,

2012)

1.5.2F.OATATION

This method is used in combination with flocculation and consists in the trapping of
algal biomass by dispersing micro air bubbles, which adhere to the biomass, increase
its buoyancy and hence causing its quickly rise to the serfis main advantage is
represented by the applicability to large culture volumes; on the other hand, toxicity
of flocculants might reduce the value of the biomass obtained (&ah,2012). Other
factors limiting a more extensive use of floation teology include the cost of
equipment and energy efficiency of microbubbles production (Zimmermann et al.,

2011). More recently, it has been proposed an alternative, potentially cheapest and
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low maintenance production method which involves the use of a iftuakcillator

(Zimmermann and Tesar, 20IBehmaret al., 2015).

1.5.3FLTRATION

In this case, filter press and membrane filter are operated under pressurized or
vacuum condition. Filter press method is very effective in algaewering, especially

for species of relatively large size but, for the same reasons, it cannot be used to
recover smaikized algae, such &enedesmuspp Micro/ultrafiltration are effective

for recovering both large and small sized algae but they l@se high costs mainly

due to membrane replacement, clogging and maintenance (giaah,2013)

1.5.4GRAVITYSEDIMENTATION
This method is very low cost as no additional chemicals and/or physical treatments are
necesary but it takes relatively longer settling times and at the same time it is

unfeasible for recovery of small algae cells.

1.5.5ULTRASONICATION

The process relies on the use of ultrasound waves which propagate into thd liqui
media resulting in alternating highressure and lowressure cycles. During the lew
pressure cycle, higimtensity small vacuum bubbles are created in the medium while
during the highpressure cycle bubbles collapse violently in a process known as
cavitation (Leeet al., 2014). During implosion, very high pressures and -sged
liquid jets are generated locally and the resulting shear forces immediately break the
algal cell structure, hence facilitating sedimentation rate (Leimal., 2013). The
process can be operated continuously but it has also safety relatatessso be

accurately evaluated.
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1.6 OPENRACEWAYONDS ASLULTIVATIONESSELS

Most of current commercial cultivation practices failgae rely on the use of open
ponds, as they are cheap and with simple design and maintenance requireriéets.
factorsgoverning algal biomass prodiagty are both biotic and abiotic, being mainly
represented by nutrients supply, light, temperature, lossdse to grazers,
hydrodynamics othe reactor, CQ fixation, pH and sterility of cultivation. These can
considerably vary onlocal environmental conditions, influencing their species
composition, elemental stoichiometry and therefore their value as manufaug

platforms(Shurinet al., 2013.

1.6.1 NUTRIENSAVAILABILITY

The availability of nutrients affects algae community composition and abundance of
single species. The primary role of Phosphorous and Nitrogen lessviadely studied
(Kube et al., 2018)mainly because fertilisation with these inorganic elements has
been recognised as a secure method to ensure dense algal population. However,
future strategies should account for the avoidance of excessive nutriewlingaso
eluding downstream eutrophication, shift in the balance between tailored algal crops
and invasive algal weeds and at the same time keeping optiroatdss growth and

lipid content(Shurinet al., 2013.

1.6.2 LIGHT

Light wavelegth and intensity are factorsvhich directly affect both indoor and
outdoor microalgal growtlrates In outdoor cultures, sunlight is the major source
conversely, in indoor culturethe biggest challenge is to overcome the high cost of
artificial lightirg. Microalgae absorb light of wavelengths in the range-400 nm for
photosynthesis, with specific values varying for different species (Blair et al., 2014).

Outdoor systemgperformanceis lower than indoor ones and they also require large
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land areas(Vidara Costeet al., 2014). Tomaximise biomass productivity, light needs to
be homogeneously distributed throughouihe entire cultivationsystem and avoid
seltshading caused by high pond dep8ir{ghand Sharma 2012) or biomass density

(Sutherlancet al., 2015).

1.6.3 TEMPERATURE

Temperature is an important factor influencing microalgal growth and hence target
product production. Regarding outdoor cultivations, temperature variations greatly
depend on light exposurand seasonalchanges. Appropriate temperature mube
evaluated, as high values could lead to a decrease in biomass prodeetisedby
denaturation processes of proteins and enzymd¥en et al, 2013. Optimal
temperature conditions are reported to be in the rang@25°C for mesophilic algae
species, up to 4 for termophilic or down to I for psychrophilic straingRas et

al., 2013)

1.6.4 HYDRODYNAMICS OREREACTOR

An adequatesystemmixing is necessary to provide higlomass concentration, allow
mediumcirculation, keep the cells in suspension, avoid thermal stratification, optimize
nutrients distribution, improve gas exchange and reduce shading and photo inhibition.
(Vieira Costaet al., 2014). Mechanical stirrersprovide optimal efficiency ki for
mixing and gas transfalthough causing significant hydrodynamic stress. On the other
side, gas injection by impellers or airlift leads to low hydrodynamic stress, good gas

transfer ard acceptable mixing efficiengyieiraCostaet al., 2014).

1.6.5 FXATION OEARBONDIOXIDE
The fixation of C®Oby algae has gained an increased attention due to the biomass

production as it would allow reducing greenhouse gases emission and treaifient
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industrial effluents. Generally, one kilogram of algal dry cell weight employs roughly
1.83 kg of carbon dioxid@/ieira Costat al., 2014). However, C&concentration must
not betoo highas this could cause ptdductionand a consequently growth inlbition

for some microalgae speci¢é/anget al., 2012).

1.6.6PH

The pH of the culture medium is an impant parameter to be considereak it affects
the characteristics of biochemical reaction of microalgae. It is crucial to keep eultur
pH in the optimal range (typically9) because complete cultuidestructionmay take
place due to the disruption of cellulargresses by extreme pH valuésany case, the
control of pH needs to be integrated with the aeration syst@azzalet al., 2015). In
fact, in the case of cultivation with G@ddition, the concentration of this gas might be
the predominant factor influencing the pH of the cultufeieira Costaet al., 2014).

The optimalpH range for microalgae growth is speetependent(Yenet al., 2013.

1.6.7 STERILITY OBULTIVATION

Contamination of cultures by different species of microalgae in open pond systems is
controlled by effectively operating them as batch cultures and restarting the @gdtur

at established intervals with new water and moeaftgal inoculum. Contamination from
insects, leaves and airborne materials must be controlled within acceptable limits as
well. In open ponds, these contaminants are regularly remdwedsing a sized s@g

in the water fow (Yenet al., 2013.

1.7 SCENEDESMUS SERILTIVATIONN OPENPONDSYSTEMS
The microalgaeScenedesmus/Desmodesmus sp@ among the most commonly
cultivated in open ponds kabver the world(Benemann2013, Montemezzani, 2017)

In any case, however, whgrlanningthe systemdesign several peameters must be
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evaluated such as biology of the strain, cost of land and watagy and nutrients
requirements, local climatic coittbns andtarget final product(Vieira Costeet al.,

2014).

1.7.1 SCENEDESMUSND DESMODESMUSPP
Scenedesmuss a genus of the common neanotile freshwater green chlorophycean
alga from the ordeSphaeropleas Theirscientific classification is the following:

1 Domain:Eukaryota

1 KingdomViridiPlantae

1 Phylum:Chlorophyta

1 ClassChlorophyceae

1 Order:Sphaeropleales

1 Family:Scenedesmaceae

1 GenusScenedesmuBesmodesms

Scenedesmuand Desmodesmuspp can be foundin freshwater bodies and even in
the soil all over the world, as reported by Traimorl9B. Theyare easily cultured and
can both tolerate a wide range of environmental conditions, making them the ideal
candidatesto establish lab cultureqLurling, 200 More than a century ago,
Scenedesmusppwere studied and reports of four celled colonies recorded, although
placed under a different genug¢hnante. It was only in early 1800s that Meyen first
used the generic nam&cenedesmuand therefore the gensi is calledScenedemus
Meyenin his honour(Lurling, 2008 Decades later, Chodat further subdivided in four
the genus in four suigenerg namely ClathrodesmusDesmodesmys£Euscenedesmus
and RhynchodesmusFifty years after this classification, a new swision for the

genus ScenedesmusVieyen was presented with the subgener@cutodesmus
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Desmodesmusind ScenedesmusTrainor and Hegewald then characterized the two
groups as the nospiny and the spiny grouflLurling, 2008 Only in recent years,
there havebeen attempts to reassess the taxonomySxdenedesmuly biochemical

and physiological properties, which however fail@dherefore moleculartechniques
such as nucleotide sequence analysis were later introduced to assist the
reclassification ofScenedesms. Sequence analysis of the HEINA gene clearly
supported the designation of just two subgenei@esmodesmusnd Scenedesmus.
Nevertheless, there is relatively low number of studies vilésmodesmusompared

to those with Scenedesmus and tlean be exfained from investigators still being
unaware of the division of the old genuScenedesmusnto the new genera

Scenedesmusnd Desmodesmu@_irling, 2003

1.7.2 ULTRATRUCTURE

Back inthe 1990s, ultrastructural studies providke essential information on the
architecture of Scenedesmusell wall Particularly, this alga is characterized by a
three-layered cell wall made of cellulose, sporopollenin and both pectin and/or
mucilage (Trainor, 199650me species havenauter cell S Yo NI yS O £ f SR

connectingcoenobiacells at their apicef~ig.1-8) (Hegewald 1977).

Fig1-8 Representation o6cenedesmusolonies with a veil connecting cells
(adapted from Trainor, 1996)
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1.7.3. MORPHOLOGY ANRBHENOTYPIBLASTICITY

It is widely reported irthe literature that a single genotypeanproduce one or more
alternative form of morphology in response to environmental conditions, a
phenomenon callegphenotypic plasticityLirling, 203). Predation and compdtbn

are considered the primary selective forces responsible for the organization and
structuring of communities. Ointerest is the fact that zooplankton products of
excretioncan stimulate the formation of colonies, which hashenterpreted as an

induced defenséHesseret al., 1993, Lampert 1994, Lirling 1996

1.7.4 GRAZERNDUCED MORPHOLOGILGMANGES INESMODESMUSND SCENEDESMUS
Members ofthe genus are characterized by the formationcoenobia Thecoenobium
is a special type of coloms it arises upon division of a single mother cell when the

daughter cells stay connected by a common cell (Fagj1-9) (( A Oé &1.}2014).

Fig1-9 Scenedesmusnicell (lef) and colonyright) (Hessen & Van Donk, 1993

Desmodesmusind Scenedesmushow high variability not only in relation to the
number of cells per colony bulso in the size of the cell€olony formation is a
process reported as thalgae defense against their grazebgphniaspp above all,
along with other defensive induced characteristics like the formation of bristles and
spines that may impede their ingestion. Other defensive features include an increase
in cell wall thicknesand production of mucilage(Ltrling, 2008 Unicellsand forms

with bristles or spines are characterized by a greater resistance to sinking. Therefore,
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unicells and small coenobia possessed better buoyancy than large coenobia allowing
them to keep their peition in the upper water layers with more favorable growth
conditions. So, the cost to be paid Bcenedesmusind Desmodesmugo form
protective colonies is, at least, an enhanced chance of sinking out of the euphotic zone
(Lurling & Van Donk 2000Amongmany factors, grazer chemical cues may begin the
formation of eightcelled colonies that experience higher sinking rala&ling 2003
Important to mention is that the phenomenon &faphniainduced colony formation is

not restricted to the generaDesmo@smus (Hessen & Van Donk 1993nd
Scenedesmu&ampertet al.,, 1994, Lurling 1998 Infact, colonies can also form when
Coelastrum(Lurling 1999, Van Donét al., 1999 or Actinastrum(Yasumotoet al.,

2000 are exposed toDaphnia chemical cues. Also, tese induced defense
mechanisms have been reported to be induced only by herbivorous zooplankton
chemical cues and not by carnivorous zooplankton or fish, meaning that it is not about
some more general animal excretory productsaused by the release of gal
componentsactivatedonly during the grazing process by digestive enzynfieétling,

2003).

1.7.5 REPRODUCTION

Scenedesmaceagsuallyreproduce asexually by the formation of autosporésside

the parental cellwall, the mother cell experiences from 1 to 4 serial divisions into 2 to
16 daughter cell¢Trainor, 1998 The daughter cells may be then released as a new
colony varying in number of cells peolony by a simple unfoldingLess observed,

Scenedesmusnd Desmodesmualso undergo sexual reproductidiirainor 1996.

1.8 OPENRACEWAYONDS ANATURAL ECOSYSTEMS
Toachieve algal prductivity at a commercial scale as predicted by laborastuyglies,

it is necessaryto deal with invasion by undesired organisms like predators and
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competitors. The interactions between algae strains of industrial interest and these
potential invading species basically follow the same dynamics of the extensively
studied biotic inteaction by e€ologists worldwideLessons from Community Ecology, a
sub field studying the organization and mechanisms of interacting species population
on a local scale, would be particularly relevant to investigate the structure and
dynamics of aquatic communities @n industrial scale, so providing an alternative
strategy of microalgae cultivation to the simpiiselimination of organismsin aquatic
systems poduction often takes place in bloom@hen microalgae rapidly reproduce in
the water column. Aquatic comunities are governed by a combination of two
processes: the bottorup and the topdown. As reported byGliwiczin 2002, the
bottom-up process is related to nutrient availabilitizimitingnutrients are thought to
determine the highest theoretical attaale biomass in aquatic systems. Also, light

a dominant limitingfactor in large scale cultivation of microalgae, mainly because self
shading reduces the light penetration into the middle of dense cultures. At the same
time, the produced biomass is alagded by topdown processes, in the form of trophic

cascades of predateprey relationshipgFig.1-10) (Kazamiaet al., 2012).

Top Predator Predator

¢ Piscivorous Fish d * Zooplanktivorous
Flsh

Grazers Primary
. Large/sma" PrOducerS

zooplankton * Micro/macro algae

Fg.1-10 Schematic representation of trophic cascagadapted from Kazamiet al2012).
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The combinations of the bottorap and topdown concepts can facilitate the
prediction of the dominant trophic levels in a determined aquatic community.
However, other factors will also define the identity of the prevailing taxa inside each
trophic level. In fact, if species share the samsources, niches or other limiting

factors, they cannot cexist on alongterm basis and the possible outcomes of
species competition can be either the exclusion of one of the competitors or a
NEFNNI yISYSyid 2F (GKS 02 YLIS diffete dBo@cesidrS OA I €
niches, which can then endorse a firm coexistence. This concept is known as the

competitive exclusion princip{&azamiget al., 2012).

1.9 DAPHNIA PHYSIOLOGWETABOLISM ANBEPRODUCTION

Daphnia are planktonic crustaceans belonging to the Cladocera, whose bodies are
enclosed by noicalcified double wall shell known as carapace, mainly composed by

chitin (Fig. 1-11).

Fig.1-11 Daphniaspp (courtesy of Dr.Becker University of Virginia)

Cladocerahave up to 10 pairs of appendages, which are (from front to back):
antennules, antennae (used for swimming), maxillae and mandibles followed by five
limbs on te trunk. The limbs form an apparatus for feeding and respiration. At the

end of the abdomen is a pair of claws. The body lengt@latioceraanges from less
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than 0.5 mm to more than 6 mm. Compared to females, males have smaller size,
larger antennules, wdified post and first legs, which are armed with a hook used in

claspingEbertet al., 2005).

The genudaphniaincludes more than 100 known species of freshwater plankton
organisms worldwide. All age classes are good swimmers and are npesigic
which means they are mainly found in the open water bodies. They live as filter
feeders, but some species may frequently be seen clinging to substrates such as water
plants or even browsing over the bottom sediments of shallow ponds. The ecology of
the genusDaphniamay be better known than the ecology of any other group of
organismg(Ebertet al.,, 2005. They feed on small, suspended patrticles in the water;
although the feeding apparatus is so efficient that even bacteria can be collected, the
food is usuall made up of planktonic algae. Green algae are among the best food, and
most laboratory experiments are performed with eitheGcenedesmusor
Chlamydomonaspecies, bth of which are easy to cultur®aphniausually consume
particles from around 1um up to®Gum, even though particles of 70 um can be
sometimes found in the gut content of large individug@bertet al., 2005.

Under ideal physicochemical conditiom3aphinidisreproduce parthenogenetically
producing clonal offsprirgy However, a change in tgmarature or amount of available
food may induce production of males with subsequent sexual reproduction and
production of resting eggsApparently, parthenogenesis has evolved to Dephnia
taking advantage of good conditions as soon as they arise. @oimgjdDaphnia
magna, at a temperature of 20°C, it can reach sexual maturity-&hdays releasing its
eggs into the brood pouch. The embryos then complete their development inside the
brood chamber and hatch as fresvimming neonates at day-B0. In the fdlowing 24

days, the mature females release secondbrood of neonates with e@production
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peaking around the third brood (day 1121) or fourthbrood (day 1417). Even under
constant culturing conditions, brood size may vary due to parameters like water

qudity and/or crowding.

1.10 IMPORTANCE (BPECIESEVELUNDERSTANDING CONCLUDINGREMARKS

Successful largecale microalgae cultivation in opesystemsnecessitates a good
comprehension of species interactions, on the basis of which predictions camaloe

about how a community might develop and allowing the system optimisation towards
a production aim.Algal cultivation could be improvedy growingin a synthetic,
engineered commnity with carefully selected players. It is possible to design such a
community based on established ecological concepts and principles to keep a stable
biomass production yield throughout the year (Kazaretaal., 2012). A synthetic
community, having man of the usable compartments already occupied, so being
opposed to natural ecological propensity for increased complexity, could be employed
as a sustainable approach to industrial, commercial scale cultivatidrharvestingf

microalgaefor low to mediun value products.

Grazershave interactive mechanisms with algagich are gainingmore and more
attention, especially for what concerns their impact on nutrients uptake and
community composition these can be speciesspecific or determined by
environmengl factors or both I(lrling, 2003, Latta et al., 2009, Riessen et al., 2012,
Eigemanret al.,2013 h Q5 2 y Yy § &intdimodutate trophic interactions (Pohneet

al., 2007). However, there are still few studies inthe literature taking into
consideration he effects of grazing on algae communities in natural ecosystems and
even less focusing on species identity of planktonic communities. Since microalgae are

a wide group of different organisms, specg®ecific studies of algae are paramount
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and difficult & the same time, as their heterogeneity implies that results

generalizatiormight not be always possible.

Many studies have suggested that planktonic food webs can be structured by
chemically mediated interactionfPohnertet al., 2007) and tle idea of e&ploiting
natural cuesfrom algae grazerand creating artificial ecosystems is gaining interest.
However it is stillnot clearhow all the functional componestof a synthetic complex

can be wellestablished in an industrial relevant context, where itessential to
maintain a predictable and robust level of productivity. (Pand&aNoirel, 2014).
Therefore, it is becoming necessary to find means to deal with, engineer and
manipulate the interaction of microalgae with the other organisms in these @dily
constructed ecosystems. The behavior of microalgae in natural environments, where
comparable community dynamics subsist, is widely studied by freshwater ecologists so
that it might be possible to make use of this deep knowledge of biotic interaction
promote better industrial practices (Kazangfal.,2012) This should represent a key
point for future research, as an understanding of chemical cues structure and function
mechanism will enable evaluating their potential impact on other organisms.
Furthermore, synthetically produced chemical signals will allow performing-Ergle
tailored manipulations of interest.Future efforts should be directed towards
understanding and taking advantage of these interactioraural or inducedShurin

et al., 2013) for the improvement of the wholalgal biomas@roduction process or at

least its most critical steps such as harvesting.

52



REFERENCESHAPTER

1.

Acien FG, Fernandez JM, Magan JJ, Molina E. Production costreaf a
microalgae production plant and strategies to reduce it. Biotechnology

Advances. 2012;30(6):1348.

Alam MA, Vandamme D, Chun W, Zhao X, Foubert I, Wang Z, et al.
Bioflocculation as an innovative harvesting strategy for microalgae. Reviews in

Envronmental Science and Bitechnology. 2016;15(4):57%3.

Bacellar Mendes LB, Vermelho AB. Allelopathy as a potential strategy to

improve microalgae cultivation. Biotechnology for Biofuels. 2013;6.

Benemann J. Microalgae for Biofuels and Animal Feelisergies.

2013;6(11):586%6.

Bisova K, Zachleder V. @sjtle regulation in green algae dividing by multiple

fission. Journal of Experimental Botany. 2014;65(10): 2385

Blair MF, Kokabian BG, Gude VG. Light and growth medium effect on Chlorella
vulgaris biomass production. Abstracts of Papers of the American Chemical

Society. 2014;247.

Bleeke F, Milas M, Winckelmann D, Klock G. Optimization of freshwater
microalgal biomass harvest using polymeric flocculants. International Aquatic

Research. @15;7(3):23544.

Brennan L, Owende P. Biofuels from microalg§aeeview of technologies for
production, processing, and extractions of biofuels and-pamucts.

Renewable & Sustainable Energy Reviews. 2010;14(27B57

53



10.

11.

12.

13.

14.

15.

16.

Busi S, Karuganti S, RajkumiarParamanandham P, Pattnaik S. Sludge settling
and algal flocculating activity of extracellular polymeric substance (EPS) derived

from bacillus cereus SK. Water and Environment Journal. 2017;3+(1)497

Davis ML. Water and Wastewater EngineerinAUMcGraw Hill Professional,

2010; 2010.

Demirbas A, Demirbas MF. Importance of algae oil as a source of biodiesel.

Energy Conversion and Management. 2011;52(1)4®3

Derjaguin BV. Untersuchungen uber die Reibung und Adhasion, IV. Colloid &

Polymer Science. 1934;69(2):153.

Derjaguin B, Landau L. Theory of the stability of strongly charged lyophobic sols
and of the adhesion of strongly chargpdrticles in solutions of electrolytes.

Progress in Surface Science. 1993;483(20-59.

Ebert D. Ecology, epidemiology, and evolution of parasitism in Daphnia.
Bethesda (MD): National Library of Medicine (US), National Center for

Biotechnology Information2005.

Eigemann F, Hilt S, Salka I, GrossaR. HBacterial community composition
associate with freshwater algae: species specificity vs. dependency on
environmental conditions and source community. Fems Microbiology Ecology.

2013;83(3):6563.

Enzing C, Ploeg M, Barbosa M, Sijtsma L. Microdlgsed products for the
food and feed sector:an outlook for Europe. Seville: IPTS Institute for

Prospective Technological Studies, JRC; 2014.

54



17. Erkman S. Industrial ecology: an historical view. Journal of Cleaner Production.

1997;5(12):1-10.

18. Federico OrtiaMarquez JC, Do Nascimento M, Zehr @Rratti L. Genetic
engineering of multispecies microbial cell factories as an alternative for

bioenergy production. Trends in Biotechnology. 2013;31(9)%21

19. Georgianna DR, Mayfield SP. Exploiting diversity and synthetic biology for the

production d algal biofuels. Nature. 2012;488(7411):32%9.

20. Gliwicz ZM. On the different nature of tajpwn and bottomup effects in

pelagic food webs. Freshwater Biology. 2002;47(12):2296

21. Ha K, Jang MH, Takamura N. Colony formation in planktonic aidaeed by
zooplankton culture media filtrate. Journal of freshwater ecology.

2004;19(1):916.

22. Habib MAB, Parvin M, Huntington TC, Hasan MR. A review on culture,

production and use of spirulina as food for humans and feeds for

domestic animals and fis Rome: Food and agriculture organization of the united

nations; 2008. Contract No.: 1034.

23. Hegewald E, Bock C, Krienitz L. A phylogenetic study on Scenedesmaceae with
the description of a new species of Pectinodesmus and the new genera
Verrucodesmusand Chodatodesmus (Chlorophyta, Chlorophyceae). Fottea.

2013;13(2):14%4.

24.  Jakob G, Stephens E, Feller R, Oey M, Hankamer B, Ross IL. Triggered exocytosis

of the protozoan Tetrahymena as a source of bioflocculation and a controllable

55



25.

26.

27.

28.

29.

30.

31

32,

dewatering methodor efficient harvest of microalgal cultures. Algal Research

Biomass Biofuels and Bioproducts. 2016; 13:388

Jelinski LW, Graedel TE, Laudise RA, McCall DW, Patel CKN. Industriat Ecology
Concepts and Approaches. Proceedings of the National AcadkBujiences of

the United States of America. 1992;89(3):7R3

Jena U, Hoekman SK. Advancements in Algal Biofuels Resedebent
Evaluation of Algal Biomass Production and Conversion Methods for Fuels and

High Value G®roducts.: Frontiers Media S2017.

Kazamia E, Aldridge DC, Smith AG. Synthetic eceldgyvay forward for
sustainable algal biofuel production? Journal of Biotechnology.

2012;162(1):163.

Kruyt HR. Colloid Science: Elsevierilitary/volume | Irreversible Systems

edition; 1952.

Kube M, Jefferson B, Fan L, Roddick F. The impact of wastewater
characteristis, algal species selection amehmobilisation on simultaneous

nitrogen and phosphorus removal. 2018.

Lam MK, Lee KT. Microalgae biofuels: A critical review uwéssgroblems and

the way forward. Biotechnology Advances. 2012;30(3):860.3

Lam MK, Lee KT. Scélp and Commercialization of Algal Cultivation and

Biofuel Production. Biofuels from Algae. 2014 :-3&l

Lam MK, Lee KT, Mohamed AR. Current statgschallenges on microalgae

based carbon capture. International Journal of Greenhouse Gas Control. 2012;

56



33.

34.

35.

36.

37.

38.

39.

10:45669.

Lammers PJ, Huesemann M, Boeing W, Anderson DB, Arnold RG, Bai XM, et al.
Review of the cultivation program within the National Alliarfoe Advanced
Biofuels and Bioproducts. Algal ReseaBibmass Biofuels and Bioproducts.

2017; 22:16686.

Lampert W, Rothhaupt KO, Vonelert E. Chemical Induction of colony formation
in a greenralga (Scenedesmus acutus) by grazers (Daphnia). Limnahogy a

Oceanography. 1994;39(7):15%8.

Latta IV, Leigh C, O'Donnell RP, Pfrender ME. Vertical distribution of
Chlamydomonas changes in response to grazer and predator kairomones.

Oikos. 2009;118(6):853.

Lee J, Cho-B, Ramanan R, KimHB Oh HM, Kim HS. Microalgae@ssociated
bacteria play a key role in the flocculation of Chlorella vulgaris. Bioresource

Technology. 2013; 131:19%)1.

Lee S, Speight JG, Loyalka SK. Handbook of alternative fuel technologies: crc

Press; 2014.

Liang Y, Hilal NLangston P, Starov V. Interaction forces between colloidal
particles in liquid: Theory and experiment. Advances in Colloid and Interface

Science. 2007;1335:15166.

Lurling M. Effect of grazimgssociated infochemicals on growth and
morphological, évelopment in Scenedesmus acutus (chlorophyceae). Journal

of Phycology. 1998;34(4):5%85.

57



40.

41.

42.

43.

44,

45,

46.

47.

Lurling M. Phenotypic plasticity in the green algae Desmodesmus and
Scenedesmus with special reference to the induction of defensive morphology.

Annales De Limnogie-International Journal of Limnology. 2003;39(2)}8H..

Lurling M. The effect of substances from different zooplankton species and fish
on the induction of defensive morphology in the green alga Scenedesmus

obliquus. Journal of Plankton Resear2003;25(8):97389.

Lurling M. The smell of water. Grazaduced colony formation in

Scenedesmus.: Agricultural University of Wageningen; 1999.

Lurling M, Van Donk E. Zooplanktmauced unicetcolony transformation in
Scenedesmus acutus and it§eet on growth of herbivore Daphnia. Oecologia

(Berlin). 1996;108(3):432.

Manheim D, Nelson Y. Settling and Bioflocculation of Two Species of Algae
Used in Wastewater Treatment and Algae Biomass Production. Environmental

Progress & Sustainable Engrg@013;32(4):9464.

Marrone BL, Lacey RE, Anderson DB, Bonner J, Coons J, Dale, et al. Review of

the harvesting and extraction program within the National Alliance for

Advanced Biofuels and Bioproducts. Algal Research. 2017.

Milledge JJ, Heaven 8 review of the harvesting of micadgae for biofuel
production. Reviews in Environmental Science and -TBichnology.

2013;12(2):16578.

Montemezzani V. Zooplankton Dynamics in Wastewater Treatment High Rate

Algal Ponds and development of effectiwentrol methods: The University of

58



48.

49,

50.

51

52.

53.

54.

55.

Waikato (NZ); 2017.

Montemezzani V, Duggan IC, Hogg ID, CragdsrJiew of potential methods
for zooplankton control in wastewater treatment High Rate Algal Ponds and
algal production raceways. Algal ReseaBihmass Biofuels and Bioproducts.

2015; 11:21126.

Moreno-Garcia L, Adjalle K, Barnabe S, Raghavan GSV. Microalgae biomass
production for a biorefinery system: Recent advances and the way towards

sustainability. Renewable & Sustainable Energy Reviews; Z61403506.

Muradov N, Taha M, Miranda AF, Wrede D, Kadali K, Gujar A, Ftrejal
assisted algal flocculation: application in wastewater treatment and biofuel

production. Biotechnology for Biofuels. 2015;8(1):24.

Muylaert K, Bastiaens L, Vamdae D, Gouveia L. Harvesting of microalgae:

Overview of process options and their strengths and drawbacks. WP; 2017.

O'Donnell DR, Fey SB, Cottingham KL. Nutrient availability influences
kairomoneinduced defenses in Scenedesmus acutus (Chlorophycéaanal

of Plankton Research. 2013;35(1):4200.

Pandhal J, Noirel J. Synthetic microbial ecosystems for biotechnology.

Biotechnology Letters. 2014,;36(6):1181.

Pohnert G, Steinke M, Tollrian R. Chemical cues, defence metabolites and the
shapirg of pelagic interspecific interactions. Trends in Ecology & Evolution.

2007;22(4):19804.

Ras M, Steyer JP, Bernard O. Temperature effect on microalgae: a crucial factor

59



56.

57.

58.

59.

60.

61

62.

for outdoor production. Reviews in Environmental Science andlBathnology.

2013:12(2):15364.

Rawat I, Kumar RR, Mutanda T, Bux F. Biodiesel from microalgae: A critical
evaluation from laboratory to large scale production. Applied Energy. 2013;

103:44467.

Razzak SA, llyas M, Ali SAM, Hossain EBffdcts of CO2 Concentratiamd pH
on Mixotrophic Growth of Nannochloropsis oculata. Applied Biochemistry and

Biotechnology. 2015;176(5):125802.

Rehman F, Medley GJD, Bandulasena H, Zimmerman WBJ. Fluidic ascillator
mediated microbubble generation to provide cost effective masnsfer and
mixing efficiency to the wastewater treatment plants. Environmental Research.

2015; 137:32.

Renault F, Sancey B, Badot PM, Crini G. Chitosan for coagulation/flocculation
processes - An ecofriendly approach. European Polymer Journal.

2009;45(5):13378.

Rizwan M, Lee JH, Gani R. Optimal design of microblsexrl biorefinery:

Economics, opportunities and challenges. Applied Energy. 2015; 1%9.69

Roberts BH. The application of industrial ecology principles and planning
guidelnes for the development of eemdustrial parks: an Australian case

study. Journal of Cleaner Production. 2004;1203.9971010.

Roccuzzo S, Beckerman AP, Pandhal J. The use of natural infochemicals for

sustainable and efficient harvesting of the noalgae Scenedesmus spp. for

60



63.

64.

65.

66.

67.

68.

69.

70.

biotechnology: insights from a mefmnalysis. Biotechnology Letters.

2016;38(12):19830.

Rollie S, Mangold M, Sundmacher K. Designing biological systems: Systems
Engineering meets Synthetic Biology. Chemical Engineeringnc8ci

2012;69(1):129.

Ruiz J, Olivieri G, de Vree J, Bosma R, Willems P, Reith JH, et al. Towards
industrial products from microalgae. Energy & Environmental Science.

2016:9(10):3038!3.

Scott SA, Davey MP, Dennis JS, Horst |, Howe C3mitbal), et al. Biodiesel
from algae: challenges and prospects. Current opinion in biotechnology.

2010;21(3):27786.

Sen B, Alp MT, Sonmez F, Ali M, Kocer T, Canpolat O. Relationship of Algae to
Water Pollution and Waste Water Treatment. In: Elshorbagy Www@hury RK,

editors. Water Treatment: InTech; 2013.

Sharma P, N S. Industrial and Biotechnological Applications of Algae: A Review.

Journal of Advances in Plant Biology. 2017;1(1):1.

Show KY, Lee B, Chang -S. Algal biomass dehydration. Bioresm

Technology. 2013; 135:720)

Shurin JB, Abbott RL, Deal MS, Kwan GT, Litchman E, McBride RC, et al.
Industriatstrength ecology: tradeffs and opportunities in algal biofuel

production. Ecology Letters. 2013;16(11): 1358!.

Singh RN, Sharma. ®evelopment of suitable photobioreactor for algae

61



71

72.

73.

74.

75.

76.

77.

78.

production - A review. Renewable & Sustainable Energy Reviews.

2012;16(4):23453.

Snow AA, Smith VH. Genetically Engineered Algae for Biofuels: A Key Role for

Ecologists. Bioscience. 2012;62(8)-855

Snow AA, Smith VH. Genetically Engineered Algae for Biofuels: A Key Role for

Ecologists. Bioscience. 2012;62(8)-865

Sutherland DL, Craggs RJ. Utilising periphytic algae as nutrient removal systems
for the treatment of diffuse nutrient pollutio in waterways. Algal Research

Biomass Biofuels and Bioproducts. 2017; 25:806.

Sutherland DL, Howa#dilliams C, Turnbull MH, Broady PA, Craggs RJ.
Enhancing microalgal photosynthesis and productivity in wastewater treatment
high rate algal pondsof biofuel production. Bioresource Technology. 2015;

184:2229.

Tang YT, Rosenberg JN, Bohutskyi P, Yu G, Betenbaugh MJ, Wang F. Microalgae
as a Feedstock for Biofuel Precursors and \\Aldéed Products: Green Fuels

and Golden Opportunities. Bioresoes: 2016;11(1).

Tibbs H. Industrial Ecology. AnvEanmental Agenda for IndustryfEmerville,

CA: Global Business Network; 1993.

Trainor FR. Reproduction in Scenedesmus. Algae. The Korean Journal of

Phycology. 1996;11(2):18%1.

Trainor FR. $yplement to Nova Hedwigia; Biological aspects of Scenedesmus

(Chlorophyceae)- phenotypic plasticity. [Supplement to Nova Hedwigia;

62



79.

80.

81

82.

83.

85.

86.

Biological aspects of Scenedesmus (Chlorophycegdlenotypic plasticity].

1998117: 367.

Uchida H, Yasumoto K, Nishigad, Zweigenbaum JA, Kusumi T, Ooi T. -bime
flight LC/MS identification and confirmation of a kairomone in Daphnia magna
cultured medium. Bulletin of the Chemical Society of Japan. 2008;81(2):298

300.

Uduman N, Qi Y, Danquah MK, Forde GM, HoadlBewatering of microalgal
cultures: A major bottleneck to algdsmased fuels. Journal of Renewable and

Sustainable Energy. 2010;2(1):012701.

Van Donk E. Defenses in phytoplankton against grazing induced by nutrient

limitation, UVB stress and infochenats. Aquatic Ecology. 1997;31(1}83

van Donk E, Lurling M, Lampert W. Consuinduced changes in
phytoplankton: Inducibility, costs, benefits, and the impact on grazers. The

ecology and evolution of inducible defenses. 1999183.

van HolthoonFL, van Beek TA, Lurling M, Van Donk E, De Groot A. Colony
formation in Scenedesmus: a literature overview and further steps towards the
chemical characterisation of the Daphnia kairomone. Hydrobiologia.

2003;491(13):24154.

Vandamme D, Foubert I, Mlaert K. Flocculation as a lesest method for
harvesting microalgae for bulk biomass production. Trends in Biotechnology.

2013;31(4):239.

Verwey EJW. Theory of the stability of lyophobic colloids. Journal of Physical

63



87.

88.

89.

90.

91.

92.

93.

94.

and Colloid Chemistry. 1947;3)(631-6.

Vieira Costa JA, de Morais MG. The role of biochemical engineering in the
production of biofuels from microalgae. Bioresource Technology.

2011;102(1):2.

Vieira Costa JA, de Morais MG. An Open Pond System for Microalgal

Cultivation. Biafiels from Algae. 2014:22.

von Elert E, Franck A. Colony formation in Scenedesmus: gnaziated
release and chemical features of the infochemical. Journal of Plankton

Research. 1999;21(4):7894.

Wang B, Lan CQ, Horsman M. Closed photobiooesctor production of

microalgal biomasses. Biotechnology Advances. 2012;30(4)204

Yasumoto K, Nishigami A, Yasumoto M, Kasai F, Okada Y, Kusumi T, et al.
Aliphatic sulfates released from Daphnia induce morphological defense of
phytoplankton: isoldon and synthesis of kairomones. Tetrahedron Letters.

2005;46(28):4765 .

Yasumoto K, Nishigami A, Aoi H, Tsuchihashi C, Kasai F, Kusumi T, et al.
Isolation of new aliphatic sulfates and sulfamate as the Daphnia kairomones
inducing morphological chaegof a phytoplankton Scenedesmus gutwinskii.

Chemical & Pharmaceutical Bulletin. 2008;56(1):633

Yen HW, Hu iC, Chen @, Chan-$. Biofuels from Algae: Chapter 2. Design of

Photobioreactors for Algal Cultivation.: Elsevier Inc. Chapters; 2013.

Zhu X, Yang J, Zhang X, Zhang L, Wang X, Huang Y, et al. Low temperature and

64



95.

Daphniaassociated infochemicals promote colony formation of Scenedesmus

obliquus and its harvesting. Biotechnology Letters. 2017;39(5@®5

Zimmermann W, Tesar V, invensoBubble generation for aeration and other

purposes2013.

65



[ 11T tLBw
¢CKS NRPt{SGA2EYSTROKEX
{ OSY SRS &Y 230 OdHUI O
Ly aAiraKia - FyNPLYe 8 A &

1 This chapter is based on the paper published in Biotechnol Lett (2016) 3812983
DOI 10.1007/s1052916-21922

66



2.1INTRODUCTION

From the primordial soup-3.5 billion yearsagoto today's waterbodies, all aquatic
organisms have lived and live in an ocearoafanic and inorganichemicals which

may play an important role in interactions among organigbigling 1999)These can

be either directly advantageous or disadvantageous or may induce physiological or
behavioural responses. Many aquatiorganisms use these informatiesonveying
chemicalsreferred to as infochemicals, to assess their risk afdption. Predator
induced defenes are common among freshwater organisms like zooplankton and
phytoplankton (Lurling 199% however, very little is known about the role and the

impact of infochemicals the graer-phytoplankton interactions.

In this thesis, theocusis on the grazing associated infochemicals produced by the
zooplankton Daphnia magna reported to induce adefence mechanism of colony
formation in several microalgae species and strainsreduce their vulnerability
against grazing.nla largescale microalgabpen cultivation system, infochemicals
could be potentially used to induce defensive morphological /andiochemical
modifications in microalgae to promote colony formation ando-tdocculation.
Controlled flocculation of microalgae through infochemicals is a technology giving
grounds for expectations; howevdhese natural cues are likely to be highly species
specific. The underlying mechanism is still poorly understood and desdurther

research because it may lead to a chemfcaé method for flocculating microalgae.

In Scienceit is not surprising to often findhanystudies basically considering the same
guestion. Meta-analyses aralefined asa systematic literature revie supported by
statistical methods aiming at the aggregation and comparison of the findings from

various analogous studig¥iechtbauer 201p Here, a systematic review and meta
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analysis ofmostly ecology based studies was undertakento assess the effectsf
infochemicals produced by the graz&aphnia magnaon colony formation and
induction of bigger cells, in the form of Mean Particle Volume (MPV), of the
microalgae Scenedesmuspp determining the inter and intraspecificity of their
interactions. Parai8 G SNB f A1 S LKeuw2L)X yld2y aiNIAy:
density and incubation time wereonsideredto determine the effect size of the
DaphniaCl OG2NESX &2 LINPOGARAY3I y20St AYyF2NX¥I
Scenedesmugarticles size, expresd as either MPV or colony size, is evident across

all studes and for subsets of studie#. is reported inthe literature that a single
Scenedesmugenotype can produce one or more alternative morphologgrm in

response to environmental conditior(stiling, 2003. Predation and competition are
considered the primary selective forces responsible for the organization and
structuring of communities. Ofterestis the fact thatDaphniaexcretion productsan

stimulate the formation of colonies, interpreteas an induced defengglesseret al.,

1993, Lampert 1994, Lirling 199®&embers of the genus are characterized by the
formation of coenobia a special type ofolony which arisesipon division of a single

mother cell when the daughter cells stay connettey a common cell wafl A Ot Jt

al., 2014). Desmodesmusand Scenedesmuspecies show high variability not only in

relation to the number of cells per colony but also in the size of the cells.

2.2\WWHY IS THIS IMPORTARDM ANENGINEERING PERSPEETI

Dewatering and harvesting of microalgae represent a primary bottleneck in the
processing of biomass on an industrial scale, especially femedium value products
such as biofuels. In facthe highly dilute nature of the microalgal cultures leads to
high operational costs during dewatering and harvesting therefore making algae less

attractive, especially if compared tmnventionalagriculturalbiomass
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Harvesting by flocculation is gendlya considered a superior method to other
procedures sincét allows the treatment ofhigh volumes of microalgae cultures and
can be appliedo avariety of speciegUdumanet al., 2010. Microalgae properties like
large cell sizanay simplifythis processas bigger cells wouldsink fastertherefore
enhancing their removal efficiency frotie culturing medium Alsq particle size
influences the struimire of the formed flocs,their strength and therefore their
resistance to breakageThe engineered use of marally occurring Daphnia
infochemicals wouldalso induce the formation of grazingesistant colonies. As the
algae grow as unicellular, isolated cells when the preddd@phniais absent,
conversely,they experience a change in their morphology in the sgrece of the
chemical warning cues, forming inedible bigger cells and colonies, more protected

from grazing due t@ size mismatchvith its algae prey.

Several laboratory studies have been danted to test these hypothesdsut different
methods of data eporting, the use of different experimental conditions or the lack of
detailed information about both algae and grazers have made qualitative
generalizations difficuland quantitativedata is still missing.Here, several specific
issues related to the ingstrial potential ofDaphniaspp.infochemicalsare addressed
First, natural cues may be highly speesgegcific and even strain/genotype specific. It
is important to uncover any specificity as this could impact on strain selection for
industrial biomanudcturing. Second, the effect size of grazer cues has never been
estimated, which would allovstandardizedcomparison among various grazers and
importantly with the effects of chemical flocculants. Finally, the underlying mechanism
of colony formation is gt poorly understood; a systematic review facilitates insight

into these mechanisms by synthesizing several metrics of colony size, including cell
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number and overall floc size. A more comprehensive understanding of the
mechanisms involved would lead topnoved process attrol during algal cultivation.

This review cuts across several disciplines, data reporting methods, experimental
conditions and importantly, the strain/genotype/species identity of grazer and algae.
The presenguantitative synthesis prages insight into the intraand interspecificity

of algae §. obliquus ¢ grazer Daphnia spp) interactions associated with the
production of colonies and a comparison between the effect size of biological cues and

the effect size of commercially availalzthemicals.

2.3METHODS

A research inWeb of Science, StarPlus, Google Scholar, JStor and Mendeley
databasesvas conductedvith no constraint on publication year, using the following
search term combinations: algae OR microalgaeSo&edemuspp. ORS. obliquus

OR Chlorophyceae OR Scenedesmaceae AND induced defences AND colony OR colony
formation OR coenobia formation OR flocculation OR flocs OR aggregates OR
morphology OR phenotypic plasticity OR mean particle volume AND grakrs O
DaphniaOR Daphninids ORaphnia magnaOR Cladocerans OR chemical cues OR
chemical signals OR infochemicals OR kairomones. This resulted in an initiaf 3et of
papers which were further screened, so that studies focusing on the impact of algae
properties on grazers or those without replicates were excluded. When not readily
available or clearly reported, data were extracted from graphs by use of
WebPlotDigitizer, a web based tool to obtain quantitative data from plots, images and
maps. When necessary, thors were asked to provide either raw data or relevant
information (e.g. mean, standard deviation, sample size) when data could not be
directly extracted from papers. Studies could not be included if estimates of variation

and sample size were unavailable
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2.4 EFFECSZEESTIMATION

Hfect sizeswere estimatedin the form of standardized mean difference, SMD, using

GKS /1 2KSyQa R AYRSE® ¢KAada A& RSTAYSR I a
between an experimentajroup and it€D 2 y (i SkReinér amal Gurewitch, 2001) and it

is calculated as the difference between the experimental and control rsedivided

by the pooled standard deviation, corrected if necessary by a factooumting for

small sample size (Egtions. 1-1-1-3)

Eq. 21/ 2KSy Qa R
Where:
1 @ isthe mean of the experimental group;

1 @ isthe mean of the control group;

O is the pooled standard deviation of the control arnxperimental groups;

=

1 *is a corrective factor to account for bias due to small sarsze.

Eq.1-3 SD moled
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With:

1 0 and0 as the size of the experimental and control groups, respectively;
1 i andi as the standard deviations of the replicates in the experimental

and control groups.

In general, the magnitudef the overall effect size is interpreted as small if the value

2F / 2KSYyQa R A& nduHX YSRAdZY T2 MNMReBsenppz €I
1999. Also, it can be assessed that there are significant differences between control

and experimentagroups if the 95% Confidence Intervé® around d do not overlap
zero(Sheiner & Gurevitchi,993. We conducted a randoreffects metaanalysis using

R (R Core Team, 2015) ahe packagemetafor (Viechtbauer, 2010). In every study,

SMD was calculateddm the difference btween a treatment with infocheicals or

flocculant and a control, represented by algae only.

2.5HYPOTHESES

The Grazer Specificity hypothesis that species identity of cladoceran grazers will
induce differentialresponses in the samegale species/strain was tested, followed by

the Algae Specificity hypothesis, where for a single species of gmiazendgna,

whether different strains of the same algae species respond differently to the same
grazer infochemicalwas investigatedThehypotheses hat a) grazer feeding duration,

b) incubation time of grazer and algae together and c) the grazer density used to
produce the infochemicalsaffected algae colony formation were also examined.

Finally, to explore the potend  f AGASAa 2F 3INIT SNBQ aDdzS&a A
investigation orwhether Daphniainfochemicals can induce comparable responses in
Scenedesmus to two chemical surfactawnith a similar chemical structure to some of

those proposed fos | LIK yirfoch@dicals( FFD6, a surfactant solution made of
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55% water and 45% mornand didodecyl disulphated diphenyloxide, sodium salt,
and sodium dodecylsulfate (Lurling and Beekman, 2002, Lurling, )20083

accomplished.

2.6 RESULTS

After sceening for standard metanalytic criteria (sample size, mean and standard
deviations reported)the finaldata set comprised nine studies and 85 triglampert

et al., 1994 Lurling& vanDonk, 1996/ urling& van Donk, 1997 urling 1998,Lurling

1999 Lurling 2000,Lurling& Beekman, 2002..trling 2003 Lurling 2009. Studies
document effects of seval cladoceran grazer®aphnia pulicaria, D. pulex, D. magna,

D. cucullata, D. galeata, D. galeata x hyaliaad Ceriodaphnia reticulata The
Scenedsmus obliquustrains represented were UTEX 78, UTEX 1450, UTEX 2630, SAG

276/3A, SAG 276/1 and NIVA CHLS6.

2.6.1 GRAZEFRSPECIFICITY

Five studies provided 46 trials to compare the response of the mean particle volume
(MPV) of Scenedesmus obliquustrain SAG 276/3A to infochemicals produced by
seven grazer species. MPV was measured using a coulter counter and uses electrical
impedance to measure the volume of particles as they pass individually through an
aperture of definel size. In all studies, data were obtained by using filtered-(0.2

>Y0 gl G§SN) a2dzZNOSR T NRBoMldginzeyor algaeddt SANkiiratd Yy RA O A
water was added in alitudies at concentrations between 4% and 10% @kemical

cues in waterfrom grazing Daphnia spp were found to increasethe MPV of
Scenedesmus obliquustrain SAG 276/3AK) (df= 49 =284.7702, p < 0.001).Grazer
specificitywas also detectedFig2-1; Table2-1); specificallyD. pulicarigporoduced the
strongest effect, om that was double the average effect size of all other grad@rs.

magna, D. galeatal. galeata x hyalmand C. reticulataall induced colony formation
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at a moderate effect size. The effects Bf pulexand D. cucullatacould not be

distinguished from tk control.

D pulicaria —0o—
D.pufex — —fo—
D.magna — -0-
D.galeataxhyalina — —o—

D.galeata — —0—

Grazer Type

D.cucullata —| ——

C reticulata — —0—

I 1 | | | | |
£50 40 20 0 20 40 80

Cohen'sd

Fig2-1 The effect of grazeaphniaspp) identity on mean particle volume (MPV)Sfobliquusstrain
{!DHTCcKO! ® 5FGF FNB YSIYy B op/ L 2F -anagénodesh R>X Sal
of the effect of grazing after two dayof exposure.

Table 21 Results of a random effects metaalytic model of the effect of grazing: sample size, G|
confidence interval

LOWER UPPER
TYPE OGRAZER EFFeEC8ZE n
95%CI 95%CI
D. pulicaria 31.75 19.52 43.99 24
D. pulex 3.58 -4.01 11.18 18
D. magna 9.32 6.04 12.60 194
D. galeata x hyalina 14.08 6.92 21.23 30
D. galeata 9.92 3.26 16.57 30
D. cucullata 0.88 6.60 8.37 24
C. reticulata 9.31 3.42 15.21 36

2.6.2 ALGAESTRAINSPECIFICITY

Five studis providing 29 trials allowethe comparison ofthe response of various
strains of S. obliquugo infochemicals produced bfpaphnia magnaMain findings

consisted infiltered D. magnawater inducinglarger MPV overall( (df = 28)
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=189.9879, p < .0001). @te were no significant diffences among the strains (FL&j.

2; omnibus p =0.9424).

UTEXT8 — B
" UTEX2630 — ——o
3 2]
3 C UTEX1450 — S E—
= @
3 & SAG276/3A — —o-
7]
SAG276/1 —o—
NIVA/CHLE — ——o°
[ I I I I
-40 20 0 20 40
Cohen's d

Fig.2-2 The change in mean patrticle volume (MPV) of six straifSs obliquu&xposed to filtered water
fromD. magnaO dzf G dzNB&® 51 (I | NB YirBatey from a hponieffedtI metaz KSy Q& F
analytic model of the effect of grazing.

2.6.3STARVATIONDURATION ONCUBATION ANDENSITY OGRAZERS

Data for comparing the effects on algal MRXere Daphniamagnagrazers were fed

or starved were sourced from two studies with six trials with infochemicals from
starved animals and seven studies with 50 trials for fed individuals. Time of exposure
YR 3INITSNBQ RSyaaide aFfrdmSsevansstudieS ahB 56%idls.  dzl G
Water filtered from fed animalswas found to increaseMPV (d=12.5655, CI
(8.5666;16.5645), but the effect of starved animals was highly variable (n = 6 trials)

and could not balistinguished from zero (F&3, d= 3.538, CI{1.6293; 8.6929).

For the case dD. magna,no differenceswvere associated ith one, two or three days
of exposure to infochemicalp (= 0.8646) as well as no differences due to culture

densities used to produce the infochemicgls=(0.7374).
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Starved :| o
Fed @

Grazer's Feeding Status

Cohen's d

Fig2-3 The effect oDaphnia magndood intake or starvation on mean particle volumeSfobliquus
A0NYAY {!'D HTcko! ® 5F0GF N8B YSIYy B op/ Lanayfic / 2 KSy Q:
model of the effect of grazing feeding status.

2.6.4EFFECSZECOMPARISON

A strong concentration dependw effect of both grazer (Fig-4/A) and surfactants
(Fig.2-4/B) was uncoveredD. pulicariaproduces double the effect size of the other
grazers, and does so at amatically lower densities {80 animals perliter).
Furthermore, comparing the effect sizesf pulicariawith surfactants FFE and SDS
shows that grazer infochemicals can rival or even outperform induced chan{&3\in
caused by the commercially aable surfactantslt isimportantto emphasize that the
grazer data is for-Blay trials thus several grazer species produce effect sizes of similar

or much greater magnitude (e.. pulicarig in half the incubation time of FF®R
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2.7 DISCUSSION

The mainobjective of this chater was to quantitatively evaluate the potential for
cladoceran grazer infochemicals to induce colony formation, a phenomenon which
might be exploited for microalgae flocculation and hence, biomass harvesting for
biotechnology. Whether grazer species idety altered colony formation (grazer
specificity) and whether differen§. obliquusstrains responded differentially to a
common grazer (algae specificity) were specifically addredsedas important to
understand specificity of colony formation as iitails an additional trait for selecting
algal strains for large scale cultivation in biomanufacturing (addition to productivity,
growth rates, resistance to diseases etc.), ultimately impacting on downstream
processingAn evaluation viastandardizedeffect sizes, whether grazer infochemicals
generated effects at alike commercially available chemical surfactants, f6F&nd
SDSwas done Thesefindings suggest that cladoceran infochemicals show substantial
promise: a significant effect of grazer idemtitan effect size similar, or even higher
under certain conditions, than commercial surfactants and no differences related to
algae strains differentiatiorwas found However, data available were surprisingly
constrained. Out of >70 possible papers, onherstudies with 85 trials offered data in

a format to be included in the metanalysis. Such low reporting rates of variation (e.g.
standard deviation) and of sample sizes clearly hindeesability to identify what

appears to be a potentially positives@ of infochemicals in industry.

2.7.1SPECIFICITY AND. PULICARIA

One of the most surprising outcomes associated \thih currentassessment of grazer
specificity was that the most commonly used species h&emagna reported in
more than 50% of the published papers, is relatively poor at inducing cell volume

change. Instead, the relatively little studidd. pulicaria appears able to produce
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infochemicals with the largest effect size, doubling the averagdl dhe other grazers

under study during theame incubation time (48h; Fig-4A). To be highlighted ithe

capacity ofD. pulicariato induce changes in particle volume which was not only higher

than all other grazers, but generated these responses & \@v culture densities,
suggesting high promiselt is to be noticed howevethe small amount of data,
requiring much more research. In addition to the standout effectdofpulicaria
ASOSNIf 20KSNJ aLISOASa a2 dziDagaPNH&RE& (KS
hyalinaalso shows promise with a steadily rising effect on MPV that may continue to

escalate at higher culture density (F24 A).

2.8 INFOCHEMICALS N®VELALGALFLOCCULANTS

The advatage of using natural infochemicals over traditional coagulantdude
potentially lower costs, a more sustainable and environmentally friendly production
process and reduced contamination of the growth media and feedstock. Although a
comparison to tradibnal coagulants was not a motive in this metaalysis, it was
possible to calculate thetandardizationof effect size and assess whether natural
infochemicals can induce changes similar to that of commey@athilable surfactants.
Figs2-4 A, B stronty suggest that infochemicals from more than one species have the

potential to generate effects on the same scale as-6RRd well beyond SDS.

2.9 CONCLUSIONS

This metaanalysis suggests the next steps from both an engineering and
biotechnology perspective: designing methods to provide infocheseai water for
harvesting algal biomass that may leentered on recirculation of Daphnia cues
medium. A potential biochemical agenda of identifying the chemical composition and
species pecificity of the infochemicals and ultimately their capacity for synthesis

within an integrated system is highlighted. This is the first quantitative assessment of
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the importance of microalgagrazers speciespecific interactions and findings
disclose tle potential for developing an integrated bitmcculation system based on

natural infochemicals in open raceway ponds.
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3.1INTRODUCTION

Despite a great variety of available microalgae harvesting methods, flocculation is
considered one of the most promising economic appheec for preconcentrating

very large amounts of biomass, ultimately facilitating cell harvesting and reducing
processing costs (Barr@t al.,, 2015). Flocculation leads to aggregation of dispersed
cells, increasing particles sizes and improving rates dimsntation or flotation.
Although flocculation can be achieved by several wstablished methodologies, the
most common relies on the use of metal salts like ferric chloride, which induce
flocculation by means of charge neutralization. However, thisultesin an
accumulation of metals in the system, which contaminates the biomass and medium,
interfering with the final use of biomass itself or impeding recycling of the medium in
cultivation vessels. Polymers like chitosan are also used, representigrdostmore
expensive alternative to metal salts. Just as expensive are physical methods like the
use of electromagnetic pulses. These avoid biomass contamination but are difficult to
be applied on large scale (Vandameteal., 2013).Altering process pameters such

as temperature or pH can also induce flocculation. However, these processes are
difficult to control and can have undesirable consequences on cell composition
(Benemann & Oswald, 1996).

Bioflocculation is another approach that can be suctabs exploited to harvest
microalgae biomass at large scale. Methods include addition of bacteria (Van Den
Hende et al.,2011, Busi et al., 2017) or aflteculating algae (Lananan et al., 2016,
Ummalyma et al., 2016) which can be however spespesific slow and unreliable
(Milledge and Heaven, 2013). Flocculation of microalgae could be also achieved
through genetic engineering of the strain of interest to gain flocculating properties

(Gomaa et al., 2016). In this case however, it is important to ligthlihat for

87



industrial, large scale production it is almost impossible to work under containment
with the consequent risks of escape of genetically modified algae into the

environment (Wijffels et al., 2013).

In this thesisan investigation of the usef maturally occurring infochemicals produced

by grazers of algae as a potentially sustainablefloicculation method is presented.
Infochemicals are substances released by zooplankton grazers that induce algae
species specific defensive mechanisms aggnstlation. Aspects of these defences

are well studied in the ecological literature and include formation of colonies and bio
flocculation. However, they have not been evaluated specifically in the context of
harvesting for biotechnology applications. rk@sting microalgae with infochemicals
would avoid the use of contaminating substances like metals, enable recycling of the
cultivation medium and not require expensive options such asrialj cultivation
conditions. The most studied system of these defive responses centre on the
microalgaeScenedesmuspp. and the grazerBaphniaspp. (Hessen and van Donk
1993, Lampertt al., 1994, Lirling 1999, Lurling 1999a, Lirling 2003, van Holtkbon

al., 2003, Pohneretal,H n n T = h @ &.201¢, $vtetal., 2013, Zhwet al., 2015).

A metaanalysis, summarising much of this work from a biotechnology perspective,
highlights grazespecific levels of colony formation, and suggests that a distinction
between colony formation and aggregatimased mechanissis necessary (Roccuzzo

et al, 2016). Colony formation is typically interpreted as an altered cell division
LINPOSaa fSIFERAY3I G2 Ydzf GAOStfdzf  NJ SYGAGASa

process of adhesion among existing disperset$ ¢el andsuo, 2016).

Thefocus is on deciphering the mechanisms inducingfloicculation through colony
formation and/or aggregation, knowledge that is important to successiidtlgrporate

this natural phenomenon into engineered operations such as microalgdatidn
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systems in open raceway pondResults are specifically detailed from experimental
exposure ofScenedesmus subspicatiesDaphnia magnanfochemicals, reporting on
changes growth rates and cell number, colony formation and adhesion of existing
cels. These data are analysed at three stages of algae growth and at five
concentrations of infochemicalsTheory suggests several assays can be used to
distinguish  between  colony formation/cell  division  processes and
aggregation/adhesion processes. Fiestsays of growth rates and cell number can be
used to first infer whether during the flocculation process cell numbers increase as a
function of accelerated growth rates, suggesting an effect on cell division processes.
Second, colony formation i subpictusis defined as an altered cell division process
producing objects calledoenobia which occur in powers of 2 cells (ie. 2, 4, 8, 16 cell
colonies) (Zachleder et al., 2011). The abundance of these can be monitored as well.
Third, the morphology of dics themselves can be assayed using image analysis to
identify their size and structure and therefore give indications on the flocculation
mechanism (Li et al., 2006). These parameters are also regarded as fundamental for
the operation of industrial procegs (Jarvis et al., 2005), affecting the efficiencies of
particlesseparation (Li et al., 2006fourth, assessment of flocculation efficiency (e.g.
settling rates) can be used in a dose response experiment to evaluate its performance
across various condins and to also investigate on the mechanism involved; in fact,
under a model of cell surface charge neutralisation (see Chapter 1), a quadratic
flocculation rate with increasinmpfochemicalgdose is expected, with efficiency lowest

at high and low dose@Billuri et al., 2015, Guo et al., 2015). In contrast, under a cell
cell adhesion process, flocculation efficiency is hypothesised to increase linearly with

increasing infochemicals dose (Figl)3
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Flocculation Efficiency

Flocculant Dosage

Figure 31 Schematic representation of proposed floatihn mechanisms: charge neutralisation
(orange) and celtell adhesion (green)

Finally, FIIR analyses can reveal potential changes induced in algae cell surface
characteristics such as concentration and reactivity of functional groups on the cell
wall (AlonseSimoén et al.,, 2011). In bacteria, -F investigations have been

successfully applied to reveal different cell surface properties and to distinguish
between freely suspended cells (planktonic) and cells living in biofilms (Karunakaran
and Biggs, 2, Mukherjee et al., 2012 FIR studies could also reveal whether the

flocculation process occurs through bridging between cells, which would be in fact

reflected in additional absorption peaks in spectrum (Liu et al., 2015).

Herg all of these methodsvere combinedn a systematic assessment of flocculation
potential in S. subpsicatugenerated by chemical cues from the microcrustacean
Daphnia magna The overall objective is tevaluatethe feasibility and efficiency of

this bioflocculation approachhrough the assessment dey parameterdike initial

algal concentration and culture cultivation stage, flocculant dosage, flocs size and cell

surface characteristics.

90



3.2METHODS

3.2.1ALGAE ANIDAPHNIACULTURECONDITI®NS

S. subspicatudNIVACHL 97 was obtained from the Norwegian Institute for Water
Research(NIVA/ ! 0 YR YIFAYy Ol Ay SR AVabldid)SThefalgs Ay 9
was cultured in 250 mL Erlenmeyerska at 20 +1°C on a shaking table at 120 rpm and

O2y Ayd2dzate AffdzYAylG4SR FNRVYs The grazér o A G K
Daphnia magnaused to produce the infochemicals was reared in a temperature
controlled room at 20+1°C in a 16:8 lighdark cycle,cultured in one L jars with

artificial pond water (ASTML98Q and fed daily withS. subspicatuat a concentration

2T Jcéllsdnl.

Table3190 SNI Q YSRAdzY O2YLRaAAGAZ2Y

Chemical Concentration [g/L]
CacCi 0.0368
MgSO 7H:0 0.037
NaHCQ@ 0.0126
KeHPQ 3H:0 0.0114
NaNG 0.085
Na:SiG 5 H.0 0.0212
NaEDTA 0.00436
FeCi 6 HO 0.00315
CuS@5 HO0 0.00001
ZnSQ 7 HO 0.000022
CoCi 6 HO 0.00001
MnCk 4 HO 0.00018
NazMoOs 2 H0 0.000006
H3:B G5 0.001

3.2.2INFOCHEMICAIPRODUCTION ANEXPERIMENTADESIGN

To produce the infochemicalB,. magnawere incubated at a density of 100 ind/L with

S. subspicatuas food. After 24 h, animals were removed and the culture filtered
GKNRBdzZAK | noH >Y OStftdzZ 2aS OSGFGS FALGSN

obtain the Daphniatest water (DW). Five mL of exponentially growiigsubspicatus
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(~1C cells/mL) wadransferred to 250 mL Erlenmeyer flasks containing 150 mL of

I dzi 2 Of SR 906SNI Q& YSRAdzY YR SAUKSNI TAGS
of DW. Batch cultures were incubated at 20£1°C on a shaking table at 120 rpm,
continuously illuminated from@2 @S o6&  A3IK{G Fdand@nddmly Hp P
rearranged dailyDW was applied at four levels, defined by full concentration and

three serial10-fold dilutions DW 1:10, DW 1:100, DW 1:1Q00These concentrations

defined the doseg response axis to gess effects of grazer cues &n subspicatus

Each treatment was replicated four times during each of the three different growth
stages: early exponential (five days), late exponential (ten days) and stationary phase

(15 days). At each stage, algae wexpa@sed to infochemicals for 20 h.

3.2.3 COMPOSITION ANGROWTH
lfAljd2Ga 2F t£3FrS 62yS Y[O0O ¢6SNB Gl 1Sy S9@
solution. Growth rates and composition (unicells awenobid were detemined by

cell counting, using a haemocytometer (Neubauer Improved Superior, Germany)
under a microscope (Kyowa, Medi#d®) and reported as (cells/mL vs. day) and
percentage distributions of unicells;, -, 4-, 8 celled colonies, respectively. Growth
curves were fitted by noslinear regression specifying a Michadienten model for
counts between day 1 and 16. The Michadlisnten model has an asymptote
representing the maximum growth rate at saturating substrate and-satifiration
value (k) r@resenting the day at which growth is %2 max. Vm and k were estimated for
each replicate and these estimates used to statistically compare treatments using
ANOVA and a pos$toc Tukey test. The cell number and composition of flocs was
determined by mechacal disaggregation, followed by counting of the constitutive

cells (unicells and/or colonies) using the haemocytometadt enicroscope described

above.
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3.2.4 MORPHOLOGY GEOCS

For all DW treatments and at each growthgaflocs were collected from the bottom

of the flasks and carefully placed on a glass slide using a wide mouth pipette to avoid
physical damage and covered with a glass cover sheet. Images were captured using a
microscope (Leitz Wezler, Germany) embeddedth a camera (QIMAGING,
MicroPublisher 3.3 RTV) and connected to a computer with the software QCapturePro
(Version 5.1.1.14). The magnification of the microscope was adjusted to 400x. For
each replicate, 30 digital images were acquired and stored in f#EGt. The image
processing was performed usinget open source software Imagdhe original images

were first converted to binary ¢Bit), the background substracted and particles
smaller than 0.005mm tresholded (Vandamme et al.,, 201M)orphological
parameters were estimated through ImageJ own plugins and reported@$ NB G Q &
diameter (mm) for estimation of p#cle size distribution (PSDRSD of infochemicals
induced flocs is reported as a histogram of the particles count against maximum

C S NB (i Qé& (nf), Wheérs éach bin represents a size range used to group particles.

3.2.5 FLOCCULATIOKFFICIENCY

Flocculation efficiency was determined by measuring the optical density (OD) of
cultures before adding infochemilsaand the residual OD of the supernatant after 20 h

of exposure. OD readings were taken using a UV/Vis spectrophotometer (UltroSpec
3000, Pharmacia Biotech, Biochrom Ltd. Cambridge, England) at 680 nm and

flocculation efficiency calculated using the feliog formula:

ooy 00O 60O
5o PTT

Eg3-1 Flocculation Efficiency
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Differences in flocculation efficiency were examined AAYOVA and posthoc Tukey

test.

3.2.6 FTFIRSPECTROSCOFGEARACTERIZATION

Infrared spectroscopy (IR) measures molecular vibrations so that functional groups can
be associated with characteristic infrared absorption bands, which correspond to the
fundamental vibrations of the functional groups and dependinglaninvolved types

of atoms and the type/strength of chemical bonds (Berthomieu and Hienerwadel,
2009). Algal surfaces are composed of a complex, heterogeneous mixture of
carboxylic, phosphoric, phosphodiester, hydroxyl and amine functional groups which
all play a major role in surface binding capacity, adhesion and biofilm formation
(Hadjoudjaet al.,, 2010). 11 mL aliquots were assayed from each replicate of each
treatment, centrifuged and the supernatant removed. The cell pellets were air dried
on the damond of the Fourier Transform Infrared Spectrophotometer (IR Preg&tige
Shimadzu, UK). The -FR spectrum was read between 600 and 4000'arsing the
HappGenzel apodisation function over 64 scans with a resolution of 4' cm
(Mukherjee et al., 2012). Microalgae cells show characteristic absorbance peaks
between 970 and 1800 cfn(Dean et al., 2008), and therefore this region was used to
compare cultures across different growth stage and among treatments. The software
IR solutionwas used to carry ouhe spectral processing to remove the carbon dioxide
and atmospheric water vapour and therefore reduce the noise within the spectrum.
The spectra have been normalised to the intensity of a peak at 1641, cm
corresponding to the Amide | region, with myboint baselire correction.The data
were analysed via Principal Component Analysis (PCA) to compare treatments, identify
main trends and spot possible outliers. PCA is awtuth reduceghe dimensionality

of complex datasets whilpreserving their main giterns and was here used to 1)
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check orthe grouping of biological replicates and 2) identify the specific wavenumbers
contributing to the differentiation between exposed and nrerposed algal cells to

Daphniainfochemicals

3.3RESULTS

3.3.1 COMPOSITION ANGROWTH

Upon exposure 08. subspicatusells to four concentrations ddaphniainfochemicals

(DW, DW 1:10, DW 1:100, DW 1:1000), during the early exponential phase of growth
(five days of growth  d%cellsfmL), a significant increase in theean number of
colonies in the total population were observeth=4) Treated cultures were
dominated by 4and 8celled colonies, whereas the control was dominated by unicells
(>70%) (Fig-3, Panel A). 3prisingly, a further analysis on independent replicates of
flocs, showed that they did not consist of colonies, being instead predominantly

composed of unicells (~80%) (Fig.Z t I ySt | QU ®
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Fig.32 Percentage®f unicells, 2, 3, 4- and 8celled cdonies inS. subspicatugopulations (upper panels: A: early exponential, B: late exponential, C: stationary phase) and flocs
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it was possible to observe an iearse in themean valueof 2- and 4celled colonies

within treatments and a decrease in uclls, compared to control (Fig® Panel B

n=4). The analysis of flocs revealed again a predominance of unicells in all treatments
(>60%) (Fig-B = t I Yy SAYy 3 Q0id (BAd2NJ | NB  LIK | a SO Sotmpa i R[ & &
1 no significant flocculation occurred, indicated by the formation of small particulates

GRSONARA&AE NI GKSNJ GKIFyYy | OlGdztf Ft20a 2-06aSNBS

Fig.33 Scenedesnsflocs as induced bpaphniainfochemicals agarly exponential growth stage

Within these treatments, a similar pattern ofiean composition for both total cell
population and debris was observed (Fig.Z t |\ 15=8. Alth@ugh/ atreatments
showal a slight decrease in the percentage of -ualls in the total population
compared to control, they were not statistically significapt< 0.07¢. Altogether
these data show infochemicals promote varying degrees of unicells and colonies
distributions aml flocculation efficiencies with varying dosages and algae growth stage.
For each treatment and at every growth stage no significant differences among
populations with and without the infochemicals test water were detectedy( 34);

Vmp = 0.534, K = 0201).
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Fig.34 Algalgrowth curvesafter exposure tdour concentrations oDaphniainfochemicalsPanel A: early exponential, B: late exponential, C: stationary phase
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3.3.2 MORPHOLOGY GEOCS
Scenedesmuidocs sampled during each harvest point and for all DW treatments were
composed by assemlgas of mostly unicells (Fig:53, flocculating in millimetresized

aggregates.
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Fig.35 OriginalDaphniainfochemicals induced flocs (left) and binary image (right) olehiwith imageJ

PSD of algae flocs changed across growth stages; aggregates were larger at early
exponential (Fig. -8, Panel A), with a mixture of small-40mm) and large flocs {4

mm). For all treatments, PSD shifted back towards smaller size rangésteat
exponential stage (8 mm) (Fig.®, B) and comparable to control planktonic algae

cells at sationary phase (@ mm) (Fig.3%5, C).
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3.3.3 FLOCCULATIOKFFICIENCY

Measured flocculation activities differed significantly between control, where no
flocculaion occurred, and treatment€ 0.0016 (Fig. 37, Panel A), with the highest
flocculation efficiency of 77.37 £ 16.93 % of algae exposed to DW. Aposiukey

test revealed that only algae exposed to DW significantly differed from correl (
0.00087) In the second experiment, algae at late exponential stage showed a lower
degree of flocculation compared to early exponential and the maximum flocculation
efficiency was 34.03 + 1.32 % when algae were exposatdduted infochemicals
(Fig.37, Panel B)Similarly, a poshoc Tukey test indicated that only DW treatment

significantly differed from control(= 0.0032.
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Fig.37 Flocculation efficiency (%) for four concentrations of Daphnia infochemicéals subspicatus
Panel A: early exponential pba, Panel B: late exponential phase

In both experiments we observed a peculiar dossponse effect. Contrarily to
traditional coagulants for which an increased dosage beyond the optimum medium
range value decreases the flocculation efficie(B§uri etal., 2015, Guo et al., 2015)
both early and late exponential algae cultures in our study showed an opposite trend,
with the highest flocculation efficiency corresponding to the highiesochemicals
concentration.In the third experiment, flocculation @flgae at the stationary phase of

growth was not observed for any of the treatmenps<0.19.

3.3.4FT-IRCHARACTERIZATION

The FAIR spectra of5. subspicatusells and flocs are reported inlation to growth
stage(Fig. 38). To investigate the possible surface functional groups involved in-algae
infochemicals interaction or the introduction of new peaks by the cues, the response
caused irnS. subspicatuky DW treatment only was analysed, as it was responsible for
the highest degree of flocculation at all stages. All spectra were recorded at a pH = 7.5

+0.5.
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Fig.38 FTIR spectra o8 subspicatusver the wavenumber range 971B00 cm' sampled after 20 h of
exposures of algae tbaphniainfochemicalsEach spectim is a mean of three biological replicates of
planktonic algae for Control, and flocculated algae for DW. Panel A: early exponential, B: late
exponential, C: stationary phase

For both suspended cells and flocs arlg exponential stage (Fig-8 A) nhe
absorption peaks over the wave number range 9800 cm' were olserved and

reported in Table 2, according to the procedure describe by Dean et al. in 2008.
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Table3-2. FTIR absorption peaks and attribution of functional groups (Dean et al., 2008)

ABSORPTION PEAK WAVENUMBERRANGE(CM?)

Amide | ((C=0) stretching of amides from proteil 1641
Amide Il ((NH) bending of amides from proteins), 1550

.SYRAY3 2F YSUKKHO TINRF .
(CH))
. SYRAY 3 ZAKEH)ASH G and 1 1380
stretching of CO@ N2 dAGO)Y .

Stretching characteristic of phosphorous molecu

o} as(>P:O)) —

{GNBGOKAY3I 2F ) eal OC9701100

The same absorption bands were reded at late exponential (Fig® B ard

stationary phases (Fig& C) and an additional peak at ~1740-cassociated with

0/ Tho AGNBGOKAY3 2F SaidiSN RMP200SHAISOBNR Y A
distinct increase in peak intensity was recorded in the polysaccharide redié (00

cnd), which could be explained by the presence of glycolipids and glycoproteins on

the algae cell surface. Shifts and broadening of peaks were also detected, suggesting a
variation in the conformation of molecules (Wei et al., 2015). No additipeaks

were detected, therefore denoting no introduction of cues into the flocs matrix,
implying a possible binding or bridging mechanism for flocculation is not |kelglly,

PCA of peaks intensities showed no significant differences between comitbl a

treatments at any growth stage in the #Hspectra were observed (Fig-93.
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3.4DISCUSSION

Daphniainfochemicals induce colony formation Bcenedesmuspp. as a defence
against grazing. In the present study, and in accordance to literature, we found that
induced defences did not affect algal growth compared to -treated cultures
(Larling 1999, Ldrling 1999a, Wat al, 2013, Zhuet al, 2015). Considering the
composition of cultures and flocs at all sampling stages, it could be deduced that
although infochemicals induce an increase in the total amount-of-&and 8celled
colonies, flocs are always principally composed by unicells, therefore suggesting a

O2y O02YAGl yid &d NI € SuBpspicatdhiah@oednoL ket growtte ¥

Also, for all nortreated cultures across the three growth stages, a decrease in the
amount d unicells and an increase of colonies were observed. In the stationary phase,
algal cultures were dominated by-celled colonies before exposure to any DW
concentrations, perhaps suggesting concomitant effects causing colony formation such
as nutrients déiciency (Zhuet al., 2016), which occurs in batch ltwres at later
growth stages. This could be explained wittigestionresistance mechanism of algal
cells, according to which under nutrient limitation a shift to colonial form is due to an
increase incell volume and wall thickness to form an effective barrier against grazers
digestion yan Donk and Hessen, 1993). In accordance to literature, it was observed
that even at late growth stages colony formation was still stimulatedDayhnia
infochemicalslin fact, as the generation of colonies is not a simple aggregation of cells
but the result of reproductionpaphniainduced colony formation occurs if cell division

is not hindered (Lurling, 1999); however, results indicate that infochemicals induced
flocculation is affected by several initial factors like age of the culture, initial cells

concentration and initial relative distribution of unicells and coloni@®e variations in
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flocculation efficiency among growth stages could also be attributed to ewitable
increasing culture cell concentration across growth stages, therefore indicating that
for denser cultures a higher infochemicals dosage might be required, either increasing
the added amount of test water or th®aphniapreparation culture densitylf a
specific amount of infochemicals is needed per algal cell, and considering that in this
study five mL of DW were shown to induce flocculation for early exponential algae at a
concentration of 2-19cells/mL, 12.5 mL would have probably been neceskariate
exponential (5-1®cells/mL) and 15 ml for stationary phase (6-&6lls/mL) cultures.

Also, algal biochemical intracellular composition varies with varying growth stages,
mainly because of culture age and depletion of nutrients (Gatenby e2@03); cell
surface characteristics too change with algal growth stage (Xia et al.,, 2016). These
characteristics influence the efficiency of flocculation. Zhang et al., in 2012 reported in
fact how the concentration of surface functional groups decreaseth exponential

to stationary phases; these, mostly negatively charged and dominated by carboxyl,
hydroxyl and phosphoryl groups (Xia et al., 2016) are key to algal cell surface charge

and suspension stability, therefore impacting algal flocculationieffaes.

FTFIR investigation supported neither a charge neutralizatidhor which it would be
SELISOGSR GKIG GKS I-dies 2duibidioh2oyi al@affcell WFfacd O O dzt |
functional groups is reflected in a variations of peaks intensities, ndriédging
mechanism¢ which would be indicated by the presence of additional adsorption

peaks coming from the flocculant structure itself (Liu et al., 2015). Therefore,

alternative explaations were here investigated.

Several studies report how the prodien of extra polymeric substances (EPS) would

affect the adhesiveness of cell surfaces, contributing to cell aggregation in some algal
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species and cyanobacteria (Yaegal.,, 2010, Harkeet al,, 2017, Xiao and Zheng,
2016). Some authors have suggestedttlan increase in EPS in cells exposed to
infochemicals could help explaining ho8cenedesmusells adhere to each other
(Yang et al., 2007). In fact, EPS are heterogeneous mixture of proteins, sugars, humic
substances and other important biological macaetules which can be produced
though several mechanisms, i.e. excretion, secretion, cell lysis and so on. Because of
EPS high molecular weight and the presence of a variety of different functional groups,
EPS can affect algal surface characteristics eletrostatic interactions and/or
polymer bridging therefore greatly influencing cells aggregation €iXal., 2014). If
infochemicalinduced flocculation is EPS driven, then the reason why in this study no
variations were observed in any of the-FR spetra could perhaps be due to sample
preparation used in this experimental study, as described by Karunakaran et al., 2011
and Mukherjee et al., 2012. In fact, in the case the induced EPS layer is just loosely
bound to the algae cells, the centrifugation gtenight have caused their dispersal in

the supernatant (Pludeet al, 1991), which was excluded from the -
characterization. Therefore, in the next chapter an investigation on EPS production
and characterization as induced IDaphniainfochemicals, andts possible role on

Scenedesmudefence response will be presented.

3.5 CONCLUSIONS

Unravelling the mechanisms behind infochemically induced flocculation in
Scenedesmuspp. is key to a successful application of a natural phemam
(presence of grazers), otherwise regarded as a problem, into engineered applications
like microalgal biomass harvestinghis is the first study to quantitatively assess the

key parameters to consider before this approach can be applied. While gnateh
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was never affected by thBaphniacues, significant flocculation efficiency results were
achieved for algal cultures at early exponential stage and exposed to the highest
concentration of infochemicals (DW), while progressively decreasing for oltderesu

This trend was also observed for PSD of flocs, with bigger flocs for algae at early
exponential stage exposed to concentrated cues and smaller flocs and debris for late
exponential and stationary phase cultures, respectively. Colony formation eagns

to be a distinct phenomenon from flocculation, since, opposite to total cultures, flocs
were predominantly composed by unicells. HoweversIRTid not show significant
differences between treated and neaneated algal cultures, in terms peaks interes
and/or additional peaks. Therefore, the need to investigate the alternative hypothesis

of a production of EPS responsible for aggregatioBoghedesmu=ells.
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4.1 INTRODUCTION

EPSare macromolecular compounds seadt by microbial cells (algae, bacteria,
cyanobacteria) during growth and are composed of a complex-tniglecularweight
mixture of biopolymers with various structure and diverse composition (Xu et al.,
2014). Primary components include carbohydrates, @irtg, uronic acids and lipids

but nucleic acids and inorganic compounds can also be found. The range of these
molecules and their relative abundance can vary under the influence of several factors
including algal species and strain, age of the culture mrirenmental conditions
including nutrient status, temperature, pH, salinifiao and Zheng, 2016Many
functions have been attributed to EPS, including adhesion of cells, protection against
grazers or toxic substancesd binding to metals (Whitton andPotts, 2007), which
result in the formation of algal aggregates, a process known afidamoulation. Many
investigations, both in the field of wastewater treatment and algal research, have
been performed to investigate the role of EPS inflmaculation. The aggregrates or
flocs possess different physicochemical properties like structure, viscosity, surface
charge, flocculation and settling, then freely suspended cells (Xiao and Zheng, 2016).
However, research evaluating the role of EPS irflbaxulaton are often contrasting,
showing either a positive correlation between EPS content aneflbdgulation or
negative or no correlation at all (Li and Young, 2007, Mannheim and Nelson, 2013,
Shen et al., 2014, Jakob et al., 20I8)e omposition of EPRSaswell asthe relative
proportion of EPS componentdave been indicatedto be more important than
guantity when inducing flaculation Wilen et al., 2003Li and Young, 2007), as in
some cases an increased production of E®Sot linked to higherflocculdion
efficiencies, while a higher abundance of hydrophobic groups from proteins, humic

substances or uronic acids has been shown to contribute to aggregate stability and
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enhancement of flocculatiorfWilen et al., 2008Guo et al., 2016)In fact, asEPS

WiesQ OStfa (23S30KSNI 0 ebridgihgibiK SatibhséhfareriieNt? & G I A
of EPS molecules or hydrophobic irstetions and the stability of theseaggregates

complies withthe genera rules for colloidal chemistry (see Chapte@by variation in
physicechemicalproperties can influencethe inter particle force between the floc

constituents (Wilen et al., 2008

Induced flocculation is an established technology for algal biomass harvesting. It can
be achieved using several methods, inclgdaharge neutralization by metal salts, one

of the most commonly employed methodalam et al., 2016) The main drawback to

this approach is the buildp of metals in the system which cause contamination of
both biomass and growth medium therefore requii postprocessing of the biomass
(i.e. feed) and constraints on recydi of the medium in the system (Vandamieteal.,
2013). Other methodologies which do not contaminate the biomass depend on the
use of polymers like chitosan or physical methods, i.entrifugation or
electromagnetic pulses. These however are more expensive and difficult to be applied
on a large scale (Vandammeeal., 2013). Variations in culture temperature or pH can
also induce algal flocculation, but these processes can lead tosimate changes in

cell composition (Benemann & Oswald, 19%)ch asalterations in the saturation
degree of fatty acids in the cell membran&sthe starch content (Juneja et al., 2013).

A growing interest is being showim bio-flocculation methodsincluding the microbial
production of EPS as flocculants (Wang et al., 2018). Howevefloboulation has
often been consideredoo speciesspecific, slow or unreliable (Milledge and Heaven,

2013).
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In this study, the focus is on EPS production inducenhfioghemicals released by the
grazersDaphniaspp generating colony formation and flocculation (see Chapter 1) in
Scenedesmuspp. While colony formatiosan bedefined as a cell division process
producing binary multiples of cells joined by a commeti wall, flocculation is tied

more closely to aggregation, where charge changes and/or EPS act as a glue to bind
uni-cells (see Chapter lll). If flocculation is driven by EPS production, then the amount
of protein, carbohydrate or uronic acids grouipsthe total culture shouldvary (Yang

et al., 2007) or the individual chemical composition and structhiangeto reduce
repulsion among cells. In fact, specific EPS constituents can play a determinant role in
cell aggregation, either promoting or hamperifigcculation (Badireddgt al., 2010).

This is becauseseveral intermolecular interactions and their net balance can
contribute to aggregation of cells. Generally, these are the BDiy@g®interactions (see
Chapter ) but also bridging of EPS via positigefrged ions, hydrophobic and steric

interactions between longhain EPS alecules (Wilen et al., 2003).

In the present work, the induced EPS productiorSirsubspicatuscultures at early
exponential stage after exposure t®aphnia infochemicals was expimentally
explored. The focus is on the assessnaigoluble EPS (sEPS)Saenedesmusells

and flocs, and relative abundance of sugars, proteins and uronic acids, employing
several methods. Filgt negative staining was used taisualiseand compae
planktonic cells versus cells in flocs. Setgn@PS were extracted using established
protocols and the materialsubjected to standard assays foprotein (Lowry),
carbohydrate (penotsulphuric a@) and uronic acids (modifiedabhazolemethod).
Detaikd descriptios of these methodsare provided in Appendes I-1V, along with

comparisons of methods and motivations behind theglection The experimental
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design was slightly modified from the previous experiments reported in this thesis as it
was imporant to distinguish between the effects induced by infochemicals from those
of its carrier into the algal culture, i.e. ASTM water which is produced by combining
distilled water with four salts MgSQ .7 HO, NaHC¢) KCI, CaSO2 RHO). In fact,
salinity h a wide range of concentrations is one of the factors reported in literature to
contribute to EPS production in microalgae as cellular protectionhar@sm (Mishra

and Jha, 2009).

4.2 EXPERIMENTADESIGN

Five mL of exponeially growingS.subspicatug~2-16 cells/mL) were transferred to

Hpn Y[ 9NXSyYSeSNI Fflraia O2yalAyAy3 wmpn
incubated for five days (early exponential stage) at 20 +1 °C on a shaking table at 120
rpm, continuously illunmated from above by light tubes at @6 > Y 2?6 and Y
randomly rearranged every day. On day five, algae were treated with either five mL of
FRRAGA2YIFE 906SNIQa YSRAdzY 002y GNRfOE 52 2
side effects of the presence of ASTM salts on EPS producti@ sabspicatus

Sampling was performed after 2h and 20h of exposure to observe variations early
enough under infochemicals effects and attime point after which no further
flocculationis observedasnoted in previous experimentsCultureswere centrifuged

at 4000g for 15min at 4°C to extract sEH8e supernatantfraction was filteed

through a 0.22um GV, PVDF embrane, dialysed against ten litres of distilled water

per cycle (for a total of six water changes) at 6°C using a membrane (SnakeSkin Dialysis
Tuking, 3.5k MWCO, Thermo Scientific), freeze dried arl 2 LISY RSR AY pnan
grade water for further quantification assaybhe experimental workflow is reported

in Fig. 41.
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Figure 4.1Experimental workflow for the analysis of SEPS
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4.3 METHODS

4.3.1 NEGATIVESTAINING

A small drop of a 2% solution of Nigrosin (Sigitdrich) was placed on the edge of a
clean microscope slide and mixed with the same volume of algal flocs. Another slide
was then placed against the suspension at a 45° angle to spreadrdipeatbng its
edge. The formed smear was air dried and examined under a microscope (Leitz

Wezler, Germany) at 400x magnification.

4.3.2CARBOHYDRATES

sEP&arbohydrates were analysed using the pheswalphuric acid assaylOOLL of
sample/glucosestandards were mixed with 100uL of freshly prepared 5% (v/v) phenol
in water, followed by addition of one mL of sulphuric acid. Samglespsestandards
were incubated for five minutes at 90°C and then cooled down to room temperature.
Absorbance readings were taken at a wavelength of 495 nm using the O pg/ml
standard as blank.Two biological replicates, wittthree technical replicates each,

were usedandresultsnormalized by sEPS dry weight

4.3.3PROTEINS

SEPS proteins were quantified using the Lowry ass&@0ul of samples/standards
were mixed with 700ul of water. To each one ml sample/standard 100 pl of 0.15%
(w/v) sodium deoxycholate was added and incubated for ten minutes at room
temperature. 100ul of 72% CA were added, followed by centrifugation at 3000 g for
15 minutes at room temperature. Supernatants were discarded and pellets air dried
for 30 minutes. Pellets were 1guspended in 500 pl of milliQ water, then added with a
freshly prepared solution of.8M NaOH, 10% SDS, Copper tartrate carbonate solution

(CTC) (0.2% Potassium sodium tartrate tetrahydrate, 0.1% Copper Sulphate, 10%
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Sodium Carbonate) and water in a 1:1:1:1 ratio and finally incubated at room
GSYLISNI GdzZNE F2NJ 4GSy exgenf (zb Silater) were mddéd adF C2 f
incubated for 30 minutes for colour to develop. Absorbance readings were taken at
750nm with a Jenway 7315 spectrophotometer, using the 0 pg/ml standard as blank.

Two biological replicates, witlthree technical replicate each, were usednd results

were normalized by sEPS dry weight

4.3.4URONICACIDS

Uronic acidsin sEPSvere anaysed using a modified carbazolell chemicals were
purchased from SigmaAldrich and solutions prepared in HPLCdgravater. One
mg/mL stock solution of Glucuronic Acid was freshly prepared and used to build
calibration curves over the range2D pg/mL. 20 ul of 4 M potassium sulfamate were
added to 200 pl of samples/standards, followed by the addition of 1.2 ml of
concentrated sulphuric acid. To each tube, 40 pl of solution composed by 0.15% m
hydroxydiphenyl in 0.5% sodium hydroxide were added and incubated for 15 minutes
at room temperature to allow colour development (pink). Absorbance readings were
taken at 525nm using a Jenway 7315 spectrophotoeretwith the 0 pg/ml as blank.
Analysis relied on the use of two biological replicates, with three technical replicates

each and then normalized by sEPS dry weight

4.4 RESULTS

4.4.1 NEGATIVESTAINNG

Microscopic examination of negatively stain& subspicatufiocs revealed a non
uniform distribution of an alleged EPS layer surrounding the cells and accumulation in

the inner parts of the flocs (Fig-2)
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Although visual inspection seemed to indicate the presence of EPS surrounding cells and
accumulating in the inner part ofS. subspicatusflocs, further and more indepth
investigations were required to confirm the hypothesis of an induced production of SEPS as

responsible for aggregation of microalgal cells in response to predation cues.

4.4.2 sEPS
Figure 43 shows variationin carbohydates, proteins, uronic acids content in SEPS relating

to specific time of exposure &. subspicatu® info-chemicals: early (2h) and late (20h).

Carbohydrates | ‘ Proteins
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2 , . , .20
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1000-
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Fig. 43 SEPS i%. subspicatuafter exposure tdaphniainfochemicals
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No significant difference in anyf the sEPS components under study was found between
controls and treatment and at both time points of interest. Only exception was represented

08 GKS a20KSNE FTNIOGA2y:X OIFtOdZ FGSR +a GKS
the sum of the sugafgroteins/uronic acids amounts. In fact, theher fraction was thethe
dominant part of SEPS, with higher concentrations for DW treatment, i.e. algae exposed to

infochemicals (range 2.868.500 (g/mg of EPS dry weight)

Subsamples were also sent to theitbrsity of Huddersfieldanalysedoy NMR spectroscopy
and hypothesisedas small molecules, remnants of lipid based materiédsurtesy of

Professor Andrew Laws

4.5 DISCUSSION

Previous studiebavesuggested thaflocculation of éggae and cyanobacteria was related to
the production of EPSFor example,Yang et al. in 2007nvestigated the effects of
infochemicals from the grazéd. carinataon colony formation and polysaccharidesntent

in the microalgaScenedesmus obliquuduthas reporteda simultaneous increase in the
number of colonies anthe total polysaccharidesontentin S. obliquugultures exposed to
infochemicalsin comparison tonon-exposed culturesindicating that Daphniaassociated
infochemicaldoostthe synthesiof extracellular polysaccharides $ obliquusand playan
important function in cellsadhesion Later in 2010, Yang et al. studied the role of nutrient
stress on the stimulation of extypolysaccharides production and its relatibtm Chlorella
pyrenoicsa aggregates size, revealing thidite generation of aggregates and increase in
polysaccharides concentrations occurred at the same timegefore suggesting their role in
joining cells together.Authors observed nonmpact on microalgal growth rate; alsthe

aggregatesvere formed by a random distribution of cellsencereportingthe phenomenon
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as due to adhesion of already existing free celith polysaccharidesvorking as asticky
matrix. Li et al., in 2013 investigated the effects of linear alkylle@ezsulfonate(LAS)an
anionic surfactant with a chemical structure similar to that reported @aphnia
infochemicals (Yasumoto et al., 20@8) extracellular polysaccharide content and cells per
particle of Microcystis aeruginosand S.obliquus to find a positive relation between EPS
sugars content and cells per colomny both species not clearly distinguishing however
between colonies(coenobia) or aggregatedn 2017, Harke et al. investigated the
transcriptomic responses oM. aeruginosaupon exposire to infochemicals from two
Daphniaspecies, i.eD. magnaand D. pulex to find an increased transcript abundance of
genes regulating ERBigars production and export (glycosyl transferases, sugar
modification enzymes, outer membrane porins and polykadde export protein)and

which were associated with colony formation as a deterrent mechanism agaedation.

Despite grazeinduced colony formation irScenedesmuspp being widely documented
(Hessen and van Donk 1993, Lampedral., 1994, Liurling 999, Lurling 1999a, Lurling 2003,
van Holthoonet al.,, 2003, Pohneretal, H n 1 T = h & &.2¢18, SMudt al., 2013, Zhu
et al., 2015, the actualmolecularmechanism is still largely unexplaind&dhsed on previous
research on both microalgae andarybacteria (Yangt al., 2007, Yang et al., 2010, Li et al.,
2013, Harke et al., 2017), it wagre hypothesised thatn increase in either total SEPS or
variations in the relative distribution of its componentsifter exposure toDaphnia
infochemicalscould be a triggerfor floccuation and/or colony formation irS. subspicatus
In fact, the relative proteins/carbohydrates ratiean affectthe hydrophobic character of
EPSndtherefore cells aggregation and flocculati¢Quigg et al., 2016Also, the preence

in the EPSf acidic polysaccharides likeéronic acidscan facilitate flocculation, as their
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carboxyl groups provide effective sittor the attachment of cells (More et al., 2012, Zhong
et al., 2014)Although similar extraction method&entrifugaton followed by dialysiswith
slightly different operating parameters such as centrifugation speed, as well as
guantification assays$o the abovementioned studies were here employed the present
findings did not confirm the initial assumption of an iresed EPS production or af
redistribution of thoseindividual primary components, i.e. polysaccharides, proteins and
uronic acid. However, in 2016 Li and Gao also reported how stress induced colony
formation inS. obliquusvas not linked to an increasa EPS algal content. Authgreinted
insteadon the socalled ultrastructure oScenedesmudickettHeaps and Staehelin, 1975),
with cells connected by a layer of material in the gap betw#en continuous trilaminar
sheath and the ornamented layef this microalgaand whose composition & LJISOG A O¢é = A
polysaccharide$ 5 Q1 2 WIRZ018%uit could not be regarded anventionalEPSthus
suggesting to rather investigate on the regulation of gene expression for the layer of
connected cellsThe role of EPS componentsn algal flocculatiorother than the most
commonly studied proteins and polysaccharidesiot well establisheget, althoughtheir
hydrophobic and/or hydrophyliteaturescanconsiderably affect the processhe presence

of the signifcant portion of the other fraction in thaEPS suggests furthinvestigations
would be neededAlthough not quantifiedn this thesis workthere are indications that the
other EPS fraction could consist of liplissed componentsOther studies have also
reported the presence of other fractions in the E€fplex in activated sludgand which

were hypothesised as lipids (Liu and Fang, 20@2ijture research should focus on the
analysis of lipids componestin the EPS, i.e. fatty acids aligb-polysacchades, which
affect hydrophobic/hydrophilic properties of cell surfa@nd consequentlyimpacting

aggregation mechanisms (Ahlbouni et al.,2008Flemming and Wingender, 201Finally,
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the extraction method used might not have efficiently extracted afl #PS fractions from
the algal cultureand further investigations should also evaluate alternative methods to fully

characterize thdaphniainducedflocculationin S. subspicatus

4.5.1 EXTRACTIOMETHODS ANBOUNDEPS

Extraction methods greatly influence EPS quantification (Liu and Fang, 2002, Hong et al.,
2017) and to date there is no standard established procedAtso, during extractiorthe
disruption of macromolecules as well as tlysis of cells canaour, although its exi& is
difficult to evaluate (Sheng et al., 2010EPS are usually divided into two classes: 1) soluble
EPS (seEPS), the focus of this investigation, which remain in the supernatant after
centrifugation and 2) bound EPS (bEPS), wimstead compose the pellet after the
centrifugation step (Liang et al., 2010, Maqgbool et al., 2015, Zhang et al., 2016). bEPS are
further subdivided into 1) tightly bound (TBPS), which are bourtd the cell surface in a

tight and stable way and 2) loogebound (SEEPS), whichre loose and dispersible (Guo et

al., 2016). Guo et al., 2016 reported that-EBS are independent of the formation of flocs,
and Cai and cworkers in 2016 also reported that {HPS negatively influence bio
flocculation. Moreover, from FHR characterization of algal cells exposed to infochemicals
(see Chapter lll) there was no indication of variations indék surface functional groups
which might have suggested changes in terms of bEA®, to achieve an accumat
description of each fractionhenceelucidating their role in microalgal bitocculation, there

is a need to improve bEPS extraction mettadl without contaminationdue to internal
components (Takahashi et al., 200Bjpwever, here is not an easy way to extradt EPS

and the chosen technique must keelectedand finetuned for each caseinder study,
considering it might be necessary to combine and repeat extraction steps for the full

recovery of the various EPS fractions (Sheng et al., 2010)
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4.6 CONCLUSIOB& FUTUREDIRECTIONS

Based on results reported, it could be concluded that SEPS production might be responsible
for the infochemicals induced colony formation and floetin in Scenedesmus
subspicatus However, further investigations are needed to look into the composition and
relative distribution of theother fraction to unravekhe presence of lipids and@ossible re
distribution of secreted substances responsibledolony formation and aggregation.

In any case, poduction of EPSequires a supply of precursors, whishould be reflected in
variations in cellular metabolism. On this basis, the next chapter will describe a proteomic
analysis ofS. subspicatusells,where changes in proteiabundancescan provide insight

into metabolic changes that occur in response to infochemicals exposure.
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APPENDIX: NEGATIVESTAINING

Negative staining is an easy and inexpensive technifat involves the use of an acidic
stain such us Nigrosin or India ink. Being characterised by negatively charged chromogen, it
does not penetrate the algal cells because of the negative charge on their surface therefore
facilitating visualization of unained layers/structures against a coloured background.
However, the appropriate stain concentration is to be determined via a trial and error
procedure (Cullimore, 2008). Algal EPS can be visualized with light microscopy after negative

staining in the fom of awhite layer surrounding the cel{Schmicet al.,, 2016).
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APPENDIXI: POLYSACCHARIDES

Despite the significant development of several analytical techniques, colorimetric methods
are still the most simple andheap procedures for quantitative determination of total
carbohydrates and are commonly used and universally accepted (Le and Stuckey 2016).
Most involve the use of sulphuric acid and a reagent to develop colour such as anthrone
(Dreywood, 1946) or phendDubois 1956). However, they are time consuming and not
specific and the results are reported in terms of a stanesagdivalent concentration,
usually glucose. This might result in under or over estimations in cases where the
carbohydrates composition ithe sample is not well known and variable responses to other
than glucose saccharides are observed (Le and Stuckey 2016). Previous studies have
reported that Scenedesmuspecies EPS sugars fraction consists of hexoses and pentoses
(Guo et al., 2013) therebre screen assays feasibility and performance were screened

towards glucose, mannose (C6) and xylose (C5) as standards.

[1-l ANTHRONEASSAY

Anthrone is a tricyclic aromatic ketone148100) which reacts with saccharides to foan
blue-green complex (Dreywood, 1946). Sulphuric acid and heat cause the hydrolysis of
glycoside bonds of polysaccharides and dehydration of monosaccharides to produce furfural
compounds which then react with anthrone to produce a coloured product whose
absorbance can be measured using a spectrophotometer. The anthisuwiphuric acid
solution should be prepared freshly because it is light sensitive and its absorption decreases

over time (Le and Stuckey 2016).
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Here, all chemicals were purchased from Sighidrich and solutiongprepared in HPLC
grade water.One mg/mL stock solutions of glucose/xylose/mannose were freshly prepared
and used to build -calibration curves over the range200 pg/mL. 400uL of
sample/standards were mixed with 800uL of anthromesulphuric acid solution and
incubated in the dark at 80°C for 30 minutes. Once sample/standards were cooled to room
temperature, absorbance measure are taken at a wavelength of 625 nm with a Jenway 7315

spectrophotometer, using the 0 pg/ml standard as blank

[1-11 PHENOESULPHURIACIDASSAY

Phenol in the presence of sulfuric acid can be used for the quantitative colorimetric
determination of polysaccharides. The assay is simple, rapid and sensitive and gives
reproducible results using a cheap and stable reagent (Duicad, 1956).Full description

of the method is given in Paragraph 4.3&s in the anthrone assay, heat and acidic
environment induce hydrolysis of polysaccharides followed by dehydration of
monosaccharides and production of furfural derivatives which react with phenol to form
complexes with a characteristic orangellow colour. While hexoses produce hydroxy
methyHurfuraldehyde and methylurfuraldehyde, pentoses react to form furfuraldehyde
(Bdley, 1957). It was noticed that the response of xylose to anthrone was less colourful and
instable across reagent concentrations, if compared to hexoses. (#ig.THis could be
explained by a reaction between the furfuraldehydethrone complex whichsiformed and
excess of anthrone, while the methyl group present in the furfuraldehyde derivatives may
prevent or considerably slow down such a reaction (Bailey, 1957). Also, at both anthrone

concentrations under study (0.1% and 0.2% wl/v), glucose displaiggtal saturation at
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concentrations greater than 100 pug/ml and mannose gave a lighter yet linear response over

the concentration range screened.
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Fig.IF1 Responses of Glucose, Mannose and Xylose with Anthrone 0.1% in sulfuric acid (w/v)

The reason Wy sugars with a similar chemical structure gave a different response could be
explained by slight differences in the wavelength value for maximum absorbance and/or
inconsistencies in the colorations of the furfural derivatives. Phsatghuric acid assay

proved to be more reliable, with good linearity observed for all the sugars under study (Fig

[I-2) and therefore selected for further analyses with glucose as standard.
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APPENDIXII: PROTEINS

Different assays can be used to estimate protein concentration in solution, among these the
most commonly used are the spectrophotometric methods developed by Lowry in 1951 and
Marion Bradford in 1976. Despite these methqaevide relative measurements at best, it

iIs common practice to quantify proteins from such data (Bergesl., 1993). The most
commonly used protein standard for calibration curves is Bovine Serum Albumin (BSA), but
many others could be used. It is segted that the Bradford and Lowry methods give
different measurements when using BSA as standard for samples like higher plants and
algae. To get more reliable measurements it would be useful to first identify the major
proteins in the cells. However, #is practically unfeasible due to difficulties in extraction,
purification and characterisation of the main proteins in the éBarbarino and Lourencgo

2005)

[11-I BRADFORIMETHOD

The Bradford assay is relatively easy tof@en and is based on the observation that the
absorbance maximum for an acidic solution of the dye Coomassie Brilliant 2b@ shifts

from 465 nm to 595 nm when it binds to proteins. Interactions are mainly with arginine
rather than primary amino grqas while the other basic (His, Lys) and aromatic residues
(Try, Tyr, and Phe) give slight responses (Compton and Jones, 1985). Both hydrophobic and
ionic interactions stabilize the anionic form of the dye, causing a visible colour change which
is proportonal to the amount of proteins in the sample.

This assay is very sensitive but is dependent on the quality of the protein (Sapan and
Lundblad, 2015). A major disadvantage of this method derives from its variation in response

to different proteins causedybthe specificity of the assay towards arginine residues. Also,
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for any given protein further discrepancies may arise from-pootein interferences that
result in protein overestimation, underestimation and/or a reduction of the linear response
range (Comton and Jones, 1985The assay is linear ovarshort range therefore sample

dilution before analysis are often necessary.

All chemicals were purchased from SigAldrich and solutiongprepared in HPLC grade
water. One mg/mL stock solutions of BSA gsdzyme were freshly prepared and used to
build calibration curves over the rangel0 pg/mL for the Bradford assay andl00 pg/mL

for the Lowry assay. For reactions, one ml of sample/standards was mixed with one ml of
Bradford reagent and incubated atom temperature for 15 minutes. Sample/standards
were then transferred to cuvettes and absorbance measure taken at a wavelength of 595

nm with a Jenway 7315 spectrophotometer using the O pg/ml standard as blank.

[1I-11 LOWRY METHOD
Lowry assay is performed in two distinct steps. Protein is initially reacted with cupric
sulphate at alkaline pH in the presence of tartrate for 10 minutes at room temperature.

During this incubation, known as biuret reaction, a tetradentate copperpteris formed

(Fig. IH1)

NH, H,N

0=< >=0
NH_ NH

0= . L )=0 o
NH, > - HN . Copper reduced and electron

Cu released

NH, | *~. HN

o= .~ R
NH NH

0= =0
NH, H,N

Fig.llt1 Biuret Reaction
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A phosphomolybdiphosphotungstic acid solution, known as Fgiimenol reagent, is then
added. This is reduced, producing an intense blue colour which keeps intensifying during a
30-minute room tempeature incubation. Full description of the method is given in
Paragraph 4.3.3lt has been suggested that during this interval a rearrangement of the
initial unstable blue complex leads to the stable final blue coloured complex which has
higher absorbancéLowry, et al. 1951; Legler, et al. 1985) and is optimally measured at
750nm. To maximise assay performance and allow the quantification of very dilute proteins
solutions, samples preparation requires the removal of impurities and contaminants
through quanitative precipitation using trichloracetic acid (TCA). Deoxycholate is also
used to permit precipitation of proteins at low protein concentratior2@ug/ml) (Sapan

and Lundblad 2015). Also, detergents like sodium dodecyl sulfate (SDS) are often present
protein preparations to facilitate membranes solubilisation or removal of interfering
substances. The sensitivity of this assay is moderately constant from protein to protein and
it has been so widely used that estimations are a completely acceptéiglmnaive to a
rigorous absolute determination in almost all circumstances in which protein mixtures are
involved Waterborg and Matthews, 1984The Lowry assay proved to be more reliable (R

= 0.9977 against?R0.9319 for Bradford assay), with a goatkérity range (Fig ) and

therefore selected for further analyses with BSA as standard.
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APPENDIXV: URONICACIDS

Uronic acids are a class of sugersvhich the hydroxyl group on the terminal carbon has
been oxidised to carboxylic. It is reported that in algal and cyanobacterial EPS the presence
of uronic acids confer a sticky character to the exudates macromolecules (Rossi and De
Philippis, 2014) anth some cases responsible for flocculation of cells (Khangenabaat,

2016).

IV-1 THE ASSAY

Carbazole method was first introduced by Dische in 1946 for the quantitative
spectrophotometric determination of uronic acids in biologisamples. It was based on the
principle that hexuronic acids treated with concentrated sulfuric acid highly specific produce
mixtures of products which can react with carbazod develop colours (Disch&946). A
major disadvantage was however represettby the long time required for the full colour
development (2h), which was also partially supressed by salts or other impurities in the
reagents or samples (Bitter and Muir, 1962). Replacement of carbazole with- meta
hydroxydiphenyl (Fig. V) greatly inproved the quantitative determination of uronic acids

by reduction of the browning that occurs due to heat production in the acid hydrolysis step

and avoiding the formation of additional interference by the carbazole reagent itself.

ats Ravs

Fig.I\{1 Carbazoldleft) and mhydroxydiphenyl reagent (right)
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However, a major interference due to browning might occur during hydrolysis with sulfuric
acid and before addition of the diphenyl reagent when uronic acids are determined in the
presence of excess neutral sug This can be avoided by addition of sulfamate to the
reaction mixture (Fiietti-Cozzi and Carpita, 199Bull description of the method is given

in Paragraph 4.3.4The use of Bylucuronic acid as standard gave a good linear response
over the rangeunder study (R= 0.9804; @0 pg/mL) (Fig.Z) and therefore selected for

further analyses.

0.151
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0.051
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Fig.47 D-Glucuronic acid calibration curve
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5.1INTRODUCTION

Unravelling the molecular mechanisms allowing algae to flocculate and pranhaeies is

of major interest within the fields of ecology.irling 2003, van Holthooet al., 2003,

Pohnertet al, H n N T X h & %l23013SWuket al., 2013, Zhuet al, 2015, evolution

(Fischer et al., 2014) and engineering (Montemazzani et all5,2Blam et al., 2016,

Roccuzzo et al., 2016, Zhu et al., 2017). For the latter, understanding how these natural
cues trigger flocculation is particularly relevant to the large scale algal cultivation, where
manipulating the formation of flocs is centri@ harvesting in an economically sustainable

FYR aOf Styé YIyySN® ¢KS OdzZNNByld (GKS2NEB |62
9t { X (K2dzaAK{H G2 o6S I Ww3ftdzSQ GKIFIG KSfaldA o0AYR

2013, Lee et al., 2016).

This thesis (Chapter 11l and 1V) and other research work (Yang et al., 2893 ,and Kong

2012 Harke et al., 20)7have documented and experimentally reported ti&tenedesmus

spp. and other microalgal/cyanobacterial species respond to grazing stressDiapimia

spp producing EPS, forming colonies and flocculating. Despite being acknowledged as a
defencemechanism the leading cellular processes, the nature of EPS production and how
we can exploit the molecular mechanisms behind it for biotechnologyieagns stil

needs to be fully disclosed.

To date, genomics, transcriptomics and proteomics approaches have been proposed and
trialled to analyse pathways and functions linked to EPS production, flocculation and colony
formation (Prochnik et al., 2010Gulez et al., 2014Schmid et al., 2015, Yu et al., 2015,
Khona et al., 2016, Harlet al., 2017. Here the focus is on the proteomic responseSof

subspicatugo naturally occurring chemical cues from an herbivore gra2ephnia magna
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The overarchingbjective was to reveal major metabolic pathways (e.g. protein, lipid and
carbohydrate synthesis, stress responses) altered by exposure to the cues and central to the
formation of flocs and EPS. The approach used in this thesis relies on quantitative

proteomics.

5.1.1WHYPROTEOMICA

The proteome is complex and variable under the effect of several stress factors. The study

of the proteomes under a given stress can reveal metabolic changes directly as proteins
include enzymesniolved in metabolite level regulation as well as components of the
transcription and translation machinery, therefore representing direct players in the stress
NBalLRyaS o0Y2a20+rQ SG Itd® Hammoud t NRGS2YAOA
properties,such as protein abundance, pasanslational modifications (PTMs) and protein

protein interactions above all, therefore providing a comprehensive overview of the

changes which occur during a certain biologicaktpss (Gonneaud et al., 2017).

Several eamples can be found in the literature on how chemically mediated interactions
alter phytoplankton metabolism and/or defence responses. PouBElestad et al. in 2014
reported a combined metabolomics and proteomics study where allelopathy, i.e. release of
compounds that inhibit competitors, and which play an important part in the maintenance

of large blooms of the dinoflagellat@reniabrevisas monespecie against multiple diatoms
competitors, showed to cause highly altered metabolic processes in diaiadisative of
increased stress (e.g. oxidative stress), and cellular processes including photosynthesis,
glycolysis and cell membrane restructuring (e.g. altered cell components) . Moreover, gel
like glycoproteins were more abundant in exposed diatoxsosed, suggesting a trigger for

the aggregation of cells as a defense mechanism. Harke et al., in @formed a
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transcriptomic study of the response of the cyanobacteritviicrocystisto direct and
indirect exposureto Daphniagrazers, reporting a higlndranscription of genes related to
secondary metabolites with putative role in defense against grazing (e.g., microcystin
peptide synthesis genes), heat shock proteins as well as photosynthetic processes,
indicating a Daphnia induced stimulation of energycquisition pathways. Also, gene
transaipts associated with production and export of sugdS (i.e. tagH, rfbB, rfbC and
rfbD) were significantly increased upon exposure to infochemicals and linked to colony

formation ofMicrocystisas a defense againgtazing(Harke et al., 207).

This chapter will show how the proteome of the microal§asubspicatusresponds to
infochemicals from it®. magnawater flea grazer. Several classes of proteomic responses

are expected to be observed, including energyjdipand carbohydrates metabolism,
photosynthesis and proteins synthesis/degradation. In fact, in the case flocculation is driven

by EPS production, this should be reflected by metabolisms costs related to the supply of
EPS precursors. Regarding colony fation and therefore a pathway where the division of a
aAy3aftS Y20KSNJ OStf fSIFIRa GKS RIdzZAKGISNI OSftt &
et al., 2013), it is expected to observe variation in regulation of proteins involved icyckd

and divison (Li et al. 2016, Pillai eal., 2014, Wei et al., 2017).

Scenedesmuspp have attractive features for industrial applications; however, they do not
represent modebrganisms in molecular research and the use of proteomics to unravel the
infochemicalgesponse irS. subspicatusequiredto matchthe spectra to the proteomes of

a series of closelselated organisms (Carpentier et al., 2008, Armengaud et al., 2014). For
un-sequenced organisms, an alternative to this procedure would be representdd-bgvo

sequencing, where the mass difference between two fragment ions observed in MS/MS is
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used to compute the mass of an amino acid residue. However, not every ion from the
theoretical fragmentation are observed in MS/MS spectra, counterfeit assignments mig
be produced or many gaks missed (Allme2011). Resultsare here presented from a
replicated experiment revealing patterns of altered protein expression in these major
pathways, using iTRAQ in a sigoin proteomics approach. These data provide a ptaif

for developing a better understanding of colony formation and flocculation in microalgae,
paving the way for application in algal biotechnology for small and large scale, economically

viable harvesting of algal biomass.

5.2 METHODS

In this thesis, the main goal was to study the impacbaphniainfochemicals as the cause

of flocculation and colony formation i8. subpsicatusTo do so, the effects caused by the
infochemicals carrier (the salty medium ASTM, required gphnia to live) were
distinguished by those caused by infochemicals (ASDiphniacues) and both compared

to nonstressed conditions oScenedesmuproteome. Changes were observed at early
exponential stage of algal cells and fovo-time points of exposure: +2 anéi20 hours.
These were chosen to observe variations early enough under infochemicals effects and at a
time after which no further flocculation is observed (Chapter Ill). Two fractions were
collected forS. subspicatusultures exposed to infochemicals: thawer part flocs and the
upper part ¢ planktonic cells In fact, it was previously mentioned in Chapter |l that a
distinction between colony formation and aggregatibased mechanisms is necessary

(Table 51).
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Table 51 Phenotypes comparisons and relateiological motivations

PHENOTYPES

TIMEPOINT  ~5\vPARISON

MOTIVATION

ASTMvs CONTROL

DWpLkvs.

o CONTROL/ASTM

DW Focvs.
CONTROL/ASTM

DWeLoavs. DWpLk

+2MH ASTMvs.CONTROL

DWpLkvs.
CONTROL/ASTM

DWFrLocvs.
CONTROL/ASTM

DWFeLocavs. DWpLk

Changes due to the presence of salts il
the Daphniaculturing mediumg & O N.
ST¥FSOu¢

Changes due to infochemicajgolony
formation Changes caused at the alarm phase
upon early detection of cues

Changes due to infochemicals
flocculation

Colony formation vs. flocculation

Changes due to the presence of salts il
the Daphniaculturing mediumg & O N.
ST¥FSOuU¢

Changes caused at the acclimation
phasec after which no increase of
flocculation efficiency is observed

Changes due to infochemicaj€olony
formation

Charmges due to infochemicals
flocculation

Colony formation vs. flocculation

Among the available techniques for quantitative proteomics, iTRAQ (isobaric tags for

relative and absolute quantitation) was chosen to perform this expertalenork, as it isa

well-established chemical labelling method in quantitative proteomios microalgae

(Longworh et al., 2016 Shi et al., 201, Helliwellet al., 2017). Based on the labelling of the

N-terminus of peptides generated after enzymatice&Bgon, it can be used fa wide range

of biological samples and represents a robust technique, with multiple conditions compared

in one experiment (Evans et al., 2012).
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5.2.1CULTURECONDITIONS ANINFOCHEMICAIRPRODUCTION

S. subspicatugstrain NIVA | [ OPTO BlFLa& YIAYOUGLFIAYSR Ay (KS
(composition described in Chapter Ill, Paragraph 3.2.1) and cultured in 250 mL Erlenmeyer
flasks at 20 + 1°C, continuously illuminated untlek 3 K4 I § 2s.paphnia Mayfak Y

used to produce the infochemicals was a laboratory clone maintained in the lab for several
months in a temperature controlled room at 20 £ 1°C in a 16:8-ligik cycle, cultured in

one L jars with ASTM hard waterdafed daily with 250 pL dB. subspicatu® St t & O H i M7
cells/mL). To produce the infochemicals, animals were incubated at a density of 100 ind/L

with S. subspicatuas food. Animals were removed after 24 hours and the culture filtered

0 KNR dzZa K | ulose acetateYfilter)(Sdrtdrius Stedim Biotech Gmbh, Germany) to

obtain theDaphniatest water (DW).

5.2.2EXPERIMENTADESIGN

Five mL of exponentially growir®) subspicatug-1® cells/mL) were transferred to 250 mL

Erley YS@SNJ Fflala O2yidFrAyAy3a wmpn Y[ 27F | dzi2Of |
exponential stage; at this point either five mL of additional culture medgq@ontrol- or

five mL of DW or five mL of ASTM water were added to the biological replicet2s Batch

cultures were incubated at 20+1°C on a shaking table at 120 rpm, continuously illuminated
fromad 2 S o0& f AIKG m2danm$randdmiy rearparged dail2 Sampling was
performed after +2h and +20h of exposure. Experimental design and preparation of cultures

for proteome analysis are outlined in Figurd Panel A and B, respectively.
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Growth

Control

(ASTM)

Carrying medium effect

Infochemicals effect
(DW)

|
J"x“' Time (hours)

[
L

N
Time of Treatment iTRAQ label
exposure
Control (#1) 113
Control (#2) 114
ASTM (#1) 115
_ ASTM (#2) 116
+2h (iTRAQ#1)
DWplk (#1) 117
DWplk (#2) 118
DWfloc (#1) 119
DWfloc (#2) 121

1 2 1 2 -
‘.;"‘ 1,2 plk
iTRAQ #1: 2h exposure _ @ oy
> ) ocC
iTRAQ #2: 20h exposure - L L, -
& &3 &

A\1,2 plk
Ql,Z floc

Time of
Treatment

iTRAQ label

exposure
Control (#1) 113
Control (#2) 114
ASTM (#1) 115
ASTM (#2) 116
+20h (iTRAQ#2)
DWplk (#1) 117
DWplk (#2) 118
DWfloc (#1) 119
DWfloc (#2) 121

159



B

114

Proteins Extraction and

Quantification Labelling

Trypsin Digestion

oy

NE: RN

N VI I I I I

Data Processing and Bio-

tformatics LC-MS Analysis Mix

Proteins ldentification

UniProt ¢
@0

Fig. 52 A schematic representan of the experimental design (A) and proteomics work{B
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5.2.3PROTEINPREPARATIO& QUANTIFICATION

Algal cells were harvested after five days plus either 2h or 20h of exposure to either ASTM

or DW, and then pelleted by centrifugation at 3000 g for 15 min & 4Cultures exposed to

DW exhibited flocculation and supernatant (planktonic) fraction was separated from the floc
fraction. Algal cell pellets were washed with triethylammonium bicarbonate buffer (TEAB),
transferred to a protein low bind tube and ceritrged again at 3000 g for 10 min. Pellets

GSNE GKSY NBadzaLISYRSR Ay Hpn > 2F fe&ara od
dithiothreitol (DTT), 0.5% sodium deoxycholate and enzymatic protease inhibitor. With the

use of buffers, detergents, salts and rethg agents cell are lysed and proteins are
solubilised; protease inhibitors protect the extracted proteins from degradation or
modification by the activities of these enzymes. Reagent based lysis was followed by
physical lysis in the form of a combinatiaf liquid Nitrogen (LB cracking and bead

beating. A pestle and mortar, wiped with 70% ethanol wasqtrdled using LN More LN

was subsequently poured and the samples ground with a pestle for 10 min each. This step

was repeated three times in total drthe samples were finally detted with a spatula and

transferred in a LaBind tube. Sample underwent bea@dS | G Ay 3T dzaAy3d wmnn >
beads and a cell disruptor, with five cycles of alternatbree-minute beating andone-

minute incubation on ice. Unbroken cells and cell delwere pelleted by centrifugation at

18,000 g for five minutes and the supernatants transferred to cleaBihd tubes. The total

LINEGSAY O2yOSYiGNX A2y 41 &4 SaldAYlFIiSRERBE GKS |

5.2.4PROTEISDIGESTION ANDABELLING

Aliquots of samples containing 100 pug protein was added with five pL of 10 mNR-Tris
carboxyethybhphosphine (TCEP) for reduction and incubated at 60 °C for 30 min. Then,

samples were alkylated by adding b pf 200 mM methyl methanthiosulfonate (MMTS) in
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Dimethyl sulfoxide (DMSO), and incubated for 30 minutes at room temperature. Samples
were then digested with 1:20 trypsin in TEAB and incubated overnight at 37 °C. iTRAQ
labelling reagents were removed frothe freezer immediately prior to use, brought to
room temperature, spun in a microfuge at 3000 g for one minute and resuspended in 50 pL
of isopropanol. Labelling reagents were vortexed well, centrifuged again, and the whole
vials content added to the saples. These were then incubated at room temperature for
two hours, combined in one tube and finally dried overnight in a vacuum centrifuge at 30 °C.
Sample was then resuspended in 100 uL Hypeeb buffer (3% Acetonitrile ACN + 0.1%

trichloro acetic acia, TCA), ready for fractionation.

5.2.5 HPLPROCEDURE

It [/ 6F& LISNF2NYSR dzAAYy3 |y | &LISskldddbon O2 f dz
particles (porous graphitic carbe®GC) and allow the separation of biomoleculestlomn

basis of their hydrophobicity and molecular geometry (Pereira, L., 2010). Two buffer
solutions were prepared: &uffer A 3% ACN + 0.1% TFA an&bifer B 97% ACN and 0.1%

¢CC! ® ¢KS | @LISNOINbu aSLINF¥GAZ2Y LISN&FEIWKSHESR 2y
to Dionex UltiMate 3000 Flow Manager and Pump system (Thermo ScientifiGasj)les

were red dzA LISY RS RBuffeyAr y Rn f 2 RSR 2y G2 | @ LISNOIFI Nbu t
LC reversed phase Analytical Column (Cat no. 366@230, ThermoFisher Scientific, UK),
GAGK o >Y LI NIAOES &A1 ST pn YYsiZBufdAwEs H dm
exchanged wittBuffer Bwith a flow rate of 30 uL/min with the following gradient: 3% B at

0-10 minutes, 10% B at 3&b minutes, 50% B at &6 minutes, 90% B at 8&linutes, 3% B

at 91-105 minutes. The fractions were collected every mimutes from 20 to 120 minutes.

The fractions were dried for 20 hours on a Scanvac vacuum centrifuge (Labogene, Denmark,
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Serial no. GVS23511110026) connected to a Vacuubrand Vacuum Pump (Vacuubrand

Germany) ready for recombinatiaand mass spectrometrynalysis.

5.2.6 MASSSPECTROMETRY

AmaZzZon ETD MS was used in €tillision induced dissociatiomode to test a small aliquot

of digested proteins to check for miscleavages and incomplete digestion. AmaZtagon

ETD MS waconnected to Dionex UltiMate 3000 Autosampler linked to Dionex UltiMate
3000 Flow Manager and Pump system (Thermo Scientific, UK). Chromeleon software was
used to control the loading and running of samples, and recording of data. Data was
analysed usingDataAnalysis software and searched in MascotzMISIMS was then
performed and analysed by nasilow liquid chromatography (U3000 RSLCnano, Thermo
Scientific) coupled to a hybrid quadrupedebitrap mass spectrometer (Q Exactive HF,
Thermo Scientific). iTRApeptides were separated on an EgsytJNF &  / my O2f dzYy
50 cm) using a-8tep gradient from 97% solvent A (0.1% formic aEil-in water) to 10%
solvent B (0.08% FA in 80% ACN) over five min then 10% to 50% B over 75 min at 300
nL/min. The mass spgometer was programmed for data dependent acquisition with the
following settings: resolution 30,000, automatic gain control (AGC) target 1e5, maximum
injection time 60ms, isolation window 2.0 m/z, normalised collision energy 27, intensity
threshold 3.3d, per full MS scan (resolution 120,000, AGC 1e6, maximum injection time

60ms, scan range 375 to 1500 m/z, polarity positive).

5.2.7FATTYACIDS
Five mL of algal culturesere transferred to 15 mL falcon tubes and centrifuged3&00
rpm for three minutes. Four maf supernatant (medipwere decanted and the pellete-

suspended in the remaining one mL leftoveedia Cell suspensions were then transferred
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to pre-weighed 2 mL Eppendorf tubes. The algal suspensions were centrifuige two
minutes at 13000 rpm and at°@. The supernatants were discarded and the Eppendorf
tubes weighed to estimate the wet algal biomass. Samfilege biological replicates per
treatment and three technical replicates eaclere sent to amother laboratory for
determination of fatty acidsvia direct transesterification followed by gas chromatography

analysis (courtesy of Dr R. Kapaddmiversity of Sheffie)d

5.3 DATAANALYSIS

The fraction files were processed in data asa@ysoftware MaxQuant, the standard
software for processing Q Exactive HF MS data (Michalski et al., 2011). The data were
searched against a customised proteome database (UniProt IDs) comprehensive of green
algae and cyanobacteria data with a total of @35entries (downloaded on June 2017).

{ SFNOKS&a oSNBE OFNNASR dzaaAy3a GKS F2tt-26Ay3
methylthio (MMTS); Variable PTMs: Oxidation [M], Deamidation [NQ], iTRAQ [Y]; labelling:
ITRAQ $lex; max miscleavages: 3; false disny rate (FDR): 1%; min number of unique
peptides: 1. MaxQuant employs a sequence database search to find the best peptide match
explaining the observed peaks in the MS/MS spectrum (Zhang et al., 2012). The lists of
peptides generated were then used toropute relative quantifications of proteins using in

house software uTRAQ (Application creator: J. Noirel, 2013)

5.3.1 REPLICATEGONSISTENCY

PCA on protein abundance is a common method to visualise high dimensioardataveal
major groups of proteins that are correlated and independent of other groups (Baumann et

al., 2010, Alons@utierrez et al., 2015). It is commonly used in proteomicsd\&ral.,
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2015, Shi et al., 20)7o reveal whether biological replicateshare similar patterns and

whether biological teatments are differentiated.

In the present work, PCA was applied to the isotope and median corrected (IC, MC) peptide
intensities (seesupporting naterial sectionll) to first check on biological groupingsd

second to formally test whether the treatments are significantly different with respect to
the PCA axes, using a permutation based analysis of variance (Adonis method). The major
axes returned by the PCA also offer a first insight into proteinsdink& abundance, to
different treatments. We used theda and adonisfunctions from the R package=ganfor

the PCA and visualisatiaf data(Oksanen, 2017).

5.3.2 PHENOTYPESOMPARISON ANMANALYSIS OBIFFERENTIALLEXPRESSEBPROTEINS
(DER)

Differential expression of proteins was analysed usingUinéversity ofSheffield inRhouse
programs uTRAQand SignifiQuant (Applicatiors creator: J. Noirel, 2013)JuTRAQIs a
program which uses a peptide spectral match (PSM) list with iITRAQ labels to report the MC
and IC iTRAQ labels average label intensities for each identified pr8igmfiQuantthen
uses the uUTRAQ generated data to estimate which proteins are diffatgnéxpressed
between two treatments, callegphenotypes with the least significant comparison being
used to determine the protias significancelLiongworth,2013. Here, the following settings
were used: false discovery rate (FDR) = 1%; required uniquiedps =2, t-test threshold =
0.05, multiple test correction = off). The identity of the differentially expressed proteins
were made by matching their accession numbers to information in the rohiffatabase

(www.uniprot.org).
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5.3.3IDENTFYINGUNIQUEPROTEINS BETWEHREATMENTS/ENNDIAGRAMS

VENN diagrams were used to explore which differentially expressed proteins (DEPs) were
shared among treatments and which ones were unigqoiespecific treatments. The main

goal was to specifically identify shared and exclusive proteins among and between specific
treatments. First, d the combinations related to antrol conditions were analysed to
exclude the DEPs occurringSnsubspicats and not related to ASTM or DW addition; then

the total overlapping DEPs were removed in the further analysis of remaining combinations,
again to exclude shared DEPs but more importantly to highlight petemique to a given
combination therefore elucidting the infochemicals response for colony formation and
flocculation and distinguish from the effects caused by the infochemicals carrier (ASTM).
This assessment was performed using the online ®BmVenn which employs area

proportional diagrams (Huts et al., 2008).

5.3.4FUNCTIONACLASSIFICATION ADERARCHICAILUSTERING

Unique DEPs werthen functionally classified using the KAASEGG Automatic Annotation
Server (htp://www.genome.jp/tools/kaa$, with the following settings: Search program:
BLASTQuery sequences (in muIASTA)Text data(downloaded from UniProt); GENES
data set:manual selection organisms list selected organisms: Green algae, Amborella
family: Chlamydmonas reinhardtii; Ostreococcus lucimarinus; Ostreococcus tauri and
aAONRY2YLl &; ASfgimesat RiettiodsBH (bidirectional best hit) KAASresults
containred KO (KEGG Orthology) assignments and automatically generated KEGG pathways.
KEGG identifiers we used to derive BRITE functional hierarchies

(http://www.genome.jp/kegg/kegg3b.html) and reporteth the supplementary material,
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section V. Hierarchical clustering of the unique DEPs was based on the fold change

expression values and implementedR usig thepackaggpheatmap.

5.4RESULTS

For ITRAQ#1 experimefit2h)a total of 46,720 MS/MS scans were registered, along with
465 protein groups identified, while 47,346 MS/MS and 452 protein groups were observed
for ITRAQ#2 experimeig+20h). AsS. subspicatuis not a model organism and its genome is
not sequenced yet, it was necessary rmatch spectra to the proteomes of a series of
closelyrelated organismsto successfully generate hypothesis related to infochemicals
response.The mostreference proteoms that were identified wereTetradesmus obliquus
(previously reported as Scenedesmus obligyysseveral otherScenedesmuspp, i.e.S.
armatus S. acutusS. quadricaudaand S. bijugus Chlamydomonas reinhardtiChlorella
variabilis, Vbvox carteri f.nagariensis, Dunaliella salin®unaliellatertiolecta, Coccomyxa
subellipsoidea and Bathycoccus prasind® less extent, reference proteomenere
identified in Ostreococcus luciminarus, Ectocarpus silicosus, Cyanophora paradoxa,

Micromonas pusillaand Microcystis aeruginosa

5.4.1PCA

Fig. 53 shows the PCA clustering of iTRAQ #1 and #2 datasets (+2h and +20h exposure,
respectively), indicating how in both cases different treatments were clearly separated. This
suggestghat protein abundance changed upon exposure to infochemicals and with a good
grouping in the biological replicates, indicating that the biological replicates are similar

enough to allow meaningful insights from the comparison of phenotypes between groups.
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Fig. 53 PCA plots of the 8 samples, clustered by biological replicates. Clusters show control conditions (red), ASTM addittors ¢btedik), addition of D¥anktonic
fraction (blue) and addition of DM¥oc fraction (green). Panel A: iTRAQ#1h{+Panel B: iTRAQ#2 (+20h).
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Permutation based analysis of variance confirmed treatments were significantly different
from Control (number of permutation= 999, ITRAQpEL =0.005, iTRAQ#Pva=0.007). The

first principal component (dimension 1) accasirfor as much variation in the dataset as
possible(iTRA@&L PC1: 71%, iTRAQ#2 PC1: 47.8%jefore top 1% contributors to PEA
dimension 1 are reported in Table25 5-5, with the identification of the biological process
these are involved in to provida better description of how the biological treatments are

differentiated.

Table 52 - Top 1% PCA contributors to dimensiont2h exposure

Entry Protein names Organism Gene ontology (biological process)
NADH
dehydrogenase
[ubiquinone]
flavoprotein 1, Chlorella variabilis . .
E17JQ8 mitochondrial (EC  (Green alga) Electron transportrespiratory chain
1.6.5.3) (EC
1.6.99.3)
(Fragment)
D8U1R3 Unch_aractenzed VOWO).( CaTte” f protein metabolic process [GO:0019538]
protein nagariensis

Uncharacterized Chlorella variabilis

E1ZFQ1 protein (Green alga) metabolic process [GO:0008152]
Cofactor Coccomyxa
independent subellipsoidea (strain . i
10YV40 phosphoglycerate  G169) (Green glucose catabolic process [GO:0006007]
mutase microalga)
Coccomyxa
ADRribosylation subellipsoidea (strain : . . .
I0YL77 factor 1 C169) (Green small GTPase mediated signal transduction [GO:0007
microalga)
DSTIF4 Uncharacterized  Volvox carteri f.

protein nagariensis

Uncharacterized Chlorella variabilis

E12Q02 protein (Green alga)

proteolysis (0:0006508]
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Table 53 - Top 1% PCA contributors to dimens2ont+2h exposure

Entry Protein names Organism Gene ontology (biological process)
Chlamydomonas
: reinhardtii cysteine biosynthetiprocess from serine
A8ISBO Cysteine synthase (EC 2.5.1.4 (Chlamydomonas [GO:0006535]
smithii)
D8U1R3 | Uncharacterized protein VOIVO).( Cafte” f protein metabolic process [GO:0019538]
nagariensis
Ferredoxinthioredoxin
reductase, catalytic chain (FTF Ostreococcus
A4S824 C) (EC 1.8.7.2) (Ferredoxin  lucimarinus (strain
thioredoxin reductase subunit CCE9901)

B)

C1N9S5
repeat

E1Z7R4 Heat shock protein 70

AOAOC4KO
H7

Q9FNS5

Heat shock protein 70 with TP

SBP protein (EC 3.133)

NADPMalate dehydrogenase
(EC 1.1.1.82)

Micromonas pusilla
(strain CCMP1545)
(Picoplanktonic green
alga)

Chlorella variabilis
(Green alga)
Dunaliella tertiolecta
(Green alga)

Chlamydomonas
reinhardtii
(Chlamydomonas
smithii)

Table 54 - Top 1% PCA contributors to dimension+20h exposure

Entry Protein nanes

Organism

carbohydrate metabolic process [GO:000597

carbohydrate metabolic process
[GO:0005975]; malate metabolic process
[GQ0006108]; NADH metabolic process
[GO:0006734]; oxaloacetate metabolic proce
[GO:0006107]; response to redox state
[GO:0051775]; tricarboxylic acid cycle
[GO:0006099]

Gene ontology (biological process)

A8IWO0 | Glutamine synthetase (EC

D8U1I3

ligase)
D8U4Q
1
E17D58 (Fragment)
0 6.3.1.2)
D8TKES Ec66.1.1)
E123491 1 1.1.37)
K8EQC
7

Adenylosuccinate synthetase,
chloroplastic (AMPSase) (AdSS
(EC 6.3.4.4) (IMRaspartate

Uncharacterized tein
Cysteine synthase (EC 2.5.1.47

Mg-protoporphyrin IX chelatase

Malate dehydrogenase (EC

Uncharacterized protein

Volvox carteri f.
nagariensis

Volvox carteri f.
nagariensis
Chlorella variabilis
(Green alga)
Chlamy@monas
reinhardtii
(Chlamydomonas
smithii)

Volvox carteri f.
nagariensis

Chlorella variabilis
(Green alga)

Bathycoccus prasinos

‘de novo' AMP biosynthetic process
[GO:0044208]

metabolic process [GO:0008152]

cysteine biosynthetic process from serine
[GO:0006535]

glutamine biosynthetic process
[GO:0006542]

chlorophyll biosynthetic process
[GO:0015995]; photosynthesis [GO:001597
carbohydrate metabolic process
[GO:0005975]; malate metabolic process
[GO:0006108]; tricarboxylic acid cycle
[GO:0006099]
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Table 55 - Top 1%4PCA contributors to dimension 220h exposure

Entry Protein names Organism Gene ontology (biological process)

A8IX80| Acetohydroxyacid Chlamydomonas  branchedchain amino acid biosynthetic process [G@D9082];

dehydratase reinhardtii response to salt stress [GO:0009651]; root development
(Chlamydomonas [GO:0048364]
smithii)
D8TZU3 Uncharacterized Volvox carteri f.
protein nagariensis
I0YKI7| Heat shock Coccomyxa subellipsoidea (straii€9) (Green microalga)
protein 70
A8J906| Predicted protein Chlamydomonas reinhardtii (Chlamydomonas smithii)
IOYLA9| Prohibitin Coccomyxa subellipsoidea (strail€9) (Green microalga)

Q75VY8 Chlorophyll &b Chlamydomonas  photosynthesis, light h@esting in photosystem | [GO:0009768];
binding protein,  reinhardtii protein-chromophore linkage [GO:0018298]; response to light
chloroplastic (Chlamydomonas stimulus [GO:0009416]

smithii)

5.4.2 PHENOTYPEEOMPARISON ANMBNALYSIS OBIFFERENTIALLEEXPRESSEPROTEINS
(DER)

Data were run through Hmouse programauTRAQand SignifiQuant Comparisons were
made between iTRAQ treatment groups, aBgnifiQuantgave results for proteins which
were significantly different in abundancetween the phenotypes. Results are reported for

iITRAQ#1 and2#(see supporting raterial sectionll).

5.4.3VENNDIAGRAMS

The Venn diagrams of the DEPs are presented irbHigPanel A/B for iTRAQ#1 and Panel
C/D for ITRAQ#2The sum of the numbers in each large circle presents the total number of
DEPs among various combinations while the overlapping parts of the circles show common
differentially expresse proteins between combinations (Table4h Unique DEPs for each
phenotype comparisonfell into four main categories: MetabolismCellular Processes,
Geneticlnformation Processing anBnvionmental Information Ricessing (see supporting

material section 1V).
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Table 54 Number of Unique DEPs for each phenotypes comparisbatawo different times of exposeir

Time Point Phenotypes Comparison Unique DEPs
DW floc vs. Control 18
DW plk vs. Control 8
ASTM vs Control 30

+2 h (iITRAQ#1)
DW floc vs DW plk 6
DW floc vs ASTM 21
DW plk vs ASTM 2
DW floc vsControl 12
DW plk vs. Control 14
ASTM vs Control 23

+20 h (iTRAQ#2)
DW floc vs DW plk 14
DW floc vs ASTM 14
DW plk vs ASTM 6

Lon

6
J DWoc Vs DW,

21
DWfloc vs
ASTM

ASTM vs Control

DWoplk vs
Control e

Fig. 54 Venn Diagrams of DERPanels A/B: iTRAQ#1; Panels C/D: iTRAQ#2.
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5.4 4HIERARCHICAILUSTERING

Hierarchical clustering is a powerful tool to investigate regulatory mechanlisked to a
condition, as goup proteins andsamples are groupetbgether based onthe similarity of
their expression patterns and across treatmerits this study, unique DEPs were classified
according to their biological functionsinto the following main categories: Energy,

Carbohydrates and Lipids nadtolism(Fig. 55).

At an early exposure to infochemicalBig. 55, AQ hierarchical clustering for energy
metabolism, which included photosynthesis, sulphur metabolism, carbon fixation in
photosynthetic organisms andxidative phosphorylation (see supportingatarial, section

V), showed two main clusters: DWAloc fraction against ASTM exposed cells an®\&)
(both planktonic and floc fractions) again@ntrol. For bothclusters,unique DEPshowed
higher abundance For carbohydrates metabolismwhich included glyoxylate and
dicarboxylate metabolism, glycolysis/gliamgenesiscitrate cycle (TCA) and the pest®
phosphate pathwaysee supporting material, section, W) was shownhow the proteomes

of DWplanktonic fraction against either ASTM or Control were clustered together, as it was
for DWHloc fraction against ASTM/Control. Alsyery phenotypes compans displayed

mostlyless abundance giroteins(Table5.5).
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Table 5.5Enrichment annotatins for hierarchical clustering. Alarm phase (iTRAQ#1)

Time Phenotyp . Fold ko . .
Point es UniProt ID Change list Brite Hierarchy
K02 ] . .
Photosyster P700 chlorophyll a apoprotein A1l (EC 1.97.1.12)AP&IsaA) 228 ggg Metabolism Energy metabolism Photosynthesis
Genetic - .
K07 . Folding, sorting, _
1.37 Information ; Membrane trafficking
GTPbinding protein YPTC1 874 Processing and degradation
Uncharacterized protein
K02 Genetic . .
_ _ 1.31 ggg Information Translation Ribosome
40S ribosomal protein S5 Processing
Environmental ; 3
) 1.29 5392 Information Signal transduction Aal:/tlﬁvléaggnallmg
Elongation factor 2 Processing P y
K08 q . .
Chlorophyll ab bindng protein, chloroplastic 1.23 916 Metabolism Energymetabolism Photosynthesis
K01 : : :
Cysteine synthase (EC 2.5.1.47) (Fragment) 1.22 738 Metabolism Energymetabolism  Sulfurmetabolism
DW floc  Uncharacterized protein
Vs Predicted protein (Fragment)
Control P ; ; -1.15 7 Metabolism Enzymdamilies Peptidases
Ubiquinol: cytochrome ¢ oxidoreductase 50 kDa core 1 subunit : 732 y P
2h 211 KOl vetabolism Carbohydrate gggﬁ%gﬁﬁgd
Ribulosel,5-bisphosphate carboxylase/oxygenase subunit (Fragment) 601 metabolism metabolism
Uncharacterized protein
Dihydrolipoamide acetyltransferase component of pyruvate dehydrogenase 122 KOO \1etabolism Carbohydrate Glycolysis
complex (EC 2.37). : 627 metabolism Gluconeogenesis
Glyoxylateand
K00 g Carbohydrate :
-1.23 Metabolism / dicarboxylate
Ferredoxirdependent glutamateynthase 284 metabolism metabolism
; ; -1.25 K02 Metabolism Energymetabolism Oxidatve
Chloroplast ATP synthase gamma chain protein (Fragment) : 115 _ gym phosphorylation
] ] -1.33 853 ﬁ?grﬁlgtion Transcription ?raaiﬂcri e EE e
Uncharacterized protein _ Processing P
Ribulosel,5-bisphosphate carboxylase/oxygenase large subunit (Fragment)
Errf)?é?ﬁ stem Il protein D1 (PSII D1 protein) (EC 1.10.3.9) (F&iaiosll Q(B) 157 58\% Metabolism Energymetabolism  Photosynthesis
K11 Transportand
Histone H2B (Fragment) 145 555 Cellular Processes  iah0lism Exosome
K02 . . .
Photosystem Il CP43 reaction center protein (PSII 43 kDa protein) (Protég) ¢ 146 705 Metabolism Energymetabolism  Photosynthesis
Uncharacterized protein 1.38 K02 Metabolism Energymetabolism Photosynthesis
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DW plk
VS
Control

ASTM vs
Control

40S ribosomal protein S6
Isocitrate dehydrogenase [NADP] (EC 1.1.1.42)

Uncharacterized protein
Uncharacterizd protein
Uncharacterized protein
Catalase (EC 1.11.1.6)

Vitamin B6 biosynthesis protein

Uncharacterized protein
HSP70bf (Heat shock protein 70B)

Peptidylprolyl isomerase (EC 5.2.1.8)
Uncharacterized protein

Elongation factor Tu

Uncharacteized protein

ATP synthase subunit beta (EC 3.6.3.14)
SBP prot (EC 3.1.3.37)

40S ribosomal protein S12

Molecular chaperones HSP70/HSC70, HSP70 superfamily

1.32

1.00

-1.09

-1.13

1.85

1.65

1.53

1.50

1.41

1.37

1.37
1.27

1.23

1.22

1.22

1.22

1.22

692

K02
991

K00
031

K01
100

K13
199

K03
231

K03
781

K06
215

KOO0
026

K03
283

K09
568

K01
807
K02
358

K03
696

K02
133

K01
100

K02
951

KO3
283

Environmental
Information
Processing

Metabolism

Metabolism

Spliceosome

Genetic
Informat_ion
Processing

Metabolism

Metabolism

Metabolism

Environmental
Information
Processing
Genetic
Information
Processing

Metabolism

Cellular Processes

Genetic
Information
Processing
Genetic
Information
Processing

Metabolism
Genetic

Information
Processing

Metabolism

Signalransduction

Carbohydrate
metabolism

Energymetabolism

Othersplicing
related proteins

Translation

Carbohydrate
metabolism

Metabolismof
cofactorsand
vitamins
Carbohydrate
metabolism

Signakransduction

Foldingsorting and

degradation

Carbohydrate
metabolism
Transportand
catabolism

Foldingsortingand

degradation

Translation

Energymetabolism

Translation

Enzymdamilies

Apelinsignalling
pathway

Citratecycle(TCA
cycle)
Carbonfixationin
photosynthetic
organisms
Spliceosome
associategroteins
(SAPs)

RNAtransport

Glyoxylateand
dicarboxylate
metabolism

VitaminB6metabolism

Citratecycle(TCA
cycle)

MAPKSsignalingpathwa

Chaperonesnd
folding catalysts

Pentosephosphate
pathway

Exosome

Chaperonesnd
folding catalysts

Mitochondrial
biogenesis

Carbonfixationin
photosynthetic
organisms

Ribosome
Proteinphosphatase

andassociated
proteins

175



DW floc
vs ASTM

14-3-3 protein

Elongation factor Tu, chloroplastic ¢(E&)
Elongation factor Tu (Fragment)
Phycocyanin beta subunit
Flavoprotein

Heat shock protein 70C
Acetohydroxyacid dehydratase

Fructosebisphosphate aldolase 1, chloroplastic (EC 4.1.2.13)

Glutamine synthetase (EC 6.3.1.2)
Glucoses-phosphate isomerase (EC 5.3.1.9)

ATP synthase subunit beta (EC 3.6.3.14) (Fragment)
Glyoxalase |

Malate dehydrogenase (EC 1.1.1.37)
Emlase

Predicted protein

Uncharacterized protein

Glyceraldehyd&-phosphate dehydrogenase A, chloroplastic (EC 1.2.1.13) @\
dependent glyceraldehydephosphate dehydrogenase A) (GAPDHA) (Fragme

ATP synthase subunit beta (EC 3.6.3.14)

Elongation factor 2
Isocitrate dehydogenase [NADP] (EC 1.1.1.42)
ATP synthase subunit beta (EC 3.6.3.14)

Eukaryotic translation elongation factor lpha 2
Cysteine synthase (EC 2.5.1.47)

1.20

1.20

1.15

-1.16
-1.23

-1.27

-1.34

-1.35

-1.51
-1.58
-1.65

-1.79

-2.00

1.22

1.36

1.25
1.22

1.33
1.16

K06
630

K02
358

K04
043

K01
687
K01
623

K01
915

K01
810
K02
112

K00
026
K01
689
K06
972

K04
077

K05
298

K02
133

K03
234

KOO0
031
K02
133

K03
231

K01

Genetic
Informat_ion
Processing

CdlularProcesses

Genetic
Information
Processing

Metabolism

Metabolism
Metabolism

Metabolism

Metabolism

Metabolism
Metabolism

Metabolism

Genetic
Information
Processing

Metabolism

Metabolism

Environmental
Information
Processing

Metabolism

Metabolism

Genetic

Information
Processing
Metabolism

Replicationand
repair

Transportand
catabolism

Foldingsortingand
degradation

Aminoacid
metabolism
Carbohydrate
metabolism

Carbohydrate
metabolism

Carbohydrate
metabolism

Energymetabolism

Carbohydrate
metabolism
Carbohydrate
metabolism

Enzymdamilies

Foldingsortingand
degradation

Energymetabolism
Energymetabolism

Signatransduction

Carbohydrate
metabolism

Energymetabolism

Translation

Energymetabolism

DNArepairandrecombi
nationproteins

Exosome

RNAdegradaton

Valine, leucinend
isoleucinebiosynthesis
GlycolysisGluconen
esis

Glyoxylateand
dicarboxylate
metabolism
GlycolysisGluconeoger
esis

Oxidative
phosphorylation

Citratecycle(TCA
cycle)

Glycolysis
Gluconeogenesis

Peptidases
RNAdegradation
Carbonfixationin
photosynthetic
organisms
Oxidativephosphorylati
on
AMPKsignalingpathwa
Citratecycle(TCAcycle)

Oxidative
phosphorylation

RNAtransport

Sulfurmetabolism
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DWoplk vs
ASTM

ATP synthase subunit alpha

Enolase
Heat shock protein 70C

Catalase (EC 1.11.1.6)

Elongation factor Tu

Ferredoxindependent glutamate synthase
Uncharacterized protein

Fructosebisphosphate aldolase 1, chloroplastic (EC 4.1.2.13)
Glutamine synthetase (EC 6.3.1.2)

Molecular chaperones HSP70/HSC70, HSP70 superfamily
Photosystem Il CP43 reaction center protein (PSIl 43 kDa protein) (Proté8) C
ATP synthase subunit beta (EC 3.6.3.14) (Fragment)

Uncharacterized protein
Fructosebisphosphate aldolase (EC 4.1.2.13)

Dihydrolipoamide acetyltransferase component of pyruvate dehydrogenase
complex (EC 2.34).

Cytochrome b6

Uncharacterized protein

Uncharacterized protein

1.11
-1.13

-1.19

-1.21

-1.22

-1.24

-1.25
-1.25

-1.25

-1.28

-1.36
-1.42

-1.42

-1.49
-1.72
2.35

1.43

-1.16

738
K02
111
K01
689

K04
043

K03
781

K02
358

K00
284

KOO0
026
K01
623

K01
915

K03
283

K02
705
K02
112

KO3
125

K01
623
K00
627
K02
635

K03
234

K01
807

Metabolism

Metabolism

Genetic
Information
Processing

Metabolism
CellularProcesses
Metabolism

Metabolism

Metabolism

Metabolism

Environmental
Information
Processing

Metabolism

Metabolism

Genetic
Information
Processing

Metabolism
Metabolism

Metabolism

Environmental
Information
Processing

Metabolism

Energymetabolism

Carbohydrate
metabolism

Foldingsortingand
degradation
Carbohydrate
metabolism

Transportand
catabolism

Carbohydrate
metabolism

Carbohydrate
metabolism
Carbohydrate
metabolism

Carbohydrate
metabolism

Signatransduction

Energymetabolism

Enegymetabolism

Transcription

Carbohydrate
metabolism
Carbohydrate
metabolism

Energymetabolism
Signakransduction

Carbohydrate
metabolism

Oxidative
phosplorylation
Glycolysis
Gluconeogenesis

RNAdegradation

Glyoxylateand
dicarboxylate
metabolism

Exosome

Glyoylateand
dicarboxylate
metabolism

Citratecycle(TCAcycle)

Glycolysis
Gluconeogenesis
Glyoxylateand
dicarboxylate
metabolism

MAPKSsignaling
pathway
Photosynthesis

Oxidative
phosphorylation

Basdtranscription
factors

Glycolgis
Gluconeogenesis
Glycolysis
Gluconeogenesis

Photosynthesis
MAPKsignalling
pathway

Pentosephosphate
pathway
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After a bnger exposureHig. 55 D-G) and for energymetabolism unique DEPs related to
DWAloc fraction against either control otASTM or DWlanktonic fraction were more
abundant while unique DEPs linked to D\planktonic fraction werdess abundanwhen
comparal against both @ntrol and ASTMunique DEPsFor carbohydrates metabolism
which accountedfor glycolysiggluconeogenesis, glyoxyktand dicarboxylate metabolism,
glycolysis/gluconeogenesis, citrate cycle (T@Antose phosphate pathway arsarch and
sucrose metabolismproteins were less abundaifior every phenotypes comparisoAt this
time of exposure, it was possible to obseye additionalcategory of lipids metabolism,
comprisiveof biosynthesisof fatty acids, and whiclshowed higher abundancef ®EPs

associated to planktonicells exposed to infochemicals (Table 5.6)
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Table 56 Enrichment annotatios for hierarchical clustering. Acclimation phase (iTRAQ#2)

Time : Fold ; o
Point Phenotypes UniProt ID Change ko list BriteHierarchy
g\é\étrmﬂoc VS p37255 2.57 50270 Metabolism Energymetabolism Photosynthesis

A8HXL8 1.64 §0211 Metabolism Energymetabolism Oxidativephosphorylation

10Z5X3 1.60 §0041 Metabolism Energymetabolism Oxidativephosphorylation

P10898 2.16 §0270 Metabolism Enegymetabolism Photosynthesis

A8JJV5 1.43 51125 CellularProcesses Transportand catabolism Exosome
K0299 Environmental ; - o :

A8J1GS8 1.38 1 Information Processing Signatransduction Apelinsignallingoathway

C1MYV3 1.24 51035 CellularProcesses Cellmobility Cytoskeletorproteins

D8UHN1 -1.22 50158 Metabolism Aminoacidmetabolism Lysinebiosynthesis

A8JDW2

A8JCY4 -1.29 §0162 Metabolism Carbohydratemetabolism GlycolysisGluconeogenesis

I3UMQ3 -1.37 50160 Metabolism Carbohydratanetabolism Glyoxylateand dicarboxylatemetabolism

ISUMR2 -1.37 TOlGO Metabolism Carbohydratanetabolism Glyoxylateand dicarboxylatemetabolism

g\cl)\étrol plk s Q8LRU1 2.27 50052 CellularProcesses Cellgrowth and death Ferroptosis

Q1KVS9 2.14 50235 CellularProcesses Transportand catabolism Exosome
K0328 Environmentalnformation ; . . ;

D8UI03 1.83 3 Processing Signatransduction MAPKsignallingpathway

E1ZQL8 1.75 l5<0184 Metabolism Metabolismof cofactorsandvitamins  Porphyrinand chlorophylimetabolism

E1Z517 1.34 50877 Geneticnformation Processing Foldingsortinganddegradation Ubiquitinsystem

E1ZMW8 1.28 51926 Metabolism Carbohydratenetabolism Glyoxylateand dicarboxylatemetabolism
K0218 Environmentalnformation : : . ;

I0YZES5 1.22 3 Processing Signakransduction MAPKsignallingoathway

A8J6C7 1.20 50379 Metabolism Enzymdamilies Peptidases

E1Z6L2 -1.14 K0110 Metabolism Energymetabolism Carborfixationin photosynthetic
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ASTM vs Control

Q84X75
DSUBQS
I0YP36

C1MXS6
B7TJI2
Q8HDG4

D8TV46
A4S0V1
A8IZUO
AOAOS1LH6
1

A4RTPO
Q42690
A8IWO00
P06541
Q84RL9
AOA1BOVES
1

D7FK90
D8U477
D8U5B1
I0YUW3
K8F4NS5

102401
E1ZBK2

-1.44
-1.53
-2.13
-2.27

1.57
1.37
1.37
131
1.29
1.29
1.26
1.25
1.23
1.21
1.19
1.18
1.15
-1.10
-1.26
-1.27

-1.28
-1.29

K0005
K0097
K0003
K0953

K0180
2

K0002
K0404
K0956
K0002
K0162
K0191
K0211
K0168
K0456
4

K0328
K0352
K0170
K0323
4

K0945
K0028
K0323
K1749

Metabolism
Metabolism
Metabolism

Geneticlnformation Processig

Metabolism
Metabolism
Geneticlnformation Processing
Geneticlnformation Processing
Metabolism
Metabolism
Metabolism
Metabolism

Metabolism

Environmentalnformation
Processing

Metabolism
Metabolism

Metabolism

Environmentalnformation
Processing

Metabolism
Metabolism

Geneticlnformation Processing
Metabolism

Lipidmetabolism
Carbohydratenetabolism
Carbohydratenetabolism

Translation

Carbohydratenetabolism
Carbohydratanetabolism
Foldingsortinganddegradation
Foldingsortingand degradation
Carbohydratenetabolism
Carbohydratanetabolism
Carbohydratenetabolism
Energymetabolism
Carbohydratanetabolism
Signakransduction

Enzymeamilies

Metabolismof terpenoidsand
polyketides

Carbohydratenetabolism
Signalransduction
Lipidmetabolism
Carbohydratenetabolisn

Translation
Carbohydratametabolism

organisms
Fattyacidsbiosynthesis

Starchand sucrosemetabolism
Citratecycle(TCAcycle)

Mitochondrialbiogenesis

Pentosephosphatepathway
Citratecycle(TCAcycle)
RNAdegradation
Chaperoneandfolding catalysts
Citratecycle(TCAcycle)
GlycolysisGluconeogenesis
Glyoxylateand dicarboxylatemetabolism
Oxidativephosphorylation
GlycolysisGGluconeogenesis

SOD2; superoxidedismutagegMnfamily

Proteinphosphataseaindassociated
proteins

Terpenoidbackbonebiosynthesis
C5Brancheddibasicacidmetabolism
AMPKsignallingpathway
Fattyacidsbiosynthesis

Glyoxylateand dicarboxylatemetabolism

RNAtransport
Fructoseand mannosemetabolism
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DW flec vs DW
plk

DW floc vs ASTN

A4RQS5
P48101

D8TK12

D8TNN3
D8TJY9

I0YP36
D7FUD3
A8J1G8
ABJIV5
Q8HDD7
Q1HVA2
E1ZD58
K8ENF9
Q1KVW6
P26526
D8TYV7
QIFES6
I3UMR2
I3UMQ3
A8IQU3

ABHXL8

AOA097PB8
9

A8HY43

-1.33
-1.35
-1.48

2.05
1.82
1.42
1.42
1.37
1.33
1.28
1.28
1.27
1.18
-1.48
-1.48
-2.31
-2.50
1.50
1.44
1.38
1.27

K0181
K0323
K0110

K0003
K2019
K0299
K1125
K0269
K0529
K0173
K0328
K0270
K0211
1

K0092
K0338
K0160
K0160
K0213
K0211
K0211
K0323

Metabolism
Geneticlnformation Processing

Metabolism

Metabolism

CellularProcesses

Environmentalnformation
Processing

CellularProcesses
Metabolism
Metabolism

Metabolism

Environmentalnformation
Processing

Metabolism

Metabolism

Metabolism

CellularProcesses

Metabolism

Metabolism
Geneticlnformation Processing
Metabolism

Metabolism

Geneticlnformation Processing

Carbohydrge metabolism
Translation

Energymetabolism

Carbohydratenetabolism
Cellmotility
Signakransduction
Transportand catabolism
Energymetabolism
Energymetabolism
Energymetabolism
Signatransduction
Energymetabolism
Energymetabolism
Carbohydratemetabolism
Transportand catabolism
Carbohylrate metabolism
Carbohydratemetabolism
Translation
Energymetabolism
Energymetabolism

Translation

GlycolysisGluconeogenesis

RNAtransport

Carbonfixationin photosynthetic
organisms

Citratecycle(TCAcycle)
Cytoskeletomproteins
Apelinsignalingpathway
Exosome

Photosynthesis

Carbonfixationin photosynthetic
organisms

Sulfurmetabolism
MAPKsignallingpathway
Photosynthesis
Oxidativephosphorylation
GlycolysisGluconeogenesis

Exosome

Glyoxylateand dicarboxylatemetabolism
Glyoxylateand dicarboxylatemetabolism
Mitochondrialbiogeresis
Oxidativephosphorylation
Oxidativephosphorylation
RNAtransport
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DW plk vs ASTM

DSTNN3
DSUBP2
A8IZUO

Q84RL9

A8J1M9
AOAOS1LH6
1

D7FK90
A8JEU4
A4S0OV1

A8JCY4
D8TTX1

D8UI03
D8UFR3
K8F4NS5

Q1KVY1

AOA1BOVES
1

1.36

-1.22
-1.24
-1.25
-1.25
-1.28

1.88
1.80
1.22
-1.21
-1.21

K0404
K0168
K0956
K0328
K0002
K0162

K0328
K025
1

K0945
K0210
9

K0456

Geneticlnformation Processing
Metabolism

Geneticlnformation Processing

Environmentalnformation
Processing

Metabolism

Metabolism

Metabolism
Geneticlnformation Processing
Metabolism

Metabolism

Environmentalnformation
Processing

Foldingsortingand degradation
Carbohydratenetabolism
Foldingsortingand degradation
Signalransduction
Carbohydratenetabolism

Carbohydratenetabolism

Enzymeamilies
Translation
Lipidmetabolism
Energymetabolism

Signakransduction

RNAdegradation
GlycolysisGluconeogenesis
Chaperonesndfoldingcatalysts
MAPKsignallingpathway
Citratecycle(TCAcycle)

GlycolysisGluconeogenesis

Proteinphosphataseandassociated
proteins

Ribosome
Fattyacidsbiosynthesis

Oxidativephosphorylation

SOD2; superoxiddismutase, FéVn
family
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Uncharacterized Protein

Catalase

Uncharacterized Protein

Vitamin B6 biosynthesis protein

SBP protein

Molecular chaperones HSP70/HSC70, HSP70superfamily
Fructose-bisphosphate aldolase

FoLp
CHANGE

Hd

2

4

Dihydrolipoamide acetyltransferase component of pyruvate dehydrogenase complex

Ferredoxin-dependent glutamate synthase

Photosystem Il CP43 reaction center protein
Uncharacterized protein

Isocitrate dehydrogenase [NADP]

ATP synthase subunit beta

ATP synthase subunit alpha

Cysteine synthase

Photosystem | P700 chlorophyll a apoprotein Al

Cysteine synthase

Chlorophyll a-b binding protein, chloroplastic

Cytochrome b6

Enolase

ATP synthase subunit beta

Glutamine synthetase

Fructose-bisphosphate aldolase 1, chloroplastic
Acetohydroxyacid dehydratase

Glucose-6-phosphate isomerase
Glyceraldehyde-3-phosphate dehydrogenase A, chloroplastic
Malate dehydrogenase

Predicted protein

Uncharacterized protein

Chloroplast ATP synthase gamma chain protein
Ubiquinol:cytochrome c oxidoreductase 50 kDa core 1 subunit
Ribulose-1,5-bisphosphate carboxylase/oxygenase subunit
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ENERGY METABOLISM

LLSY SA20MA

[043U0D SA WLSY

LLSY sAldma

[043u0) SA20MA

[os3uo) saydpma

Cytochrome b6

Chloroplast ATP synthase gamma chain protein
ATP synthase subunitbeta

ATP synthase subunitbeta

ATP synthase subunitalpha

Cysteine synthase

SBP protein

Uncharacterized protein

Photosystem | P700 chlorophylla apoproteinAl
Cysteine synthase

Chlorophylla-b binding protein, chloroplastic
Photosystem Il CP43 reaction center protein
Uncharacterized protein

Photosystem Il protein D1

ATP synthase subunitbeta

Glyceraldehyde-3-phosphate dehydrogenase A, chloroplastic

FoLp
CHANGE
4

184



CARBOHYDRATES METABOLISM
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FoLD

CHANGE
m 4
2
Malate dehydrogenase 0
Glucose-6-phosphate isomerase 2
Enolase H4

Glutamine synthetase

Fructose-bisphosphate aldolase 1, chloroplastic
Ribulose-1,5-bisphosphate carboxylase/oxygenase subunit
Fructose-bisphosphate aldolase

Dihydrolipoamide acetyltransferase

Ferredoxin-dependent glutamate synthase

Isocitrate dehydrogenase [NADP]

Uncharacterized protein

Uncharacterized protein

Catalase
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) |

lan L]

| I |

|023u0) $A304MQ

Hidma snaoyma

|043u0) SA LSY

[013u0) sAY|dMQ

WLSY $A204Ma

WLSY sAYdma

Phosphoglycerate kinase

Ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit
Ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit
Uncharacterized protein

Photosystem I CP43 reaction center protein

Photosystem || CP47 reaction center protein

ATP synthase subunit alpha

Chloroplast ATP synthase gamma chain

Glutamate-1-semialdehyde 2,1-aminomutase FoLp
Membrane AAA-metalloprotease CHANGE
Uncharacterized protein

HSP70bf ” 4
3-oxoacyl-[acyl-carrier-protein] synthase

Glucose-6-phosphate isomerase

Phosphomannomutase 2
Uncharacterized protein
Isocitrate dehydrogenase [NADP] 0

ATP synthase subunit beta

Uncharacterized protein

Superoxide dismutase 2
Molecular chaperones HSP70/HSC70, HSP70 superfamily
Uncharacterized protein

Malate dehydrogenase 4
ATP synthase subunit beta, chloroplastic

Glutamine synthetase

Fructose-bisphosphate aldolase 1, chloroplastic
Peptidylprolyl isomerase

Uncharacterized protein

Uncharacterized protein

Glucose-1-phosphate adenylyltransferase

CRO51 protein

Chloroplast glyceraldehyde 3 phosphate dehydrogenase
CobL

ATP synthase subunit alpha, chloroplastic

Cysteine synthase

Photosystem Il D2 protein

ATP synthase subunit b, chloroplastic
Fructose-bisphosphate aldolase

DAP decarboxylase
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