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Evyapioticg

H moapovoa didaxtopikn dwatpin dekmepoaiwbnke oto Epyastipio Bloteyvoloyiag tng
YyxoAng Xnukov Mnyoavikov EMIL. Mg v gvkaipio g ohokAnpwong ¢ Oa 0eia va

ELYOPIOTIOM OPIGUEVA ATOUA TO OTTO10 GVVEROANY G VT TO £PYO.

[Tpota and 6la Ba HBera va eVYUPIOTAC® TOV AVATANPMOTY Kadnynt Kot emPAETOVTA
¢ owTping K. Evdyyeho Tomoka, 1060 yio TV €XIAOYN TOL VO, L€ EUTICTEVTEL GTO
POAO NG LIOYN PG OOAKTOPA, OGO Kot Yia Tn Ponfeld Tov, 6Aa Ta ¥pdVia TOPOVGIaG
pov oto gpyaotipro. H dudbeon tov vo pe kabodnynoetr kar va pe Pondnoer pe
SLUPOVAES OAAG Kot EUTPOKTN ETIAVOT TEYVIKAOV TPOPANUATOV NTOV £E0PYNS ELPOVIG,
KaOd¢ emiong kol 1 emruyNUéVn TPOoTAOELL TOL Vo ONUIOVPYNOEL £va PIAOEEVO KOt
YOVILO €pYoolakd TEPPAAAOV, TOL GUUPAAAEL KaONUEPIVE oTNV EMIiTEVEN TOLOTIKNG
EPELVOC Ao T HEAN TNG EPYOOSTNPLOKNG opddog Tov. Kovipa otov kavove mov Oédet
TOUG  OKOONUAIKODS  KaONYNTEG  «OampOoITaL  UEYOAOGTEAEYM», OPOVIILE VO  pnv
OTOCTOGIOTOEITAL amd TO €PYOCSTNPO Kot vo. datnpel ™ yevikn emomteio. Eivon
nenoinor| pov twg amotedel Aapmpd Tapdderypo KabnynTy, EKTodELTIKOV, LITELOVVOV,

OAAG TTAVE amd OAo avBpdTov.

Yvveyilovrog Oa NBera va 0YAPIOTIO® TO VTOAOTO TPOGOTIKO TOL EPYACTNPIOV, LE TO
omoio €iya TV TOYN VO GLVEPYOOST® KOl VO GLVLTAPE® T TeEAevTaio TEVTIE YPOVIO.
Metod1daKTopikol £pELYNTEG, VITOYNPLOL OOAKTOPES Kol OMAMUATIKOL, €ite €Eapyng
HEAN NG €PELVNTIKNG OMAdOC €ite TMEPLOOIKOL EMOKENTEG amO TO €EMTEPIKO, OV
TPOGEPEPOV YVAOOT], APOPUES Y10 TPOPANUATIGUO KO OVOGKOTNON KOt 10YVPES PLALES.
Kdévovtag tov amoAoyiopd pov, copymeilom Tig gukaipies yuoo mopoymynq Kot GLALOYN
YVOONG LE TIS EVKOLPIEG TPOCMMIKNG MPILOVONG KOl AVATTUENG TOL LoV TPOGPEPE M
eumepio g oTpIPng oto ev Adyw epyactiplo. Eva dwaitepo «evyapiotd»n o&ilet
otoug Ztpato NikordiPirg, Natdoo ZépPa, AvOn Koapvaovpr, Ipnydpn Aéde, Kodp

Xopoliav, Xpiotiva Pepovon «ar Alicia Paz, kafott ektog amd anioi cuvadelpot ue



omPEaV 0KOVYOVTOG TOVG TPOPANUOTIGHOVS OV KOl TPOGPEPOVTAS OV ATAOYEPQ TIG

YVOGELS KOl TNV EUmEpio TOVG,.

Exto¢ tov peddv tov epyactnpiov Ba nBera va evyoapiotiom kot opiopéva péEAn AEIT
mov pe PBondnoav pe cvppfovrés. Ipdxettar yioo Ta pEAN TG TPIUEAOVG KO EQTAUEAODG
EMTPOTNG OV, Yo TNV €EETAGN TOL £€PYOVL HOV, EVM £VO. EMMTAEOV EVYOPIOTM OVIKEL
omv enikovpn Kanyntpa K. Mapia Anpopdykova yo v apytk kabodnynon otnv

eMA0YT ToL VOOV OV EEETAGTNKE GTNV TOPOVG A dLoTPPN.

I would also like to thank the European project “Volatile- Biowaste derived volatile fatty
acid platform for biopolymers, bioactive compounds and chemical building blocks” of
the European Union’s initiative Horizon 2020 for funding part of the research included
in the thesis, as well as the collaborating partners for providing us with necessary

materials for my research.

TéNog, mépa amd TOVG EMOTNUOVIKOVS GLVEPYATES TOV AvEPEPQ Tapamdve, Ba 1fela va
EVYOPLOTACM TOVS OKOVG LoV OovOPOTOVS, CLYYEVELS Kol WUn, Yy T OTNPEN, TIG
oLUPOVAEG Kot TV vopovy KB’ OAn T SdpKew TG EKTOVNONG KOl GLYYPAPNS TNG
SwtpPng pov, aAAG kot T ddikacsio Anyng avtng g omdeaons. H gpevvnrikny pov
Topeio. G VITOYNELOL OOAKTOPOS LOV TPOGEPEPE TOAAG TPAYUATO Y10, TO. OOl €ipon

EVYVOL®V, 01 AVOP®TOL TOL YVAOPIGA KATH TN OEPKELL TG OU®G KOO TEPICTOTEPOL.



A&lomoinon Aryvivokvttapivodyov Bropdlac ko BroamofAnitmv
YL TV TOPAY®YN TPOIOVTOV LYNANGS TpooTiféuevnc atiog pe
YPNOT UIKPOPLKOV

2KOmMOG NG OLYKEKPIUEVNG O00KTOPIKNG OTpPc Mrov o oxedacuds Kot 1M
eykafiopvon Prodiepyacidv, He TPOOTTIKY PLOUNYOVIKNG EPOPUOYNG, TOV EMITPETOVV
TNV KATOVOIAMGN TOV 0PYOVIKOD TEPLEXOUEVOD PEVLATMOV ATOBANTOV KoL TNV TOPAAANAN
aflomoinon Tov Y. TNV TOPAYOYN UETAPOMTOV UIKPOPUK®DV, DVYNANG OTPOPIKNG
a&loc. To pKpOEOKN OTOTEAOVV U0 KATNYOPIO LUKPOOPYAVICU®Y, OPICUEVOL €K TOV
omolmv &lvarl YvooTol Kot EVpEMS YPNGUYLOTOLOVUEVOL YOl TNV KAVOTNTO GLGGMOPEVCTNG
opéyo-3 Amapov o&éwv. Ta ®-3 AMmoapd oféo amotelovv amoapaitnto, AEITOLPYIKO
oLOTOTIKO NG avOpOTIVIG SOTPOPNS, VM OL TNYEG TPOGANYNG €ivol TEPLOPIGUEVEG.
Yuven®g Owkpivovior amd  avénuévn Rmmon Kot vynAd ko6ctog moinong. H
oLVOLOCUEVT] Lelmon amOPANT®V 0LVGLOV, ota TAaicta TG Proeguylavong, Le T HEYIOT
duvatn mopaymyn evOg TPoidovioc TpooTIfEUEVNC 0El0G AMOTEAEGE TNV KEVIPIKT 100 TNG
dtpiPns. T to oromd avtd TpaypatoromOnke evdoereyng PiAOYpaPIKy ovaoKOToN
Yo TNV €0peom Kot Tpopnbeta evOG GTEAEXOVG HIKPOPVKOVG TKOVOD VO OVOTTUGGETOL GE
TANODOPO VTOCTPOUATOV Kot Vo Tapdyel To0 ®-3 Amapo 0&D, e1Koc1dvoeEavoikd o0&y, oe
HEYAAO TTOGOGTO TOV GUVOAIKOU AMITOLG TOV KLTTAPOV. To A00 HIKPOPUKAOV TAOVGLO GE
€IKOG1000eEaVoiKkd eival amapaitnTo GLOTATIKO BPEPIKOV CKELVOGUATOV, GTO OTOio M
eVOALOKTIKY]  yxpnom  ybvedaiov €xer  omodeyytel  ProPepr. To  pkpovKog
Crypthecodinium cohnii ATCC 30772 emléyfnke ot avomtdhydnke oe S0popeTKd,
opyoavikd o&€a Tov amoTeELOVLY TTPOTOV avoepoPiag, okotevng Lhumong Proamopfintov,
KaB®OG Kol 6€ AmMAQ GAKYOPO OV TPOKVTTOUYV MG TPOTOVTA LOPOAVGNG YEMPYIKMV
vroisypdtov. H emtuymg avdmtuén tov Kuttdpov, VeTEPO Oomd KATOVAA®MGN TOV
oLVOAMKOD O100éG1L0V OpyaviKoD @opTiov Kot ekyOAION €Ahaiov, mAOVGIOL ©E ®-3,
emPePaivce v KaTaAANAOTNTA TOL OTEAEYOVG. To eumoddo TG TOEKOTNTOG TWV
opYOVIK®OV 0&E®MV 0€ VYNAEC GLYKEVIPOGELS TOPOKAUGONKE HE TNV EQUPUOYT

KOAMEPYELDV NUIOIOAAEITOVTOG £pYOV OE PLOAVTIOPAGTIPES EPYACTNPLOKNG KAILOKOGS.
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2 OLVEXEWN, TO OTEAEYOG OVOTTTUYOMKE emTLYOC o OMONUO VYPOV KAACUAT®V
eneEepyacpévonr  ProamofAntov, mpoepydueva omd PEAykn povdada emeEepyaciog
pdtov, o koAlépyslo MudoAAeimovTog €pyov pe ovvOnkeg otabepov  pH.
AxohlovOnoav mpoomdbeleg Peltictomoinong TV  cuvink®v Kot TG pebddov
KOAAEPYEWOG LE OKOTTO TNV aéNoT TG TEMKNG Tapaymyng opuéyo-3 Amapod o&éoc. Ot
npoondfeiec avtéc Poaciomkav apevog oty e&étacn EexwpioTdV  TOPOUETPOV
KOAMEPYELONG KO QPETEPOL OTNV UEAETI TOV GULVETEIDMV TNG GLVOLOCTIKNG METABOANG
opopévav €& autdv yio v e€aymyn evoc LodNUaTIKOD HOVTIEAOD TPOGOIOPIGUOD TNG
TApOy®YNG ®-3, pe xpNnon g KeBodoroying amoKPITIKOV ETPOVEIDV. ATOOEIKVVETAL
TS 0 puOUdS aepiopov, kabdg kot M YN Kot N wocdTTA alOTOV, ATOTEAOLV

ONUOVTIKES TOPOUUETPOVG Y10, T GVCCOPEVST OUEYN-3 ATOPADOV OO TO KOTTAPO.

[MapdAinia, oto mloicw TG POUETATPOTNG  AlYVOKVLTTOPIVOUY®V  OmOPANTOV,
emOwyONKe M ovaTTLEN TOL 1010V GTEAEXOVG OE AMAG CAKYOPO TPOEPYOUEVA OO
VOPOAVUATA, TPOKEEVOD Vo dlomioTmOel 1| TpoonTikn epappoync tov C. cohnii og éva
Brodwiietplo devtepng yevids. To kOTTOPO KOAAEPYHONKAV EMTLYDOG GE VOPOAVLLATOL
Bopalag mevkov kot 0&l4g TPOKOUTEPYOSUEVOV HE TNV TEYVIKN TNG VOPOAVTIKNG
Khaopdtmone (organosolv), vrnd dapopetikég cuvOfkeg, ®OTOGO dlamIcTOONKE
gvocOncio. 61 CLGGMPELON TUPEUTONCTMOV. Ta AryvokvTTOpPVOUYO VTOGTPOUOTO
TpoemeEepyacuéVOL e T YPNON  TOV  OPYOVIKOV  OALTOV  atfavOorn Kot
TETPAHOPOPOVPAVIO, LTTO NTLEG CLVONKEG, ELVONCAV TNV TAPAYM®YN OUEYO-3 APV
and Vv Kotavilmon Ttov &V AdYy® vOpoAvpdT®V. XNV mEPITTOOoN OA®V TV
KOTNYoplOdV omoPANTOV mov e£eTdoTNKOV- OPYOVIKOV 0EEWV KOl VOPOALUATOV-,
TPOEKVYE TO CLUTEPAGUO TG 1 €VIGYLON TOL SBEGLOV OPYOVIKOD (POPTIOL TTPOG

KATavAA®oN, emdpd OeTikd otV TeMKn Topaymyr| Propdalag Kot opéya-3.
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Ooov apopd To LVOPOAHLATA AYVOKVTTAPIVOVY®V OTOPANT®V, 1| TPpooTdbeLn EVioyvong
™G omdO0oNGg TG VOPOALGNG 0ONYNOE TNV ETEPOLOYN EKPPOCT KOL TO YOPUKTNPIOUO
evog véov evldpov G KaTtnyopiog TOV AVTIKOV TOAVGOKYOPITIKOV HOVOOELYEVAGHY
a6 1o Oeppogpiro poknta Thermothelomyces thermophila ATCC 42464. To ev Aoyo
Evlopa Exouv TV IKavOTNTO VO EVIGXVOLV TNV eVELIIKT DOPOAVCT) AMYVOKVLTTOPIVOUY®V
VTOGTPOUATOV HE TN ONUovpyia OEEWOUEVOV TOAVGOKYUPITIKGOV OAVGId®V 7OV
OTOVTOL 0TI GLVEXELR atd YALKOLVAO-VOpoAdcec. 'ETol Tpokuntel mepicoeia amAdv
COKYAp®V 6TO TEAIKO VYPO, M omoia umopel va aglomomBel yio v avénuévn avdmroén
TOV KOAMEPYNOILOV WKPOPUK®V KOl TNV emmAéov mopaymyn eiaiov. H mpmteivn
emédelte v wovotnto o&eldwong tov B-1,4-yAvkolitikod decpod moAD- kol OAtryo-
COKYOPITOV TNG KLTTOPIVNG, KaBMG Kot Tn OuvoTdTNTO GULVEPYIOTIKNG OpOoNG OF
OLVOVOAGHO HE TO EVPEMG ypnotponotovuevo gumopikd okevacpa Cellic® CTec2. H
evioyvon ¢ vopoéAVoNG pe ypnom véwmv evlbpmv amotelel kpiowo Prpa yo v
AmOdOTIKOTEPT) LETOTPOTN TNG AlYVOKLTTOPIVIG G€ -3 AMmapd, KaBmG amodeiydnke Twg
10 €£eTOlOUEVO LIKPOPUKOG OEV £)EL TO 1010 TNV KAVOTNTO EKKPIONG KLTTOPIVOAVTIKMDV

evOO®V Y10 TNV KAALYT] TOV OO TPOPIKADV TOV AVAYKOV.

Ev xataxAeidl, n owrpifr] meprehdpPave perétec Pertioronoinong g Plopetatponng
00 PBAaPepod opyavikoh @OPTIOL SPOPETIKOV PELUATOV ATOPANTOV GE VYNANG
Aertovpywkng aiog, opéya-3 Amapd oféa, Paciopévec, 1060 GTNV EQUPUOYN TOV
KATAAMNA®OV GUVONKOV NG dlEpyaciog KAAMEPYELWNS, 000 Kol oTnV €£ac@Aailon evog
TAOVGIOV O  OPenTIKd CLOTOTIKA PEVUOTOS TPOPOOOGING, TPOEPYOUEVOD  ATd

enelepyacia amofANTov.






ABSTRACT

The PhD thesis aimed at the development of sustainable biotechnological processes of
industrial potential, which will allow the depletion of environmentally polluting organic
content of biowaste and lignocellulosic biomass, coupled with the subsequent production
of high-added value metabolites from microalgae. Microalgae comprise a vast category
of microorganisms, some of which are known for their ability to accumulate omega-3
fatty acids, a necessary component of human diet of limited availability. Therefore, the
main idea of the thesis included the optimization of omega-3 production, coupled with
the consumption of waste material, through microalgae bioconversion. Initially, the
scientific work carried out included the screening of literature for the disclosure of a
microalgae species with high potential as means of bioconversion of agricultural and
municipal waste to omega-3 fatty acids. The strain chosen, namely Crypthecodinium
cohnii ATCC 30772, was examined in the laboratory regarding its ability to grow by
assimilating different volatile organic acids, present in the liquid fraction of
anaerobically pretreated biowaste, or simple sugars released from the enzymatic
hydrolysis of lignocellulosic residues. The chosen microorganism responded favorably
by assimilating the total available organic content of each waste feed, while the
produced microalgal biomass was rich in the omega-3 fatty acid, docosahexaenoic acid,
a functional product of high nutritional and economic value. Demand for microalgal oil,
rich in docosahexaenoic acid, is especially high in cases of infant formulas production,
where the alternative of fish oil derived omega-3 has been deemed harmful and
inappropriate. The inhibitory effect of high volatile organic acid concentration inside the
cultivation vessel was eliminated by adopting a fed-batch, pH-auxostat cultivation mode

in lab-scale bioreactors.

Moreover, the strain was successfully cultivated in fed-batch cultures with a feed of a
real biowaste effluent, from an operating Belgian treatment plant. The evaluation of the

accumulation of omega-3 fatty acid under different cultivation conditions was carried



ABSTRACT

out, to enable the researcher to study the responses of the strain to variable cultivation
techniques, as well as to different feed compositions. The determination of the optimum
fermentation conditions, which allow harvesting of the highest amount of omega-3 fatty
acids, was completed both by separate examination of the experimental results of each
condition and by preparing a mathematical model to predict the docosahexaenoic acid
production under specific fed-batch fermentation conditions, through response surface
methodology. The aeration rate and nitrogen source and availability were found to be

critical parameters regarding the docosahexaenoic acid accumulation.

At the same time, the assimilation of hydrolysate-derived monosaccharides by the same
strain was also evaluated in an attempt to integrate the microalga in a second generation
biorefinery concept. The cells were able to grow both on pentoses and hexoses of
beechwood and pine hydrolysates, but exhibited a sensitivity to inhibitors released
during biomass pretreatment. Organosolv pretreatment under mild conditions with
ethanol or tetrahydrofuran was proven more effective in producing a lignocellulosic
material with higher potential as substrate for bioconversion. In the case of both waste-
derived streams examined- that is the liquid fraction of dark fermentation of biowaste
and lignocellulosic hydrolysates- it was concluded, that an enhancement of the carbon

content of the feed is favorable for a higher biomass and DHA recovery.

Regarding lignocellulosic biomass as carbon source for the growth of the microalga,
attempts to enhance the hydrolysis performance, included also the heterologous
production and characterization of a new enzyme from the thermophilic fungus
Thermothelomyces thermophila ATCC 42464, belonging in the category of Iytic
polysaccharide monooxygenases. These enzymes are known for assisting the action of
glycosyl hydrolases by generating oxidized polysaccharide chains and enhancing the
final sugar content of the liquid to be used for bioconversion purposes. The enzyme

successfully oxidatively cleaved the pB-1,4-bond of poly- and oligo-saccharides of
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cellulose and exhibited synergy with the commercial enzyme mixture Cellic® CTec2 in
glucose generation from pretreated biomass. Enhancement of the hydrolysis efficiency
with newly discovered enzymes is a critical step towards the increased bioconversion of
lignocellulose to omega-3 fatty acids, since the examined strain wasn’t able to secrete
cellulolytic enzymes for itself, to support its nutrition needs by directly assimilating

lignocellulosic substrates.

In conclusion, this PhD thesis includes the research conducted in order to optimize the
bioconversion of polluting organic content of various waste streams to functional
omega-3 fatty acids by microalgae. This was based not only on the application of the
best cultivation conditions for each feed, but also on the establishment of waste-derived

feeds, rich in nutrients, for microalgal growth.
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1. Environmental biotechnology- Basic terms

1.1 Circular economy

The constant depletion of finite earth’s resources creates the need for a circular economy
(CE), which will ensure the efficient utilization of the waste streams of conventional
industrial processes, thus creating “closed” production loops [1]. More specifically, a
circular economy is, for many engineers and economists, the solution to the current
linear model of industrial production. Although there exist different definitions, the term
generally describes an economy model that includes industrial processes exploiting
waste streams as feedstock, resulting in an overall minimization of raw-material use. The
environmental benefit, therefore, lies not only with the preservation of resources and
minimum waste production, but also with avoiding the energy-intensive activities of
searching for and harvesting the necessary raw materials [2]. Such “green” processes-
that promote environmental stability-should not only accept a feedstock of waste
streams, but also ensure the minimum waste production for themselves [3]. Under these
circumstances, the bioconversion of waste, utilizing microorganisms, appears to be a
very promising solution. Bioprocesses normally result in fewer by-products, thus being

easily incorporated in a “green” strategy.

1.2 Bioprocesses

Biotechnology can be broadly defined as the total of the techniques using “living
organisms or parts of organisms to make or modify products, improve plants or animals,
or develop microorganisms for specific uses” [4]. If we focus on the first part of the
definition, a bioprocess can be described as a biotechnological process that utilizes part
of or the whole organism for the development of a specific product. Based on this

definition it is clear how a bioprocess can be incorporated in a CE plan. Bioprocesses
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produce less toxic by-products, if any, and they are even widely used as means of
consuming the organic content of a variety of different waste streams, while at the same
time producing high added-value metabolites for further exploitation [5-7]. Microbial
metabolic activities result in highly specific products and therefore various
microorganisms are used for the valorization of raw material to functional commodities.
These are called microbial cell factories [8]. Apart from the selection of a specific
microbial cell factory, the outcome of a bioprocess greatly depends on the designing of
the fermentation mode, as well as on the downstream processing for the efficient
harvesting of the final product [8]. The fermentation followed usually for higher product
recovery is the fed-batch mode, where a specific feed is provided in a controlled way to
maintain cell proliferation. In case of a CE-focused bioprocess a waste-derived feed is

desirable.

1.3 Biorefinery

The term of “biorefinery” is strongly correlated with the one of the CE. The approach of
utilizing a-so-called-“waste” stream of a process as feedstock for another one reduces
the disposal of industrial residues and allows a more efficient utilization of the total
amount of the initial raw material. This idea has attracted attention for many years and is
summarized in the concept of biorefinery. A biorefinery consists of a number of
integrated processes that utilize different fractions of an organic waste, such as biomass,
for the production of a series of products related with biofuels, energy, food, chemicals
and materials [9]. That way a cascade of processes is formed, which efficiently prevents
damage or loss of raw material, by utilizing all its components [10]. Although the idea
was initially focused on the production of biofuels-providing therefore a “greener”
equivalent of the conventional “refinery”- it was soon clear enough that biofuels cannot

yet compete with fossil fuels in terms of production cost. Thus, the only way to make
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biofuels competitive was by further valorizing the residues to different commodities
[10]. Organic wastes from different sources can be used in processes included in a

biorefinery.
2. Organic residues as feedstock

In the case of bioprocesses, where whole microorganisms are used, the waste streams
that serve as feedstock must include a substantial organic content. That way they can
support the growth of the microorganisms during the fermentation. Normally, the waste
to be fed must undergo a special pretreatment, in order for its organic content to become
available for assimilation by the cells. Although there are many types of organic-rich
waste, two of them are already widely used for valorization purposes; biowaste from
municipal solid waste and lignocellulosic biomass. The aforementioned streams include
a high content of organic substances, which, under the right management, can be
converted to assimilable substrates for microorganism growth. The sum of the processes
adopted to render the organic content of biowaste or lignocellulose susceptible to
microbial metabolism will be referred to as “treatment” in this thesis, to differentiate

from the “pretreatment” of lignocellulosic biomass.
2.1 Biowaste

According to the definition in the European Union’s Waste Framework Directive
2008/98/ EC “biowaste means biodegradable garden and park waste, food and kitchen
waste from households, restaurants, caterers and retail premises and comparable waste

from food processing plants” [11] .




Theoretical Background

A characteristic of biowaste is that most of it can be easily collected through source-
seperation by the citizens [12]. However, depending on its source, its composition can

vary greatly [13].
Composition

Biowaste derived from households, as well as restaurant, supermarket, hotel and bar
activity will exhibit different properties with the region or the season. However it always
includes a substantial amount of polysaccharides-and specifically starch, cellulose and
hemicelluloses, proteins, lipids and sugars [14]. According to analyses of samples from
different sources, the carbon content of the total solids of a biowaste stream can vary
between 40-51% (w/w), while total nitrogen is around 1-4% (w/w) [15,16]. This
characteristically high carbon content makes disposal of biowaste environmentally
harmful, while, at the same time, renders it a very good candidate for microbial

fermentation.
Treatment for production of fermentable substrates

When a waste stream is to be used for microbial bioconversion, usually, a treatment step
is required, in order to render the carbon content of the stream available to the cells.
Usual methods for dealing with biowaste in developed countries include composting or
anaerobic digestion. In case of residual biowaste, which includes amounts of other
garbage, the usual disposal method is landfilling, or incineration for heat [12]. A
different treatment, which has gained momentum in recent years, is dark fermentation
(DF). DF is an anaerobic treatment that initially follows the same pattern as the classical
anaerobic digestion (hydrolysis, acidogenesis, acetogenesis) with the difference that the
final step of methanogenesis is inhibited by various methods [17]. As a result, the pattern

of the process follows this course; Hydrolysis, the first and usually the slowest step of
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anaerobic digestion, includes the enzymatic breakdown of long polymeric substances,
present in biowaste fraction, to simpler organic monomers such as sugars, amino acids
and fatty acids (FA). These monomers are subsequently fermented by acidogenic
populations in the acidogenesis step, leading to production of volatile fatty acids (VFA),
together with an air mixture of hydrogen and carbon dioxide. Lastly, the third step of
acetogenesis represents the stage where the breakdown of VFA to hydrogen and acetate

occurs [18].

According to the above steps, DF leads to hydrogen and VFA accumulation, such as
acetic, propionic, butyric, valeric and caproic acid, small production of ethanol and
accumulation of lactate [19,20]. Through the conversion of complex organic substances
into simple acids, DF succeeds in creating a VFA platform that can supply a microbial
culture with readily assimilable carbon. This can be further utilized for the growth of a

specific microorganism for industrial applications.

In order for the DF to produce VFA, the consumption of FA by methanogens, which
naturally occurs in anaerobic digestion, must be prevented. Therefore, in the above
process, the last step of methanogenesis is inhibited, usually either by thermal
pretreatment of the waste stream to destroy the methanogenic populations, or by
maintaining the pH of the mixture at high values (above 9) that do not allow the growth
of the specific bacteria [21,22]. Another solution is the addition of a methanogen
inhibitor, such as iodoform [23,24].

Integration in a biorefinery

Apart from serving as a VFA platform, DF is mostly applied as a means of producing
biofuels, because the last step of acetogenesis also leads to the emission of hydrogen. In

comparison to many other energy-intensive methods, production of biohydrogen from
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DF is currently the most sustainable process, since it is more environmental friendly and
also has a net energy ratio of 1.9 (>1) [14]. That means that the amount of energy
produced- stored in hydrogen- is significantly higher than the one consumed by the DF
process. In order to enhance the sustainability and economic viability of the production
of biohydrogen, through DF, the utilization of the by-products, namely the VFA, needs
to be seriously addressed. So far, attempts of valorization include photofermentation or
use of VFA in microbial electrolysis cell for more hydrogen production. However, the
first method requires ammonia and oxygen removal from the DF effluent, while the
second requires an effective method of suppressing the production of methane during the
electrohydrogenesis. Another method proposed for the utilization of VFA by-products is
the anaerobic digestion of the effluent for final methane production [25,26]. However
methane is a far less effective energy source than hydrogen, with less than half of its
efficiency [27]. The production of biobased chemicals, such as biopolymers, has also
been suggested [28], resulting in products that necessarily need to have a low price in

order to be competitive in the market.

The utilization of the VFA-rich stream as feed for the fermentation of microorganisms of
industrial interest is an innovative proposal. Especially cells that accumulate high added-
value metabolites justify investing in the expensive process of fermentation and
metabolite harvesting, owing to the higher value of the final product [29].

Coupling the production of bio-hydrogen, through DF, with the valorization of the liquid
fraction of VFA successfully leads to the establishment of a biorefinery, as defined
previously. More specifically, biowaste are effectively used for energy generation, at the
same time that the residual organic fraction is converted to functional commodities. The

idea is simple, based on already tested methods and allows for the effective utilization of
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the total amount of a waste stream, thus reducing raw material needs and promoting a
CE.

2.2 Lignocellulosic biomass

Lignocellulosic biomass is the term used to characterize the total of plant residues
derived either from agricultural or forest-industrial activity [30]. Lignocellulose is an
abundant waste stream and a renewable source of sugars that can be transformed into
chemicals for different applications. What is more, as a raw material, it does not include
edible compounds that could have been used for human nutrition. For that reason the
valorization of biomass residues towards the production of value-added products is
attracting increasing interest during the last years [31]. However, until today, it
continues to be a rather under-valorized stream, mostly due to the variability and

recalcitrance of its composition.
Composition

Although depending highly on the biomass origin, lignocellulose consists always of
three main components; cellulose, hemicellulose and lignin. Cellulose is the constituent
that exists in higher percentages in plants. It is a linear polymer of D-glucose subunits,
linked together by B-1,4-glycosidic bonds. The repeating monomer of cellulose is
cellobiose (Fig.1). Cellulose can be hydrolysed to pure, fermentable glucose and
therefore it is that component of biomass that can be more readily utilized.
Hemicellulose is a heterogeneous polymer of sugars, and more specifically pentoses and
hexoses, and sugar acids. Its main building units are xylose, mannose, arabinose,
glucose, galactose, glucuronic and galacturonic acid linked together by p-1,4- or B-1,3-
glycosidic bonds. Owing to its flexible composition, hemicellulose is more amorphous

than cellulose, and thus more easily accessible to hydrolyzing enzymes. However, its
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heterogeneity hampers its application in many industrial processes. The third constituent
of lignocellulosic biomass is lignin, a complex heteropolymer of phenylpropane units
from coumaryl-, sinapyl- and coniferyl-alcohol. These aromatic compounds are linked
together by C-C or C-O bonds, forming an amorphous matrix that surrounds
hemicellulose and cellulose, offering impermeability and structural support [32,33].
Lignin is the least exploitable component of plant biomass, while its proposed

applications are still a controversial subject.

OH
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Figure 1. Cellobiose- the repeating unit forming cellulose chains

The three main constituents of vegetal biomass are intertwined together in a complex
way that offers the plant stability and resistance against decomposition. It is clear,
however, that, in order for the different lignocellulose components to become amenable
to industrial utilization for biochemical conversion, their closely associated form must be
disrupted [34]. This can be succeeded through various pretreatment techniques, which
should not be confused with the broader term “treatment” of a waste stream, as it was
previously introduced. More specifically, the necessary “treatment” process to produce
fermentable sugars for bioprocesses includes pretreatment of lignocellulose but also

another step of saccharification.
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Treatment for production of fermentable sugars
a) Pretreatment

Pretreatment of the lignocellulosic waste stream, to render it amenable to bioconversion
processes, includes the hydrolysis of cellulose and sometimes hemicellulose to simple
sugars. As mentioned above, cellulose is the easiest valorized constituent of plant
biomass. Upon the application of efficient fractionation technologies, a cellulose-rich
pulp can be produced and serve as feedstock, after enzymatic saccharification, for the
production of a wide variety of end-products, through fermentation processes. The
release of cellulose from the biomass can be accomplished by physical, physico-
chemical, chemical and biological techniques, which are normally described as the

biomass pretreatment.
i) Physical methods

Physical methods for cellulose release include techniques such as microwave, ultrasound
or mechanical splintering. Their main effect includes the reduction of the particle size of
lignocellulose, without exhibiting any efficiency in the removal of hemicellulose or
lignin. For that reason they are usually coupled with another chemical or physico-

chemical technique, to enhance the cellulose recovery [35].
i) Physico-chemical methods

Methods that adopt physical processes with addition of substances that aid the alteration
of the form of lignocellulosic materials are called physico-chemical. The substance
added normally plays the role of the solvent and, therefore, at the end of them, a slurry is
collected, where the cellulose-rich solid fraction is separated from the liquid one. The

most common physico-chemical process for fractionation is steam explosion. It includes
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treatment of the waste stream with high temperatures (160-260°C) and high pressure
(20-50 bar). The process duration varies from a few moments until several minutes,
before the release of pressure that leads to an explosion and the break-down of the
structure of lignocellulose [36]. In most cases, steam explosion is coupled with the
addition of a specific agent to increase the efficiency of the fractionation and the
degradation of hemicellulose. Depending on the agent, many sub-categories of physico-

chemical treatments are applied.

In the case that the only added solvent is water the process is called hydrothermal. It is
very successful in the solubilization of hemicelluloses and environmentally friendly,
however it requires relatively more time to exhibit substantial yields, in comparison to
other solvents. In other cases, the agent can be an inorganic acid, such as suphuric (acid
catalyzed steam explosion), or an alkali, such as ammonia (Ammonia Fiber Explosion or
AFEX). In the case of AFEX the process requires less harsh conditions of temperature
and pressure and therefore is not characterized as steam explosion. Lastly, the process of
facilitated explosion can be achieved also with the addition of CO2, as a “green” solvent,
in the form of supercritical fluid. The procedure is called supercritical CO2 explosion, it
is performed in conditions above the critical point of the specific dioxide, and is known

to prevent the release of high amounts of inhibitors [35].
iii) Chemical methods

Chemical methods include the treatment of lignocellulose with a chemical substance for
the disruption of its structure, the solubilization of lignin or hemicelluloses and the
increase of the surface available for hydrolysis. When not combined with steam
explosion, simple acid or alkali treatment can be applied. In some cases oxidative

methods, such as wet oxidation, in the presence of water, or ozonolysis are adopted.

10
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Oxidative methods, although less examined, exhibit high efficiency in the degradation of

lignin and hemicelluloses [30].

A more popular chemical method is called organosolv. It refers to the- normally
catalyzed- treatment of lignocellulose with organic solvents, such as ethanol or acetone,
under relatively lower temperatures and pressure than steam explosion. Organosolv is
extremely effective in separating the lignin fraction, while maintaining almost intact the
structure of cellulose in the solid fraction, for further applications. Lastly, other solvents
that have been selected for fractionation include the anionic liquids, a technology that is
arguably more environmental friendly but still has limited applications due to its high
cost [35,37].

iv) Biological methods

A less popular, but also less severe technique is the use of microorganisms that secrete
enzymes able to degrade the lignocellulosic structure, such as fungi, bacteria or
actinomycetes. In these cases, the selected microbe is cultivated on the lignocellulosic
substrate in order to trigger the release of the desired enzymes. The fungal treatment is
usually carried out in solid state fermentation where fungi degrade lignocellulose,
hydrolyse cellulose to simple sugars and use them as carbon source for growth [35,36].
A basic drawback of this method is the fact that it leads, not only to the degradation of
lignocellulose, but also to the enzymatic saccharification and consumption of cellulose,
thus making it inappropriate for applications where the further valorization of the
isolated cellulose by another microbe is desired.

11
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b) Enzymatic saccharification

The application of a fractionation method allows the isolation of a cellulose-rich solid
fraction that may also contain a small amount of hemicellulose or lignin, depending on
the selected technique. In order for this cellulose to be fermentable, it must be converted
to simple sugars, through hydrolysis. It is true that there exist specific microorganisms
capable of directly hydrolyzing this linear polymer to glucose to further support their
carbon needs in a single culture [38]. However, enzymatic saccharification is usually
adopted as a step of producing a carbon-rich feed, before cultivation. That is normally
carried out by enzymatic cocktails consisting of cellulases and sometimes hemicellulases

and oxidizing enzymes.
i) Cellulases

Cellulases are a class of enzymes that exhibit high functional diversity. They are mostly
hydrolases that can be divided into three basic categories, based on their function;
cellobiohydrolases (CBH), endoglucanases (EG) and B-glucosidases or cellobiases (j-
GL). CBH are enzymes able to hydrolyse the B-1,4 glycosidic bond of cellulose chains,
beginning always from the ends of the chain. They usually exhibit a progressive activity,
starting from the end of one chain and moving forward, releasing all the while shorter
cellulose chains. That way they can act synergistically with EG. Enzymes categorizes as
EG also cleave the B-1,4 bonds, but they act in the interior of cellulosic chains,
accumulating shorter poly- or oligo-saccharides, on whose ends CBH can bind. By
generating shorter chains, EG greatly enhance the liquefaction of cellulose. The last step
of cellulose hydrolysis involves the conversion of its repeating unit, the disaccharide
cellobiose, into two glucose molecules. That step is catalyzed by B-GL [39-41].

12
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i) Lytic Polysaccharide Monooxygenases

Apart from the well-studied hydrolases, another category of oxidoreductases has been
discovered to assist cellulose saccharification. Lytic polysaccharide monooxygenases
(LPMO) are oxidative, copper-depended enzymes that belong to the category of
“Auxiliary Activity” (AA) according to the CAZY database
(http://www.cazy.org/AA9.html) and act synergistically with the glycosyl hydrolases

mentioned before, for the degradation of polysaccharides such as cellulose. LPMO break
the long chain of polysaccharides by catalyzing the oxidation of either the C1 carbon of
the one glucose molecule of the B-1,4-bond, or the non-reducing C4 carbon of the other
molecule participating in the bond formation. Depending on the carbon atom targeted,
the reaction results in the release of a neutral shorter polysaccharide and an oxidized
product that is either a lactone, spontaneously hydrolyzed to aldonic acid, or a
ketoaldose respectively (Fig.2). Some LPMO can even act on both carbon atoms thus

producing a mixture of different oxidized products [33,42].
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Figure 2. Schematic representation of the LPMO function, adapted from X Zhou et. al. In the upper part the
synergistic degradation of polysaccharides by hydrolases and LPMO is depicted. The scheme inside the
dotted line exhibits the two possible results of the LPMO catalyzed reaction. [43]

The exact reaction mechanism of LPMO enzymes has not been totally elucidated yet. It
is generally accepted that it involves the reduction of the Cu(ll) situated in the active
center of the enzyme to Cu(l) and the binding of an oxygen atom either from an oxygen,
or a superoxide molecule. That activated oxygen species finally hydroxylates the C1 or
C4 carbon of the 1,4-glucosidic bond [44]. Although it was a popular belief that this is
the mechanism that leads to repeating cycles of oxidation by LPMO, it has been recently
suggested that the initial reduction to Cu(l) is just a priming reaction, leading the
enzyme to exhibit peroxygenase activity and finally catalyze the oxidation reaction
utilizing peroxide as co-substrate [45]. In any case, it is clear that in order for LPMO to
perform an oxidative reaction, an electron donor is requested. This donor can be either a

constituent of the natural substrate, such as lignin in lignocellulosic biomass, an external
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reducing agent that is added, such as gallic or ascorbic acid, or another co-secreted
enzyme, such as cellobiose dehydrogenase (CDH). CDH are enzymes that can also
catalyze oxidative reaction of cellobiose and some oligosaccharides, but they are
specified only on the reductive end, leading to the production of the corresponding
lactones. The oxidation results in electron release that can be stored by CDH and further
utilized by LPMO [33]. The suitability and effectiveness of an electron donor differs for
the different LPMO enzymes and depends, among others, on the potential of the enzyme

copper active site [46].

LPMO differ in regard with the polysaccharide substrate that they act on, which can be
chitin, cellulose, starch or xylan and derivatives. Depending on their amino acid
sequence, they are divided in different sub-categories, or families, in the CAZy database
(platform for Carbohydrate-Active enzymes) [43]. There are 5 different LPMO families,
namely the AA9-AA1l and AA13-AA15, while recently, another family, AA16, was
suggested to exist. The widest family, AA9, includes LPMO active on poly- and oligo-
saccharides of -1,4-linked glucose units, such as cellulose, glucomannan or some types
of B-glucan. AA10 LPMO catalyze the oxidation of cellulose or chitin and are isolated
from bacteria and some viruses. AA1l and AA13 families consist of LPMO of fungal
origin, active on chitin or starch respectively and the recent AA15 includes LPMO of
animal or viral origin. Finally AA14 belonging enzymes are active on xylan coating
cellulose fibers [44].

The function of cellulases, both glycosyl hydrolases and LPMO, relies highly on their
structure. As a general rule, cellulases comprise of a main catalytic domain, while some
of them also include a carbohydrate binding module (CBM), connected to the rest of the
enzyme. Eukaryotic cellulases are usually glycosylated and therefore contain saccharides

connected to N or O atoms of some amino acids [39]. These post-traslational
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modifications make heterologous production and characterization of these enzymes
harder, since a eukaryotic microorganism is needed to secrete a functional protein. Still
in some cases that is not successful. In the methylotrophic yeast Pichia pastoris, usually
used for heterotrophic expression, a different glycosylation pattern occurs, that may
interfere with the functionality of the enzyme. What is more, in the case of fungal
LPMO the N-terminal catalytic histidine-a characteristic residue of these enzymes- is

methylated, which is not mimicked by the yeast cells [44].
iii) Hemicellulases

Finally, taking into consideration that the solid fraction resulting from the treatment of
lignocellulose, a material utilized in the specific thesis, may contain a substantial amount
of hemicellulose- rich in xylan-, hemicellulases are also employed in specific cases of
saccharification. Hemicellulases comprise mostly of xylanases, xylosidases and acetyl-
esterases that cleave the acetylated branches from hemicellulosic chains. Of course,
taking into consideration the variety of this category, there are many more enzymes that
belong to hemicellulases [47]. However, since this category of enzymes is not directly
relevant to the present thesis, further analysis of the matter was not deemed necessary.

iv) Reaction conditions

The application of saccharification can include custom made mixtures of the above
enzymes, however, the option of a commercial preparation is another popular option.
The sugar recovery can vary greatly, depending on the source of lignocellulose, the
pretreatment method, the composition of the commercial enzyme mixture applied, as
well as the reaction conditions [41]. Usually, enzymatic saccharification is carried out at
temperatures between 45-50°C, at a pH around 5, for a duration of 24-72 h, under

agitation to allow for sufficient oxygen availability [40]. It is worth mentioning however
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that, when using a general purpose enzyme mixture for the hydrolysis of different
lignocellulosic materials, it is almost impossible for a hydrolysis reaction of different

materials to take place at optimal conditions for all the included biocatalysts [48].
Integration in a biorefinery

Lignocellulosic biomass poses an abundant substantial waste stream from agricultural
and industrial processes. The development of fractionation technologies for the
collection of its components has long reached a mature state, justifying the effective
integration of lignocellulosic waste in a biorefinery. However, in order for such
endeavors to be successful, the efficient conversion of lignocellulose to fermentable
sugars and the selection of the proper final product are of great importance. Although
agricultural waste-derived cellulose can be utilized as fermentation feed for the
production of bioethanol, the demand for biofuels cannot be satisfied by the available
biomass feedstock [49], let along that they need to compete with the significantly lower
cost of fossil fuels. On the contrary, the bioconversion of these components to high
added-value commodities is a cost-effective solution that allows for the viable
production of specialty goods- required in smaller quantities- totally from renewable
sources. Apart from this, the implementation of the proper fractionation method, that
allows for the harvesting of intact cellulose, coupled with an efficient saccharification,
by an enzyme cocktail, offers the maximum feedstock for the cultivation of the desired

microorganism [50].
3. Omega-3

Omega-3 FA are a category of FA that is constantly gaining momentum ever since their
benefits for human health became known.
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3.1 Chemical composition

The FA belonging in this group may be very heterogenous, still they share a similar
chemical characteristic. The term “omega-3" is used to describe all FA that include a
double bond between the third and forth carbon atom (-3 or n-3 atom) belonging to the
FA carbon chain, counting from the methyl end [51]. This definition answers for a very
big variety of omega-3 FA that can be monounsaturated or polyunsaturated, conjugated
or modified. Still, most of the known and valuable omega-3 FA- also the ones that are
going to be mentioned here- are few and characterized by relatively long carbon chains
with many unsaturated bonds, thus being part of the group of Long Chain
Polyunsaturated Fatty Acids (LC-PUFA). According to nomenclature rules of FA, each
acid can be described, not only by its name, but also by a code of the form X:A, where X
answers for the number of carbon atoms of the acid, while A is the number of double
bonds [52].

3.2 Basic categories

According to EFSA (EFSA-Q-2004-107), there are two main categories of omega-3 FA,
which differ in function and requirements; the first refers to a-linolenic acid (18:3, ALA)
produced from vegetable oil, while the other includes ®-3 LC-PUFA from marine
sources, such as eicosapentaenoic acid (20:5, EPA) and docosahexaenoic acid (22:6,
DHA) (Fig. 3). These LC-PUFA have been widely recognized as important bioactive
compounds that can be used in the food and nutraceutical industry for the development
of functional foods with scientifically sustained claims [53]. What is more, these two
acids belong to the essential FA for the human organism, meaning that they are provenly
necessary for maintaining the human homeostasis, but cannot be sufficiently synthesized

by the organism itself. Therefore they must be uptaken through the nutrition. Another
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FA, less known but with equally important function, belonging in this second category,

is omega-3 docosapentaenoic acid (22:5, DPA).

Of course ALA is also nutritionally essential and is required for the synthesis of
important FA and eicosanoids. However it is more easily acquired through nutrition and
therefore there are but few ALA supplements. A small conversion of ALA to EPA and
DHA is possible, but depends on several factors, such as the concentration of omega-6

FA and is, in any case, insufficient to cover the daily organism’s needs.

Lastly, although not an omega-3, it is worth mentioning one more LC-PUFA. The
arachidonic acid (20:4, ARA) is another important FA that belongs to the essential FA
for fish and animals, together with EPA and DHA. It is a member of omega-6 FA,
exhibiting its first double bond in the m-6 carbon atom of the acyl chain [51,54].

1 1
EPA M

Figure 3. Chemical structure of the 3 main omega-3 PUFA, ALA, EPA and DHA

19



Theoretical Background

3.3 Nutritional value

PUFA in general, and also omega-3 FA, present in the human body are components of
high functionality and therefore are deemed as ingredients of high nutritional value.
Normally they are main ingredients of the phospholipids, situated in the cell and
organelle membranes and thus playing a crucial role in the regulation of the membrane
fluidity, as well as the modulation of signal transduction between them. Some of them
also act as precursors for the synthesis of bioactive molecules, such as prostagladins,

eicosanoids, etc.

Owing to their being basic components of human tissues, there have been reported many
studies related to health benefits of DHA and EPA. Their vital structural and functional
roles in higher organisms are related to prevention of cardiovascular and inflammatory
diseases, cancer and diabetes. What is more, they promote the development of ocular
function and memory in infants, with DHA specifically enhancing their cognitive
function, and are possibly effective against Alzheimer’s disease [51,52,54,55] Lately
there has even been an association between omega-3 uptake and decrease of the adverse

effects of Covid-19 desease in the organism [56].

3.4 Sources

The primary dietary source of EPA and DHA is, even nowadays, fish oil. Nevertheless,
the use of fish oil is limited not only due to its fishy, undesirable smell and taste, but also
due to its poor oxidative stability and the accumulation of lipid-soluble environmental
pollutants, which make difficult the purification of specific FA. Moreover, the massive
exploitation of fish leads to serious environmental consequences and depletion of marine
stocks. Of course, aquaculture poses a solution to the limited seafood supply, without,

however, covering the growing need for omega-3. The reason for this is the fact that fish
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lack the enzymes necessary for synthesizing EPA and DHA for themselves and therefore
also uptake these ingredients through their diet. Thus, the lipid content of farmed fish
reflects that of the food they consume and creates one more need of the industry for
omega-3 FA rich feed. On the basis of increasing global fish meal and fish oil costs, it is
predicted that dietary fish meal and fish oil inclusion levels within aquaculture feeds will
decrease in the long term, resulting in lower levels of useful omega-3 FA in farmed fish
[57]. Therefore, new sources and production systems, taking into consideration
sustainability and economic feasibility, must be developed for direct human
consumption as well as for aquaculture. [58-61].

When considering the above dilemma, it is important to understand that, since fish are
incapable of producing them, »-3 PUFA are accumulated in their tissues through the
food chain. Therefore the primary producers of m-3 must be looked for elsewhere. The
truth is that seafood is up taking the necessary lipids from zooplankton consuming ®-3
PUFA-synthesizing microalgae. Microalgae, the almost exclusive primary producers of
®-3, are a heterogeneous group of mostly photosynthetic organisms, the majority of
which belong to the oleaginous microorganisms, with the ability to accumulate lipids at
a percentage higher than 20% of their dry biomass [62].

The advantages of microalgae oil against fish oil include the synthesis of great amounts
of -3 PUFA, the absence of cholesterol and contaminants, such as heavy metals, and
the satisfactory taste of microalgae [58,60,61]. In addition, microalgae biomass is
suitable for extraction and purification of individual PUFA, due to its stable lipid
composition. Fish oil always includes a mixture of EPA/DHA, a characteristic that is
undesirable for specific applications. In contrast to that, microalgae strains able to
produce omega-3, usually accumulate only one of the two essential ®-3 FA. After all,

apart from being suitable for more applications, microalgal oil is also suitable for a
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broader group of consumers, satisfying the request of vegan or religious groups for
animal-free products [55,63]. Lately, the consumers’ growing demand for natural
bioactive compounds has motivated researchers and industries to intensely investigate

microalgae as potential candidates for o-3 FA production [64,65]

3.5 Applications

Most already established applications of omega-3 FA include their use as food
supplements. In such cases, fish oil can be a sufficient option, especially since
companies are implementing even stricter controls and protocols, to ensure that they
provide a product with a very low cotent of pollutants or heavy metals. Apart from a
food supplement or a nutraceutical, a mixture of EPA/DHA with the commercial name
Lovaza, produced by GlaxoSmithKline, is now a prescribed treatment for
hypertriglyceridemia, categorizing these FA also as medical foods. Medical foods,
having the characteristic of being used under the guidance of a physician for the
treatment of a specific health condition, belong to a much more expensive category, thus
further enhancing the importance and value of omega-3 PUFA [51]. All the above
applications are conventionally covered by fish oil products. Nevertheless there exists
other applications, where fish oil cannot be used effectively.

DHA is a natural ingredient of human milk and, for the reasons described above,
necessary for the early stages of development. Also many researches have highlighted its
importance as a component of baby formula. However, when accompanied by EPA, the
health benefits of DHA for the infant development disappear. EPA, in contrast to the
other -3 FA, is a precursor of substances, such as hydroxy PUFA, that are undesired
during the early stages of life. For that reason, fish oil, which contains almost always a

mixture of these FA, cannot be used for baby formulas supplementation, let alone the
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fact that these products derived for infant consumption cannot justify any heavy metal or
contaminant presence. To avoid this, more than 70% of the current market of infant
foods is supplied by DHA rich-microalgal oil, derived mostly from the microalga
Crypthecodinium cohnii. What is more, it was proven that DHA in the organism can also
be retroconverted to EPA, and therefore, the desirable omega-3 is always accompanied
by ARA in the formulas. The presence of ARA fortifies DHA and inhibits its
conversion. Two well-known microbial oils used nowadays as formula ingredients is
DHASCO (DHA single cell oil) from the heterotrophic microalga C. cohnii and
ARASCO from the fungus Mortierella alpina [51,52,66].

Lately, their contribution to a healthy cardiovascular system is even creating interest into
possible applications of omega-3 FA for the fortification of the organism and the
prevention of implications provoked by covid-19 disease [55]. Of course such a potential
cannot be easily proven, but it might be enough for consumers to lead to an even higher

®-3 demand in the near future.

4. Microalgae

Microalgae comprise a vast category of microorganisms that has attracted industrial
attention during the last decades owing to their ability to accumulate valuable bioactive
metabolites, coupled with their easy fermentation. They are ubiquitous organisms that
are extremely diverse and heterogeneous from evolutionary and ecological point of
view, a fact that can be justified by the great range of habitats in which they can be
found. Microalgae constitute of prokaryotic cyanobacteria or eukaryotic protists and
therefore exhibit variation in their nutritional requirements as well as metabolite
production. Apart from cyanobacteria, the biological classification of eukaryotic

microalgae is based mostly on the pigments that they produce, resulting in nine

23



Theoretical Background

divisions. The main classes of them are Chlorophyceae (green algae), Phaeophyceae
(brown algae), Rhodophyceae (red algae), Chrysophyceae (golden-brown algae),
Bacillariophyceae (diatoms) and Pyrrophyceae (dinoflagellates) [67].

In terms of molecular biology, they are thought to be microorganisms that have managed
to acquire intracellular chloroplasts. In truth, most of the strains are found in saline or
freshwater ecosystems and grow autotrophically, absorbing the dissolved carbon dioxide
from the water. However, there are still some microalgae that lack the ability of
photosynthesis and therefore grow heterotrophically by consuming conventional carbon
sources [68,69]. Heterotrophy however doesn’t necessarily mean absence of
chloroplasts, since specific autotrophic strains will also grow heterotrophically if they
are provided a carbon source under dark. Finally a combined fermentation is referred to

as mixotrophy.

4.1 Cultivation

Microalgae can be cultivated in various ways. Autotrophic cultivation usually has the
lower expenditure demands and can be carried out in simple open ponds that ensure a
sufficient light exposure of the cells, by achieving low depth and big surface cultures. It
offers the advantage of not requiring arable land and therefore not competing with food
crops. Open pond cultivation however can be hampered by changing weather conditions
and contamination of the cultures. In such cases, a safer, but more expensive alternative,
is photobioreactors. Photobioreactors often consist of a series of transparent tubes that
let the light-artificial or not- penetrate into the culture volume and are usually equipped
with a CO> supplier, which allows air bubbles to move through the tubes. That way,
carbon is provided for photosynthesis and simultaneously mass transfer is carried out

without the development of shear forces that would damage the cells [70].
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Although autotrophic cultivation of microalgae exploits renewable sources, it also
exhibits some crucial limitations. The most important one is the low cell growth
achieved, due to the inevitable light dependence of the culture. While more cells
proliferate in the broth, the light availability in higher depths of the culture decreases. As
a result cell multiplication finally ceases. It is characteristic for autotrophic cultivation
modes to reach relatively low final cell concentrations (around ca. 0.5-2 g dry cell
weight- or DCW- per L), which further hinders harvesting operations [71]. In order to
overcome such a problem, heterotrophic cultivation can be adopted, when possible.
Heterotrophic microalgal cultures are operated like conventional fermentation
bioprocesses for any type of aerobic microbe, in closed bioreactors with the provision of
an organic carbon source and appropriate aeration. Stirred fermenters are used to grow
microalgal cells on a wide range of substrates such as glucose, acetate, simple sugars or
glycerol, but also mixed substrates derived from waste streams [70].

Both autotrophic and heterotrophic fermentation techniques have been developed for
microalgae in pilot or industrial units. Although the first category allows for low cost
production, being able to utilize resources abundantly available, such as the solar energy
and the atmospheric CO2, heterotrophic fermentation gains momentum, as means of
controlling more efficiently the culture conditions and absolving the process from the-
otherwise necessary- weather and climate dependence [72]. What is more, this type of
fermentation leads to much higher biomass productivities, consequently enabling higher
final product yields [73], [74]. In truth, the only drawback of heterotrophic cultures-
assuming that proper techniques to avoid any culture contamination are a prerequisite- is
the cost of the raw material, that is, the feed of the culture. In order to overcome this

constrain, new low-, or even zero-cost, resources are searched.
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4.2 Useful metabolites

The reason that microalgae have attracted the interest of the scientific and the industrial
community, apart from their easy cultivation, is their unprecedented metabolites that
exhibit important biological functions [75]. Nowadays these intriguing microorganisms
are cultivated around the world, either for the whole biomass to be used as food, rich in
carbohydrates, proteins and lipids, or for extraction of specific metabolites being
accumulated in the cells. Depending on species and culture conditions selection, some
microalgae strains can produce substantial amounts of short carbon chain lipids (<18
carbon atoms), carotenoids, vitamins and some LC-PUFA [76—79]. Carotenoids are lipid
soluble pigments, with antioxidant properties for the human body, as well as functional
role in the membrane fluidity and permeability, when found within the lipid bilayers of
the cells [80]. They are an expensive food additive or nutraceutical supplement.
Vitamins found in microalgae, although not so well examined yet, belong mostly to the
fat-soluble A, D, E and K vitamin [81]. Short chain FA produced by microalgae are not
as popular for food applications, since they can be found in many edible components or
be de novo synthesized by the human body. However they are valuable source of lipid
for the production of biodiesel esters [82]. On the contrary, LC-PUFA of microalgal
origin, such as omega-3, are of high nutritional value and therefore very expensive
commodities. Taking into consideration the nature of the above mentioned substances, it
is apparent that the successful production of valuable microalgal metabolites requires a

thorough understanding of their lipid metabolism.

4.3 Lipid metabolism

FA can either play a functional role inside the cells, as part of the membrane of the cell

or intracellular organelles, or act as storage compounds that provide energy when

26



Theoretical Background

needed. Storage lipids are normally produced in the presence of excess carbon source
and when cell growth is hampered due to another nutrient limited availability. Under
such conditions all eukaryotic cells produce enzymes that convert carbon, received
through the food, to energy rich-lipid droplets, usually in the form of neutral,
triacylglycerides (TAG) [65].

Basic lipid metabolism in eukaryotic cells

In the case of TAG the accumulation occurs through four main stages. In a first step, a
pool of acetyl-coenzyme A (acetyl-CoA) and the molecule NADPH is generated through
usual catabolic activities of the cell (Fig.4). These are the main precursors for
intracellular FA synthesis, since acetyl-CoA usually acts as initial building block for FA.
The elongation of the FA chain by two carbon atoms requires malonyl-coenzyme A
(malonyl-CoA), which is formed in the second step by a condensation reaction of acetyl-
CoA and a bicarbonate ion. This conversion of acetyl-CoA to malonyl-CoA is catalyzed
by acetyl-CoA carboxylase. The newly synthesized malonyl-CoA is connected to the
acyl carrier protein, forming malonyl-ACP, which is further converted, by a series of
condensation reactions within the FA synthase system, into acyl-ACP. These reactions
involve elongation and desaturation of the acyl chain by enzymes, known as elongases
and desaturases respectively. Termination of FA elongation is mediated by an acyl-ACP
thioesterase, resulting in free FA that are transferred to glycerol-3-phosphate for the
formation of TAG, in a third step. The fourth step consists of the formation of
intracellular lipid droplets [59,83].
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Figure 4. lllustration of the intracellular metabolic activities for lipid biosynthesis [59]

Production of LC-PUFA

The procedure described above leads to aerobic production of main FA, such as C16,
C18 and C18:1 in cells. However, the value of certain microalgal strains lies with their
ability to accumulate unusual PUFA of high nutritional value and more specifically
omega-3 FA, such as EPA and DHA. The conversion of the main lipid precursor, acetyl-
CoA, to the desired PUFA has been suggested to follow three different routes,
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depending on the lipid-producing microorganism. In animals, it is generally accepted
that EPA derives from linoleic acid, through usual elongation and desaturation steps.
Afterwards, the all but high conversion of EPA to DHA in the animal tissues follows the
Sprecher pathway, where EPA is elongated to 22:5, then to 24:5 and then desaturated to
24:6, before conversion to DHA by B-oxidation (Fig.5).

In contrast to animal metabolism, it is suggested that microalgae normally follow a
different route for EPA conversion. This simpler mechanism involves one elongation
step to 22:5 and a A-4 desaturase activity [67]. Although the second route described has
been proved to exist in some microalgal strains, apparently it is not the only possible one
for these microorganisms. More specifically, there exist certain strains of the
Schizochitrium species that have exhibited an alternative anaerobic pathway for DHA
production, which involves the activity of a polyketide synthase (PKS). PKS poses a
complex enzymatic system that is capable of synthesizing exclusively DHA directly
from the acetyl-CoA precursor (Fig. 5) and is present in many bacteria. Transcriptomic
research, as well as the lack of intermediate products, leads to the conclusion that
specific eukaryotic strains, such as Schizochitrium sp., contain this enzymatic system for
accumulation of complex LC-PUFA [59,67].
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Lipid metabolism through catabolism of carboxylic acids

As mentioned before, the acetyl-CoA molecule is the main precursor of lipid
biosynthesis. However depending on the carbon sources available to the cells, the
catabolic activities for acetyl-CoA accumulation differ. Carbon from carbohydrates
enhances the acetyl-CoA flux provided to mitochondria and the tricarboxylic acid cycle
(TCA) through glycolysis (Fig. 4). This is being converted into citrate in the
mitochondria, thereby providing carbon skeletons, energy as ATP, and energy for
reduction as NADH.

On the contrary, carbon provided by lipid consumption, broken down to small
carboxylic acids, is partly directed to the peroxisome, where the reactions of the
glyoxylate cycle occur. The glyoxylate cycle transforms the acetyl-CoA into malate. It is
a variant of the Krebs cycle that allows the synthesis of precursor metabolites from two-
carbon substrates [84]. The two enzymes specific of the glyoxylate cycle are the
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isocitrate lyase and the malate synthetase, which catalyze the formation of four-carbon
metabolites from acetyl-CoA. Both enzymes have been repeatedly shown to be induced

when cells are transferred to media containing acetate [72].

Heterotrophic growth using carboxylic acids, such as acetic, butyric, propionic, citric,
fumaric, lactic, malic and succinic acid, as a substrate, has been demonstrated for
microalgae species [85,86]. Acetate and short VFA, as already explained, are a by-
product of anaerobic digestion and often accumulate in DF processes. Interestingly,
microalgae can easily convert acetate into acetyl-CoA [87]. That is because, eukaryotic
microorganisms are able to assimilate acetate via a monocarboxylic / proton transporter
protein that aids transport of monocarboxylic molecules across the cell membrane [72].
Once inside, the transferred acetate can acetylate CoA using a single ATP molecule,
with acetyl-CoA synthetase catalyzing the reaction [88]. That one-step reaction means
that conversion of received carbon to acetyl-CoA is less energy demanding in the case of
the carboxylic acids pathway, in contrast to the glycolysis, but on the same time, it lacks
the provision of NADH offered by glucose catabolism.

Butyrate is another major by-product of DF, but butyrate assimilation by microalgae has
not been studied yet so detailed. Butyrate has relatively higher molecular weight and
associated complicity and requires more steps for conversion to acetyl-CoA. Similar to
transport of acetate, it can be anticipated that butyrate enters via a
monocarboxylic/proton transporter across the membrane. In the glyoxysome, butyrate is
converted to acetyl-CoA through B-oxidation [84]. Then the acetyl-CoA is once more
partially used for biosynthesis via the glyoxylate cycle, and partially for energy
production via the TCA cycle. p-Oxidation is the major source of acetyl-CoA and
prerequisite for both processes [89]. Although acetate can be efficiently converted into

lipids, butyrate uptake by microalgae is much slower and can reduce the microalgae
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growth when both VFA are present. This problem can be solved either by increasing the

initial microalgae biomass or by increasing the initial acetate: butyrate ratio [90].

4.4 Crypthecodinium cohnii

C. cohnii is a microalga strain of high biotechnological and industrial importance. It has
been engaging the interest of researchers since the 1960s and that of the industry since
1990s, but still there are many characteristics of this intriguing microorganism that

remain unknown.
Dinoflagellates

C. cohnii is a member of the group of dinoflagellates, eukaryotic unicellular
microorganisms of the phylum Dinoflagellata that has rather recently been classified in
the kingdom of Alveolates. Dinoflagellates acquire their name from the characteristic
pair of flagella they possess. One of the two is folded around the cell, enabling the cell to
spin around, while the other extends outward, offering the cell mobility. They are marine
protists with impressively long genome, even longer than the human’s, which often form
endosymbiotic relationships with bacteria. Their DNA is organized in chromosomes,
inside a permanent nucleus, however the chromosomal organization lacks the presence

of histones and nucleosomes[66,91].

C. cohnii is described by many as a supraspecies, including several biological species of
similar morphology. Its cell wall consists of a very thin, cellulosic theca and the cells
appear in two different forms; motile “swimming” cells or static cysts. They can
reproduce both asexually and sexually- especially in conditions of nutrient deprivation-,
but, in order to multiply themselves, motile cells need to shed their flagella and become

cysts. The microorganisms are found in many habitats over the globe but they are
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mostly described as neritic species that often appear in brackish water where decaying
seaweeds thrive [66,91,92].

Nutrition and FA profile

The importance of the specific microalga for research and industrial purposes is derived
from its characteristic ability of assimilating various substrates, as well as from its
unique FA profile. C. cohnii is an obligatory heterotrophic, aerobic organism that can
grow under dark, utilizing an organic carbon source for energy and building blocks
provision. So far many different carbon sources have been used successfully for the
cultivation of the cells, such as glucose, ethanol, dextrose, carob pulp syrup, galactose
and acetic acid [93-95]. Equally important for the heterotrophic growth of the alga is
the nitrogen source. In the case of C. cohnii, cells have grown well with various nitrogen
sources such as meat or yeast extract (YE), corn steep liquor, urea or ammonium salts
[91].

C. cohnii is classified as an oleaginous microbe, which means that it accumulates lipid at
more than 20% of its dry cell weight (DCW), most of which is accumulated as neutral
TAG. Apart from FA, C. cohnii is known to produce some isoprenoids, like carotene,
that are responsible for the yellow to orange color of the cell cultures, as well as secrete
extracellular polysaccharides [91]. Still, it is their lipid content that cells are cultivated

for.

The microalga accumulates a big reservoir of lipid, around 30-50% of which belongs to
the PUFA fraction and more specifically to the omega-3 DHA [96]. C. cohnii not only is
an excellent producer of DHA, it also produces no other PUFA (to more than 1% DCW),
thus simplifying the extraction and distribution of the final lipid product. Most

researchers agree that DHA is accumulated in the form of neutral lipids, especially under
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nutrient limitation conditions. Still, there have also been examples of DHA being
integrated in phospholipids [97]. These differences may be attributed to the different
strains, answering for the great variety of microorganisms under the C. cohnii name, or

the age of the culture when the cells where harvested [91].
Industrial applications

C. cohnii is a microalga long known in the industrial field. Crucial for its use for
industrial purposes was the fact that it has no pathogenic effect in human and animals
and does not produce any toxins, in contrast to other known dinoflagellates [52]. Strains
developed in the laboratory, from a C. cohnii strain allocated from UTEX culture
collection, are exploited by Martek Biosciences for the production of oil rich in DHA,
commercially known as DHASCO (DHA single cell oil). DHASCO received the GRAS
certification (Generally Recognized As Safe) in the United States in 2001 [52,66]. Since
then it has been widely used, both as an adult supplement and mostly as an additive for
infant formulas, for the reasons described before. It can be found either alone or in
combination with ARASCO, fungal arachidonic acid produced by the same company.
The commercial success of the single cell oils (SCO) was such that Martek Biosciences
was bought by DSM (Dutch State Mines) in 2011 [66].
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Figure 6. Diagram of C. cohnii biomass production and harvesting by Martek Biosciences (until 2010) [66]

According to the company’s procedure, C.cohnii cells, prepared from a cryovial stock
each time (Fig.5), grow according to a two-stage protocol. During the first phase, cells
grow normally, reaching a normal lipid content of around 20% DCW, with constant
feeding of a carbon source. Afterwards, normally occurring nitrogen depletion leads to a
surplus of carbon and accumulation of TAG, rich in DHA. The microbial lipid is
extracted and refined similar to commercial plant lipids, before release in the market
(Fig.6) [66].
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5. Fermentation Design

In order to enhance the production of a certain bioprocess product, the selection of the
proper conditions and raw material needs to be seriously addressed. In the case of a

fermentation process, the most influencing parameters depend on the specific cultivation

and they usually belong in the following categories.
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5.1 Important parameters

Carbon source

When discussing a heterotrophic cultivation of a microbe, the first think to consider is
the carbon source. Carbon sources, apart from offering the most necessary building
block for the cell, serve as chemical energy providers. Usually, most fermentation

processes are carried out with either a glucose, acetate or glycerol feed [86].

Glucose is the easiest fermentable substrate for the majority of organisms. It provokes
high rates of growth and respiration, by offering 2.8 kJ of energy per mol. In general it
has a mass conversion ratio to heterotrophic microalgal biomass equal to 40- 64% and a
lipid conversion around 19-31% [86]. However, being so easily fixed by the cells, it can
lead to catabolite repression. This phenomenon leads to the reduction of the synthesis
rate of enzymes, including the ones involved in the utilization of other substrates, thus
reducing the uptake of other nutrients [98]. For this reason, glucose is not preferred
when consumption of more than one substrate is desired. What is more, glucose may be
an inexpensive carbon source, but, due to its variety of applications, it is highly arguable

if it should be used for microbial cultivation and not human or animal feeding purposes.

Acetate is an alternative carbon source that leads to the production of lipid precursor
acetyl-CoA, without the requirement of excessive energy from ATP. Thus it offers
carbon- in the form of malate or citrate from the glyoxylate or TCA cycle accordingly-
and secures ATP economy by the cells. Nevertheless, acetate use is limited by the toxic
effect that it has on some microorganisms. Contrary to that, glycerol is another popular
alternative to glucose, with no usual toxicity [86]. Its use is promoted by the fact that it
is a by-product of petrol refining processes and therefore available in large quantities.
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Although the aforementioned carbon sources have exhibited good qualities, it must be
noted that they are fairly expensive in their pure form. Therefore, their use is limited in
the formation of defined media of known composition for laboratory purposes. Large-
scale, industrial fermentations are usually carried out with complex, natural media, or
waste-derived feeds that sometimes even require a detoxification step prior to utilization
[50,98].

Nitrogen source

Nitrogen is the second most important and plentiful nutrient for cell proliferation. It
provides building blocks for the formation of amino acids and subsequently proteins.
The ability of microorganisms to assimilate various nitrogen sources is strain-dependent
and also is determined by the nitrogen form. The reason is that the first, necessary step
for nitrogen fixation by the cells is the reduction of N> to ammonia. Therefore organic
nitrogen in the form of amino acids, or inorganic ammonium, in the readily available
reduced form, are usually more easily utilized by the cells [72,98]. Usual nitrogen
sources for fermentation purposes are nitrate, ammonium salts, urea, and more complex

such as YE or peptone.
Carbon to nitrogen ratio

Apart from the form of it, the nitrogen availability to the microorganisms plays a key
role in fermentation processes. Nitrogen, together with carbon provided by the medium,
functions as precursor for the synthesis of enzymes that carry out intracellular activities
for the maintenance and proliferation of the organism. Subsequently, in case only one of
the above is available, cellular functionality is affected. A usual behavior of microbial
cells, when carbon is in excess, is the accumulation of storage compounds, such as

starch or lipids [99]. For that reason, the adoption of a high C/N ratio, which answers for
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a deficiency of nitrogen, in comparison to carbon, is a usual technique for the increase of
the lipid content of the cells [100]. In microalgae, a change in the production also of
other valuable metabolites has been reported, such as carotenoids and chlorophyll
[101,102].

Temperature

Temperature is a parameter to be considered in every fermentation process and is
microbe-dependent. Each microorganism has a characteristic temperature range where it
can grow better and therefore this ability must be taken into account. Usually
temperature is not so crucial in the accumulation of intracellular metabolites but it can
have a potent role in the quality of those. In microalgae, for example, temperatures lower
than the optimal range for growth result in an increase of the unsaturated lipids
accumulated by the cells. This is attributed to the ability of unsaturated FA to enhance

the cell’s membrane fluidity, which is hampered in a cold environment [103].
Oxygen availability

Availability of oxygen should be seriously addressed, when designing a fermentation
process [104]. It can be achieved, either with sufficient stirring, or by securing a high air
flow entering the bioreactor. Its importance is based on the necessity of oxygen for the
proper function of the enzymes produced by the cell. In the case of C. cohnii, previous
research has shown a substantial increase in the growth rate, under higher dissolved
oxygen (DO) levels. Also DHA percentage was enhanced, according to the researchers
[105]. Still the effect of DO in the final DHA percentage is under discussion, owing to
the uncertainty about its intracellular production and also to its vulnerability to
oxidation. If DHA is accumulated through the normal FAS pathway, which uses

elongases and desaturases, its dependence on the oxygen availability is clear. On the

39



Theoretical Background

other hand, if an anaerobic, complex PKS enzyme system is responsible for DHA

accumulation, then different DO levels are not expected to cause high DHA fluctuations.
Stirring

Stirring is desirable in fermentation processes because it allows the proper circulation of
oxygen, the medium nutrients, cells and extracellular metabolites in the total volume of
the culture. Thus it ensures the homogeneity of the culture and the availability of
nutrients and oxygen. The amount of stirring however should be determined after taking
into consideration that excessive mixing may lead to the development of shear forces
that can damage the cells. In cases of high-cell density cultures, characterized by high
viscosity values, the addition of commercial polysaccharide-hydrolyzing enzymes has
been proven to reduce efficiently the viscosity, without the need of developing
extremely high stirring velocities [86,106].

pH control

The optimum pH for microbial growth is strain-dependent. Therefore, the control of the
pH within the range that is acceptable by the microorganism is a prerequisite for every
fermentation. Still, it can sometimes be proven as a useful tool for the feeding of the
culture as well. In case of microbial fermentations carried out with an acidic feed- such
as acetic acid- the consumption of the acid by the cells leads to pH increase of the
medium, which, if not addressed, will eventually inhibit further cell growth. In such
occasions, further addition of acid will decrease again the pH and also provide more
carbon for the culture. This fermentation technique refers to a fed-batch cultivation
mode, where a feed of acid is constantly added inside the bioreactor vessel- referred to
as pH-auxostat-, ensuring both the pH control and the carbon availability. The pH-

auxostat is repeatedly adopted in C. cohnii fermentations with carboxylic acids [85,95].
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Cultivation mode

The above parameters can all be categorized as cultivation conditions. The control of
these conditions greatly depends on the fermentation method that will be applied in each
case. Usually, the submerged fermentation modes adopted in most processes belong to
one of the following four categories; batch mode, fed-batch mode, continuous mode or

semi-continuous mode.

Batch mode describes a process in a closed vessel where all nutrients and inoculum are
situated inside from the beginning of the process, with no streams entering or leaving the
vessel during the whole process. On the contrary, fed-batch mode refers to the addition
of a stream- usually a feed- during the whole fermentation, but with no removal of
material. In continuous mode, an entering and a leaving stream ensure the maintenance
of constant conditions inside the fermenter during the whole procedure, while a semi-
continuous bioreactor involves the non-continuous, simultaneous addition of fresh
medium and removal of a part of the culture liquid at specific times, during the process
[86].

Microalgal fermentations are usually carried out in batch or fed-batch modes. In general,
a fed-batch mode allows the addition of extra feed in the culture, thus maintaining the
proliferation of the cells for a longer period and finally resulting in higher biomass
production. Furthermore, it poses a solution in case of substrate inhibition at high

concentrations [50].

Apart from opting for a single mode, a combination of methods can also be applied,
according to the needs of the bioprocess. A characteristic example is the two-stage
fermentation that is adopted when the accumulation of a specific metabolite is desirable.

The production of functional metabolites by the cells requires energy and is usually
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increased during stress periods, when the biomass growth rate decreases and energy flux
is directed to other intracellular functions. For that reason the application of a two-stage
cultivation mode effectively allows the accumulation of a higher amount of the final
product. During the first stage, the culture conditions favor the biomass proliferation,
thus resulting in a high cell concentration inside the fermenter. Afterwards, the
conditions change to enhance the accumulation of the favorable metabolite, while the
growth is hampered. That way the process results in a culture broth of high biomass

concentration, with each cell being rich in the desired substance [86,107—109].

5.2 Scale-up challenge

When designing a bioprocess with industrial potential, the difference between lab-scale
and industrial-scale results must be taken into consideration. It is usual that laboratory
processes will accomplish a higher product yield than large-scale ones. On one hand,
this is the result of a waste of more residual biomass remaining in the bigger industrial
equipment, when harvesting is completed. On the other hand, it is a normal course
dictated by the different needs of the two systems. For example, a lab fermenter,
sterilized in an autoclave, results in higher nutrient concentration, owing to partial
evaporation of the liquid. On the contrary, a larger, industrial fermenter, usually
sterilized by steam injection, is characterized by a lower concentration of nutrients
before inoculation. What is more, nutritional media prepared in the bench are a mixture
of pure chemicals of defined composition, while industrial cultivations, due to financial
restrictions, include more complex media with less optimized nutrient content [98].
Therefore, the researcher must expect a small difference of the resulting values when

scaling up a designed process.
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5.3 Model-based bioprocess optimization

As it has already been mentioned, fermentations are widely used in industrial level.
However, one basic drawback they have is that they depend on biological systems,
which can sometimes be highly unpredictable. In order to standardize as much as
possible a fermentation process, it is advisable to try to create a mathematical model
describing the outcome of the bioprocess, if specific conditions change. In case the
attempt is successful, it is possible also to optimize the process in order to accomplish
maximum vyields of the desirable products or effect. Optimization of an industrial
process begins from the laboratory bench and the last century is mostly aided by
focusing on a proper Design of Experiments (DoE) method.

Design of Experiments

DoE is a category of methods that can be adopted for the determination of the
experiments that are maximally informative for a chosen mathematical model. Therefore
it allows the user to acknowledge and practice the minimum amount of experiments,
thus saving time and resources [110]. It is useful when a specific output of a process can
be influenced by various parameters, and therefore, both the effect of one parameter and
the combined effect of all needs to be estimated. As a technique it represents an
improvement of the older “One Variable At a Time” (OVAT) approach that included
testing of the effect of one experimental factor at a time, while keeping constrained all
the others [111].

DoE is usually applied with the purpose of screening those variables, or factors, whose
effect in the desirable outcome is more important, for the optimization of a specific
process, or as means of robust design; meaning the reduction of variations in a system,

without eliminating the causes [111,112]. In mathematical terms, when an observation y
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can be related to a number j of M different x; factors by a specific function y= f(x), where

x= (X1, X2, ..., xm), then DoE determines that design matrix D:

X110 Xam
D = : : (1)
XiN 0 XNM

which allows minimization of the N number of observations necessary to define the
function f. In the matrix, xj is the j variable for the i"" observation, adapted in order to

acquire values between -1 and 1 [110].

DoE methods vary, based on the design purpose, the number of the independent
variables and the accuracy that is desired by the model. Full factorial designs take into
consideration all different combinations of the different parameters and can therefore be
proved infeasible for a high number of factors. In such cases, the adoption of a fractional
factorial design, that does not require all the combinations of all the levels of each factor,
is preferable [111]. Furthermore, different design methods can also accept a different
amount of levels for each variable. Normally, when a model for the optimization of a
process is required, through response surface methodology (RSM), the most popular
DoE methods are Box-Behnken and Central Composite Design (CCD) [112].

a) Central Composite Design

CCD is a sum of factorial or fractional factorial designs that includes the use of center
points, augmented with a group of axial or star points, for the determination of the
different values of the independent variables, thus allowing three or five distinct levels
for the input variables. Star points are always twice as many as the different factors
examined and correspond to the new extreme values that the factors will take. Based on
this characteristic, CCD is ideal for curvature estimation and prediction of the responses
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at the extremes of the set values. On the contrary, Box-Behnken is suitable when the

experimenter is not interested in the behavior of the system in extreme values [112].
Response Surface Methodology

RSM is a collection of statistical methods that combines DoE with Taylor’s
mathematical theorem for the creation of a model that describes a response of a system
when some, important for it, independent variables acquire values within an examined
range. Although other orders can also be adopted, RSM is usually using Taylor’s 2™
order equation for the description of the mathematical relation characterizing the

examined system, the general form of which is:
y= Po+ 29/1:1 Bj-xij + 29/1:_11 Zlkw=j+1 Bji * Xij - Xix + 2%1 Bjsm XLZJ 2

DoE is the first step of the method and allows the collection of the experimental data.
Afterwards, the values collected are fitted in Taylor’s equation for the determination of
the coefficients fj. As the name of the methodology itself gives away, the resulting curve
from the final equation estimated represents a surface that approximates the response of
the system to the different factors [110,113].

RSM is a widely used methodology that has been repeatedly applied for many systems,
including microbial bioprocesses [114]. The use of Taylor’s second order polynomial
allows, not only the determination of the effect of the specific factors, but also the
estimation of the quadratic effects and the combined influence of more than one factors.
It offers the ability of designing properly or even optimizing a process as long as the
following criteria are followed; for application of RSM the critical factors of a process
need to be known and acquire values that are continuous. Also there must exist a

mathematical function that relates the examined response to the factors, otherwise the
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model will have no physical meaning. Lastly, when applying RSM the range, over which
the factors are to be tested, must be carefully defined. Too narrow a range may falsely
determine a factor as insignificant, because the model won’t be able to detect its effect.
On the other hand, a very large range can also lead to the same false conclusion, since
the equation will not adequately explain its influence. The range evaluated is therefore of
high importance and, after all, it also signifies the boundaries within which RSM models

can predict a result for the examined system [113].

Optimization, with RSM tools, is carried out by using the Derringer’s desirability
function [115]. The function combines the influence of different factors in a single
equation, based on the idea that the quality of a response, influenced by those factors, is
acceptable only if all factors are within some goal values. The evaluation of
acceptability, that is the desirability of a response (d), takes values between O-
corresponding to no acceptability- to 1-corresponding to the maximum acceptable option
[115]. For k different responses Y; that need to be optimized, the response of the
desirability function is D=(d(Y1)d(Y2)...d(Yi))"¥, where desirability functions d(Yi) might

refer to minimization, maximization or reaching a specific goal value.
6. Purpose

Current state of the art

Although the use of autotrophic microalgae for wastewater treatment is in general more
widespread [116], their use for bioconversion of waste is still on an infantile level. So
far, the DHA producing strains C. cohnii and Schizochitrium sp. have been examined, in
lab scale, as means of bioconversion of a few organic-rich waste streams. More
specifically, C. cohnii has exhibited the ability to assimilate date syrup and carob pulp

[117,118], while S. mangrovei has been cultivated on food waste hydrolysates [119] and
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S. limanicum on sugarcane bagasse and crude glycerol [55,120]. With regard to VFA,
Turon et al. were the first that published the idea of DF effluents as carbon substrates to
support the growth of heterotrophic microalgae [84]. What is more, they tested the idea
with both synthetic and real DF effluent (sterile and non-sterile) for the growth of two
Chlorella species, Chlorella sorokiniana and Auxenochlorella protothecoides. The cells
grew well, either in axenic cultures or in a bacteria consortium, accumulating FA, which
however do not belong to the omega-3 category and can only be exploited for biodiesel
production [84,90,121]. To the best of our knowledge, no previous research has been
conducted, regarding the heterotrophic growth of microalgae on DF effluents or

lignocellulosic biomass hydrolysates for omega-3 FA production.
Purpose of the present work

So far, any valorization of the DF liquid fraction has been limited to “proof of concept”
lab experiments, which resulted in the production of short-chain microalga FA, useful
only for biodiesel. Furthermore, to the best of our knowledge, the bioconversion of
pretreated lignocellulosic waste streams by microalgae has not been examined. With the
scope of achieving a more effective utilization of the by-products of existing industrial
processes, a bioconversion platform for the valorization of biowaste-derived organic
acids or lignocellulosic waste, to high added-value metabolites, is proposed. The
conversion of these waste streams to expensive nutritional products, such as omega-3
FA, offers a breakthrough and promising solution for the establishment of a biorefinery
that will further support and sustain a CE. What is more, the high cost of the final
product can justify the expensive processes of harvesting and lipid extraction from
microalgae, that normally pose a disadvantage to other processes such as microalga
lipids production for biodiesel [68]. For that reason, this thesis included the examination

of the ability of the microalga C. cohnii-a known omega-3 producer- to assimilate the
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different waste-derived substrates, the determination of the important cultivation
conditions and the fermentation mode and finally the endeavor for optimization of the
bioprocess for high DHA production. The included attempts for the optimization of the
valorization of waste-derived harmful organic content into omega-3 FA were focused,
not only on the application of the optimum cultivation conditions, but also on securing a
feed, rich in available nutrients and carbon. The purpose was always the establishment
of processes with industrial potential, in order also to address the current gap in the

literature.
Challenges and difficulties

As in the case of all waste valorization processes, the greatest difficulty of designing a
functional fermentation lies with the composition of the waste stream. The pretreated
waste may include many different nutrients that vary from batch to batch, as well as
other ingredients that can even act as inhibitors to the growth of microbes. Therefore the
standardization of such a process, which is to receive a feed of variable composition, is
almost impossible. Still such valorization processes are the only solution for the
successful implementation of a CE. This thesis provides an elaborated and scientific,
step-by-step approach to the design of industrially exploitable fermentation protocols for

the different waste streams examined.
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1. Chemical and biological materials
1.1 Strains

C. cohnii ATCC® 30772™ was obtained from the American Type Culture Collection
(ATCC), cultivated and maintained according to the protocols given in the product sheet.
Stock cultures of seed cells, with a final volume of 50 mL, were prepared by inoculating
fresh, sterilized ATCC 460 medium (A2E6) with 10% (v/v) cells from the previous
stock. Also cryopreservation stocks were prepared according to the company’s protocol.

For the exact recipe of the ATCC 460 medium please refer to Appendix 1.

The methylotrophic yeast Pichia pastoris X-33 was used for transformation and
expression of the recombinant protein TtLPMO111088 from the genome of the
thermophilic filamentous ascomycete fungus Thermothelomyces thermophila (or
Sporotrichum thermophile). For the cloning of the plasmid vector One Shot competent

TOP10 Escherichia coli cells from ThermoFisher Scientific Inc. (USA) were used.

1.2 Chemicals for media preparation and enzymatic reactions

Chemicals used were purchased either from Sigma-Aldrich-USA (salts, Tris base,
inorganic salts, VFA) or Fluka® Analytical-USA (yeast extract, concentrated HCI and
H>S04) or Fisher Scientific-USA (glucose anhydrous), while the organic solvents for the
experiments were purchased from Fisher Scientific (chloroform, methanol) or Carlo
Erba-Spain (n-hexane). Sea salts were of retail commercial origin. Solvents were of
analytical grade unless if stated otherwise. Poly- and oligo-saccharides serving as

substrates for LPMO reactions were purchased from Megazyme Ltd (Ireland).
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1.3 Waste-derived materials used as main carbon feed

The DF liquid fraction was derived from a mixture of Vegetable Garden Food (VGF)
waste, provided by Organic Waste Systems NV (OWS, Belgium) and processed by
Tecnalia Research & Innovation (Spain). Before delivery, the effluent was ultra-filtrated
through a 1200 mm-length and 70 nm-pore size membrane. The different permeate’s

VFA composition is shown in Table 1.

Lignocellulosic biomass consisted either of a commercially available feedstock of
beechwood fibers with a particle size in the range of 150-500 pum (Lignocel® HBS 150-
500, JRS GmbH and Co KG, Germany) or of bark-free pine trimmings of Pinus sp. as a
representative softwood biomass for comparison. Biomass was pretreated by mild-
oxidative organosolv pretreatment in the Chemical Process and Energy Resources
Institute (CPERI), CERTH. Pretreatment was carried out with a mixture of 50:50 (v/v)
of H2O: organic solvent as a liquid phase at a solid to liquid ratio equal to 1:10. The
reactor vessel was pressurized with 100% O» and heated up until it reached the desired
temperature (175 °C). Reaction time varied between 60-120 min, while tetrahydrofuran
(THF), acetone and ethanol were used as organic solvents. After cooling down and
reactor depressurization, the solid pulp was obtained through vacuum filtration, washed,
dried and provided to the Biotechnology Laboratory of the School of Chemical

Engineering, NTUA for experiments. The final moisture of the pulps was 5-8 wt. %.

50



Materials and Methods

Table 1. Composition of the different DF effluents received

Batch  Delivery  Acetic  Butyric  Propionic  Valeric  Caproic Sum of NH4*

no. date @L)  (glL) (g/L) (g/L) (@L) VFA(gL) (mM)
1 42018 3.9 25 18 05 14 10.1 44
2 9/2018 3.8 1.9 1.7 0.8 0.6 8.8 18
3 2/2019 8.1 36 5.7 35 13 222 48
4% 122019 51 28.9 20.8 9.8 5.6 125.1 457

*The effluent no. 4 was concentrated by evaporation to achieve high VFA concentration.

1.4 Genes and plasmid vectors

The gene encoding the hypothetical LPMO, situated in the second chromosome of T.
thermophila, between the nucleotides 1102431 and 1114762 was synthesized and codon
optimized for expression in P. pastoris by GenScript Biotech Corporation (USA). The
plasmid vector pPICZaA of Invitrogen (USA) was used for transportation of the gene

and its natural signal sequence in the yeast cells.

1.5 Commercial enzymes

The enzymes or enzyme mixtures used for lignocellulosic hydrolysis and recombinant
DNA techniques were of commercial origin. Hydrolysis was performed with Cellic®
CTec2 from Novozyme Coorporation (Denmark). All restriction enzymes used,

including their reaction buffers, were purchased from TaKaRa Bio, Inc. (Japan).
2. Cell cultivation methods in biowaste derivatives

2.1 Batch cultures

Batch cultures of 50 mL ATCC 460 Medium (A2E6) were prepared in Erlenmeyer
flasks as mentioned above in paragraph 1.1 and maintained for 4 days at 23 °C without
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stirring. These stock cultures were used as inoculum for pre-cultures. Pre-cultures
(50mL) contained 9 g/L glucose, 18.7 g/L sea salts and 2 g/L YE, while the volume of
the inoculum was 10 % of the final culture volume and the pH of the medium was set at
6.5 prior to autoclaving. Pre-cultures were incubated at 23 °C, without stirring, under
dark for 3 days. They were then used as seed cells for the batch cultures (50 mL), with
medium containing 18.7 g/L sea salts, 2.8 g/L YE, 100 mM Tris-HCI buffer and acetate,
propionate or butyrate at a concentration of 5, 10, 15, 20 or 30 g/L. A control culture
without any acid addition was also examined. Cultures were carried out in duplicates and
samples were collected on a daily basis to monitor cell growth. The pH of the medium
was set at 6.5, prior to autoclaving. Tris buffer was used in order to control the pH of the

culture during incubation time.

In case of optimization experiments, batch cultures with 30 g/L sodium acetate (SA),
18.7 g/L sea salts, 2.8 g/L YE- unless if stated otherwise- and buffered with 100 mM
Tris/HCI at pH 6.5 were carried out at an agitation of 160 rpm. Following the approach
of changing one parameter at a time, the effect of incubation temperature, nitrogen
source, initial C/N ratio and addition of chemical modulators was examined. While
keeping the other conditions stable, cultures were carried out at temperatures between
15-30 °C, different initial C/N ratios between 10-55 (g C/g N), addition of the chemical
modulators ethanolamine and salicylic acid and the following nitrogen sources; YE, urea
(Ur), (NH4)2SO4 (Am), NaNOs (Nt) or NHsNOs (AmNt) at concentrations that ensured
an initial C/N ratio equal to 40 (g C/g N). The different conditions were evaluated by

measuring the resulting cell biomass, intracellular total FA (TFA) and DHA produced.
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2.2 Fed-batch fermentations (1 L)

Static precultures with a medium of 9 g/L glucose, 25 g/L sea salts and 2 g/L YE were
inoculated with 10 % (v/v) of seed cells grown for 4 days in ATCC 460 Medium
(A2E6). After incubation for 4 days at 23 °C, without stirring they were used as
inoculum (10 % v/v) for stirred cultures (100 mL final volume) of C. cohnii containing a
medium of 27 g/L glucose, 25 g/L sea salts and 3.8 g/L YE. The pH was always set at
6.5 prior to autoclaving. Stirred cultures were incubated for 3 days at 27 °C and an
agitation of 160 rpm under dark and used to inoculate 2L pH- auxostats (New Brunswick
Scientific-BioFlo 310 Benchtop Fermentor) containing 900 mL of medium with 15 g/L
SA, 25 g/L sea salts and 7.5 g/L YE at a pH 6.5. Temperature was set at 27 °C, unless if
stated otherwise, and agitation varied from 300 to 550 rpm in order to maintain the
dissolved oxygen at a higher value than 20 % of saturation. Cultivation conditions were
monitored and pH was controlled by adding a specific VFA feed for each bioreactor.
The feeds examined were the following: 33 % (v/v) acetic acid in autoclaved deionized
(DI) water, 25 % (v/v) butyric acid, 25 % (v/v) propionic acid, autoclaved real DF
permeate from VGF waste acidified with HCI (Table 1.) and a synthetic medium
mimicking the VFA composition of the DF permeate in autoclaved DI water. Also the
examination of a two-stage fermentation strategy was realized by alternating between a
feed of 33 % (v/v) acetic acid in a solution of Am at a C/N ratio equal to 110 (w/w), for
the first 168 h of fermentation, and a feed of solely 33 % (v/v) acetic acid without
nitrogen, later. Daily samples of the bioreactors were collected in order to monitor the
cell growth. Each fermentation was terminated when the system reached static growth

phase.
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2.3 Fed-batch fermentations (0.1 L)

Fed-batch cultures in the BioXplorer 100 mini bioreactor system by HEL Ltd. (England)
were carried out, for the determination of optimal fed-batch conditions that lead to
maximum DHA production. Firstly, fed-batch fermentations with different temperature
profiles, or initial C/N ratios were carried out. Initial medium included 25 g/L sea salts,
15 g/L SA and YE or Am according to the desired C/N, while the bioreactors were
provided with a feed of 33 % (v/v) of acetic acid. Inoculation was completed similarly as
in the 1 L fed-batch cultures. Incubation temperature was either maintained stable at 23
or 27 °C, or followed a two-stage profile, remaining at 23 °C for 72 h and later
augmented at 27 °C or reduced to 15 °C for 96 h more, with the scope of achieving

enhanced intracellular lipid accumulation.

The same bioreactor system was applied for a more thorough optimization of DHA
production, after DoE, by the determination of a mathematical model using RSM. The
independent variables were the initial C/N ratio of the culture medium, as well as the air
flow (A.F) provided in the bioreactors, while the final DHA production (mg/L)
represented the y response measured. The inoculum was prepared as in the case of the
1L fed-batch cultures and used after 3 days of incubation, when the optical density of the
stirred culture at 685 nm (ODsgs) was around 2.3-2.5. Initial medium consisted of 25 g/L
sea salts and initial carbon concentration of 7.4 g/L. SA and YE initial concentrations
were calculated taking into consideration that carbon content of YE is around 40 %
(w/w) and nitrogen content is 11 % (w/w). Fed-batch cultures of a total volume of 100
mL were carried out at a constant temperature of 23 °C with an unsterilized feed of pure
VFA mimicking the composition of the concentrated DF effluent provided by Tecnalia
(Table 1). Feeding was continued for 6 days, after which period, the addition of a VFA
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feed was stopped and the cultures maintained in batch mode for 24 h more before

termination, to ensure the total depletion of the remaining carbon inside the vessels.

2.4 DoE parameters

DoE, RSM and statistical analysis of the resulting model, as well as optimization by the
desirability function were carried out by the software of Design Expert Version 7.0.0
with the method of CCD practical, with an a value equal to 1.19. For each factorial and
axial point, three replicates were carried out, while the center point experiment was
repeated five times. The above design leads to the execution of 29 fermentations. The
examined range for the independent variables was set between 5 g C/g N and 25 g C/g N
for the initial C/N ratio (Factor A) and 50 mL/min to 100 mL/min for the A.F (Factor B)
respectively. Scaling of the parameters values between the values of -1 to 1 was carried
out, to enable the easier estimation of the effect of each parameter in the response y, by

the following type:
Scaled value=(2-Original value—Maximum value—Minimum value)/(Maximum-Minimum) (3)

For the estimation of changeable fermentation cost the following values of Table 2 were

taken into consideration.

Table 2. Factors influencing changeable fermentation cost based on C/N and A.F

Factor Value Source
Purchase cost of YE 5.40 €/kg Alibaba.com
Purchase cost of SA 0.66 €/kg Alibaba.com
Efficiency of bubble :
) 2.0 kg air/ kwWh [122]
diffuser
Electricity cost 0,21985 €/KWh Public Enterprise of Electricity Dei S.A
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3. Saccharification methods

3.1 Saccharification of pretreated biomass

To achieve efficient saccharification of the cellulose-rich pretreated solid pulps from
beechwood or pine, Cellic® CTec2 enzyme cocktail was employed. Protein content of
the cocktail was determined by the Bradford assay [123] and found to be 95.6 mg/mL,
while the filter paper activity was 102.2 FPU/mL (FPU: Filter Paper Units), according to
the protocol from Ghose [124]. Hydrolysis experiments were performed in 100-mL
flasks in order to assess different pretreatment conditions and correlate them with the
potential to yield sugars that will be subsequently used as a carbon source for
microalgae. All reactions took place at 50 °C under agitation (160 rpm), at an initial dry
matter (DM) of 9 (w/v) and an enzyme loading of 9 mg protein/g of biomass, in 80 mM
MES (2-N-morpholino-ethanesulfonic acid) buffer at pH 5.5. The ratio of total reaction
volume to shake flask volume was 1/10. After 72 h of hydrolysis, the supernatant
containing the fermentable sugars was collected with vacuum filtration and kept in

freezer (-20 °C) until further use.

3.2 Measurement of diluted sugars

At different time intervals during hydrolysis (8, 24, 48 and 72 h), samples were taken,
and enzyme was inactivated after boiling for 5 min. Then, the samples were centrifuged,
and the supernatant was filtered from a 0.22 pM pore size membrane and analyzed for
the presence of glucose and total reducing sugars. Total reducing sugars (TRS) were
determined according to 3,5- dinitrosalicylic acid (DNS) method [125]. Analysis of
glucose, xylose and other monosaccharides resulted from hydrolysis was performed in a
Shimadzu HPLC (High Performance Liquid Chromatography) system, by isocratic ion-
exchange chromatography, using an Aminex HPX-87H column with a micro-guard
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column, at 50 °C (Bio-Rad Laboratories, Hercules, CA, USA). The mobile phase was 3
mM H»SO4 at a flow rate of 0.6 mL/min. The total % wt. cellulose conversion into

glucose was calculated with the following equation:

mg

glucose (—)

mL

cellulose conversion = ( - %wt. cellulose content - 1.11) - 100 (4)

substrate dry matter (%)

in which 1.11 represents the conversion factor of cellulose to glucose.

In case of microalgal cultures with hydrolysates, the consumption of glucose by the cells
was measured using a rapid colorimetric method. More specifically a commercial
glucose oxidase peroxidase solution (GOD-POD, Biosis) was mixed with the
supernatant of daily culture samples. After incubation for 15 min at 37 °C, the absorption

of the samples at 510 nm was measured and the glucose concentration estimated.

3.3 Measurement of diluted oxidized and neutral oligosaccharides

The detection of oligosaccharides generated by the LPMO activity was carried out by
High Performance Anion Exchange Chromatography (HPAEC). The analysis was
conducted wirh an ICS 5000SP system (Dionex, Thermo Fisher Scientific Inc., USA)
with a pulsed amperometric detector equipped with a disposable electrochemical gold
electrode. The column used was a CarboPac PA1 4 x 250 mm with a CarboPac PA1 4 x
50 mm guard column, at 30 °C. 10 uL of samples were injected and the reaction
products were eluted at a flow of 1 mL/min with initial conditions set to 0.1 M NaOH
(100 % eluent A). Liquid phase composition changed by a linear gradient toward 10 %
eluent B (1 M NaOAc in 0.1 M NaOH) after 10 min and 30 % B after 25 min; a 5 min
exponential gradient (Dionex curve 6) to 100 % B followed. Between separate
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injections, a 10 min stabilization step with 100 % A was interjected. Integration of

chromatograms was performed using Chromeleon 7.0 software.
4. Cell cultivation methods in hydrolysates

4.1 Batch cultures with pure sugars, hydrolysates or lignocellulosic substrates

Cultures with pure sugars (hexoses and pentoses commonly found in lignocellulosic
materials) were performed with an initial concentration of 30 g/L sugars, 2 g/L YE and
25 g/L sea salts at a final volume of 50 mL. Also cultures of 15 or 25 g/L of Avicel PH-
101 or 20 g/L of carboxymethyl- cellulose (CMC) or corn cob were performed for the
examination of the ability of C. cohnii to secrete cellulolytic enzymes. Inoculation, in all
cases, was performed as described previously for batch cultures in VFA and they were
maintained at 27 °C under 160 rpm agitation. To track the carbon consumption, total
reducing sugars concentration was determined with DNS method, while analysis of
monosaccharides was performed by HPLC, as described above, or the GOD-POD

method in case of solely glucose feed.

Batch cultures on hydrolyzed lignocellulosic biomass were performed in similar
conditions as those described above, by utilizing the glucose-rich hydrolysate after
enzymatic saccharification as carbon source. After hydrolysis, the liquid fraction was
diluted two times, 25 g/L sea salts and 2 g/L YE were added and pH was set to 6.5 prior
to autoclaving at 109 °C, 40 min. The autoclave conditions were those as not to damage
the diluted sugars in the hydrolysates. Inoculum posed 10% (v/v) of the final culture

volume, as described above. Each experiment was performed in duplicates.
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4.2 Fed-batch strategy

Fed-batch examination in hydrolysate cultures was carried out in Erlenmeyer flasks
incubated at 27 °C and 160 rpm agitation. Cultures were inoculated the same way as the
batch ones. After 120 h of incubation, when almost total depletion of the main carbon
source was detected, a volume of the same hydrolysate (not diluted) was added
aseptically, in order for the final sugar concentration of the broth to reach the same value

as the initial concentration. After feeding, incubation was continued for 100 h more.
5. Downstream processes

5.1 Microalgae cells harvesting

After termination of the cultivation- either in batch or fed-batch cultures- the culture
broth was collected and centrifuged for 10 min at 650 g. The supernatant was discarded
and the cell pellets were washed with DI water containing an equal concentration of 25
g/L sea salt in order to avoid any membrane destruction due to osmosis phenomena.

After another centrifugation, cells were freeze-dried and stored at 4 °C.

5.2 Cell growth estimation

Daily samples of the cultures were collected and their optical density at 685 nm (ODsgs)
was measured in order to estimate cell concentration. During the pH-auxostat 1L
cultures, samples of 10-15 mL in duplicates were centrifuged and washed with salted
water as previously described. The cells were freeze-dried and the dry biomass was
measured in order to calculate the daily biomass concentration of the cultures. In the
case of cultures with lignocellulosic hydrolysates, average doubling times (Tq) between

24-72h were calculated, using the type:
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T4 f27h (5)

- (l‘nOD685(2)—anDsss(l))/lnz

5.3 Measuring VFA concentration in growth medium

The daily VFA concentration of the culture medium was calculated by HPLC analysis
(Shimadzu LC-20AD unit equipped with a SIL-20A autosampler) with an Aminex HPX-
87H (300x7.8 mm, particle size 9 um; Bio-Rad, Hercules, CA, USA) column coupled
with a Cation-H Bio-Rad micro-guard column and a refractive index detector (RID). The
analysis was conducted at 65 °C, using 5 mM sulfuric acid as a mobile phase and a
constant flow rate of 0.6 mL/min, according to the National Renewable Energy
Laboratory (NREL) protocol [126]. The column temperature was maintained constant

using a column heater (Merck Millipore, Darmstadt, Germany).

5.4 Lipid extraction and calculation

For the extraction of the lipids from the dried biomass a modified Folch method was
developed [127]. A mass of 30-50 mg of freeze-dried cells from each sample were
mixed with a chloroform:MeOH 2:1 mixture (analytical grade) and left overnight at
room temperature under agitation. For each 25 mg of dried cells, 5 mL of the mixture
were added. After the appropriate time had passed and the lipid fraction of the cells was
transferred in the organic solvent, DI water was added in the liquid. The volume of the
water was equal to 20 % of the volume of the organic mixture. After centrifugation at
650 g for 5 min the upper water phase was discarded and the lower phase was washed
twice with 1 mL of a MeOH:H2O 1:1 mixture. The final extract was collected in pre-
weighted glass tubes. After evaporation of the solvent in a vacuum oven (Gallenkump),

the total lipids were calculated gravimetrically.
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5.5 FA esterification

The dried lipids were diluted in 1 mL chloroform (HPLC grade) and mixed with 2.5 mL
of a MeOH:HCI 92:8 (v:v) mixture. Reaction blends were transferred in a waterbath at
60 °C. After 15 min, the tubes with the FA methyl esters (FAME) were removed from
waterbath and 2.5 mL CaCl 5% (w/v) was added. The methyl esters were extracted from
the tube mixture with 1 mL n-hexane. The extraction step was repeated 3 times in order
to finally collect an extract volume of 3 mL hexane plus 1 mL of the chloroform initially
added for FA dilution.

5.6 Lipid profile analysis

FAME identification was carried out using a GC-MS (Gas Chromatography-Mass
Spectroscopy) system (Agilent J&W HP-5 Intuvo GC column). Injection temperature
was set at 270 °C, the carrier gas flow was 1 mL/min (helium) and the column
temperature rose from 125 °C to 240 °C with a rate of 5 °C/min, where it remained stable
for 9 min before the end of the analysis. Samples were injected in the column with a split
ratio 50:1. Supelco FAME mixture in dichloromethane (Sigma-Aldrich) was used as
standard. FAME analysis and composition estimation was carried out accordingly, using
the same analysis protocol in a GC system coupled with a Flame lonization Detector
(FID) with an Equity 5 Capillary GC column. Quantification was carried out by
estimating the percentage of each FAME.

5.7 Residual nitrogen estimation for fed-batch fermentations (1 L)

A volume of 5-7 mL of the culture medium selected daily was freeze-dried. The dried
samples were weighted and their total nitrogen content was estimated by the kjeldahl
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method according to AOAC 984.13. The apparatus used was a Kjeldhal Biichi 321

Distillation unit, Flawwil (Switzerland).
6. LPMO expression and characterization

6.1 Recombinant DNA techniques

The gene of T. thermophila, encoding the protein TtILPM0111088, was codon optimized
and synthesized in the plasmid vector pPICZaA- containing the AOX1 promoter for
methanol-induced expression. DNA was amplified in E. coli TOP10 cells exhibiting
resistance to zeocin at a concentration of 25 ug/mL. The cloned recombinant plasmid
was linearized with the restriction enzyme Pmel and used for the transformation of P.
pastoris X-33 cells by electroporation, as described in the EasySelect Pichia expression

kit instruction manual.

6.2 Protein production and purification

The transformed yeast cells were selected by incubation in YPDS petri dishes with
zeocin 100 pg/mL. They were used for the inoculation of 25 mL of BMGY medium in
Erlenmeyer flasks. Cultures were incubated at 30 °C and agitation of 180 rpm for 16-18
hours, to reach an ODeggo around 2-6. Afterwards, the appropriate volume of the culture
was selected and centrifuged for 7 min at 650 g for total removal of BMGY medium.
Cell pellets were re-suspended in fresh BMMY medium and used to inoculate a culture
of 500 mL of the same medium with an initial ODsoo equal to 1, according to the
protocol described by M. Weidner et al. [128]. P. pastoris cultures were incubated at 30
°C and 180 rpm for five days. The induction of the expression of the recombinant protein

was realized by daily addition of methanol in a final concentration of 5 mL/L culture.
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After the end of cultivation, the medium broth was harvested by centrifugation and
filtered through a 0.22 um pore membrane. The permeate was concentrated ten-fold by
ultrafiltration through an Amicon apparatus (exclusion size, 10 kDa; Amicon chamber
8400 with membrane Diaflo PM- 10, Millipore, Billerica, MA). The concentrated crude
protein was purified using immobilized metal ion affinity chromatography (IMAC)
(Talon, ClonTech) according to the protocol described by Topakas et al. [129]. Tracing
of the recombinant protein was carried out by SDS-PAGE electrophoresis, following the

steps described in next paragraph.

6.3 Protein characterization

The substrate specificity and also activity of TtLPM0111088 was examined in reactions
of 1 mL with the following different polysaccharides at a final concentration of 0.5 %
(w/v); wheat arabinoxylan, beechwood xylan, chitin, phosphoric acid swollen cellulose
(PASC), avicel cellulose, starch and konjac glucomannan. Ascorbic acid at a final
concentration of 2 mM was the electron donor, unless if stated otherwise. The reactions
were carried out at 50 °C under agitation of 900 rpm, overnight, with a buffer of sodium
acetate 50 mM at pH 6. Enzyme loading was 12 mg/ g substrate.

In order to examine the activity of the enzyme on soluble oligosaccharides, reactions
with 0.5 mg/mL of the following oligo-saccharides were realized; cellohexaose, manno-,
xylo-, chito- and cello-pentaose. Enzyme loading and reaction conditions were the same
as mentioned above. Reactions were carried out in duplicates and samples were taken at
30, 60 and 180 min.

Temperature and pH optimum were examined in reactions of 0.5 % (w/v) PASC at
temperatures between 40-70 °C and pH between 4-7. For the examination of the effect of

different electron donors, the reagents; vanillin, guaiacol, pyrogallol, ferulic, ascorbic,

63



Materials and Methods

caffeic, p-coumaric and gallic acid were added at a final concentration of 2 mM in 0.5 %
(w/v) PASC reactions.

Furthermore, the possibility of synergy of LPMO with other cellulases was tested, and
more specifically with Cellic® CTec2 from Novozyme Coorporation (Denmark). The
commercial enzyme mixture was added in hydrolyzing blank reactions with a dry matter
content of 2.5 % (w/v) of organosolv pretreated beechwood biomass and a protein
loading of 6 or 5 mg/g substrate at a final volume of 10 mL MES buffer 80 mM at a pH
5.5. TtLPM0111088 protein was added in the mixture, in order either to substitute part
of the protein loading of Cellic (4 mg Cellic-protein:1 mg LPMO per g of substrate) or
to complement the Cellic (5 mg Cellic-protein: 1 mg LPMO per g of substrate). In some
reactions, also 1 mM ascorbic acid was added as reducing agent for LPMO activation.
Hydrolysis was carried out in duplicates for 24 h at 50 °C with an agitation of 180 rpm.
The performance of the enzymes (Cellic and LPMO) was determined by measurement of
the TRS with the DNS method, as mentioned previously, as well as, by estimation of the
final glucose release by the glucose oxidase/peroxidase (GOD-POD) assay [130].

For the determination of the theoretical characteristics of the molecular weight and the
extinction coefficient of the enzyme the ProtParam tool of Expasy was selected.
Furthermore, the possible glycosylation sites were discovered utilizing the
bioinformatics tools NetNGlyc 1.0 Server and NetOGlyc 4.0 Server [131,132]. The real
molecular weight of the produced enzyme was estimated by SDS-PAGE in a Mini-
Protean 3 (Biorad) apparatus with a glycine 1 % (w/v) buffer of pH 8.3. Seperation by
electrophoresis of the protein samples was carried out by application of current of 35
mA for around 90 min. Afterwards, the gel was extracted and painted with Coomassie
Blue for the detection of the protein bands. A standard mixture of known protein
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samples (ladder) of Nippon Genetics Europe GmbH (Germany) was used for

identification of the molecular weight of unknown bands.
7. Examination of microalgal cellulases production ability

Batch cultures of Avicel PH-101, CMC and corn cob served for the examination of the
ability of the microalgal cells to secrete cellulolytic enzymes in the culture broth. Daily
samples of the cultures were collected and centrifuged for separation of the supernatant.
For all assays, also samples of cell suspensions were examined, to include also the
possibility of membrane-bound cellulases. A 5 min-boiled supernatant sample was used
for blank reactions. To determine the presence of enzymes the following assays were

applied, in duplicates:

7.1 EG assay

Examination of EG activity was realized by reaction of the supernatant with 1 % (w/v)
CMC at 50 °C and 900 rpm for 30 min. The supernatant was 50 % (v/v) of the final
reaction volume. Acetate buffer 0.05 M was used at a pH equal to 5. After termination of

the reaction, the released reducing sugars were quantified with the DNS method.

7.2 CBH assay

CBH activity was traced by reaction of 20 % (v/v) final reaction volume supernatant
with 1 % Avicel PH-101 for 1 h at 50 °C under 900 rpm agitation. Reaction was buffered
with sodium acetate 0.1 M at pH 5.5 and DNS method used for released sugars
estimation. Alternatively, 1.7 mM of p-nitrophenyl-B-D-cellobioside (pNPC) was used

as substrate, instead of Avicel, according to the assay of B-GL mentioned below.
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7.3 B-GL assay

B-GL assay was carried out with 1.7 mM of p-nitrophenyl-D-glucopyranoside (pNPG)
with sodium acetate buffer 0.1 M pH 5.5. Reaction included supernatant at 6.7 % (v/v)
of final volume. After incubation for 20 min at 50 °C, 1 mL of glycine buffer 0.4 M pH
10.8 was added for 0.7 mL of reaction volume. The amount of released pNP was

determined by measuring the ODa4zo.

7.4 Xylanase assay

Secretion of xylanases was tested only for corn cob cultures, by addition of 10 % (v/v)
of culture supernatant in 0.5 % (w/v) beechwood xylan in citrate buffer 0.05 M pH 5.
Reactions were incubated for 1 h at 50 °C under 900 rpm agitation. Released sugars were
quantified with DNS.
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Results and Discussion

1. DF effluent as substrate for C. cohnii cultivation

1.1 Sole VFA as main carbon source

Batch cultures

The first step towards the utilization of the DF effluent was to ascertain the ability of C.
cohnii to grow on the main VFA that are present in the waste-derived liquid. The
inability of the strain to assimilate certain VFA in the DF effluent would be detrimental,
due to a possible growth inhibition through the accumulation in the culture medium.
Batch fermentations with acetic, propionic or butyric acid at different initial
concentrations not only showed that the strain C. cohnii ATCC® 30772™ can utilize the
aforementioned carbon sources for its growth, but also indicated the optimum initial
concentrations for biomass growth and/or lipid accumulation. The sea salt concentration
used was selected for the batch cultures, because it has been proven to be the lowest
concentration that didn’t influence negatively the growth rate of the cells- at least under
glucose feed [133]. A lower salt concentration would inhibit cell growth. On the other
hand, a higher than necessary salt concentration is undesirable in processes with
industrial potential, due to unfavorable corrosion of the industrial metal equipment. The
presence of Tris-HCI buffer is necessary for the pH control, maintaining the growth of
the microalga until the complete consumption of the carbon source. When C. cohnii
assimilates one or more VFA present in the culture broth, the pH of the medium rises as
a result of the gradual removal of CH3sCOO"™ anions and their replacement by OH™ and
other anions. This results in the formation of NaOH that is a much stronger base than
CH3COONa, thus increasing the pH [95]. In high pH values, microalga cells tend to

aggregate and, consequently, to precipitate.
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Optimum initial concentrations for propionate and butyrate -the diluted forms of the
corresponding acids used- in terms of biomass growth were 10 g/L and 15 g/L
respectively, while the intracellular lipid content that the strain reached appeared higher
for both acids at 15 g/L (Fig. 8). The microalga can also grow at higher VFA
concentrations, but with a lower growth rate. Both cultures with 20 g/L and 30 g/L of
butyrate promoted biomass production, although lower than with 15 g/L. The initial
concentration of 30 g/L of propionic acid, however, totally inhibited growth. When
acetic acid was used as a carbon source, the optimum initial concentration that favored
biomass growth was 30 g/L, while higher lipid content was reached at 15 g/L, as was the
case for the other VFA.

To the best of our knowledge, it is the first time that C. cohnii is reported to utilize solely
propionate or butyrate as carbon source to promote its growth. Experiments with other
microalgae so far have showed a relatively slow and selective assimilation of butyric
acid. Cho et al. and Liu et al. have cultivated Chlorella vulgaris mixotrophically on DF
effluents, while Turon et al. have cultivated Auxenochlorella protothecoides and
Chlorella sorokiniana heterotrophically on small concentrations of acetate and/or
butyrate, as well as waste effluents [117,134,135]. None of the above microorganisms
has been cultivated on propionate or has exhibited any ability to grow heterotrophically
on high concentrations of butyrate. C. sorokiniana’s growth was inhibited by butyrate
concentrations higher than 0.18 g/L, while A. protothecoides was demonstrated to grow
in a medium that contained 0.46 g/L butyric acid, resulting in almost 0.3 g/L dry cell
weight (DCW), but not higher. According to Rumiani et al., butyric and propionic acid
were regarded as possible growth inhibitors for C. cohnii, even in small quantities, when
grown at concentrations of date syrup higher than 17 g/L [117]. However, the acids

were found to be efficiently assimilated by the microalga at concentrations as high as 10
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g/L for propionic and 15 g/L for butyric acid, without any reduction of the growth rate.
Discovering the inhibitory concentration of each acid is of importance for the further
implementation of a DF biorefinery. Since all of these acids are being accumulated in
the liquid fraction of a DF process in lower concentrations [28], it is suspected that the

cultivation of the strain won’t be inhibited by the substrates.
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Figure 8. . a) Final C. cohnii dried biomass production of the different 50 mL batch cultures containing
acetate, propionate or butyrate at specific initial concentration b) Final total lipid content (% dry biomass) of
C. cohnii cells produced from the batch experiments

Fed-batch cultures

The batch cultures, although able to prove VFA assimilation by C. cohnii, could neither
afford a high biomass and lipid production, nor enable the consumption of a substantial
amount of VFA. The main limitation, apart from the volume of the culture, was the
control of the pH of the medium. The buffer could maintain a relatively stable pH for
moderate acid concentrations, however after 168 h of cultivation, the pH of the cultures

had risen at 7.9-8.9, depending on the assimilation of the initial VFA.
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In order to eliminate the feeding limitations posed by pH, the strain was cultivated in
fed-batch pH-auxostats with a distinct VFA feed in 1 L final culture volume. Each
bioreactor exhibited a different growth pattern. Exponential growth phase for the
bioreactor fed with acetic acid was longer in comparison to the propionic and butyric
acid and resulted in the higher dry biomass production of 22.1 + 0.5 g/L. Propionate
promoted the production of 14.4 + 0.3 g/L of DCW and butyrate of 11.1 = 1.6 g/L,

almost 50 % down in comparison to the acetate.

It seems that the degree of assimilation decreases with the addition of carbon atoms in
the backbone chain of the substrate. This can be attributed to the higher time and energy
needs of the cell in order to break down the acid to its main components and convert it to
acetyl-CoA. According to the metabolic regulations of microalgae, although acetate can
be converted to acetyl-CoA in a single-step reaction, butyrate’s assimilation includes the
rate-limiting step of B-oxidation [62]. The same can be assumed for longer-chain VFA

such as propionate, valerate etc.

According to Turon et al., the inhibitory effect of butyrate at lower concentrations, may
be attributed to the acidification of the cytosol after accumulation of the undissociated
form of the acid [84]. However this assumption is contradicted by the transportation
mechanism of VFA inside the cells. More specifically, it is expected that the VFA
uptake by the cells is based on two mechanisms, namely the diffusion of the acid
molecules in their undissosiated form, from the medium towards the cytosol and the
active transport of the anionic form through proton transporters, situated on the cell
membrane. According to Lacroux et al., when the pH of the medium favors the
accumulation of high amounts of the dissociated acid, proton availability for the
activation of the second mechanism may be limited. Therefore, at high pH values (>>
pKa) the uptake of the acids by the cells is very low, leading to growth inhibition [136].
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On the other hand, another theory argues that at very low pH values (<pKa) where the
undissosiated form of the acids dominates, such molecules enter the neutral cytosol
suddenly, providing high amounts of the anionic form. This process leads to rapid
cytosolic acidification, which further affects the normal cellular operations, thus
inhibiting cell growth. Therefore, the maintenance of a proper pH appears to be of great
importance for the effective microalgae fermentation. Still, in the case of the applied
VFA, pKa values (4.76 for acetic acid, 4.82 for butyric and 4.87 for propionic acid) do
not differ so much and are substantially lower than the pH of the culture. Therefore an

acidification caused by butyric or propionic acid alone is not justified.

Both in fermentations fed with propionic, as well as butyric acid, the initial acetate
concentration in the culture medium was totally depleted within almost 80 h from the
beginning of the cultivation. Acetate in all cases appeared to be the preferred carbon
source and while it was being consumed, the proportion and the relative concentration of
the other feeding VFA in the culture medium raised. However, after complete
exhaustion of acetate, the microalga began metabolizing the other available organic acid,
which caused its concentration in the medium to remain stable or even partially fall (Fig.
9). It is worth mentioning that there is a drawback when the only parameter responsible
for controlling the feeding of the bioreactors is the pH. According to Figure 9, none of
the fermentors is being operated at the optimum acid concentration, as this has been
defined during the batch experiments, but all VFA concentration values are lower. Still,
this also implies that none of the VFA concentrations of the medium reaches inhibitory
levels during the fermentation. Therefore, it must be concluded that final biomass
production from each bioreactor may not represent the highest possible that could be
reached if the feeding rate was not pH dependent, regardless of the amount of carbon

source utilized. Nevertheless, biomass production by the bioreactor fed with acetic acid
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was higher than previous reports. Ratledge et al. have cultivated the same strain of C.
cohnii ATCC 30772 in a fed-batch pH-auxostat with 50 % (v/v) acetic acid as feed and
DO concentration above 30 % of saturation, resulting in a final biomass production of 17
g/L after 140 h, which however was characterized by a very high DHA content of 59 %
of TFA [95]. It is possible that a more concentrated feed might lead to higher DHA
accumulation, or, most possibly, that a higher DHA content is reached when C. cohnii
cells are cultivated under higher DO rates. The latter has already been observed for cells
grown under glucose feed [105]. However, the purpose of these fermentations was just
to establish the ability of C. cohnii to grow on different VFA that are present in DF
waste permeates and not move on to any process optimization attempt. For that reason,
the initial acetate concentration for all experiments carried out in bioreactor was set at 15
g/L of the medium, promoting its quick consumption and allowing the microalga to
further utilize the next available substrate.
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Figure 9. Consumption of (a) acetate, (b) propionate and (c) butyrate by C. cohnii under fed-batch

fermentation in 1L cultures. The concentration of acetate (white circles), propionate or butyrate (grey

triangles) and dry cell production (black circles) are depicted.

VFA concentration (g/L)

More important than the biomass production is the accumulation of lipids and especially

DHA. According to Fig. 10 and 11, there is a correlation between total biomass

production and final single cell lipid accumulation. This observation appears surprising,

since stress conditions that usually favor lipid production result in a decrease in the

growth rate of the cells [137]. A plausible explanation is that a higher amount of biomass

causes a rapid nitrogen depletion-to support the growing nutritional needs of the cells-

which, in turn, triggers the accumulation of lipids [138]. In general, when a nutrient is
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limited, such as nitrogen, while there is an excess of carbon in the medium, as in the case
of biomass production in fermenters, carbon uptake continues, leading to accumulation

of intracellular storage compounds, such as lipids [103].

The biomass production achieved when using the different pure VFA feeds was 42.4 g
DCWI/L feed for the acetic acid 33 % (v/v). Propionic acid 25 % (v/v) resulted in 40.6 g
DCWI/L feed, while butyric acid 25 % (v/v) produced only 21.7 g DCWI/L feed. The
above values were estimated by taking into consideration also the biomass of the
samples daily collected. It must be noted here that, although feed of propionic and
butyric acid had a lower acid concentration in terms of mass, it does not necessarily
mean that the corresponding cultures lack carbon provision. When taking into
consideration the molecular weight and the amount of carbon atoms present in each acid,
the following carbon composition (% wt.) results for each VFA; 40 % C in acetic acid,
48.5 % in propionic and 54.5 % in butyric acid. The higher percentage of carbon in
propionic and butyric acid justifies the lower concentration of these VFA in the feed, in
order to obtain comparable results from each fermentation, in terms of carbon

availability.

Both batch and fed-batch cultures with pure acid feeds offer the advantage of examining
the growth and lipid composition of the cells under each VFA feed. Thus it gives the
ability to suggest which DF effluent can be more promising for C. cohnii cultivation.
Depending on the source of biowaste and the conditions of DF, the composition of VFA
produced can vary [28]. By understanding the behavior of the cells under each VFA
feeding, the appropriate composition can be designed and achieved by regulating the DF

conditions.
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TFA composition under different VFA feed

The main FA discovered to be produced by C. cohnii included C14, C16, C18:1, C18
and DHA. Although composition altered, depending on the VFA used as feed, each
time, there was no change in the type of the FA detected in the extracted lipids of the
microalga. These results coincide with previous experiments on C. cohnii [105]. DHA
was the only PUFA produced by the microalga, thus underlining the commercial value
of the lipid extract of the strain [91]. In batch culture experiments, the initial acid
concentration that resulted in higher lipid content did not necessarily lead to higher DHA
content accumulation; the highest DHA percentage of 28.4 = 6.2 % TFA was achieved
for 30 g/L initial acetate concentration, 38.6 + 3.1 % for 10 g/L propionate and 21.9 £5.1
% TFA for 10 g/L butyrate.

Total lipid production and DHA content in fed-batch cultures were daily monitored, in
order to determine whether lipid accumulation occurs during a specific growth phase of
the culture. FA distribution on 24 h and 48 h is not considered very representative, due
to the low lipid and biomass production achieved at this early cultivation stage. The
small amounts of biomass harvested for lipid extraction may answer for substantial
mistakes during lipid and DHA calculation. After 120 h of the fermentation, FA content
and distribution remained relatively stable, and that was observed for all the different
VFA feedings. As depicted in Fig. 10, microalga biomass grown on acetate reached a
DHA percentage of 33.3 £ 0.2 % (w/w) TFA after 144 h under fed-batch fermentation,
which then remained relatively stable with a small decline noticed. Accordingly, higher
percentages of DHA for the other fed-batch fermentations were 35.8 + 0.6 % (w/w) TFA
at 96 h for propionate and 31.1 + 1.0 % (w/w) TFA for butyrate at 72 h. According to de
Swaaf et al., butyrate is not used directly by C. cohnii as a precursor for DHA

biosynthesis. On the contrary, it is first degraded into two units, of two carbon atoms
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each, and then integrated in the lipid synthesis [139]. That is a possible reason for the

lower DHA accumulation observed under butyric acid feed.

In contrast to butyrate, there are cases where propionate can be directly converted to FA.
In the case of acetate, the crucial enzyme for its conversion to acetyl-CoA is acetyl-CoA
synthetase (ACS) [140]. ACS activates acetate to acetyl-AMP, which is subsequently
converted to acetyl-CoA [141]. In a similar fashion, ACS can also activate propionate to
propionyl-CoA. What is more, the presence of a specific propionyl-CoA synthetase has
been reported for Saccharomyces cerevisiae [142], which also facilitates the activation
of propionate to propionyl-CoA [143]. Although its presence in other oleaginous
microorganisms has not been verified yet, it may pose an explanation to the increased
lipid and DHA production of C. cohnii cells under propionic feed.

A small decline of the accumulated DHA was noticed over 100-150 h of fermentation,
depending on the feeding VFA, possibly due to the agitation for culture mixing that
might cause cell disruption. Allen et al. have found that, when Coccomyxa
subellipsoidea C-169 strain was cultivated under nitrogen stress, it would accumulate
lipid droplets of increasing weight that consisted mostly of triacylglycerols (TAG)
against the synthesis of membrane lipids. However, when nitrogen was again supplied in
the medium, the droplets inside the cells would shrink rapidly and the cell would
produce more membrane lipids [137]. According to Ratledge et al., under high lipid
accumulation conditions, DHA is accumulated mainly in the form of TAG [95].
Assuming that the cell disruption causes proteins to dilute into the culture medium, the
nitrogen availability rises. This may cause a reduction of TAG and, consequently, of the

DHA content, without any reduction of the total lipid content (Fig. 10).
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Experimental data from batch and fed-batch cultivations all confirmed that a feed of
propionic acid induces a higher DHA accumulation in C. cohnii. The use of propionic
acid in small concentrations (1 % (v/v)) combined with another main carbon source
(acetic acid or glucose) has been verified and patented [36], and it was found to assist a
higher final DHA production. Further knowledge of the metabolic paths of the microalga
involved in propionate assimilation is needed in order to fully comprehend this result.
However, results from the fed-batch cultures, presented in the current study, can provide
useful guidelines regarding the effect of effluent composition on biomass and lipid
yields of C. cohnii. It is safe to assume that a DF effluent with a high acetate content will
promote relatively higher biomass growth, while, when coupled with a substantial

amount of propionate, it will favor a higher lipid accumulation
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The role of nitrogen residue

According to Kjeldahl measurements, the initial nitrogen content inside the fed-batch
cultures right after the inoculation was determined to be 4.8 g/L. After 24 h of
fermentation, the nitrogen concentration in all the bioreactors dropped below 2 g/L, with
the exception of the one fed with butyric acid 25 % (v/v), where a value of 2.7 g/L
remained. At 48 h of fermentation, nitrogen levels of the cultures were between 1.4- 0.6
g/L, while the bioreactor fed with 33 % (v/v) acetic acid exhibited the lowest nitrogen
residue and the highest biomass concentration accordingly (Fig. 3). After another 24 h of
fermentation, the nitrogen wasn’t traceable with the Kjeldahl method. Therefore, all
fermentations that began with an excess of nitrogen, continued under nitrogen limitation
conditions for the most part. It can be assumed that the initial high nitrogen content,
coupled with a favored carbon source, facilitated a high biomass production at the first
part of the fermentation, allowing for a rapid nitrogen consumption and in consequence
for a higher lipid accumulation after the first 72 h of cultivation, in accordance to
previous reports (Fig. 10) [138]. Thus, our previous hypothesis regarding the connection
between high biomass and lipid production is more strongly supported by the Kjeldahl

results.

1.2 Waste-derived VFA mixtures as main carbon source

After demonstrating the efficient utilization of the main VFA by C. cohnii and
developing a specific protocol for fed-batch cultivation, the fermentation with a feed of
DF waste effluent was examined. The effluent #1, which was the only available
feedstock then, was utilized, in parallel with a synthetic medium mimicking the VFA
composition of it. The type of waste from which the effluent was derived, namely VGF,

is characterized by a high carbohydrate content, which favors biohydrogen production
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and therefore can lead to a coupling of VFA fermentation with the further valorization
also of the gas products of DF [28]. It must be mentioned that the DF permeate
comprised also of small quantities of iso-butyric and iso-valeric acid (<0.3 g/L each),
which were not added in the synthetic medium due to their really low concentration.
Although acidified by the addition of the non-fermentable HCI, both feeds had a low
VFA concentration, as shown in Table 1. As a result, a large feed volume was necessary
to maintain cell proliferation and subsequently the pH of the culture at 6.5, according to
the pH-auxostat operation method. After 60 h of fermentation, 500 mL of permeate were
consumed and the fermentation process was stopped due to complete depletion of carbon
source. Both feeds were found to efficiently support C. cohnii growth, with the final dry
biomass production for the waste permeate and the synthetic analogue medium to reach
6.5 £ 0.3 g/L and 3.0 = 0.7 g/L of the culture medium, respectively. In order to
determine the ability of the microalga to assimilate the permeate for biomass production,
it was calculated that production of 15.0 g DCW/ L feed was achieved for the permeate,
while the synthetic medium resulted in less biomass, reaching the value of 10.9 g DCW/
L feed. These values are translated into 1.02 g DCW/g VFA carbon consumed and 0.59
g DCW/ g VFA carbon consumed respectively. The production of biomass by the pH-
auxostat fed with the DF permeate is surprisingly high, indicating that each gram of
VFA carbon from the permeate gave rise to 1.02 grams of biomass, which is not
possible. The results clearly demonstrate that there is a carbon source, additional to the
VFA, which is assimilated by the microalga enhancing its growth and promoting the use
of DF effluent for C. cohnii fermentation. In order to determine this, the organic matter
of the ultrafiltrated effluent, excluding VFA, was then estimated by the collaborating
company Tecnalia (Spain) and found to be 5.76 g/L. The result verifies the presence of
additional carbon sources in the permeate, possibly formic acid, lactic acid, ethanol, or
other DF products [144] which however seems to further promote the assimilation by the
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microalga without competing or preventing VFA consumption. On the contrary, the
additional carbon source promoted biomass growth, thus enhancing the capacity of the
culture for bioremediation. The culture depleted the total VFA content of 500 mL of
effluent in just 60 h.
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Figure 11. Final (a) dry biomass and (b) total lipid production of the different fed-batch 1L cultures

The relatively low biomass concentration in the bioreactor with the DF permeate feed, in
comparison to the pure organic acid feeds (Fig. 11), can be partially attributed to the
increased dissolution of the culture medium caused by the high feed volumes needed to
maintain the pH of the medium and trigger the cell growth. It must be noted that, despite
the similarities of the fermentation process conditions, the volume of the synthetic
equivalent consumed by the culture was 330 mL, while in case of the real permeate, 500
mL were required for cell growth maintenance during the 60 h. Therefore, the bioreactor
utilizing DF permeate as feeding carbon source demonstrated a higher biomass yield and
carbon consumption than the synthetic counterpart. The corresponding total lipid content
of the cells reached 21.1 % and 24.6 % of DCW when fed with the synthetic medium

and the DF permeate accordingly.
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The above results indicate the ability of the microalga strain to grow on a DF effluent
and accumulate lipids of great importance as food additives. In order for the above
process to be efficiently integrated within the prospect of a biorefinery, it is necessary to
utilize, not only the lipid fraction, but the whole biomass, if possible. An interesting
study reported in the literature involves the valorization of the microalgae biomass as a
substrate for dark fermentation towards hydrogen generation [145]. The latter may offer
the possibility to reuse the residual C. cohnii biomass, after extraction of omega-3 FA, as

a feedstock for DF process (Fig.12).
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Figure 12. Proposed bioprocess route for C. cohnii cultivation and DHA accumulation coupled with

biohydrogen production and biomass recycle

After delivery of the other DF effluents, fed-batch cultures were carried out accordingly.
In all cases, fermentation was carried out until total depletion of the carbon content of

500 mL of permeate. Effluent No. 4 was used as feed in a fed-batch process of 100 mL

82



Results and Discussion

working volume, therefore, less amount of feed was needed. The different process
followed was purposeful, due to the limited volume of this material delivered to the
laboratory. Final results are depicted in Table 3.

Table 3. Final biomass production and lipid and DHA accumulation in fed-batch cultures (1L) fed with 500
mL acidified DF effluents (or 50 mL in case of #4)

Effluent feed Cls/gra’:i;(g Final DCW (g/L)  TFA (%DCW)  DHA (%TFA)
#1 8.0 6.5 24.6 29.8
#2 16.8 3.9 14.0 40.8
#3 16.1 44 227 37.7
#4 9.4 11.7 11.1 28.2

*Calculated based on the carbon provided by the total VFA

In order to properly evaluate the above results, it is crucial to consider the differences of
each effluent received and how they are reflected in the characteristics of the final
biomass. First of all, according to Table 3, effluents #1-#3 contain a similar final VFA
concentration and, therefore, can be easily compared with each other. On the contrary,
effluent #4 has been partly evaporated for VFA concentration, before delivery. As a
result, it is expected that it will provide a higher amount of carbon and achieve better
biomass and lipid yields. Moving on in the performance of the three first effluents as
feeds, although fermentation of C. cohnii with feed #1 and feed #3 lasted for 60 and 48 h
respectively, feed #2 needed 114 h to be consumed by the cells. Still it didn’t provide
neither the same final biomass production nor lipid accumulation. The above results
were confirmed also by other partners of the European Programme Volatile, responsible
for cultivating oleaginous yeasts and bacteria on those substrates. It is therefore

supposed that effluent #2 included some unknown inhibitory compounds, which affected
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negatively the growth rate of the cells. In general, a DF effluent composition depends,
not only on the initial fermented substrate and microbial inoculum, but also on operation
and environmental conditions [25]. Therefore it is not always easy to predict, or know
afterwards, the exact composition of the effluent, unless a thorough analysis is
conducted. In the case of feed #2, it is also possible that the low ammonium content
(41.0 % and 37.5 % of that of effluent #1 and effluent #3 respectively) leaded to the
observed decline of biomass growth. Between feeds #1 and #3, it is clear that #3
promoted more effectively lipid and DHA accumulation. When elaborating on the
reason behind this, it is helpful to examine once more the composition of the feeds
(Table 1). Apparently feed #3 is richer in propionic acid, which, according to the
previous results from pure VFA fermentations, favors lipid and DHA accumulation.
More specifically the acetate/propionate ratio of each effluent was the following; 2.17,
2.24,1.42 and 1.71 for effluents #1, #2, #3, #4 respectively.

Effluent #4 offered a much more concentrated feed, but always at the expense of the
total operational costs, since evaporation is an expensive procedure. Owing to its further
treatment, the received volume of it was much lower than the previously delivered
effluents. Consequently, fermentation of C. cohnii with feed #4 was carried out in
BioXplorer 100 mini bioreactor system at a total culture volume of 100 mL. According
to the analogue of 1 L cultures, 50 mL of #4 were fed in the fermentor. This volume was
able to support culture maintenance for 96 h and allow a much higher final volumetric
biomass production. It is obvious that, in order for a fermentation with a DF effluent to
last longer, a high concentration of VFA is a prerequisite. Also, the avoidance of a
neutralization step of the effluent, which is a usual technique that allows its easy

transport, should be attempted, as it enables the combination of a carbon source addition
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and pH control with a single feed, according to the protocol used in these pH-auxostat

cultivations, without the need of any acidification step before feeding.
TFA composition under DF effluent feed

Regarding the DHA content produced from the permeate #1 and the synthetic fed-batch
fermentations, this was calculated to be 29.8 + 1.7% and 6.0 = 0.2% of TFA. Both
biomass growth and DHA content are much higher when cells grow on the DF waste
permeate, exhibiting a preference against the synthetic medium. This is a very promising
result towards the development of a sustainable industrial process that could utilize DF
effluents for omega-3 FA production. Indeed, also DHA accumulation in the case of the
other three effluents was similar or even higher than #1 and in any case higher than the
one from pure VFA cultures. More specifically, for the effluent batches #2 and #3,
intracellular DHA accumulation was higher than the one for #1. A correlation can be
detected in Table 3, between higher biomass production and omega-3 storage, but the
number of different batches tested is not big enough to securely answer for an existing
relationship between the two. Apparently, the complex composition of DF effluents is
promoting the intracellular DHA accumulation, but in order to draw a clear conclusion

on the matter, a further knowledge of the metabolic system of the strain is needed.

It is worth mentioning that the data collected so far indicates that the accumulation of
DHA occurs at the beginning of the static phase (Fig. 10), as it was previously observed
[37]. Therefore, it seems possible that the prolongation of both permeate and synthetic
waste feeding fermentations for over 60 h, might lead to higher DHA content, since it
was not clear whether the exponential growth phase was finished after the 60 h or not. In
order to examine that, the obstacle of the low VFA concentration of the feed causing

high dissolution of the culture medium must be surpassed. In the case of effluent 4#,
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prolongation of the fermentation was achieved, which however wasn’t reflected in the
final DHA content. Table 3 clearly demonstrates that the extra time may have favored
significantly the biomass production, but has resulted in a poor lipid and DHA
performance. Also it is observed that a correlation between a high C/N ratio of the feed
and a higher intracellular DHA content exists. Still, the different effluents examined do
not suffice as a number to suppose this to be a general rule, not mentioning the fact that
the estimated C/N ratios take into consideration only the carbon of total VFA of the feed.
It has been proven that the effluents contain more unknown, consumable organic matter
and therefore, real C/N ratios may be very different. In truth, a more thorough

compositional analysis of the liquid fractions is needed to extract solid conclusions.

1.3 Optimization of DHA production under VFA feed in batch mode

Batch optimization of initial conditions

In order to detect the optimum culture conditions for maximum DHA volumetric
production, batch cultures with different initial conditions were carried out. Batch
culture results cannot provide a final answer regarding the optimization values of a fed-
batch procedure, but they might effectively offer a hint for the most important culture
parameters and the range of values they should take.

Effect of temperature

The experimental results indicated that the best temperature for biomass growth is found
in the range of 20-23 °C, while DHA accumulation by the cells is maximized at 23 °C
(Fig. 13a). The low temperature of 15 °C couldn’t facilitate cell growth effectively.
Previous experiments with another strain, C. cohnii ATCC 30555, revealed that the

growth of the cells was also inhibited at a very low temperature of 15 °C [94]. On the
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other hand, at this temperature, C. cohnii presented the highest total lipid percentage,
while in the range of temperatures between 20-30 °C, 27 °C was found the second best.
Therefore, the strain used in the present study, appears to proliferate at temperatures
around 20-23°C and accumulate lipids at either very low or a slightly higher
temperature, as a result of temperature stress. Safdar et al. also examined C. cohnii
behavior at different incubation temperatures [94]. Their strain was better grown at
higher temperatures between 25-30 °C, but it also accumulated more lipids and DHA at
the lower temperature of 20 °C instead. The induction of the accumulation of lipids at
low temperatures is a known technique for oleaginous microorganisms and has been
proven effective, not only for C. cohnii cells, but also for Thraustochitrium strains [146].
The reason for this can be the utilization of lipids by the cell for the increase of the

membrane fluidity, which is hampered at low temperatures [147].

Table 4. DHA distribution of the cells grown in batch cultures under different incubation temperatures

Incubation temperature

¢C) DHA content (%TFA)
15 19.3
17 29.7
20 31.0
23 33.9
27 29.3
30 29.4

The results also indicate that the DHA content of the cells doesn’t have significant
fluctuations with the temperature, although it is obvious that it is partially decreased at

very high temperatures (Table 4.). This is in accordance with the general apprehension
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that PUFA are favored at relatively lower temperatures [148]. It is possible that the
desaturases produced by the microalga cells exhibit a higher activity at low temperatures
due to an increased availability of oxygen [149]. By carrying out an analysis of variance
(ANOVA) coupled with a Tukey test, it is clear that between the temperature range of
17-23 °C, the difference of the DHA content (% TFA) of the cells is not significant
(p=0.32), securing the conclusion that the DHA is indeed favored at lower temperatures.
Taking into consideration the final biomass productivity, the highest DHA production,

equal to 0.45 g/L was achieved for the incubation temperature of 23 °C.
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Figure 13. Final dry cell concentration (dots), FA distribution (bars) of the cells grown in batch cultures (a)

under different incubation temperatures, (b) different nitrogen sources and (c) different initial C/N ratio
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Effect of nitrogen source

Nitrogen is known for playing an important role in lipid production. Apart from its
concentration in the medium, the form of nitrogen affects its uptake by the cells, and
therefore its availability [72]. For that reason, the examination of the best nitrogen
source for DHA accumulation is a necessary step towards the optimization of the
process. The batch cultures utilizing Am as nitrogen source demonstrated a relatively
higher biomass production, but, most importantly, the highest DHA accumulation by the
cells, equal to 43 % of TFA, in comparison to the second-best source of Nt -in terms of
PUFA accumulation-, which led to 30 % DHA production (Fig. 13b). In terms of TFA
percentage, YE favored the highest total lipid production, which reached 1.12 g/L in
batch cultures.

According to typical algal culture techniques, Am is usually the best inorganic nitrogen
source, since less energy is needed by the cells for its uptake [72]. That is because the
first step of nitrogen fixation is its reduction to NH4*. When Am is available, then the
reduction step is not required [98]. However, previous research with another C. cohnii
strain (ATCC 30555), argued that nitrate was the best nitrogen source for DHA and lipid
production [138]. The difference may be attributed to the different microalga strain or
the use of a different carbon source in the culture medium. Glucose was used as the main
carbon source in the research of Safdar et al., instead of acetate in the present study,
which is the main component of a DF effluent. Still, a preference for nitrate as nitrogen
source is scarcely encountered between aerobic, heterotrophic eukaryotes. So far YE is
the favored nitrogen source for most of C. cohnii cultivations [150]. In contrast to the
current results, another study by A. Mendes et al. has identified YE as a better nitrogen
source than the Am when C. cohnii was grown on carob syrup. The addition of 5 g/L YE
resulted in 19 % higher DHA (% TFA), than the addition of 0.05 g/L ammonium

89



Results and Discussion

chloride [118]. However, rather than highlighting the benefit of YE as a nitrogen source,
this difference might be the result of the addition of a much higher amount of YE than
Am. If we suppose that YE includes 11 % (w/w) nitrogen-according to composition
analysis of commercially available YE, then the nitrogen added was more than 10 times
higher than in the case of the ammonium. What is more, YE also includes an amount of

carbon that is expected to further boost the cell metabolism.

It is interesting to highlight the behavior of the cells when grown at AmNt, which
consists of nitrogen in both Am and Nt forms. In this case, the fermentation results in
moderate biomass and lipid production (Fig. 13b), situated between the corresponding
values of the fermentations consisting only of Am or Nt. When AmNt is dissolved into
water, it produces NH4™ and NOs™ ions, whose final concentration in the medium is half
of the corresponding concentrations when only Am or Nt is used, provided that the
initial total nitrogen content is kept stable. Therefore, it might be hypothesized that
nitrogen in the form of NH4" is quickly assimilated by the strain, while NOz is
consumed later, resulting in a somewhat lower biomass yield, combining the yields of

Am and Nt alone.
Effect of C/N ratio

Lipid production of microalgae is enhanced under certain stress conditions, such as
nitrogen deprivation [62]. As a result, the C/N ratio of the culture is one of the most
important factors, when lipid accumulation is considered. In the present study, the best
initial C/N ratio for DHA production was examined. The initial carbon source
concentration was decided to be the same in all batch cultures and equal to 30 g/L,
which is the optimal value for biomass production in batch cultures with acetate,

according to the previous results [85].
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As shown in Fig. 13c, an initial C/N ratio of 46 (g C/g N) favors the highest biomass and
also lipid production, which was latter calculated to be 6.1 g/L and 1.6 g/L, respectively,
after 168 h of incubation. On the contrary, the DHA content of each cell was found to be
optimal at an initial C/N ratio of 40. Nevertheless, due to the higher biomass and lipid
content, the final DHA production of the culture was higher at the ratio 46 reaching 0.49
g/L in comparison to 0.38 g/L of the C/N ratio of 40. The preference regarding the C/N
ratio seems however to be strain-dependent. Rosa et al. discovered that a ratio of C/N
equal to 55 would promote a higher final DHA concentration in a culture of
Aurantiochitrium limacinum SR21 using glucose as carbon source, when examining
different ratios from 10 t0100 [108]. This observation, however, can also be attributed to
the higher biomass achieved at that ratio. Another group, Ryu et al., proved that
Aurantiochytrium sp. KRS101 reached the highest DHA content of 34.2 % of TFA at a
lower C/N ratio equal to 20, in comparison to higher ratios of 35 or 50 [151].

Among the examined initial C/N ratios, the lipid content is maximized at the high values
in the range of 46-55, which qualifies for a low initial nitrogen concentration. This, in
general, agrees with the behavior of microalgae under nitrogen limitation. A high C/N
ratio coincides with a low nitrogen concentration, which is gradually consumed during
the incubation, thus creating nitrogen limitation conditions. The cells respond to that by
accumulating lipids. Apart from C. cohnii, also other microalgae species have been
known to increase their lipid percentage as a result of nitrogen depletion. Chlorella sp.
accumulated lipids under urea limitation [152], while Aurantiochytrium sp. strain T66
increased its lipid content from 13 to 55 % of DCW [153]. The increase of the lipid
content under nitrogen starvation has been attributed by some researchers to an

accumulation of citrate by the cells when nitrogen is absent from their environment.
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Excess citrate is probably acting as a carrier of acetyl units that participate in lipid
synthesis [154].

However, it is clear that, when ratios exceed 46 and an even higher nitrogen limitation is
accomplished, growth and final lipid production are negatively affected. Cell growth and
maintenance require the consumption of nutrients, which should be available above a
specific threshold, to allow the culture to survive, let alone produce metabolites. This
pattern of C. cohnii has also been observed by other researchers. Safdar et al. noticed
that, when grown on glucose, C. cohnii ATCC 30555 exhibited lower lipid production
under extreme nitrogen concentrations [23]. Furthermore, it is clear that extreme
nitrogen starvation conditions do not favor DHA production. It has been observed that,
although a very low nitrogen concentration is favorable for total lipid accumulation, it

usually leads to a higher percentage of saturated lipids [154].
Effect of chemical modulators

It has been observed that specific chemical substances, when added in the culture broth,
can act as modulators to induce lipid production in microalgae, as well as specifically in
C. cohnii cells [32]. Li et al. have concluded that the combined addition of salicylic acid
and ethanolamine in cultures of the strain C. cohnii ATCC 30556 has led to a 22.5 %
increase of the total lipids produced [156]. Salicylic acid acts as signal transducer for
cells and has been found to affect lipid metabolism, while ethanolamine belongs to the
group of amines, some of which have been successfully used for similar applications
[157,158]. In this work, the same quantity of the abovementioned chemical modulators
was added in the culture medium. The biomass production between the examined
cultures and the control without modulators bear no differences. Therefore, it was

concluded that the ethanolamine and salicylic acid added didn’t influence the growth of
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the cells. However, no significant difference was also observed in the lipid production,
with the ethanolamine and salicylic acid cultures exhibiting only a 2.4 % increase in the
final lipid production (p=0.305). More specifically the batch culture with chemical
modulators resulted in 1.7 g/L of TFA production in comparison to 1.6 g/L of the control
culture. More evident, however, was the effect of the modulators to DHA accumulation,
since they resulted in a 29.7 % of DHA in TFA in comparison to 25.8 % of the control
culture, resulting in a statistically significant difference between the DHA contents (%
TFA) (p=0.031). Still, the differences between the cultures with and without modulators

didn’t justify their use. They were therefore excluded from further optimization studies.
Examination of experimental optimum initial values

The application of the optimal conditions, found in the above batch cultures, in a fed-
batch system, was carried out in a 1L bioreactor fed with permeate #3. According to the
results obtained from the series of batch experiments, the “optimum” fermentor included
an initial growth medium (ATCC 460) with no glucose added, Am as a nitrogen source
at a final C/N ratio equal to 110 that was operated at 23°C. It should be noted that,
although the optimum acetate concentration used in batch cultures was 30 g/L, the initial
concentration of sodium acetate in the “optimum” bioreactor’s growth medium was
chosen to be 20 g/L instead. The reason for that was to ensure that the quick addition of
effluent feeding, won’t result, at any time of the fermentation process, in a final acetate

concentration higher than the inhibitory 30 g/L.

The comparative fermentation process employed also a control fermentor which was
operated under usual conditions (same as the other 1L fed-batch cultures) at 27 °C. The
optimized strategy compared to standard growing conditions lasted for 68 h. During the
first 48 h, 500 mL of the acidified DF effluent was fed in the bioreactors, in order to
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maintain a stable pH under pH-auxostat mode. After the end of the feeding step, the
fermentations continued for an additional period of 20 h under batch mode, aiming in the
complete consumption of VFA present in DF effluent, resulting in an increase of the pH.
At the end of the process, oxygen consumption was almost zero, while pH of the culture
supernatant had almost reached the value of 9. In previous experiments, HPLC analysis
has exhibited the stable consumption of the acetic acid of the effluent, while the other
acids were accumulated. A small consumption of propionic acid was also apparent in
parallel with the acetic. However, 24 hours after the termination of the feeding, the
residues of all the VVFA inside the bioreactor were totally consumed by the cells.

It is clear that, again, the fermentation time was shorter in comparison to the
fermentation with a feed of acetic acid. Although, C. cohnii is capable of depleting the
VFA content of the feeding DF effluent, the volume necessary for controlling the pH of
the fermentation broth was significant, due to the relatively low concentration of the
carbon source presented in the form of the VFA, therefore diluting many critical
nutrients. As a result, once more, the necessity of increasing the VFA amount was
emphasized [85]. A concentrated DF effluent would increase its capacity to control the
pH of the medium and therefore would allow high cell density fermentations that are

crucial for the establishment of a process with industrial prospect.

Table 5. Biomass, lipid and DHA recovery from the optimized* and control bioreactor

Bioreactor Biomass recovery (g/L) TFA DHA (%TFA) DHA recovery
(%DCW) (mg/L)
Optimized 33 9.0 34.2 101.6
Control 44 104 35.6 162.9

*Based on the batch experiments
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In contrast to the results from the batch cultures that indicated the optimal conditions
applied in the fermentation, the final biomass recovery from the optimized bioreactor
was less than that of the control bioreactor operating under standard conditions (Table
5). This proves the different, constantly changing environment inside a fed-batch
bioreactor. The YE as nitrogen source was proven to be more favorable to biomass
production than Am, in the case of the fed-batch process. This can be attributed to the
fact that the YE is a mixture of various micronutrients, nitrogen and also carbon [34].
More specifically, it is estimated that the carbon content reaches almost 40 % (w/w) of
the YE [160]. On the contrary the total nitrogen content of it is almost 11 % (w/w).
Therefore, it is clear that the addition of YE cannot count solely as a nitrogen source for
the culture. This additional carbon source included in the initial medium of the control
fermentor changes the C/N ratio and may answer for the increased microalga growth
observed. The DHA content of the cells grown with Am was almost the same as the one
of the cells harvested from the control bioreactor, reaching the percentage of 34.2 % of
TFA in comparison to 35.6 % of the control. However, due to the lower biomass and
total lipid production, the optimized bioreactor resulted in a 38 % lower final DHA
production. In order to reach a conclusion about the best conditions for a fed-batch

fermentation, more elaborated experiments need to be carried out.

1.4 Fed-batch OVAT approach for DHA production optimization

Considering the lack of success by the utilization of results from batch experiments, the
endeavor of optimization was continued in fed-batch fermentations with the BioXplorer
100 mini bioreactor system. Temperature, nitrogen source and C/N ratio were proven, by
batch cultures, to play a crucial role in DHA recovery and were the examined
parameters. Firstly, the OVAT approach was selected, either to decipher the appropriate
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T profile and nitrogen source or to indicate a shorter range for the values of the

continuous parameter C/N, on which the DoE should focus.

Effect of temperature profiles

Fed-batch cultures of a final 0.1 L working volume were carried out for 7 days under the

following temperature profiles;

27const; Temperature was maintained at 27 °C for the total fermentation duration
23t027; Temperature was set at 23 °C for the first 4320 min before changing in
one single step to 27 °C where it remained stable

23const; Temperature was maintained constant at 23 °C for the total fermentation
duration

23to15; Temperature was set at 23 °C for the first 4320 min before changing in

one single step to 15 °C where it remained stable

It must be noted that each fermentation was operated under fed-batch mode for 6

days, while the last day feeding was stopped to enable total consumption of residual

carbon inside the vessels. The above profiles were selected to examine also the cell

behavior under two-stage fermentation protocols, in which case the initial conditions

that favor biomass growth are succeeded by different ones that favor the product

accumulation- in the specific case DHA. According to batch experiments, a

fermentation temperature of 23 °C favors cell proliferation, while lower or higher

temperatures of 15 °C or 27 °C accordingly enhance lipid accumulation. Therefore

27 °C and 15 °C were opted as the “second” conditions that would favor lipid

production of the already enhanced biomass in a two-stage fermentation.
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Figure 14. Biomass production and lipid and DHA intracellular accumulation of 0.1 L fed-batch cultures

under different T profiles

According to Fig. 14, 23 °C was again proven to be the best temperature for biomass
proliferation for the specific strain. On the contrary 27 °C possibly induced a small
amount of stress in the cells, resulting in lower biomass, but higher lipid content. The
behavior of C. cohnii under the two-stage fermentations was somewhat surprising. In the
case of the 23tol5 profile, a very small amount of biomass was generated, not even
enough for reliable lipid extraction. Furthermore, the 23to27 profile, although managing
to provide a higher cell concentration, didn’t give rise to the expectable lipid percentage.
Its poor performance, both in terms of biomass and lipid, may be attributed to the
necessary adaptation time spent by the cells to recover the temperature change during
the cultivation. The higher biomass regained from 23const fermentation resulted in the
production of 737 mg DHAVJL, in contrast to 479 and 373 mg/L from the 27const and
23to27 fermentations accordingly. Therefore it was concluded that this was the best

option both in case of batch and fed-batch cultivation regime.
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Effect of nitrogen sources and initial C/N ratio

Nitrogen concentration is constantly changing inside a batch or fed-batch culture. What
is more, it has been clear from batch experiments that both the nitrogen source and C/N
ratio substantially affect the biomass and lipid production. Therefore these two
parameters were further examined in 0.1 L fed-batch cultures with 33 % (v/v) acetic acid
feed. The two nitrogen sources examined, selected according to batch results, were YE
and Am, while the initial ratio values were 9 —the same as the usual initial medium with
SA, YE and sea salts used in fed-batch cultures-or 46 according to previous batch

results.

Dry cell production (g/L)
o
Lipid distribution (%DCW)

L [

T T T T
AmhighC/N YEIowC/N AmlowC/N YEhighC/N AmhighC/N YElowC/N AmlowC/N YEhighC/N

a)

Bioreactor Bioreactor

Figure 15. Biomass production and lipid and DHA intracellular accumulation of 0.1 L fed-batch cultures
under different nitrogen sources and initial C/N (HighC/N stands for the value of 46, while lowC/N stands for
9)

Experimental results (Fig. 15) clearly depicted that YE is the best option both in terms of
biomass and lipid accumulation. This is in accordance with the results from the 1 L fed-
batch cultures with feed #3. Similar to the above results, the superiority of YE as a

nitrogen source has been highlighted in other researches with C. cohnii as well. A.
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Mendes et al. have discovered that YE promoted higher specific growth rate of the
microalga cells when grown with a feed of diluted carob pulp, in comparison to Am
[118]. As already mentioned, YE is a complex nutrient source that also provides the
culture with minerals and vitamins, necessary for cell proliferation. In order to recognize
why Am had a better performance in batch cultures, more information on the nitrogen
assimilation pathways of C. cohnii should be acquired. A possible explanation could be
the fact that batch cultures for nitrogen source determination were carried out with
ATCC 460 medium, enriched with acetate instead of plain glucose, sea salts and the
appropriate nitrogen source. This medium already includes the necessary vitamins
thiamine and biotin, as well as, a mixture of metal compounds, readily available for the
cells. Consequently, batch cultures with Am also included these micronutrients that a
complex compound, like YE, can offer. Although YE is a very useful additive for
industrial cultivations, owing to its nutritional value, it has the drawback of a much

higher cost in comparison to define inorganic nitrogen sources [161].

Regarding the initial C/N ratio, the fed-batch experiments seem to confirm the general
behavior of microalga cells under nitrogen limiting conditions. A high C/N ratio,
corresponding to nitrogen deprivation, induced more lipid accumulation, while it
decreased the total biomass production. DHA intracellular content, in contrast to TFA
results, was favored under high nitrogen availability, which is in agreement with the
results from batch cultures. Clearly the determination of the C/N ratio that leads to
maximum volumetric DHA production needs to establish a combination of a high
biomass, intracellular lipid and DHA percentage. The parameter was therefore chosen

for further examination.
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1.5 Fed-batch DoE approach for DHA production optimization

DoE is an effective approach for the determination of the optimum values of parameters
that adopt continuous numerical values, such as C/N. It was opted for the purposes of the
current research work to minimize the time and resources necessary for the final
optimization of the process, in terms of DHA production. Apart from C/N, the other
parameter that was tested was A.F. A.F is critical for oxygen availability, which is
known to affect the desaturases activity and consequently the amount of unsaturated
TFA. In order to enhance oxygen content inside the culture broth, increase of A.F, or
stirring speed is recommended. However, dinoflagellates have been proven to be very
sensitive to sheer forces developed under high agitation [161]. Therefore increase of
oxygen availability is recommended to be induced with air supply, while A.F inside the

vessel is a fermentation parameter that can only be examined under fed-batch mode.
DoE parameters determination

According to previous fed-batch results (Fig. 15) the range opted for C/N optimization
was between 5 to 25 g C/g N. When designing a set of experiments for RSM, it is
important to choose a range, for the examined factors, that is not too narrow, in order for
the effect of the different factor’s values to be detectable, but also not too wide, that
some effects might go undetected. Following these guidelines, the A.F was chosen to
vary between 50 to 100 mL/min for cultures of 100 mL working volume, corresponding
therefore to a flow of 0.5 to 1 vvm. Although a flow of 1 vvm is not the highest applied
in C. cohnii cultures [105], in the specific experiment, higher aeration rates would have
been difficultly achieved, owing to the small total volume of the BioXplorer 100 mini

bioreactor system used, which would require constant foaming control.
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A full factorial CCD was opted for the DoE. The value of a, corresponding to the
distance of the axial points from the center point (0,0) was selected equal to 1.19. A
value of 1.41 would have ensured that the design was rotatable, however, in that case,
the axial point -1.41 for factor A (initial C/N ratio) was translated to a final C/N ratio,
lower than that of pure YE. It would therefore require the addition of another nitrogen
source and was disgarded as unsuitable. As a result, each factor was examined at five
levels in total (-1.19, -1, 0, 1, 1.19). Each combination corresponding to axial or factorial
points was carried out in triplicates, while that of the center point was repeated 5 times,
resulting in a sum of 29 independent experiments. More repetitions of the center point
are useful as measure of the internal error in optimization experiments [114]. The
dependent variable y correlated to the factors was the final DHA production (mg) from

each fermentation.
Model determination and statistical evaluation

ANOVA for the responses of DHA production collected allowed the selection of an
aliased cubic model. Unfortunately, a simpler quadratic model with a satisfing fit wasn’t
obtained. In order to remove the aliased terms A% and B® from the cubic model, a
backward elimination was carried out, with alpha for exit equal to 0.1, resulting in the
final, non-aliased model of Table 6. Plotting the response of DHA final production,

against factors A and B, resulted in the response surface of Figure 16.
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Table 6. Regression coefficients of the final, reduced cubic model exported by application of RSM

Factor (Scaled) Regression Coefficient
- +55.23
C/N -2.10
*A.F -25.79
*C/N-A.F -12.42
*C/IN? +9.55
A.F? -3.53
*CIN?-A.F +33.04
*C/N-A.F? -17.81

*Factors that were evaluated as significant after ANOVA (“Prob>F"<0.05)

DHA
H108
13

X1=ACIN
X2=B:AF

DHA

050 = 0.50 V
e A:CN

Figure 16. Response Surface of final model for the dependent variable DHA against the variables C/N and
A.F
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Table 7. ANOVA results for Response Surface Reduced Cubic Model DHA=f(C/N,A.F)

Analysis of variance table [Partial sum of squares - Type I11]

Source Sum of df Mean square F value 7p-value Conclusion
squares Prob > F
Model 14075.56 7 2010.794 19.1967 < 0.0001 Significant
A-CIN 375 1 375 0.358006 0.5560 Not significant
B-A.F 5642.667 1 5642.667 53.86956 < 0.0001 Significant
AB 1850.083 1 1850.083 17.66242 0.0004 Significant
A? 810.4462 1 810.4462 7.737189 0.0112 Significant
B2 110.9442 1 110.9442 1.059165 0.3151 Not significant
AB 5425.244 1 5425.244 51.79386 < 0.0001 Significant
AB? 1577.432 1 1577.432 15.05947 0.0009 Significant
Residual 2199.684 21 104.7469
Lack of Fit 1.150676 1 1.150676 0.010468 0.9195 Not significant
Pure Error 2198.533 20 109.9267
Cor Total 16275.24 28

According to ANOVA results depicted in Table 7, F values highlight the regression
model to be significant, with a non-significant lack of fit, thus qualifying for a satisfying
model. In order for a factor to be significant it must acquire a p-value lower than 0.05,
being that the confidence level is 95%. What is more, the factors A and B? are
characterized as not being significant. Therefore, in case that a simpler model is desired,
these two factors can more easily be omitted. The R? of the model was calculated equal
to 0.8648, indicating that 86.48% of the variability can be described by the model.
Similarly, adj. R? was 0.8198, providing a measure of the fitness of the final regression
model. These values can answer for a satisfying, but not ideally fitted model. It is
possible that the nature of the examined system, being an alive, biological entity, might

interfere with the better reproducibility and modeling of results.
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To further examine the reliability of the model describing DHA production, ensuring its
ability to demonstrate the variation of data, different statistical tools need to be utilized.
Normal probability indicates a normal distribution of the residuals resulting from
comparison of experimental and predicted values. The reduced model exhibits very good
fitting of the residuals in the normal % probability plot (Fig. 17a), therefore enhancing
the validity of the ANOVA. An undesirable normality of residuals would have resulted
in a sigmoidal fitting of the plot points, indicating the necessity of transforming the
response of DHA production. The satisfactory normality of residues can also be
highlighted by the Box-Cox plot (Fig. 17b) which indicates that no power transformation

is necessary for the experimental responses (desirable lamda=1).

Normal Plot of Residuals Box-Cox Plot for Power Transforms
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Figure 17. a) Normal Plot of Residuals and b) Box-Cox Plot for the residuals of the final, reduced model

A normal method to ensure that no other variables have influenced the experimental

responses, apart from the factors examined, is drawing the residuals versus number of
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run plot (Fig. 18b). The plot exhibits a random scatter line, which supports the lack of
external influences for the used responses. Furthermore, no abnormal run is identified
from the externally studentized residuals (Fig. 18a), since all of them are located inside
the range of -3.5-(standard deviation) to +3.5-(standard deviation). Statistical analysis
therefore confirms the validity of the model, as well as the suitability of the experimental
values. For all the values of the responses, residuals and ANOVA analysis, the reader

can refer to Appendix 2 of the thesis.

Externally Studentized Residuals Residuals vs. Run
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Figure 18. Plot of a) Externally Studentized Residuals and b)Internally Studentized Residuals for each run

Based on the regression coefficients of Table 6, the effect of each factor in the response-
that is the DHA production- can be estimated. Apparently A.F has the highest negative
influence, while A/C2-A.F the highest positive. In case that the two factors of C/N and
A.F had not been scaled, the different magnitude of them-5-25 and 50-100 respectively-

would have influenced the final regression coefficients and covered the pure effect of

105



Results and Discussion

each factor in the response. Between C/N and A.F, AF seems to affect more
prominently, at least directly, the DHA production in comparison to the initial C/N ratio.
An explanation for this can be sought in the behavior of microalga biomass and TFA
production under different C/N ratios, since many of the previous experiments of this
work have shown that, the higher the biomass or lipid accumulation achieved, the higher
the final DHA harvest. To unfathom this behavior, RSM was again carried out for the
same set of experiments with the responses of volumetric biomass production (g/L) and
TFA content (% DCW), since DHA production is affected both by biomass and lipid
accumulation. The resulted response surfaces are depicted in Figure 19. In the case of
biomass and TFA, the extraction of a specific model and the statistical analysis of its
reliability wasn’t deemed necessary for the purpose of the thesis. The response surface is
used only to help explain the behavior of DHA production under different conditions. By
observing Figure 19, a specific trend is visible. In general, conditions that favor biomass
augmentation usually inhibit the increase of lipid percentage. For example, a very low
initial C/N ratio, translated in a high availability of nitrogen, favors biomass, as depicted
in Figure 19a, but results in low lipid content. Furthermore, although the total lipid
content appears higher at medium to high values of the two factors, biomass production
profile is the exact opposite, exhibiting maximum levels at the limits of the examined
range. The combined effect of the two factors in biomass and TFA somewhat smooths
the DHA response finally leading to the surface of Figure 16. That is the reason why the
favorable effect of a low C/N ratio to biomass production is not reflected in the DHA
production.

Another important observation is the effect of A.F in biomass production and lipid
content, which was not previously examined in this thesis. Apparently a higher oxygen

supply, thanks to aeration, does not necessarily enhance cell growth, as has been
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previously suggested for C. cohnii cultures [105]. In Figure 19a it is clear that the A.F is
not causing any important change in the biomass production, which is rather dependent
on the initial C/N ratio. Contrary to that, A.F and oxygen availability is affecting the
lipid content of the cells and subsequently the omega-3 accumulation. For example, the
preference for a high A.F equal to +1 (scaled value) is clearly depicted in Figure 19b,
throughout the range of C/N, but the influence of changing A.F is different for low and
high initial C/N ratios. As the oxygen supply is notorious for affecting the activity of
various intracellular enzymes, it can be supposed that, under different nitrogen
availabilities, C. cohnii changes its transcriptomic profile in terms of lipid metabolism.
Different enzymes expressed at different C/N conditions, react in other ways to the
various oxygen levels. Unfortunately, a more thorough understanding of the metabolism
of the cells is needed to explain these results and illustrate their effect in the final DHA
production. In every case, it must be noted that, as it happens always with RSM, the
model exported has no immediate physical significance. Although it effectively
represents the behavior of DHA production within the examined range, it has no use in

explaining it.
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Figure 19. Response surface generated for a) Biomass production (quadratic model) (g/L) and b) TFA
content (reduced cubic model) (%DCW) under the influence of initial C/N ratio and A.F. by the set of

experiments depicted in Appendix 2, used also for modelling of DHA production with RSM

Changeable fermentation cost estimation

Apart from the final DHA production of a process, which is the main goal of this work, a
sustainable process striving for industrial application should also take into consideration
the total cost. In case of a fed-batch fermentation, as the one examined, cost is dependent
on many parameters, such as cost of raw materials and operational cost of the
equipment. For the purposes of the specific research, the cost that is influenced by the
different initial C/N ratio and A.F is that of purchasing the necessary amount of YE and
SA and the operating cost of the aeration system which was, in this case, a fine bubble
diffuser. For each condition-set of C/N and A.F values- experimentally examined, the
changeable cost was calculated and the corresponding response of cost was correlated to
the factors A and B through RSM, following the same methodology described in the

previous paragraph. The determination of a mathematical model that describes the cost
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shift doesn’t need any statistical method and analysis. Nevertheless the procedure was
followed for the drawing of a response surface plot (Fig. 20) that will facilitate the
understanding of the cost difference under each condition, as well as, to enable the

further attempts of optimization.
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Figure 20. Depiction of the behavior of the changing fermentation cost influenced by C/N and A.F

Apparently, the aeration cost influences more the final fermentation expenses, in
comparison to the C/N, owing to the necessary daily energy consumption. In contrast to
YE and SA that are added only at the beginning of the fermentation, the air provision

inside the bioreactor is a constant, non-stopping, energy-demanding procedure.
Optimization

For the optimization of specific responses, the Derringer’s desirability d should reach a
value as close to 1 as possible, as explained in previous part of the thesis. A suitable
model for the maximization of a response should ideally exhibit a maximum inside the

ranges of examination. Otherwise optimization is problematic. The reason is that,
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although a very good tool, RSM is renowned for its inability to foresee a result outside
of the ranges of study. In the case examined, the simultaneous maximization of the DHA
production and minimization of cost shift was attempted, using the model for DHA
production generated by RSM (Table 6). By examination of the response surface of the
model, it is clear that the maximum of the response is not necessarily inside the ranges
of the model, thus undermining the successful optimization. This behavior however
cannot be necessarily translated to a DoE mistake rather than to a result of the
limitations of the fermentation system. According to Figure 16, the response of DHA
production tends to increase for high A.F and low C/N, indicating that a proper design
should have examined even lower initial C/N ratios and higher A.F values. Nevertheless,
the lowest C/N ratio examined-that is the scaled value of -1.19- was in reality equal to
the C/N ratio of YE alone- as already mentioned- and was succeeded with the sole
addition of YE both as a carbon and nitrogen source. Furthermore, higher aeration rates
weren’t chosen for the DoE owing to the small total volume of the fermentors which

didn’t enable a higher toleration for foaming.

The optimization process was therefore continued, despite of the above mentioned
system limitations that couldn’t be surpassed. Two cases of desirability were examined
that included minimization of the changeable cost and also maximization of the DHA
production. In the first scenario, and more appropriate one, the values of the factors C/N
and A.F were set inside the examined range of scaled variables (-1 to +1). In the second
one, the values were allowed to take values outside that range, if necessary, taking into
consideration that the ability of the model to estimate the responses is very much
hampered. The suggested results of the desirability function are summed up in Table 8.
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Table 8. Optimization results for maximum DHA production with minimum changing fermentation cost

following the model describing the specific responses exported with RSM

Scenario C/N* AF* DHA(mg) Chang. Cost (€/L culture) Desirability d
#1 0.1 -1.0 78 0.69 0.803
#2 -0.45 -2.13 107 0.34 1

*Scaled values

The above two fermentations were carried out in duplicates, to examine the reliability of
the model, while feed was substituted by the real effluent #4. Scenario #1 resulted in the
production of 70 mg DHA, while #2 resulted in 79 mg DHA. Apparently the model is
mildly optimistic, in contrast to the real results with scenario #1 deviating 10 % from the
estimated value and scenario #2 by 26 %. The RSM is notorious for its poor ability to
predict the results of variables, depending on factors adopting values out of the
examined ranges. Therefore, the inability of the model to successfully predict the
behavior of the system at scenario #2 is not surprising. Although a 10 % deviation of the
real and predicted value within the ranges of the model is much more satisfying, it also
signifies that the model can be further improved. A reason for its inability to make a
closer prediction might be the feed of the optimized fermentations. Instead of using an
artificial effluent, the real waste-derived liquid fraction #4 was fed in the bioreactors
operating under optimized conditions. The more complex composition of the effluent,
including also traces of iso-butyric, iso-valeric acid and unknown organic matter, may
answer for the 10 % deviation. Since the purpose of the work is organic waste
bioconversion and in order to further enhance the reliability of the model, a biowaste-
derived feed needs to be used for all the different experiments of DoE. This, of course,
requires a much higher volume of effluent, that wasn’t available during the present

thesis, but it constitutes a future plan of potential.
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2. Treated lignocellulosic biomass as substrate for C. cohnii

cultivation

2.1 Fermentable pure sugars as main carbon source

As a first step of examining the ability of C. cohnii to assimilate lignocellulosic sugars-
and following the same pattern as the one for DF effluent-, the microalga cells were
grown on pure sugars as carbon source at an initial concentration of 30 g/L. The
different sugars, namely glucose, xylose, mannose and arabinose, comprise usual
monosaccharides, derived from the enzymatic hydrolysis of pretreated lignocellulosic
biomass, and were selected for this reason. Galactose, another biomass-derived sugar
which has already been reported to support C. cohnii growth in the literature, was not
examined [133]. As depicted in Fig. 21, C. cohnii, although able to assimilate partly all
the different sugars, prefers glucose as a carbon source over other monosaccharide
substrates . After 120 h growth, the glucose batch cultures afforded a production of 9.67
g/L of culture, while xylose, mannose and arabinose supported between 1.40-1.18 g/L.
The cells growth on mannose and arabinose seems to be very slow, which is also
exhibited in the slow consumption of the carbon source. Average doubling times (Tq)
between 24-72h were found to be 8.4 h for glucose, in comparison to the much higher

14.9 h for xylose and 39.4 h for arabinose and mannose respectively.

In contrast to the cell production under different monosaccharide feed, as depicted in
Table 9, the differences observed in the % wt. TFA accumulated intracellularly were
more limited. Such a behavior can be explained if we consider that all different sugars
are expected to be assimilated by the cell in the mitochondria, thus being integrated into
the Krebs cycle. Whereas, in the case of a feed of VFA both the glyoxylate and Krebs

cycle are set into motion and higher fluctuations in final lipid accumulation are expected
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[59]. Still the relative proportion of DHA was much higher in glucose compared to other
sugars. In Figure 22, it can be observed that DHA is the major FA present in microalga
biomass when glucose is used as substrate; however, this is not the case for the other

sugars, where C18:1 is in higher amounts.
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Figure 21. Depiction of the consumption of simple pure sugars with (a) or without (c) addition of chemical

inhibitors by C. cohnii cells in batch cultures. Monitoring of C. cohnii cell growth in batch cultures with

simple sugars as main carbon source with (b) or without (d) chemical inhibitors
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Figure 22. FA profile of C. cohnii cells grown with pure sugars under batch mode

Table 9. Biomass, TFA and DHA production by C. cohnii cells in batch cultivation in shake flasks, using

pure sugars (hexoses, pentoses) as carbon source.

Biomass Biomass (mg/g TFA TFA DHA DHA

g/L sugar consumed)  (%DCW) (g/L) (%TFA) (g/L)
glucose 9.67 306.4 43.0 4.2 34.9 1.5
xylose 1.40 312.0 37.3 0.5 5.7 0.1
mannose 1.23 186.8 45.4 0.6 17.9 0.1
arabinose 1.18 125.8 44.3 0.6 11.4 0.1
Glc/lignin 10.86 353.7 47.5 5.2 30.0 1.6
Glc/HMF 7.08 320.2 35.2 25 20.6 0.5
Glc/Xyl 4.27 296.5 40.0 1.7 35.0 0.6

The results from pure sugars are encouraging for the application of C. cohnii cells as
means of lignocellulosic hydrolysates bioconversion. Nevertheless, it must be noted that
real hydrolysates include a mixture of monosaccharides, as well as other biomass-
derived substances that are known to act as inhibitors to cell growth [162]. To test

whether the simultaneous presence of hexose and pentose could have an adverse effect
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in the microalga growth and the production of lipids, a mixture of glucose and xylose in
a 50:50 (v:v) ratio was also tested as main carbon source. It was immediately observed
that the strain exhibited no catabolite repression, as the cells concentration and sugar
consumption was equal to the combined effect of these two different sugars (Fig. 21c
and d).

Furthermore, the inhibition of the chemical substances lignin and hydroxymethylfurfural
(HMF)-present normally in organosolv pretreated agricultural waste- was evaluated in
batch cultures with glucose. Acetic acid is another usual inhibitor detected in pretreated
lignocellulose. Nevertheless, this acid is a favorite carbon source of the strain, as it was
already exhibited, and was not examined as an inhibitor. The presence of lignin didn’t
result in any adverse effect on the cultivation. On the contrary, lignin addition was
proven to affect positively the microalga metabolism for enhanced DHA production. It is
speculated that the metabolic boost caused by the presence of lignin could be similar to
the one previously proposed for the addition of sesamol in C. cohnii cultures, owing to
its antioxidant properties and ability to scavenge intracellular reactive oxygen species,
thus protecting the microalga cells [163]. In contrast to lignin, the presence of HMF
seems to inhibit both cell growth and lipid accumulation, as well as strongly influence
the FA profile, as seen in Figure 22. A high accumulation of C14 over other FA is
observed, suggesting that HMF interferes with the lipogenic mechanism of the
microalgal cells. The inhibitory effect of HMF is based on its reduction to 5-
hydroxymethyl furfuryl alcohol, the presence of which causes a series of further adverse
effects in the cell physiology and metabolism [162]. It is not the first time that a growth
inhibitor is known to have an effect also in the FA profile of the cells. M. de Swaaf et al.
have exhibited that, when grown with norflurazon as an inhibitor, the fungus Mortierella
alpine produced a higher amount of C16:0 and C18:1 lipids, while the accumulation of
the polyunsaturated arachidonic acid was hampered [139].
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According to the same group, which has conducted *C-labelling experiments of C.
cohnii, the FA synthesis in the microalga cells follows three different metabolic paths
The first one, responsible for saturated acids biosynthesis, involves cytosolic reactions,
the second one answers for the desaturation of saturated FA to monounsaturated and the
third one is solely for the production of DHA. This is in accordance with the general
idea of a PKS system in C. cohnii cells, responsible solely for DHA synthesis (Fig. 4).
Since the percentage of C18:1 increase under a feed of other sugars, apart from glucose,
it is possible that these substrates have an inhibitory effect on the enzyme complex
responsible for de-novo DHA synthesis. Therefore the available carbon and energy flux
are directed towards the sum of elongase- and desaturase-reactions leading to C18:1

formation.

2.2 Lignocellulosic hydrolysates as main carbon source

Batch trials

The successful utilization of pure monosaccharides paved the way towards the
examination of microalga cultures with hydrolysates from organosolv pretreated
biomasses. Commercially available beechwood sawdust with a particle size of 150-500
um (Lignocel® HBS 150-500, JRS GmbH and Co KG, Germany) and bark-free pine
trimmings of Pinus sp.-for comparison, as representative of softwood- were used.
Biomasses were treated with aqueous solutions of the different organic solvents ethanol
(EtOH), acetone (ACO) and THF, at different operation conditions (type of organic
solvent and reaction time) under an overpressure of O,. According to the results depicted
in Table 10, pretreatment at 120 min was more efficient compared to 60 min regarding
the fractionation process, for all three different solvents used. What is more, most of the
pulps obtained after pretreatment had a lignin content of < 10 wt%, which greatly
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enhances their further enzymatic saccharification and sugar release in comparison to the
untreated material. Lignin can affect enzymatic hydrolysis in mainly two ways; namely
by causing restriction of the cellulose accessibility to enzymes and non-productive
binding of the enzymes to aromatic substances [164]. Oxygen facilitates lignin
depolymerization through the breakage of ether linkages and alter the lignin structural
properties [165], while the presence of organic solvent enables the dissolution and
removal of lignin fragments in the liquid fraction. The use of organic solvents also
affects the cellulose surface and causes cellulose swelling [166], thus rendering the
substrate more amenable to enzymatic hydrolysis. Further examination of the effect of
pretreatment conditions to the final pulp composition wasn’t deemed relevant to this

thesis purpose.
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Table 10. Compositional analysis of the biomass pulps used for enzymatic saccharification and harvest of

simple sugars for C. cohnii growth

. Wt.% Wt.% Wt.%
No. Pretreatment conditions ] o
cellulose  hemicellulose lignin
H>O/THF (50/50%), O, 12 bar, 175°C,
1 : 80.1 11.4 5.8
120min
H>0/ACO (50/50%), O 16 bar, 175°C,
2 ) 80.3 12.3 1.6
120min
H>0/ACO (50/50%), O 12 bar, 175°C,
3 _ 73.8 16.3 3.9
60min
H>O/EtOH (50/50%), O 12 bar, 175°C,
4 71.6 18.0 6.4
60min
5  H:O/THF (50/50%), Oz 12 bar, 175°C, 60min 73.5 14.6 7.9
H>O/THF (50/50%), O 16 bar, 175°C,
6 64.2 19.9 10.7
120min
H>O/EtOH (50/50%), O 16 bar, 175°C,
7 ) 77.1 15.7 2.7
60min
H>O/EtOH (50/50%), O 16 bar, 175°C,
8* ) 77.6 13.2 7.2
60min
9 Untreated beechwood 40.1 19.1 23.6
10 Microcrystalline cellulose (Avicel) 95.5 2.5 0.8

*No. 8 refers to pine biomass, while No.1-6 to pretreated beechwood

The above mentioned pretreated pulps were treated with the enzymatic mix CellicCTec
2 for the release of simple sugars. It must be noted that the available pretreated
beechwood biomasses covered a broader spectrum of organosolv conditions than the

ones appearing in Table 10. However, only the beechwood samples which exhibited the
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higher % cellulose conversion (>80%) (Table 11) were used for the cultivation of C.
cohnii and are therefore included in the present thesis.

Enzymatic digestibility of run No.2 was significantly high, resulting in 88.9 g glucose
per 100 g of biomass. In case of materials pretreated with EtOH and ACO, a pressure
increase from 12 to 16 bar resulted in higher delignification rates, higher % cellulose
recovery in the pulp, but did not have a positive effect on enzymatic hydrolysis (Table
11). On the contrary, harsher pretreatment conditions, such as higher pressure or longer
treatment, led to lower conversion of cellulose. This observation can be attributed to the
increased release of inhibitors by severe treatment of the lignocellulose, which in turn do
not allow the hydrolytic enzymes to act so efficiently [164]. The results from pine
biomass (run No.8) underline the effectiveness of the acid-free mild oxidative
organosolv fractionation in softwood biomass, which is considered to be more difficult
to process compared to hardwood; pretreatment resulted in a highly-delignified solid
fraction (7.2 wt% lignin) with 77.6 wt% cellulose which exhibited a high cellulose

conversion rate of 70.5% after enzymatic hydrolysis (Table 11).
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Table 11. Saccharification yields of pretreated beechwood and pine lignocellulosic pulps after enzymatic

hydrolysis. Untreated beechwood biomass and purchased Avicel PH-101 were also used as controls

Run No glucose % ceIuII'ose glucose (% wt. TRS (g/L) TRS (% wt.

(g/L) conversion of substrate) of substrate)
1 77.9+0.9 97.3+1.1 86.5+1.0 88.2+25 98.0+3.1
2 80.0+0.7 99.7+1.1 88.9+1.0 89.1+0.9 99.0+1.1
3 76.2+2.0 100 + 2.6 84.7+2.2 88.9+21 98.8 +2.3
4 726+15 100+ 2.1 80.7+1.8 85.1+1.8 944 +2.1
5 67.3+1.1 916+15 74.8+1.3 77.2+0.3 85.8+0.3
6 548 +3.5 85.4+4.38 60.9+3.9 72.3+19 80.4+21
7 65.1+2.0 86.5+3.4 724 +£3.1 83.3+1.7 925+2.2
8 547+ 0.3 70.5+0.3 60.8 +£0.3 66.8+1.0 742+1.1
9 104+1.2 26.4+3.1 11.6+15 125+0.9 139+1.1
10 50.3+25 62.1+3.0 65.9+3.3 60.1+0.4 66.8+1.2

Produced sugars were used as carbon source for C. cohnii growth in batch cultures. For
the medium preparation, the hydrolysate was diluted 2-times, previously to other
nutrients addition and autoclaving, in order for the initial sugar content to be no higher
than 36 g/L. That way the inhibitory effect of high glucose concentration on microalgae
growth is alleviated. The hydrolysates were therefore evaluated regarding their ability to
support cells growth per volume of sugar solution produced, since not all cultures had an
initial sugar concentration. All beechwood pulps could efficiently support the growth of
microalgae and the synthesis of FA (Fig. 23), while growth was higher for pulps
pretreated at 60 min, compared to those pretreated at 120 min, following the same trend
as enzymatic hydrolysis. Especially materials No.1 and No. 2 that even provided
hydrolysates of high glucose concentration weren’t very effective as carbon source. It is

a fact that at high temperatures, such as 175°C, hemicellulose depolymerization and
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dehydration can partly occur, thus leading to the formation of furfural and HMF [167].
At longer treatment periods these inhibitors might accumulate in the material. This
suggestion can be further supported by the low final amount of hemicellulose detected in
those specific biomasses (Table 10). A high concentration of HMF, however, was
proven to be harmful for C. cohnii cells and might answer for the low performance of
the materials of longer pretreatment.

When EtOH was used as an organic solvent, the beechwood hydrolysates resulted in
higher microalgae growth, accompanied by higher wt. % TFA accumulation and higher
relative intracellular amount of DHA, both after 60 and 120 min of hydrolysis, compared
to ACO and THF. What is more, their initial TRS concentration was not the highest
between the hydrolysate, so as to answer for this development. It is a fact that C. cohnii
has been repeatedly proven to assimilate EtOH for carbon provision [93]. Still it is
almost impossible to expect that any EtOH from the pretreatment will have remained
after the enzymatic saccharification. It may be that an EtOH pretreatment secures a
better quality of lignocellulose, whose hydrolysate performs better as carbon source,
lacking toxic compounds. In terms of sugar assimilation for biomass production,
beechwood materials treated with THF and EtOH promoted the microalga biomass
production better that other hydrolysates. The very good performance of the untreated
beechwood biomass is rather surprising and may be an experimental error due to the
very low available amount of sugars and microalga biomass. Another explanation is the
high amount of lignin present in the untreated material. It has already been proven that
lignin, instead of inhibiting, is aiding both biomass and lipid accumulation (Table 9).
After all, according to the values depicted in Table 12, the hydrolysates that resulted in
higher microalga biomass per sugar consumed were those that included a relatively high
percentage of lignin after the organosolv pretreatment. This observation validates the

beneficial effect of lignin in the strain’s growth. Further research to understand the
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mechanism of this behavior is needed. C. cohnii could also utilize pine hydrolysate as
carbon source, however achieving lower microalgae biomass yields of 5.5 g/L, 38.7 wt.
% TFA accumulation and 24.8 wt. % DHA. HMF inhibition might be able to justify the
low preference of the cells for pine hydrolysates. Under treatment with THF, pine was
proven to release higher amounts of HMF, in comparison to other biomasses, in previous
research [168]. Although pretreated with EtOH, in this work, presence of HMF in pine
hydrolysates is again very possible.

It is interesting that, when cultivated under pure sugar substrates, C. cohnii accumulated
equal, or a bit higher, amount of DHA in the presence of both glucose and xylose, and
occasionally lignin. Accordingly, it was expected that a biomass hydrolysate that
consists of all three, triggers a higher DHA content than the Avicel hydrolysate, which
consists solely of glucose. However, that was not the case, since the utilization of Avicel
resulted in the highest DHA content of 45.7 wt. % (Table 12). It is possible that the
presence of inhibitors in the hydrolysates from the pretreated lignocellulosic biomass
might decrease DHA production conquering the beneficial effect of lignin and
hemicellulose presence. C. cohnii has been reported to grow and accumulate DHA
utilizing other cheap, renewable sources, such as carob pulp syrup in a 1:3.5 (v/v)
dilution (corresponding to 26.3 g glucose/L), achieving a DHA vyield of 45.4 % [118]
which is close to the yield obtained with Avicel hydrolysate in this study (45.7 %).
Considering that the microalga biomass left after extraction could be utilized for
aquaculture, poultry and animal feed, as summarized in the study by Mendes et al.
(2009), the overall process of hydrolysates utilization is sustainable and economically
viable with low carbon source costs. Moreover, it is exhibited that C. cohnii can grow on
pentoses, although slower, which is a great advantage for the production of DHA from
biomass compared to other DHA producing organisms, such as thraustochytrid marine
protist Aurantiochytrium sp. that cannot utilize xylose [169].
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cohnii
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Table 12.Biomass, TFA and DHA production by C. cohnii cells in batch cultivation in shake flasks, using

hydrolysate-derived sugars as carbon source.

) biomass (mg
Biomass TFA TFA DHA DHA
No. DCW/g sugar
g/L (% DCW) (o/L) (% TFA) (/L)
consumed)
1 7.39 320 44.2 3.3 27.2 0.9
2 7.71 312 38.2 3.0 22.0 0.7
3 7.76 304 335 2.6 29.0 0.8
4 8.72 325 39.1 3.4 28.2 1.0
5 7.98 328 35.7 2.9 29.5 0.8
6 7.90 373 54.3 4.3 29.4 1.3
7 8.61 345 48.0 4.1 29.5 1.2
8 5.51 294 38.7 2.1 24.8 0.5
9 0.99 391 36.0 0.4 14.7 0.1
10 5.57 355 23.3 1.3 45.7 0.6

Trials with fed-batch strategy of hydrolysates

Although a feed of hydrolysate is characterized by a low raw materials cost and allows
lipid and omega-3 accumulation, its benefit under a batch mode is limited.
Lignocellulose-derived monosaccharides are quickly consumed and consequently the
growth ceases. Still, taking into consideration the similar final DHA production values
(9/L) achieved in Table 12 and those obtained with a synthetic DF effluent in the 100
mL fed-batch cultures, it seems that hydrolysates have high potential as bioconversion
substrate. In order to increase the accumulation of lipids by providing more carbon and
applying nitrogen limitation culture conditions, a fed-batch strategy was employed using
the run No. 7 (H2O/EtOH (50/50%), O> 16 bar, 175°C, 60min) and No. 6 (H.O/THF
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(50/50%), O2 16 bar, 175°C, 120min) hydrolysates as carbon source. After all, these two
were able to support the highest biomass production per sugar consumption and
volumetric DHA production. Owing to a lack of automatization in the feeding technique,
the addition of hydrolysate was carried out manually. During cultivation the
lignocellulose-derived sugars were almost totally depleted after the first 120 h of
cultivation, when more hydrolysate was added, to achieve a sugar concentration equal to
the beginning of the culture (t =0 h). That resulted also in a dilution of the cells in the
culture, as it is depicted in Figure 24, while after the addition of sugar feeding, growth
and carbon utilization was slower for the following 120 h, resulting in a slower growth
translated into lower doubling time. There are two possible explanations for this; either
nitrogen limitation after 120 h resulted in reduction of cell growth or the accumulation of
degradation products originating from the pretreatment process caused inhibition of cell
growth. The lack of a nutrient source has been reported before as a growth limiting
factor of C. cohnii grown on glucose or acetic acid under fed-batch high-cell density
fermentation [106]. In that case the exponential growth of cells was later substituted by a
linear growth, a fact that was attributed to the consumption of another necessary
nutrient, since carbon was always provided in the cultures. Fed-batch cultivation led to
an increase of the final biomass concentration obtained, reaching the value of 10.28 g
DCWI/L for the material #6 and 12.71 g DCWI/L for #7, but also to a reduction in wt. %
TFA. It is important that the % DHA content was increased, from 29.5 % to 38.7 % for
Run #7 and from 29.4 % to 43.5 % for Run #6. The decrease of wt. % TFA can be an
indication that the slower growth observed is a result of the accumulation of inhibitors,
rather than a nitrogen limitation. In case of nitrogen deprivation the lipid content would
have probably risen. Having that in mind, it must be mentioned that, although final
biomass production was higher, the total productivity of the cultures wasn’t much

altered under fed-batch mode. More specifically, for sample No. 7 productivity had risen
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only by 3% changing from 1.79 mg/h for batch to 1.85 mg/h for fed-batch mode. In the
case of sample No. 6 the productivity even decreased a bit from 1.65 mg/h to 1.50 mg/h.
This is expected after observing the decreased growth rate of the cells after the feeding
and clarifies that higher final cell concentration is only a result of the prolongation of the
cultivation time and not of the establishment of more favorable, to the cells, culture
conditions. This leads to the conclusion that a better productivity might be more easily
succeeded through a higher sugar concentration in the initial hydrolysate, which will

enable the addition of lower feeding volume without a substantial amount of inhibitors.
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Figure 24. Study of C. cohnii cell growth under fed-batch cultivation with a feed of hydrolysates #6 or #7
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batch mode with a feed of hydrolysates #6 and #7

2.3 Secretion of cellulolytic enzymes from C. cohnii cells

Apart from the cultivation of C. cohnii in sugars derived from hydrolysis of
lignocellulosic biomass, the ability of the cells to grow directly on lignocellulosic
substrates was examined. This ability requires that the cells can produce and secrete
enzymes that hydrolyze the biomass for themselves. In an attempt to trigger, if possible,
the secretion of hydrolyzing enzymes by C. cohnii, the cells were cultivated in cellulose-
rich substrates, and more specifically microcrystalline cellulose (Avicel PH-101), corn
cob and carboxy-methyl-cellulose (CMC). The culture supernatants were harvested and

assayed for the appearance of cellulases.

Assay results revealed that C. cohnii wasn’t able to produce free or membrane-bound
cellulases with the potential of further industrial exploitation. More specifically, no CBH
or B-glucosidase activity was detected in the supernatant with or without cells. EG
activity was present in traces and only for the first 48 h of cultivation, when cells were

cultivated with CMC or corn cob as main carbon source (Fig. 26).
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Figure 26. EG activity of C. cohnii culture supernatant, during cultivation with different main carbon sources
(1 Unit refers to the amount of enzyme needed to release 1 umol/mL reducing sugars as glucose
equivalents with DNS method)

Apparently, the EG activity detected in the culture broth is too low to excite any hopes
for further industrial exploitation. Nevertheless, it can be linked to the cell cycle of the
microalga. Dinoflagellate cells are known of being surrounded by a complex theca,
composted either of glucans, or cellulose [170]. More specifically C. cohnii has a
delicate, thin cellulosic theca, present both in motile and non-motile cells [91]. In order
for the cells to grow and divide, this cellular wall needs to be decomposed and composed
many times, as in the case of plants. Therefore, it is suspected that such microalgae
species are capable of producing cellulases, and more specifically EG, for the
decomposition of the old thecas. In previous research, Kwok et al. have found that a C.
cohnii strain could exhibit EG activity during specific periods of the cell’s life cycle,
when the development of new cell wall occurs [171]. According to the researchers, the
activity was due to a wall-bound cellulolytic enzyme. In contrast to that, in the present

work, no difference of enzymatic activity was observed in the case of the broth with or
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without the cells, signifying that the EG enzymes were secreted in the supernatant

instead.

The present results, coupled with the above information, indicate that the EG secreted by
the cells is not associated with the cellulosic substrate on which C. cohnii was cultivated.
It is rather concluded that the strain is not able to assimilate the substrates. More
evidence to that is the negligible cell productivity, as well as the limited EG activity
during the first 48 h. The culture media, although providing carbon mainly in the form of
a non-assimilable polysaccharide, it also contains small amounts of YE, a nutrient rich in
both carbon and nitrogen. It can, therefore, be assumed that the small growth, linked to
the appearance of EG activity, during the first cultivation hours, is solely due to the YE
consumption. Further growth would have been accompanied with constant high EG
activity for thecas decomposition and would have been possible only if CMC or corn

cob could have been assimilated by the strain.

2.4 Boosting the enzymatic hydrolysis of lignocellulosic biomass

Heterologous production of LPMO in P. pastoris from Thermothelomyces thermophila

Apparently, a higher hydrolysis yield is favorable for the further valorization of the
released sugars, according to the above results. In order to enhance the hydrolysis of
lignocellulosic biomass the recombinant TtLPMO111088 was produced, characterized
and examined for its potential to act synergistically with other cellulases for the more

effective release of sugars from pretreated agricultural waste.

TtLPMO111088 (NCBI ref. seq. XP_003661661.1) is a member of the AA9 family and
was chosen because it exhibited the highest sequence homology with the AA9 LPMOs
NcLPMO9C from Neurospora crassa and PaLPMO9H from Podospora anserina (67%
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identity to the first and 78% identity to the second). Both of the above characterized
enzymes exhibit a C4 oxidizing activity- with PaLPMO9H exhibiting also C1 activity-
in a varied spectrum of substrates [172,173]. What is more, the selected enzyme seems
to carry also a carbohydrate binding module (CBM), which is speculated to enhance the
protein’s binding ability to different substrates, and therefore its activity [174]. The
possible N- and O-glycosylation sites of the enzyme were determined using the
NetNGlyc 1.0 Server and NetOGlyc 4.0 Server accordingly. Although no N-
glycosylation sites were found, 4 possible O-sites, at amino acids situated at places 234,
244, 246 and 248, were defined.

The heterologous production of TtLPMO111088 in 1 L culture of P. pastoris yielded a
final production of 14 mL of 1.0 mg/mL purified protein, under methanol induction. The
gene inserted in the yeast cells was codon optimized for P. pastoris (the reader is
directed to Appendix 3 for the sequence), while expression was carried out using the
native signal peptide, instead of the a-factor of pPICZaA vector. The reason for that was
to ensure that the native N-terminal sequence of the enzyme will remain unaffected
during heterologous expression. It is a fact that, in LPMO amino acid chain, the N-
terminus, includes a histidine (His) residue, that participates in the coordination of the
copper atom in the active center of the protein [172]. Analysis of the enzyme solution
received after Talon chromatography with an SDS-PAGE resulted in Figure 27:
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Figure 27. SDS-PAGE of the purified TILPMO111008. On the left the purified protein is situated between
the bands of 48 and 35 kDa of the standard mixture that is visible on the right

The theoretical molecular weight of 32384 Da is lower than the one observed after the
SDS-PAGE. Apparently, the enzyme is heavily glycosylated during post-translational
modifications of the yeast. The O-glycosylations couldn’t be hydrolysed by enzymatic
treatment of the protein, neither with Endo-H, nor with O-glycosidase (New England
BioLabs Inc.). This was also the case in a previous work of producing 4 Neurospora
crassa LPMOs. R. Kittl et al. observed, after isolating the proteins, that 3 of the 4
enzymes carried more than a few O-glycosylations, which the authors didn’t
successfully hydrolyze with a-mannosidase, resulting in an SDS-PAGE with diffused
bands of a substantially larger size than the theoretical one [172].
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Substrate specificity and regioselectivity

The polysaccharides PASC, Avicel PH-101, xyloglucan, a-chitin, starch, xylan, konjac
glucomannan and arabinoxylan, together with xylo-, chito-, manno- and cello-
oligosaccharides were examined as possible substrates for the new enzyme and their

reaction products were analysed with HPAEC (Fig.28).
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Figure 28. HPAEC analysis of TtLPM0O111088 reactions with different polysaccharides at a final
concentration of 0.5 % (w/v).
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According to Figure 28, TtLPMO111088 is capable of oxidizing cellulosic compounds
such as PASC and Awvicel, but is not active on polysaccharides such as xylan,
arabinoxylan or glucomannan. Furthermore, it exhibits the ability of oxidizing
xyloglucan. It is therefore concluded that the enzyme recognizes and binds only p-1,4-
linked glucose units, generating a typical C4-oxidizing pattern in HPAEC
chromatograms, but not mannose or xylose. The presence of xylose decorations in the
case of xyloglucan does not seem to inhibit the LPMQ’s ability to bind to the cellulosic
chain, as well. The same substrate specificity has been exhibited by the enzymes
NcLPMO9C and PaLPMO9H, which present the highest homology with
TtLPMO111088 (Table 13) [175,176]. The chromatogram of PASC reaction reveals a
small amount of peaks in the area of 27-29 min, corresponding to possible double
oxidized products. This phenomenon of minor cleavage of PASC using both oxidizing
mechanisms has been referred previously also for LsAA9, another C4-oxidizing, LPMO
[177] and according to our observations cannot justify a broad Cl-activity for
TtLPMO111088.

In the case of starch and chitin, the chromatograms reveal many peaks that could
correspond to oxidized oligosaccharides, but, in contrast to products from reactions with
the polysaccharides of B-1,4-cellulose, these are not detected in the specific area between
19-25 min, where C4- oxidized products are spotted. It is therefore arguable whether
oxidation of these substrates has been a result of the enzyme’s action. Also the exhibited
activity on chitin and starch is surprising, given the fact that the LPMOs belonging to the
AA9 family are not considered capable of oxidizing these substrates. Such an activity
would be a novelty for TtLPMO111088 and further analysis of reactions needs to be

carried out to ensure their creditability.
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Based on the activity of LPMOs with a high degree of homology, the ability of the new
enzyme to oxidize soluble oligosaccharides was also examined. Although not able to
oxidize chito-, manno- and xylo-oligosaccharides-following the behavior on
polysaccharide substrates-, TtLPMO111088 could efficiently oxidize cello-
oligosaccharides with a degree of polymerization (DP) 5 or 6 (Fig. 29). PaLPMOH had
a similar behavior but was also capable of oxidizing DP4 cello-oligosaccharides [173].
The reaction releases a neutral linear oligodextrin and a C4-oxidized product that is
detected as a small peak around 20 min. According to the chromatograms the major non-
oxidized products detected are cellotetraose and cellotriose from oxidation of
cellohexaose and cellopentaose respectively. Thus it is speculated that the LPMO’s
active site binds cellohexaose both from -4 to +2 subsites and -3 to +3, while
cellopentaose from -3 to +2. Similar behavior has been exhibited by other LPMOGs,

active on soluble substrates, and proven through crystallographic evidence [178,179].
Effect of different electron donors in enzyme activity

Optimum conditions, in regard to the oxidation of PASC by the enzyme, were examined.
The optimum temperature, pH and electron donor were recognized after HPAEC

analysis.
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As already mentioned, LPMOs require an external electron donor to provide a second
electron for conducting the oxidation reaction. Apart from ascorbic acid that served as
the electron donor in all other oxidation reactions of the enzyme, phenolic compounds
with one, two or three substituted hydroxyl groups were examined for their ability to
offer the electron, necessary for the completion of the polysaccharide oxidation. The
efficiency of each molecule was estimated based on the amount of oxidized products
released by the enzyme. According to Figure 30, phenolic compounds with two or three
substituted hydroxyl-groups in the phenolic ring effectively provide an electron for
LPMO activation. On the other hand, mono-substituted donors, such as guaiacol and
vanillin, resulted in no visible oxidation of the substrate. This is not a novel observation.
In general, monophenols tend to be less effective as reducing agents than phenolic
compounds with more hydroxyl substitutions [180]. An efficiency index for LPMOs’
external electron donors can be the reduction potential of the substance, measured by
cyclic voltammetry. It is a general rule, which however exhibits some exceptions, that
the lower the potential of a donor, the higher its effectiveness in an LPMO reaction.
Owing, however, to the small exceptions observed, it is critical to define the best
reducing agents for each enzyme.

Although not a phenolic compound, the ascorbic acid was the best candidate, based on
the total area of the peaks corresponding to oxidized products in the chromatogram (Fig.
30). Ascorbic acid is a widely used external electron donor that usually yields good
results [177]. However, it has recently been suggested that ascorbic acid can indirectly
enhance the LPMO’s reaction rate by reducing free Cu(ll), present in the reaction
mixture. The free copper reduction leads to formation of H>O, thus speeding up the total
reaction [181]. In order to avoid any biased conclusions, regarding the use of ascorbic

acid, no copper saturation has been carried out in TtLPMO111088, while the blank
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reaction also contained the exact same substrate and ascorbic acid amount, to rule out
any influence of copper contamination of the substrate. Therefore, it is safe to say that

ascorbic acid is the preferred electron donor in the specific reaction.

Nevertheless, the clear primacy of an electron donor (Fig. 30) should not be taken for
granted for all the reaction conditions of the specific LPMO. LPMOs’ reducing agent
dependency is a multifactor relation- yet not fully understood- that changes according to
the pH, temperature and even substrate [177,182]. Therefore, the examination of the

enzymatic reaction conditions is also needed.
Effect of reaction parameters T and pH in enzyme activity

In order to reach a conclusion regarding the optimum temperature and pH,
TtLPMO111088 reactions on PASC were incubated under different conditions and
analysed using HPAEC. The total area corresponding to the peaks of the oxidized
products was calculated and used to estimate the optimum incubation condition.
According to Fig. 31, the temperature of 50 °C and pH 6 generated a higher total amount

of oxidized products, answering for a higher LPMO activity.
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Figure 31. a) Temperature and b) pH optimum conditions of PASC oxidation by TtLPM0O111088, as a

result of the total oxidized soluble products produced

Reaction conditions, such as pH and temperature, are not yet deeply studied in the case
of LPMOs, in contrast to reducing agents. Yet, their effect is profound, not only on the
protein itself, but also on the selected reducing agent. Frommhagen et al. have
researched the behavior of two reducing agents, namely ascorbic acid and 3-
methylcatechol, under different temperature and pH. They concluded that these
conditions influence the stability and redox potential of the electron donors, reflecting
the effect to the final LPMO catalytic performance [182]. More specifically, the
reducing potential of the agents is decreasing when increasing the pH of the mixture,
thus enhancing its ability to donate electrons to LPMO and leading to higher activity
measurements. This behavior can justify the results in Fig. 31b, where pH increase is
followed by an enhanced catalytic activity. The increase cannot go on forever, however,
since very high pH values cause the ascorbic acid to become unstable. Moreover, a very
high reducing efficiency of the electron donor can lead to sudden generation of reactive
oxygen species (ROS) that quickly inactivate the enzyme. This might be the reason for

the very low catalytic performance of TILPMO111088 at pH 7. Citrate buffer doesn’t
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yield good results in comparison to acetate. It is speculated that citrate, being a chelating
factor, might interact with the copper ion, which is coordinated in the catalytic center,

and therefore decrease the enzymatic performance.

Temperature on the other hand has a very low effect on the reducing agent’s potential or
stability [182]. It is therefore safe to assume that the amounts of oxidized products
depicted in Figure 31a reflect the temperature’s effect on the LPMO’s activity, without
much interference from the electron donor. According to the theoretical Tm of the
enzyme, the temperature of 60 °C is constantly promoting thermal degradation of a part
of the enzyme, thus rendering part of it unstable during the 24 h of the reaction.
Therefore, the optimum temperature of 50 °C (Fig. 31a) might be a result of the
denaturing conditions under higher heating rather than reflecting the best condition for

enzymatic performance [183].

The reducing potentials of TtLPM0111088 (vs NHE.) at different temperatures (20-50
°C) were calculated between 236 + 2.6 mV and 238 + 2.2 mV in the Electrochemistry
Laboratory of NTUA by Dimitrios Zouraris . The values corresponded to values around
+250 mV (vs SHE.), which are characteristic for LPMOs [180]. It is also apparent that
the reducing potential, relative to the reducing ability of the enzyme, is not greatly

affected by the different temperatures.
Amino acid sequence comparison with known LPMOs

The sequence of the TtLPMO111088 was compared with the sequences of previously
characterized enzymes, using the tool of Clustal12.1 for multiple sequence alignment
(Figure 32) [184]. The LPMOs selected were all C4- oxidizing enzymes, apart from one,
being able to oxidize both C1- and C4- carbon; NcLPMO9C, PaLPMO9H, Tt(LPMO9E

142



Results and Discussion

(also known as TtLPMOQO9J) and LSAA9. Their characteristics are summed up in Table
13.

Table 13. Characteristics of selected AA9 LPMOs

Enzyme LsAA9 TILPMOSE NcLPMO9C  TtLPMO111088 PaLPMO9H
Organism Lentinus . Neurospora . Podospora
- T. thermophila T. thermophila .
similis crassa anserina
Expression Aspergillus Neurospora ] . ]
P. pastoris P. pastoris P. pastoris
system oryzae crassa
Regios/vity C4 C4 C4 c4 Cl/C4
CBM No No Yes Yes Yes
Active on
. Yes Yes Yes Yes Yes
oligosac/des
Seq. Id %
with Tt 40% 64% 67% - 71%*
LPMO111088
Reference [185] [186] [174] - [175]

*The catalytic domains alone exhibit 78% sequence identity

All the examined enzymes were selected for being active on soluble cello-
oligosaccharides, a characteristic shared by the newly discovered TtLPM(0111088. The
sequences where examined for conserved residues that have been found to participate in
substrate-enzyme interactions. According to the alignment, TtLPMO111088 appears to
have conserved the residue Tyr206, responsible for stacking of the substrate at subunit -3
by the formation of a strong CH-m bond (corresponding to Tyr203 of LSAA9). The
subunit nomenclature follows the rules applying for glycosyl hydrolases. Also residues
of Asn28 and His66 present in LsSAA9, are conserved in TtLPMO111088, possibly
maintaining the ability to interact with the substrates in +2 subunit, through a network of

hydrogen bonds and in +1 with the coordinating His1[177,185]. In contrast to the
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positive subunits, the residues of LsAA9, identified as responsible for interactions with
negative subunits of the substrate, are not conserved in TtLPM0111088, apart from the
previously mentioned Tyr203 and Ser77. Surprisingly, these non-conserved residues are
missing from all other four enzymes examined, highlighting the importance of
previously mentioned conserved residues and indicating that other residues can as well

interact efficiently with the rest of the substrate.

In the alignment Figure 32, the characteristic loops L2, L3,LS and LC of LPMQO9s are
indicated. Although these regions are supposed to vary significantly regarding their
substrate-binding surfaces, only L2 and LC exhibit any substantial difference, in the case
of these five enzymes. The loops are thought to affect further the morphology of the
relatively flat surface, where the active site is located, thus interfering with the affinity of
the protein for different substrates [174]. It might be well suspected that the aligned

enzymes have a similar specificity, as it is also confirmed by the HPAEC analysis.
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Figure 32. Sequence alignment of 5 LPMOs (together with the presently characterized one), L regions
correspond to NcLPMOAC, as they have been described by A. Borisova et al. With red are marked the
residues participating in oligosaccharide binding, as they were p presented for the Cello6:LsAA9 and
Cello5:LsAA9 crystal complex by K. Frandsen et al. [187] and T. Tandrup et al. [177], as well as those
proven to shift for substate binding, according to G. Courtade et al. [176].

Application in an enzyme cocktail for the enhanced hydrolysis of pretreated biomass

In order for TtLPMO111088 to have application in the bioconversion of lignocellulosic
waste to omega-3, it should exhibit the ability to act synergistically with the enzymatic
mixture used for hydrolysis of the biomasses, thus enhancing the final sugar recovery.
To examine this possibility, the lignocellulosic samples No #6 (H.O/THF (50/50%), O2
16 bar, 175°C, 120min) and #7 (H2O/EtOH (50/50%), O2 16 bar, 175°C, 60min), which
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exhibited higher performance as bioconversion substrates, were employed for synergistic
hydrolysis with Cellic® CTec2 and TtLPMO111088. Short hydrolysis time and dry
matter loading that maintain enzyme stability and avoid product inhibition effects was
selected, in order for the synergy results to represent initial rates [188]. The resulting
glucose release after 24 h of hydrolysis is depicted in Figure 33.
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Figure 33. Hydrolysis performance of materials #6 (a) and #7 (b) with addition of a mixture of
CellicCTec2:TtLPM0O111088 in different final protein loadings x:y. graphs depict the glucose concentration
after 5 h and 24 h of hydrolysis.

In cases of reactions solely with TtLPM0111088, no glucose release was observed. The

degree of synergy (DS) was calculated as follows:

_ Activity of mixture
- Activity of Cellic+Activity of LPMO

(6)

where the Activity of Cellic corresponded to the activity measured in the hydrolysis of
5:0 enzyme loading. Based on the measurement of the released glucose, the DS at 24 h
for a 5:1 complementation of TtLPM0O111088 was 1.0 and 1.1 for the materials #6 and
#7 accordingly, exhibiting a small synergy effect for the second substrates. In case of the

substitution of the total protein loading with a 4:1 Cellic:LPMO analogy, DS was
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substantially high-1.5- for material #6 but equal to 1.1 for the substrate #7, exhibiting a
strong synergy for material #6, releasing 50% more glucose. An explanation regarding
LPMO and cellulase mixture synergy takes into consideration the gradual changes
occurring in the surface of the lignocellulosic material. It is supposed that the LPMO
activity leads to the degradation of small cellulosic fibrils that are situated on the surface
and are constantly revealed due to gradual removal of the amorphous region by EG and
CBH 11 [189].

In order to function properly, the LPMOs require an external electron donor. In the
above reactions, it was supposed that the enzymes would obtain the electrons needed
from substances already present in the pretreated substrate, like residual lignin. Indeed
the appearance of synergy- also higher for the material with the higher lignin content- is
indicative of electron provision by lignocellulosic components. In the next set of
experiments, the hydrolysis reactions were supplemented with 1 mM ascorbic acid, as
reducing agent, for further enhancement of the oxidation efficiency. The results are
depicted in Figure 34.
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Figure 34. Hydrolysis performance of materials #6 (a) and #7 (b) with addition of a mixture of
CellicCTec2:TtLPM0111088 in different final protein loadings x:y and 1 mM ascorbic acid. Graphs depict
the glucose concentration after 5 h and 24 h of hydrolysis.
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In the case of ascorbic acid addition, all hydrolysis reactions were more efficient,
leading to the release of higher glucose concentration. The reason for that is that the
commercial mixture of CellicCTec2 already includes enzymes of the LPMO category,
whose activity is further enhanced with the external electron donor. Still, the
synergistical effect of TILPMO111088 is more prominent. The DS with ascorbic acid for
the material #7 was 1.2 both for 4:1 and 5:1 ratios, while that for substrate #6 had fallen

to 1.3 for 4:1 ratio. The ratio of 5:1 exhibited no synergy with and without ascorbic.

As it has been already concluded in other studies, synergy effects are substrate-
dependent [188]. It is interesting to observe that the material #6 is more prone to synergy
of TtLPMO111088 and CellicCTec 2, but only for the ratio of 4:1. What is more,
ascorbic acid seems to affect negatively the DS of the mixture. It must be noted that
according to Table 10, material #6 is rich in lignin, even after organosolv pretreatment.
Supposing that lignin acts as an efficient electron donor for TtLPM0111088, the DS of
1.5 is deciphered. It can be speculated that further addition of ascorbic acid is
unnecessary, leading to sudden generation of reactive oxygen species (ROS) that

possibly inactivate part of the enzyme, as mentioned previously.

On the contrary, in the case of biomass #7, the synergy was lower, and also increased
after ascorbic addition. The lower DS may be a result of the pretreatment method of
beechwood material #7 and its effect on the surface of the final material. Karnaouri et al.
have discovered that organosolv pretreatment with a ratio of EtOH:H20 of 50:50 (v/v)
leads to the formation of lignin droplets, released from the inner biomass, on the outer
surface of the solid fraction, which are deposited there after cooling [190]. Since it is
expected that LPMOs act mostly on surface exposed crystalline regions of the cellulosic
substrate [189], it may be speculated that lignin droplets inhibit access of the enzymes to
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the surface regions, thus limiting the activity of TtLPMO111088. The addition of

ascorbic seems to enhance the DS, but only in small amounts.

Although the ratio of 5:1 translates to a higher final protein loading, it does not seem to
favor the hydrolysis more than 4:1, while at the same time hydrolysis with 6 mg Cellic
protein/ g substrate resulted in higher glucose release than all other reactions after 24 h
(data not shown). Previous research has shown the possibility of competition between
cellulases and LPMOs for access in crystalline regions of mixed amorphous-crystalline
substrates, and more specifically CBH | that attack also crystalline cellulose [189]. Since
CellicCTec 2 of Novozymes contains a mixture of CBH I and Il and EG, it may be
possible that a loading of 5:1 mg/g substrate is enough to cause enzyme traffic between
TtLPMO111088 and CBH | unities, a development that doesn’t happen in case of solely
CellicCTec2 addition, even in higher loadings. If such a hypothesis is true, then we
would expect the DS to be higher in case that the CellicCTec 2 didn’t include any
LPMOs.
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Summarizing the above results, one can reach conclusions regarding the integration of
waste-derived substances-specifically dark fermentation effluents and lignocellulosic
hydrolysates- in biorefinery processes for the production of omega-3 fatty acids by the
heterotrophic microalga Crypthecodinium cohnii. Dark fermentation effluents from
biowaste are rich in volatile fatty acids (VFA) that may serve as carbon source for this
oleaginous strain, which is capable of accumulating high amounts of the valuable
omega-3 docosahexaenoic acid (DHA). Indeed data from batch fermentations of C.
cohnii demonstrated a successful assimilation of the pure acids acetate, butyrate and
propionate for concentrations 10 g/L and higher, thus ascertaining its value as a
bioconversion tool. The ability to incorporate solely propionic and butyric acid, reported
for the first time in this study, highlighted the potential of the selected strain for the
utilization of the liquid fraction of an industrial dark fermentation effluent. Prolonged
fed-batch cultures, with a feed of volatile acids, under pH-auxostat regulation were more
successful in biomass and DHA accumulation and found to be operated under nitrogen
starvation conditions that are known to induce lipid production. In relevance to the effect
of each different VFA, results indicate that, although acetate induces a much higher
biomass yield, propionate appears to provoke higher lipid accumulation. This
observation can be useful for the proper design of the dark fermentation process, in order

to enhance the effluent’s biorefinery potential by regulating its composition.

More importantly than the fermentation of pure VFA, the work of this thesis included
the use of real effluents from an operating waste treatment plant as a feed, thus
demonstrating the utilization of them as main carbon source for omega-3 production.
The strain was capable of consuming the total VFA of the liquid fraction and
accumulating intracellular lipids and DHA. Therefore, longer-chain VFA present in the

waste-derived liquid, such as valerate and caproate that haven’t been examined
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separately, are also assimilable by the cells. It must be noted that utilization of other
VFA begins after acetate exhaustion, due to catabolite repression. The low acid
concentration of the feed constitutes the main difference between pure, commercially
available and waste-derived VFA that can hamper the application of the dark
fermentation’s liquid fraction. To this direction, efforts to increase the VFA final
concentration of the effluent were proven successful in enhancing the total cultivation
duration, as well as the final biomass production. That means that in order for such a
process to be industrially exploitable, it is crucial to augment the acidic capacity of the
feed, by concentrating the effluent. To the best of our knowledge, this is the first report
of C. cohnii growing on an anaerobically treated biowaste feedstock and utilizing
environmental pollutants for the production of high added-value products that can be
incorporated into the food industry. In order to ensure a total utilization of the algal
biomass, it has also been proposed that biomass residue, after the extraction of lipids,
can be again added as a feedstock for dark fermentation process, therefore promoting a

circular economy.

Although, the production of a high added-value metabolite, such as omega-3, justifies a
higher production cost, it still needs to be limited by adopting proper practices in order
to design a sustainable process. For that reason, the fermentation conditions that ensure
maximum DHA recovery were examined. Although batch cultures performance
indicated specific initial values, scale-up experiments following a fed-batch feeding
protocol exhibited a different behavior. It seems that the constantly changing parameters
affecting biomass growth and lipid production in the bioreactor need further
clarification. Since the results clearly demonstrated the important influence of
temperature and nitrogen to the final DHA productivity, these factors, together with the

aeration of the system, were thoroughly examined. The best temperature for high DHA
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recovery under each cultivation mode was found to be 23 °C, yeast extract was the
optimum nitrogen source, while response surface methodology indicated that the

aeration rate is more significant than the initial C/N ratio to final DHA control.

Regarding the utilization of agricultural waste, in the present thesis, biomass-derived
sugars were used as a proof of concept to produce DHA from C. cohnii. Results
demonstrated that microalgae can efficiently utilize both glucose and xylose from
organosolv pretreated beechwood and accumulate up to 60 wt. % TFA with 26.6 wt. %
DHA, thus offering the first example of DHA production from lignocellulosic biomass
by heterotrophic microalgae, on behalf of the second generation biorefinery concept.
Towards lignocellulosic utilization, it is of importance the favorable effect of lignin-
possibly due to antioxidant properties-in microalga biomass production. Moving one
step further, examination of a fed-batch strategy with a hydrolysate feed revealed the
accumulation of inhibitors present in the feed, which slow down growth. The promising
bioconversion yields of hydrolysate-derived sugars, coupled with the inability of the
microalga cells to produce cellulolytic enzymes, indicated the use of more efficient
hydrolytic enzymatic cocktails as the safest way to enhance the DHA production of the
strain, consuming hydrolysates. For that reason, the thesis included the first attempts of
characterization of a newly discovered lytic polysaccharide monooxygenase. The
enzyme, which exhibited C4-regioselectivity, was able to oxidatively cleave the B-1,4-
bond of cello-poly and oligo-saccharides. Most importantly, it exhibited significant
synergy with the commercially available enzymatic mixture CellicCTec 2, thus
highlighting its potential contribution in the production of a sugar-rich hydrolysate from
lignocellulose, which, after proper dilution, can act as a microalga feed, with a lower

inhibitor content.
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To sum up, this thesis highlights the potential of C. cohnii as means of bioconversion of
biowaste and agricultural residues, providing the reader with thorough experimental
proofs. Most importantly however, it offers reliable solutions for the efficient and
sustainable application of such processes in the industry, which include fermentation
conditions regulation and concentration of the carbon content of the feed with physical

or enzymatical methods.
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Appendix 1

Recipe of ATCC 460 Medium, used for C. cohnii cell stock maintenance

ATCC Medium: 460 A2Eg Medium
Base Medium

NaCl...oii e 23.48 ¢
MQCI2 X 6H20. ... 10.63 g
Na2SO4. v 3.92¢
CaCl2 (anhydrous).........c..ccoevinennnn. 1119
KCl e 0.66 g
NaHCO3. ... 0.19¢
KB 01g
H3BOS3. ..o, 0.03¢g
SICI2XBH20. ..., 0.04 ¢
Metal Mixture (see below)..................... 3.0ml
FECIZXBH20. ..o 0.01g
Na2 Glycerophosphate........................ 0.15¢
(NHZ)2SO4. ..o 0.05¢
TrisBuffer...........ooooi 309
Vitamin Solution (see below)................. 1.0ml
KOHPO4. ..o, 0.01¢g
GIUCOSE. ... 30¢g
Glutamic Acid...........coviviiiiiin 159
DIWater.......ovviiiiiiiece, 1000 ml

Adjust pH to 6.4-6.6. Dispense into appropriate vessel and autoclave at 121°C.
*Dispense 5ml for 16 x 125 mm test tube.



Appendix 1

Metal Mixture

Na2EDTA......cooie 10g
FeCI3X6H20. ... 0.05¢g
H3BO3. .o 10¢g

MnCI2 X4H20..........cooiiii, 0.15¢g
ZNClD. .o, 0.01g
CoCI2XB6H20.....ccvviiiii 0.005
gDIWater......coooviiiii 100

ml

Vitamin Solution
BiOtin. ..o 0.003
gThiamine..............ooiii 109



Appendix 2

Report of statistical analysis of the model describing the DHA production response
(no transformation)

Diagnostics Case Statistics

Standard Predicted Interna_l b Externe_illy Ionff::L:'itne(g9 Cook's Run
Order Q\/[;tluuil Value Residual Leverage Sgg:igﬂ;led Sggseiztl:;fd Value Distance  Order
DFFITS
1 57.00 61.50 -4.50 0.309 -0.529 -0.52 -0.347 0.016 3
2 57.00 61.50 -4.50 0.309 -0.529 -0.52 -0.347 0.016 1
3 71.00 61.50 9.50 0.309 1.117 1.124 0.751 0.07 16
4 47.00 46.50 0.50 0.309 0.059 0.057 0.038 0 7
5 49.00 46.50 2.50 0.309 0.294 0.287 0.192 0.005 6
6 44.00 46.50 -2.50 0.309 -0.294 -0.287 -0.192 0.005 13
7 105.00 100.83 417 0.309 0.49 0.481 0.321 0.013 21
8 92.00 100.83 -8.83 0.309 -1.038 -1.04 -0.695 0.06 9
9 106.00 100.83 5.17 0.309 0.607 0.598 0.4 0.021 19
10 44.00 36.17 7.83 0.309 0.921 0.917 0.613 0.047 26
11 48.00 36.17 11.83 0.309 1.391 1.425 0.952 0.108 15
12 17.00 36.17 -19.17 0.309 -2.253 -2.524 -1.688 0.284 17
13 61.00 71.24 -10.24 0.284 -1.182 -1.194 -0.753 0.069 2
14 80.00 71.24 8.76 0.284 1.012 1.013 0.639 0.051 8
15 72.00 71.24 0.76 0.284 0.088 0.086 0.054 0 27
16 79.00 66.24 12.76 0.284 1.474 1.519 0.958 0.108 5
17 67.00 66.24 0.76 0.284 0.088 0.086 0.054 0 11
18 52.00 66.24 -14.24 0.284 -1.645 -1.719 -1.084 0.134 14
19 77.00 80.90 -3.90 0.284 -0.451 -0.442 -0.279 0.01 29
20 87.00 80.90 6.10 0.284 0.704 0.695 0.439 0.025 18
21 78.00 80.90 -2.90 0.284 -0.335 -0.328 -0.207 0.006 4
22 13.00 19.57 -6.57 0.284 -0.759 -0.751 -0.474 0.029 20
23 19.00 19.57 -0.57 0.284 -0.066 -0.064 -0.041 0 25
24 26.00 19.57 6.43 0.284 0.743 0.734 0.463 0.027 23
25 49.00 55.23 -6.23 0.176 -0.671 -0.662 -0.306 0.012 22
26 48.00 55.23 -7.23 0.176 -0.779 -0.771 -0.356 0.016 10
27 76.00 55.23 20.77 0.176 2.235 2.499 1.154 0.133 12
28 60.00 55.23 4.77 0.176 0.513 0.504 0.233 0.007 24
29 44.00 55.23 -11.23 0.176 -1.209 -1.223 -0.565 0.039 28







Appendix 3

Codon optimized sequence of the gene encoding
heterologous production in P. pastoris

Asull

\
TTCGAAATGAAACCCTTTTCGTTGGTTGCTCTAGCAACTGCCGTTTCTGGTCATGCCATA
10 20 30 40 50 60

i et Rt Dt St B St S S et St
AAGCTTTACTTTGGGAAAAGCAACCAACGAGATCGTTGACGGCAAAGACCAGTACGGTAT

TTTCAGCGAGTATCCGTTAATGGACAAGATCAGGGACAATTGAAGGGTGTAAGAGCACCT
70 80 90 100 110 120

Rt S Rt St Bt el Rt S A Sy,
AAAGTCGCTCATAGGCAATTACCTGTTCTAGTCCCTGTTAACTTCCCACATTCTCGTGGA

TCATCAAACAGCCCAATCCAGAACGTGAATGACGCTAACATGGCTTGTAACGCCAATATC
130 140 150 160 170 180

e e Rl e R
AGTAGTTTGTCGGGTTAGGTCTTGCACTTACTGCGATTGTACCGAACATTGCGGTTATAG

GTGTACCATGACAACACGATCATCAAAGTGCCTGCTGGAGCTAGAGTTGGTGCTTGGTGG
190 200 210 220 230 240

CACATGGTACTGTTGTGCTAGTAGTTTCACGGACGACCTCGATCTCAACCACGAACCACC

vV Y H D N T I I K v P A G A R V G A W W
e R e R e e L EE e

CAACACGTTATTGGTGGACCACAAGGAGCCAATGATCCCGATAACCCAATTGCTGCAAGT
250 260 270 280 290 300

GTTGTGCAATAACCACCTGGTGTTCCTCGGTTACTAGGGCTATTGGGTTAACGACGTTCA

TtLPMO111088 for



Appendix 3

CACAAAGGCCCGATTCAGGTCTATTTGGCTAAGGTCGATAATGCTGCAACTGCAAGTCCA
310 320 330 340 350 360

e R e B B B
GTGTTTCCGGGCTAAGTCCAGATAAACCGATTCCAGCTATTACGACGTTGACGTTCAGGT

TCTGGTTTGAAGTGGTTCAAAGTAGCTGAACGTGGGTTGAATAACGGAGTTTGGGCAGTT
370 380 390 400 410 420

et e e e B e R
AGACCAAACTTCACCAAGTTTCATCGACTTGCACCCAACTTATTGCCTCAAACCCGTCAA

GACGAACTGATTGCCAACAACGGTTGGCACTATTTCGATCTTCCGTCATGCGTCGCACCA
430 440 450 460 470 480

et e e e e e
CTGCTTGACTAACGGTTGTTGCCAACCGTGATAAAGCTAGAAGGCAGTACGCAGCGTGGT

GGACAGTATCTTATGAGGGTGGAATTACTTGCTCTACATTCCGCTTCTTCACCAGGAGGT
490 500 510 520 530 540

e R e R e e L EE e
CCTGTCATAGAATACTCCCACCTTAATGAACGAGATGTAAGGCGAAGAAGTGGTCCTCCA

GCTCAATTTTACATGGGGTGTGCTCAAATAGAGGTTACTGGAAGTGGCACCAATAGCGGT
550 560 570 580 590 600

e R e R e e e L EE e
CGAGTTAAAATGTACCCCACACGAGTTTATCTCCAATGACCTTCACCGTGGTTATCGCCA

TCTGATTTCGTCTCTTTTCCTGGGGCCTATAGTGCCAATGATCCAGGCATTCTGTTGAGC
610 620 630 640 650 660

e S It el St St It el St Sl
AGACTAAAGCAGAGAAAAGGACCCCGGATATCACGGTTACTAGGTCCGTAAGACAACTCG
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ATATACGACTCGTCAGGTAAGCCTAACAATGGTGGAAGATCCTATCCCATTCCTGGACCA
670 680 690 700 710 720

S S R R St e Rt St
TATATGCTGAGCAGTCCATTCGGATTGTTACCACCTTCTAGGATAGGGTAAGGACCTGGT

AGACCTATCTCTTGTTCCGGGTCTGGAGGAGGTGGCAATAATGGTGGAGATGGTGGTGAC
730 740 750 760 770

R B Rt St St S et Rt S
TCTGGATAGAGAACAAGGCCCAGACCTCCTCCACCGTTATTACCACCTCTACCACCACTG

R p I 8§ C S G s G 6 G G N N G G D G G D

GACAACAATGGTGGTGGCAATAACAACGGTGGTGGTTCCGTCCCTTTATACGGCCAATGT
790 800 810 820 830

R B Rt Rt Dttt st Bt
CTGTTGTTACCACCACCGTTATTGTTGCCACCACCAAGGCAGGGAAATATGCCGGTTACA

GGAGGTATTGGGTATACAGGACCAACTACCTGTGCTCAAGGTACATGCAAGGTTTCTAAC
850 860 870 880 890

CCTCCATAACCCATATGTCCTGGTTGATGGACACGAGTTCCATGTACGTTCCAAAGATTG

Xbal
\
GAGTACTACTCCCAATGCTTACCTTAATCTAGA
910 920 930

el e B R ] i
CTCATGATGAGGGTTACGAATGGAATTAGATCT

780

840

900



