Agricultural University of Athens
Department of Food Science and Human Nutrition

Laboratory of Food Process Engineering

Development of microbial and enzymatic processes for
valorisation of industrial side streams for the production of

microbial lipids and esters

A thesis submitted for the degree of Doctor of Philosophy

by
Erminta L. Tsouko

ATHENS 2019

SUPERVISOR

Doctor Apostolos Koutinas



Agricultural University of Athens
Department of Food Science and Human Nutrition

Laboratory of Food Process Engineering

Development of microbial and enzymatic processes for
valorisation of industrial side streams for the production of

microbial lipids and esters

A thesis submitted for the degree of Doctor of Philosophy

by
Erminta L. Tsouko

ATHENS 2019

SUPERVISOR

Doctor Apostolos Koutinas



DOCTORAL DISSERTATION

Development of microbial and enzymatic processes for
valorisation of industrial side streams for the production of

microbial lipids and esters

Thesis committee

Thesis supervisor

Dr. Apostolos Koutinas, Assistant Professor, Agricultural University of Athens

Thesis co-supervisors

Serafeim Papanikolaou, Associate Professor, Agricultural University of Athens
loannis Kookos, Professor, University of Patra

Other members

loanna Mantala, Associate Professor, Agricultural University of Athens
Vasiliki Evaggeliou, Associate Professor, Agricultural University of Athens
Nikolaos Stoforos, Professor, Agricultural University of Athens

Denise M.G Freire, Professor, Federal University of Rio de Janeiro, Brazil



I'eonoviko [ovemotiipio AOnvav

Tuqpe Emoetipng Tpoeipov kol Alotpo@nig Tov AvOpomov
Epyacstipro Mnyavikig kon Enelepyaciog Tpogipwv

AvAntuEn KpoPlak®y Kot EVELUIK®OV O1EPYOGIOV YL TNV
a,EloToiNoT TOPATAELPOV BLOUNYOVIKOV PELUATOV TPOG

ToPAY®YN UKpoPlok®OV eAainv Kl Bloyevav eoTEPOV

ATAAKTOPIKH AIATPIBH

EPMINTA A. TXOYKO

AG®HNA 2019

EIIIBAEIIQN KAOHI'HTHX

Amndotorog Kovtivag, Avaminpotig Kadnyntg I'.ILA



ATAAKTOPIKH AIATPIBH

AvAntuEn KpoPlok®y Kot EVELUIK®OV O1EPYOGIOV YL TNV
aEloToINoT TOPATAELP®V BLOUNYAVIKDOV PELUATOV TPOC

Topoy®y”n UkpoBlok®@v eAaimv Kol Bloyevav e6TEPOV

EINIBAEIIQN KAGHI'HTHX

Amndotorog Kovtivag (Avaminpotig Kadnyntg, I'.IL.A)

EINITAMEAHY EEETAXTIKH EINITPOITH
Amndotorog Kovtivag (Avaminpotg Kadnyntg I'.IL.A)
Zepapeip [Tamavikorldov (Av. Kabnynmge I'.IL.A)
Ioavvng Kovkog (Kabnynmg lavemompiov [Hatpav)
lodvva Mavtdia (Av. KaOnyrrpua I'.I1.A)
Nikoraog Zropdpog (Kabnyntng, I'.I1.A)
Baouukr Evayyeiiov (Av. KaOnyntpuo, I'.I1.A)

Denise M.G Freire (Professor, Federal University of Rio de Janeiro, Brazil)






ABSTRACT

This doctoral dissertation focused on the valorisation of renewable resources including
liquid and solid industrial waste and by-products streams for the biotechnological production
of value-added products. Their potential utilisation as raw materials for the chemical
industry was evaluated. Extraction of phenolic compounds from by-product streams of palm
oil production was assessed in terms of total phenolic content and antioxidant activity index.

Phenolics incorporation into various edible oils aimed to prolong their shelf life.

The first part of this thesis demonstrated the production of a generic nutrient-rich feedstock
using by-product streams from palm oil production as a substitute for commercial
fermentation supplements. Solid-state fermentations of palm kernel cake (PKC) and palm-
pressed fiber (PPF) were conducted in tray bioreactors and a rotating drum bioreactor by the
fungal strain Aspergillus oryzae for the production of crude enzymes. The production of
protease was optimized (319.3 U/g) at an initial moisture content of 55%, when PKC was
used as the sole substrate. The highest free amino nitrogen (FAN) production (5.6 mg/g)
obtained via PKC hydrolysis using the crude enzymes produced via solid-state fermentation
was achieved at 50 °C. Three initial PKC concentrations were tested in hydrolysis
experiments, leading to total Kjeldahl nitrogen to FAN conversion yields up to 27.9%.
Sequential solid-state fermentation followed by hydrolysis, was carried out in the same
rotating drum bioreactor, leading to the production of 128.8 U/g of protease activity during
fermentation and 201.5 mg/L of FAN during hydrolysis. Microbial oil production was
successfully achieved with the oleaginous yeast strain Lipomyces starkeyi DSM 70296
cultivated on the produced PKC hydrolysate mixed with commercial carbon sources,

including glucose, xylose, mannose, galactose, and arabinose.

A sequential part of the thesis, dealt with the extraction of phenolic compounds from various
side streams derived from palm oil production including PKC, PPF, palm kernel shells
(PKS) and empty fruit bunches (EFB). Among these streams, PKC showed the highest total
phenolic content with a value of 5.2 mg of gallic acid equivalents (GAE)/g of dry sample,
whereas the EFB presented the lowest value (1.8 mg GAE/g dry sample). The extraction
time as well as the liquid-to-solid ratio were investigated to optimize the phenolic extraction.
PKC exhibited the highest total phenolic content (5.4 mg GAE/g dry sample) with a liquid-
to-solid ratio of 40:1 during 20 minutes of extraction. The main phenolic compounds of the
extracts deriving from all by-product streams were also identified and quantified employing
HPLC-DAD. Catechin and 4-hydroxybenzoic acid were detected in all samples. The



addition of 0.8% of PKC extract increased more than 50 % the induction time of sunflower

oil.

A subsequent objective of this study was the valorisation of various protein-rich agricultural
residues for the production of microbial oil-based polyol esters with lubrication properties.
Palm kernel cake was initially used as substrate to evaluate lipid production via solid state
fermentations using the fungal strains Cunninghamella echinulata, Mortierella ramanniana
sp., Mortierella isabellina and Thamnidium elegans. Based on fermentation efficiency and
fatty acid composition, C. echinulata was selected for further optimisation of fermentative
conditions (i.e. temperature, initial moisture content, ratio of palm kernel cake and palm
pressed fiber). Under the optimum conditions, microbial oil production in tray fermentations
was 129.1 mg/g of fermented solids (gfs), with a y-linolenic content of 5.3% (w/w). Cotton
seed cake and castor seed cake were also evaluated for microbial lipid production in tray
fermentations. The highest biomass production (304.1 mg/gfs) with a lipid content of 40.1%
(w/w) was achieved when cotton seed cake was used. Subsequently, microbial lipid
production using cotton seed cake was also evaluated in packed bed bioreactors, leading to
a fungal biomass production of 320.5 mg/gfs with an intracellular lipid content of 37.7%
(w/w). The microbial oil was extracted from the fermented solids and used for polyol ester
production catalyzed by Lipomod 34MDP in a solvent free system. The highest conversion
yield of 80% was achieved after 2 h reaction. The produced esters were characterized via
Nuclear Magnetic Resonance analysis. The present study showed the perspective of
valorising agricultural residues into value added oleochemicals with potential use as

biolubricants.

Next, spent sulphite liquor (SSL), the major waste stream of pulp and paper industry, was
valorized for the production of microbial oil rich in y-linolenic acid (GLA) by five
oleaginous fungi of the genus Mortierella sp., Cunninghmamella sp. and Thamnidium sp.
The aim was the utilization of fungal oil as substrate for the enzymatic synthesis of isopropyl
and 2-ethylhexanol esters employing a solvent-free system catalyzed by commercial lipases.
The reaction conditions evaluated, were temperature (30 - 70 °C), microbial oil to alcohol
molar ratio (1:2.84 - 1:4) and biocatalyst amount (5 - 20%, w/w). Under the optimized
conditions, subsequent transesterifications were conducted using lipid classes obtained via
fractionation of microbial oil, including neutral lipids (NL), glycolipids and sphingolipids
(GL+SL) and phospholipids (PL). Results showed that the presence of GL+SL and PL
fractions negatively affected the enzymatic synthesis of the esters. Transesterification of the

NL fraction with isopropanol and 2-ethylhexanol led to the maximum conversion yield of
i



80.2% and 73.8%, respectively. Subsequently, the conversion yield was maximized (90%
and 80% for isopropyl and 2-ethylhexyl esters respectively) by the utilization of hydrolyzed
microbial oil. The reuse and stability of biocatalyst in 6 repeated reactions as well as the
physicochemical properties of the produced esters were also evaluated using the hydrolyzed
microbial oil. The present study demonstrates the perspective of utilizing renewable
resources for the production of specialty fatty acid esters rich in GLA with potent application

in food, cosmetics and oleochemicals industries.

The last part of the thesis was related to the exploitation of SSL as the sole carbon source
for the production of microbial oil. Initially, the effect of different C/FAN ratios and
lignosulphonates (LS) concentrations on microbial oil production and fatty acid composition
by Lipomyces starkeyi, Cunnighamella echinulata and Mortierella isabellina was evaluated
in shake flasks fermentations. The highest lipid and total dry weight (TDW) production of
L. starkeyi was 11.2 g/L and 2.8 g/L, respectively, using at C/FAN ratio of 173. In fed-batch
fermentation, L. starkeyi showed the highest lipid production (40.9 g/L) at a C/FAN ratio of
33. In shake flask fermentations of M. isabellina, biomass production and microbial oil
content were highly inhibited when 10 g/L and 50 g/L of LS were added in the fermentation
media. In the case of C. echinulata, lipid and GLA contents were positively affected with
increasing C/FAN ratios (until a threshold), leading to the highest values of 60% and 18.8%,
respectively. A simultaneous phenolic removal (61%) of the substrate was also observed by
the fungal strain in this case. TDW seemed to be induced while GLA formation was
significantly decreased (8.9%) with increasing LS concentration. Fed-batch cultures of C.
echinulata in bioreactor resulted in TDW production of 12.2 g/L with a lipid content of 56%
in a media containing 5 g/L LS. Fermentation efficiency was significantly affected in the
case of 90 g/L LS leading to reduced TDW production (9.9 g/L) and lipid content (27%).
Fed-batch experiments demonstrated that GLA formation was strongly affected probably

due to the applied aeration and agitation.

Scientific area of the thesis: Design of Food and Biorefinery Processes

Keywords: oleaginous fungi and yeasts; fermentation; microbial oil; y-linolenic acid;
renewable agro-industrial waste streams; enzymatic biocatalysis; Novozyme 435;

fractionation of microbial oil, isopropyl and 2-ethylhexyl esters; lignosulphonates; oil



biotransformation; enzymes; packed-bed bioreactor; phenolic compounds, antioxidant

activity, induction time, sunflower oil



IHEPIAHYH

H mapovoa dwdaktopikn SatpiPn emkevipmOnke omv oElomoinon TovV avove®GIL®OY
TPAOTOV VADV, COUTEPILAUPOVOUEVOV VYPOV KO GTEPEDMV PLOUNYOVIK®OV aToPANTOV Kot
VIOTPOIOVTMOV Y10 TN PLOTEXVOAOYIKN TTapay®Y TPOIdVT®V VYNANG TpooTiféuevng aiog.
A&oloynonke n mBovy a&lomoinon tovg mg Tp®dTH VAN Yoo T ymuky Propmyovio 6mwg
EOTEPEC LE EPAPLOYEG GTOV TOUEN TV KOAAVVTIK®OV Kol E0TEPES PE PLOMTOVTIKEG 1010TNTES.
H exydMon tov @aivolMkdv evOoemV amd To peOLITE VTOTPOIOVIWV OO TNV TOPAY®YN
eowiké oov aEoAoyNONKe ®C TPOS TN GLYKEVIPMOGON OAIKAOV (QUIVOMK®OV KOl TNV
avTo&edMTIKN TOVG kavotta. H eveoudtoon gatvolk®v o didpopa Bpodotpa Eaaia eiye

®¢ 6TOYO TNV TapdTacT TG dtdpkelag (mNg TOVG.

To mpmdTo pépog g datpiPng emkevipmdnke oty a&lomoinorn moaparpoidovIey ond tnv
TOPAYWOYT POWIKEANIOV PO TOPAYOYT VITOSTPOUATOS {OHmong mhovoov og Bpemtid
OLGTOTIKG L€ GKOTO VO OVTIKOTOGTIGEL EUTOPIKA OPENTIKE PEGA TOV YPTGLULOTOOVVTOL
ot ovpPatikég  Pounyavikés  ovpmoelg. Ot (updoelg  oTeEPEAS  KOTAGTOONG
YPNOYLOTOIDVTAG QUTIKEG Ve HEGOKOPTIOL HETA TNV €€aymyn Tov @owikéAaov (palm
pressed fibers-PPF) ka1 dlevpa gvdoomeppiov petd v eEaywyn tov mopnvéiatov (palm
kernel cake-PKC) pe 1o otéheyog tov poknta Aspergillus oryzae die€nybnoav o kwvikég
eLdAeg towv 250 mL. Ztdyoc Mtav n avdmtuén g evOUUIKNG Olepyasiog Yo TNV Topaywyn
TPOTEOAVTIK®OV eviiuwv. H mapaywyn mpoteoivtikdv evibpmv Beitiotorombnke (319,3
U/g) og apykn vypacio otepeod 55%, étav 1o PKC ypnoyomombnke og povodikd oteped
vrooTpopa Copmong. Awdoyikés Lupmoels otepeng katdotaong oe avaioyio PKC:PPF
tong mpog 70:30 mpayparoromOnkav ce 15 L froavtidpactipa TepoTpeOIEVOD TOUTAVOD
odNymvtog o TPWTEOAVTIKN evepyotnto 128,8 U/g. e enduevo otddo, ta mopaydévra
aKOTEPYOOTO TPOTEOALTIKE £vivpa ypnoorombnkav yu v eviopikny vdpoéALoT TV
TpOTEIVOV oL TEPEyovtal 6to PKC pe oxomd v onpovpyio voporvpdtov TAo0cimv 6
dloto wor Opentikd cvototikd. Ov eviupikéc vOpoAvoelg €0etav OtL M LYMALTEPT
Tapay®yn aldTOL TOL TEPLEXETAL OTIC EAEVOEPEC apvopdoeg apuvosémy Katl mentidiov (free
amino nitrogen-FAN) (5,6 mg/g) emtedyOnke pe to PKC otovg 50 °C. Tpeig apyikég
ovykevipooelg PKC eEetdotnkav, 0dnydviag ce amdd0ooT HETATPOTNHG OAKOD al®dTOL
(Kjeldahl) mpog FAN émg kot 27,9%. AxolovBwg, a&loroynnke n tkavotnta g {Oung
Lipomyces starkeyi DSM 70296 vo. avomrtdooetal Kot vo mopdyet pikpoplokd AMmidio ota,
napayfévra voporlvuata tov PKC péom acvveydv vypav {upudoewmv Kot thv mpocHnkm

oLVOETIKOV TNYdV dvBpaka dmwg apafvoln, ELAOLN, Yoraktoln, pavvoldn kot yivkoln. H



mopoyoyn pkpoPrakng Propdloc kopdvonke and 20,6 g/L émg 22,4 g/L kol 1 cuyKEVTpmoN
Mmdiov and 5,7 g/L éoc 7,3 g/L.

To emduevo pépoc g SBaKTOPIKNG SaTPIPNC aPOPOVCE GTNV EKYVAICT] POLVOAIK®DV
EVOOEMV OO SAPOPA TOPATAEVPO PEOUATO TPOEPYOUEVO amd TN dlEpyacio mTapaymYNS
eowikéloov, cvpmeptrapupavopévov tov PKC, PPF, dievpa evdokapmiov (palm kernel
shells-PKS) kot ddeio toapmid petd v mapaiapn tov @owvikodkapmov (empty fruit
bunches-EFB) kot tnv a&loloynon Tov avticToy®v oivoMK®OV EKYVAIGUATOV MG TPOG TNV
OLYKEVTIPMOOT] OMK®OV (QOIVOMKAOV KOl TNV OVTIOEEOMTIKN TOLG KovOTNTO. Metald tmv
pevpdtov avtdv, 10 PKC £0€1Ee v vynAdtepn OAMKN CLUYKEVIPMOT QUIVOMK®OV UE TIUN
5,2 mg 1oodvvapa yorlkol o&éoc (gallic acid equivalents-GAE)/g Enpov delypatoc, evod
ta EFB napovsiacay ) youniotepn tiun (1,8 mg GAE/g). O ypovog ekydiong kabmg kot
0 Adyog d1oAvTn eKYOAIONG TPOG 6TEPED epevvnONKaY Yia T BeATioTOTOINGCT TG EKYOMONG
eowvolMkaVv oo 1o PKC. Ot khpieg pavoMKeS EVOGELS TOV EKYVAMGUATOV ad OAES TIG POEG
VIOTPOIOVTOV, TAVTOTOON KV Kot TocoTikomotOnkav ypnoiponowwvtag HPLC-DAD. To
4- vdpo&vPevioixd o0&y ko N kateyivn aviyvednkay o 6Aa ta deiypato. H pedétn €deiée
ot n mpocnkn 0.8% exyvAiopuatog PKC oe nAiédato odynoe oe avénomn tov ypodvou

EMOYWYNG TOL Thve amd 50%.

210)0G ™G HEAETNG avTNG Ntav emiong N a&lomoinon dedpwv TAOVGLOV GE TPMTEIVES
YEQPYIK®OV VTOAEYUUATOV Y10 TNV TOPAYDYN ECTEPOV TOAVOADV PE ATAVTIKES 1010TNTEG
amo pkpofiaxd Almoc. To PKC ypnowomomOnke o¢ vrootpopo yio va a&toroyndei 1
ToPOy®YN LiKpoPlokod Mrovg pécw LVUMGEMY OTEPEAS KOTAGTOONS OO O18popa GTEAEYT
wkntov omwg Cunninghamella echinulata, Mortierella ramanniana sp., Mortierella
isabellina kot Thamnidium elegans. Mg Bdaon v anotelecpatikotnta TG COUMONG Kot T
oOvBeon tov Amapdv offéwv, 10 otéheyog C. echinulata emléybnke ywo meportépom
BeAitiotomoinon twv cuvOnkadv (opmong (Beppoxpacio, apyiky TEPIEKTIKOTNTA GE LYPAUGIaL,
avaroyio PKC xow PPF). Yno tic BéAtioteg ovvOnkeg, n mopaywyn pkpoflakod Aimovg
avnABe og 129,1 mg/g opwbévtov otepedv (fermented solids-fs), pe mepiektikdémmro o
GLA 5,3%. XtV cvvéyela, oteped vmoreippato Pappokodcmopov (cotton seed cake-CoSC)
kot pikwvov (castor seed cake-CaSC) a&loloynOnkav emiong yio mapaymyn WKpoPlokmv
Mmdiov oe Quudoelg otepeng kataotaons. H péyiom mapaywyn Propdlog (304,1 mg/gfs)
pe meplektikomto Amdiov 40,1% emtedybnke pe v yprion CoSC. H mapaymyn
pikpofrakmv Mmdiov 0eénydn emiong oe Proavtidpactipes otabepng KAivng Omov
ypnoonondnke wg oteped vmooTpope (duwong to CoSC. Xe avt) Vv mepinTmon, M
mopoayouevn pokntokn Bropdlo aviibe oe 320,5 mg/gfs pe meplexdpuevo EvOOKLTTOPIKOV

Vi



Mmdiov 37,7%. To pkpofroxd Almog ekyvAiomnke amd ta {upopéva oTeEPER KOl OTN
OULVEYELD YPNOLOTOONKE Yo TNV EVELUIKY] TOPAYOYT ECTEPMOV TOAVOADY GE £VO. GOGTI O,
amovcio SAVTOV KoTaAvoueVo amd To évivpo Lipomod 34-MDP. H vynAdtepn anddoon
petatponng (80%) emtevyOnke petd and avtidopoon 2 wpav. H mapodoa perétn £dei&e v
TPOOTTIKY a&10TOINONG YEMPYIK®V VIOAEUUATOV TPOG TAPOYMYT] EACLOYTLUIKOV VYNANG

npooTfEneVNG aglag pe SuvnTiky YpNoN ®G E0TEPEG UE PLOAMTOVTKES 1O1OTNTEC.

AkoLoHOmg, T0 VYPO andPAnto amd v Prounyovia xopTomortod kat xaptov (spent sulphite
liquor-SSL) a&lomomOnke mpog mapaymyn pikpoPlakdv Mmdiov thovciwv e GLA, péow
névie pokntov tov yévovg Mortierella sp., Cunninghmamella sp. kot Thamnidium sp. O
oTOY0C NTOV M YPNOWOTOINoN TOV AMIOIOV ©C LIOCTPOUN Yo TNV cOVOEST €0TEPWOV
160TPOTAVOANG Kat 2-010vho-1-e£avoing oe chHoTHO amovsio SIAVTN, KATUAVOUEVO amd
eumopikég Mmaoeg (Novozyme 435). O cuvOnkeg avtidopaong mov aStoloyndnkay frav n
avoroyia pkpoPlakod Aimovg mpog aikooAn (1 : 2,84 — 1 : 4), n mocdtnta frokororvt (5
- 20%, «.p.) kou 1 Ogppokpacio (30 - 70 °C). Ynd 11¢ PéAtioteg cuvbnkeg, dieEnybnoav
LETECTEPOTOGEL  YPNOWOTOIOVTOG KAGoE AMmdiov  mov  AouPdvovior  pHEC®
KAopdTmong, cvourepiiappavouévov tov ovdétepmv Mmdiov (neutral lipids-NL), tov
yAkolmdiov ko Tov opryyolmdiov (glycolipids and sphingolipids-GL + SL) ka1 tov
pwopoMmidiov (phospholipids-PL). Ta arnotedéopata £dei&av 6tL 1 Tapovsia twv GL +
SL kot PL enmpéace apvntikd tv eviuopikt cuvheon tov eotépwv. H peteotepomoinomn tov
KAdopatog NL pe toompomavoln kot 2-aibvAieavoln odfiynoe otn péytotn omddoon
Bropetatponng 80,2% kot 73,8% avtictoya. Xtn ocvvéyela, 1 omddoon PLOUETATPOTNG
peytotorombnke (90% xor 80% yio T0Vg £6TEPEG 1GOTPOTAVOING Kot 2-0BvieEavoing,
avtioTorya) pe TN xpNnomn vopoivuévou pkpoPlaxod edaiov. H emavoypnoporoinon kot n
otafepotra Tov ProkoataAvtn o 6 emavolappovopeveg oavtidpdoelg kobmdg Kol ot
QUGIKOYTUKES 1010TNTEG TV TOPAYOUEVOV EGTEPOV OEIOAOYNONKAY XPNGILOTOIDOVTAS TO
vopoivpévo pkpoflakd Aimoc. H moapovoa perétn €0e1&e v TPOOMTIKY| YPNOMG
OVOVEDGILOV TPATOV VADV Y10, TNV TOPAYOYY] E6TEPOV MTap®dV 0wV TAovouwy oe GLA

pe mBaveg eQaproyES oe Propnyovieg TPoPit®mV, KOAADVTIK®OV KO EALQLOYNUIKOV.

To tehevtaio pépog g dTpiPng oxetiCetor pe v aglomoinom tov SSL ¢ povadkng
mYNGS avipoka yuo TNV mopayyn WKpoflokdv Amidiov. Apyikd, peAetnOnke n enidopaon
dweopov  avaroywdwv  dvBpakaialdTOL KOl SWQOPETIKMY  CGUYKEVIPOCEMV
AYVOGOVAQOVIKOV OLGLDYV GTNV TOPAY®YN WKPOPLOKOV MmTidimv Kol 6TV cVGTACT TOV
Mrapdv o&éwv Tov pukpoflokov otedeymv L. starkeyi, C. echinulata and M. isabellina o¢
lupmoelg acvveyovg koAlépyetoc. H vymAidtepn mapaymyn Mmdiov kot Bropdlog pe to

vii



otéleyog L. starkeyi frav 11,2 g/L ko 2,8 g/L, avtiotorya, ypnoLomoldviag Adyo
avOpaxa:almtov 173. Xe pikpofrakés upmdoelg nuovveyovg Aettovpyiag, o L. starkeyi
£0e1&e v vymAdtepn cvykévipmon Amdiov (40,9 g/L) o avaroyia avOpaka:aldtov 33.
e Lupmoelg aovveyovs KaAMEPYELG, Le Tov poknta M. isabellina, n mapoaymyn Bropdlog
Kol 1 AmomeplektikdtnTo Tapepmodiotnrkoy o6tov 10 g/L ko 50 g/L AryvosovAgpovikmv
ovolV Tpootédnkav oto Opentikd péco g {duwonc. Xty mepintwon tov poknto C.
echinulata, n MmonepiektikdmTa Kot 10 10600610 6 GLA guvordnkay pe tnv avénon tov
avaroyldv avlpoaka:aldtov (LéExpt Eva 0p1o), odnydvtag oe péytoteg Tnég 60% ko 18,8%
avtiotorya. Tavtoypovn amopdkpvven eovolk®v ovcldv (61%) mapatnpribnke amd to
HUKNTIOKO OTéAEY0G otV mepintmon avtny. H mapaydpevn Popdlo guvondnke evod to
1060010 TV Mmdiov oe GLA peiddnke onuaviikd (8,9%) pe v avénon g
GLYKEVIPOOTNG TOV AYVOGOLAPOVIKOV ovct®dv. Ot pikpofrokéc Cupmaoelg nut-cuveyoie
Aertovpyiog pe Tov poknra C. echinulata siyov wg anotélespa Ty mopaywyn Bopdalog 12,2
g/L pe mepektikotnro Mmdiov 56% otav mpootédnkav 5 g/L Atyvocovigovikd. H
arotedeocpaTikOTNTa TG C(OHOONG emMPedoTnke ONUOVTIKA OTnV  TEPITTOOT OV
npootédnkav 90 g/L Ayvocovrhpovikdv, odnydvtag og mapaymyn Popdalog 9,9% g/L kat
Mmomeptektikdtnta 27%. H mapaymyn oe GLA ennpedotnKe onuovTiké oTo TEPALOTO TOV

Eafov pépog otov Proavtidpactipa.

Emotmpovikn meproynq g owrpiPrig:  Xyedwopog  Aepyasuwv  Tpoogipwv kot

BiodwAiompiov

A&Ee1g KAEWOA: ghatoydvol pokmrteg kot Jopeg; Copwon; pkpoPlokd Almog; y-Atvolevikod
0&Vy; avavenoua aypoProunyavikd omdpfAnta; eviopukn Prokatdivon; Novozyme 435;
KAaoudtoon pikpoPlakod Amovg, €0TEPEC 1GOTMPOTAVOANG Kot 2-aibvAo-1-eEavoing;
MyvocoovAQoViKd,; PlopetoTponm) Tov pukpoflakod Aimovg; évlvua; Ploaviidpactipog

otafepng KAMVNG; PALVOAIKA CLGTATIKE, AVTIOEEWOMTIKY OpAcT, YPOVOS ETAY®YNS, NAMELNLO
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©Epuivta Toovko

AvartoEn pkpofrok®@v Kot EVEODUIKOV O1EPYacIAV Yo TNV adlomoinen topanievpmy

Bropnyavik@v pevpdTev Tpog TapaymyN MKPOPLOK®OV ELai®V Kol loyEVOV €6TEPOV.

H £éykpion g ddaktopikng dwotpipng arnd to Tumua Emoetung Tpoeinmy kot Atatpoeng
00 AvBpomov tov ['ewmovikoy IMavemomuiov AONvoOV dev VIOINADVEL amodoyn TV

amoyemV Tov cvyypagéa (v.5343/1932, ap.202, map. 2).

H mvevpatik 1d1okmoio amoktdtol yopic Kopio datummaon Kot Yopig Ty ovaykn pTpog
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Renewable energy and nuclear power are the world’s fastest growing sources of energy thus
fossil fuels are expected to dominate until 2040 with an energy market share of 78%. The
industrial sector including mining, manufacturing, agriculture, and construction, holds the
largest share of energy consumption (50%) and it is projected to increase by 18% within the
period 2015-2040. Food sector and pulp and paper industry are characterized as energy-
intensive manufactures with a gross output increment of 3.5% annually (U.S. Energy
Information Administration, IEO, 2017).

World energy-related CO> emissions are predicted to grow at an average of 0.6% annually
within 2015-2040. Consequently, apart from fossil resources depletion as a result of the
growing demands for fuels and energy, other aspects with respect to severe environmental
issues including global warming and toxic waste generation, have emerged seeking for
renewable resources which are considered as a very fast-growing source of energy for the
period 2012-2040 (U.S. Energy Information Administration, IEO, 2017).

Increased public awareness and the establishment of strict policy regulations for fossil-based
production have paved the way towards alternative resources that provide clean energy,
green chemicals and high biodegrability. Research has mainly focused on renewable
materials that can be found in abundance and at low cost and do not compete with the food
chain. Recent developments on bio-based production have mainly targeted to the production
of biofuels, i.e biodiesel and bioethanol. Thus, economic efficiency could be attained with
the co-production of both biofuels and high added-value chemicals, simulating the
petrochemical refinery. Renewable biomass and its fractionation and bioconversion to
chemical and biochemical intermediates that are further supplied into a variety of other end-
products, is of utmost importance to meet sustainability. Industrial biotechnology including
the development and establishment of innovative technologies and biotechnological
pathways, is the key for sustainable production of fuels, chemicals and polymers,

establishing the bio-economy era.

The bioeconomy concept is reflected in three visions (Bugge et al., 2016). The first vision
relates to the importance of bio-technology research and application and commercialisation
of bio-technology in various sectors. The bio-resource vision focuses on the role of research,
development, and demonstration (RD & D) related to biological raw materials in agriculture,
forestry, and bioenergy, as well as on the establishment of new value chains. The last vision,
bio-ecology, highlights the importance of ecological processes that optimise the use of

energy and nutrients, promote biodiversity, and avoid monocultures and soil degradation.
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One-third of plastic waste globally is not collected or managed. The alternative of a circular
economy would turn goods that are at the end of their service life into resources for others,
minimizing waste and replacing production with sufficiency. A study of seven European
nations found that a shift to a circular economy would reduce each nation's greenhouse-gas
emissions by up to 70% and grow its workforce by about 4% - the ultimate low-carbon
economy (Stahel, 2016).
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2.1. Renewable resources
2.1.1. Biorefinery concept

Biorefinery is the sustainable processing of biomass into a spectrum of marketable products
and energy. The development of lignocellulosic based biorefineries for the production of
chemicals, biopolymers and high-added value products via fractionation of the renewable
biomass (Kachrimanidou et al., 2015; Alexandri et al., 2016), could pave the way towards
innovative technologies as well as sustainable and economically viable fermentative processes.
The establishment of consolidated bioprocesses in conventional industrial plants is dependent
on the exploitation of all residual streams generated as co-products, by-products or waste.
Selection of an efficient microbial strain, cost-effective, nutrient rich and abundant feedstock
as well as optimisation of process parameters including bioreactors design, are considered

critical factors for the successive and cost-feasible implementation of fermentative procedures.

Several upstream processing schemes exploiting the full potential of complex biological entities
have been developed i.e cereal conversion into bioethanol, biodegradable plastics and platform
chemicals (Arifeen et al., 2007; Koutinas et al., 2007; Du et al., 2008; Lin et al., 2012). In
addition, pretreatment technologies that have been developed for the generation of fermentation
feedstocks for bioethanol production could be adapted in the case of microbial oil-derived
biodiesel production (Lloyd and Wyman, 2005; Zhu et al., 2009). Protein-rich industrial waste
streams should be used for the production of fermentation media enriched in organic sources of
nitrogen (e.g. amino acids, peptides), phosphorus, minerals, vitamins and trace elements. Such
nutrient supplements for fermentation processes could be produced from oilseed residues
generated after oil extraction in 1% generation biodiesel production plants (i.e protein-rich
rapeseed or sunflower cakes), meat-and-bone meal, sewage sludge, protamylase (residual
stream enriched in amino acids and peptides that is generated during the industrial production
of starch from potatoes), corn steep liquor and residual yeast from potable or fuel ethanol
production plants. Protein and other nutrients are also contained together with carbon sources
in various food waste streams (i.e waste bread, whey). Therefore, in many cases, a single waste
stream from the food industry could be sufficient for the production of nutrient-complete
fermentation media for metabolites production i.e microbial oil (Tsakona et al., 2014). It should
be stressed that organic N-sources may enhance lipid accumulation (even two or three times
higher than the amount of lipids accumulated with inorganic N-sources) in certain oleaginous
microorganisms (i.e Rhodosporidium toruloides, Trichosporon cutaneum and Trichosporon
fermentans) (Evans and Ratledge, 1984a, 1984b; Zhu et al., 2008).
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Products from biorefineries can be placed in a value pyramid of bioproducts depending on their
value and production volume. The top of the pyramid includes high-value products i.e
pharmaceuticals and fine chemicals which are needed in small amounts while the bottom
includes fuels that have a low value but are needed in large volumes. Products with intermediate
volume and value i.e chemicals, performance materials and food, are placed in between. Due
to the small profit margin between feedstock and the lowest valued products, the economics of
a biorefinery is highly dependent on production of co-products higher up in the pyramid,

enabling efficient utilisation of the entire feedstock (Almqvist, 2017).

Based on the maximum theoretical conversion yields of glucose to microbial oil (0.33 g/g) and
bioethanol (0.51 g/g) and the lower heating values (LHV) for microbial oil-derived biodiesel
(37.5 MJ/kg) and bioethanol (26.7 MJ/kg), then the lower heating value per kg glucose that
could be generated via fermentative production of microbial oil and bioethanol is 9% higher in
the case of ethanol. However, the overall energy balance could be favourable in the case of
microbial oil-derived biodiesel because it is expected that the energy required to produce
biodiesel after microbial oil fermentation would be lower than the energy required to purify
bioethanol from fermentation broths. This will also result in surplus lignin that will be used for
chemical production when lignocellulosic biomass is used as raw material. In the case of
bioethanol production, all lignin is required for energy generation for the plant. In addition,
biodiesel production from microbial oil would create a sustainable supply of glycerol that is
regarded as an important building block for the chemical industry. For instance, biodiesel
production from microbial oil could be combined with biodegradable polymer (i.e.
polyhydroxyalkanoates) and platform chemical (i.e. 1,3-propanediol, succinic acid, itaconic
acid) production from crude glycerol generated during biodiesel production (Papanikolaou et
al., 2000; Chatzifragkou and Papanikolaou, 2012).

In the 1980s, Davies and Holdsworth (1992) reported an economic analysis for microbial oil
production ($0.8 — 1/kg) from waste lactose (200,000 m®whey per year) utilising the yeast strain
Candida curvata. Based on this cost and using an order-of-magnitude approximation, microbial
oil production cost in 2008 would have been $1.4 - 1.8/kg (this value does not include the
biodiesel production cost from SCO) in the case that whey is used as carbon source. Ratledge
and Cohen (2008) reported that the minimum price of microbial oil produced from yeast or
fungi could be $3/kg. Koutinas et al. (2014) presented a thorough evaluation of microbial oil
production and its potential utilisation as feedstock for biodiesel generation. Based on published

experimental data concerning glucose-based renewable resources in combination with the yeast
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strain Rhodosporidium toruloides, it was reported that industrial implementation of microbial
oil production is dependent on the fermentation media used and on the productivities and final
microbial oil concentrations achieved. It was estimated that for a glucose price of $400/t, the
oil production cost and biodiesel production cost were in the range of $5.5/kg oil and $5.9/kg
biodiesel, respectively. If it is considered that biodiesel production from microbial oil is still at
an early research stage, then the above economic considerations demonstrate that microbial oil

production deserves more thorough research and development.

2.1.2. Lignocellulosic resources

Lignocellulosic biomass is the most abundant renewable resource in nature. Pretreatment
constitutes an essential step prior to cellulose conversion procedures, causing a reduction in the
crystallinity, enabling likewise the action of specific enzymes to hydrolyze cellulose.
Considering that pretreatment is one of the most expensive steps for the conversion of
lignocellulosic biomass to fermentable sugars, several attempts have been made to render the
process more efficient and cost-effective. By rough classification, several physical,
physicochemical, chemical and biological methods have been investigated concerning
pretreatment of the lignocellulosic biomass, aiming at the optimisation of sugar hydrolysis and
recovery or improvement of enzymatic saccharification, minimization of the inhibitory by-
products and cost viability. A detailed review regarding the potential of the aforementioned
methods is provided by Sun and Cheng (2002).

During hydrolysis of lignocellulosic biomass, formation of inhibitory compounds, such as
phenolic compounds from lignin degradation, furfural from pentoses dehydration, hydroxyl-
methyl-furfural (HMF) from hexoses degradation, acetic acid and heavy metals, hamper cell
growth and product formation (Palmqvist and Hahn-Hagerdal, 2000 II). Therefore, it is
important to identify suitable detoxification methods (Palmgvist and Hahn-Hagerdal, 2000 I;

Mussatto and Roberto, 2004) in order to enhance fermentation yields and productivities.

Considering the biochemistry of degradation of xylose in order to serve as substrate for the de
novo lipid accumulation, this compound can be either metabolized through the phosphoketolase
reaction, yielding approximately 1.2 moles of acetyl-CoA per 100 g of xylose (~ 0.66 moles)
utilized, or the pentose phosphate pathway, forming 1.0 mole of acetyl-CoA per 100 g of xylose
utilized. Therefore, the maximum theoretical yield of microbial oil produced per glucose

consumed is around 0.32 g/g. This value is higher in the case of xylose (~ 0.34 g/g), due to the
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fact that oleaginous microorganisms utilize exclusively the phosphoketolase pathway for xylose
assimilation (Papanikolaou and Aggelis, 2011).

Several agro-industrial residues have been utilized as feedstock for the production of microbial
oil. A thorough review has already been provided by Tsouko et al. (2016). More specifically,
corn cob hydrolysates have been used for the cultivation of Trichosporon sp. Sugar cane
bagasse hydrolysates were assessed for their suitability as fermentation media in the case of
Geotrichum fermentans, Yarrowia lipolytica and Lipomyces starkeyi. Wheat straw hydrolysates
were evaluated as potential fermentation media for the cultivation of Cryptococcus curvatus,
Rhodotorula glutinis, Rhodosporidium toruloides, Lipomyces starkeyi, and Yarrowia lipolytica.
Rice straw and rice hull hydrolysates were used for the production of microbial oil by
Geotrichum fermentans and Mortierella isabellina. Finally, corn stover hydrolysates were
utilized by Cryptococcus humicola, C. laurentii, Rhodosporidium toruloides and Rhodotorula

graminis for microbial oil production.

The industrialization of SCO production from lignocellulosic resources is dependent on the
development of fed-batch or continuous fermentation strategies in order to achieve high cell
density cultures or high productivities (Huang et al., 2013). The fermentation procedure can be
further improved via mild pretreatment method that generates low concentrations of inhibitors.
In a next step, prediction of fermentability based on the analysis of the hydrolysates would be
helpful and finally an efficient detoxification method can be employed for the purification of
highly inhibiting compounds prior to fermentation (Palmqvist and Hahn-Hagerdal, 2000 II).
Additional factors that should be considered for overcoming the inhibitory effect of the
lignocellulosic by-products are strain mutation, genetic modification and identification of yeast

strains that are resistant to inhibitors (Sitepu et al., 2014).

2.1.3. By-products from palm oil processing

Palm tree (Elaeis guineensis) is cultivated in 45 countries all over the world and it covers a land
area of 19.8 million hectares (Anonymous a 2016). The top producers are Indonesia and
Malaysia (Figure 2.1). Seeing the mass balance per 1 hectare (ha) of oil palm plantation (Figure
2.1) it should be taken into much consideration the fact that the solid waste to product ratio is

quite high equal to 6.6.

Palm biomass including empty fruit bunches (EFB), palm pressed fiber (PPF), palm kernel cake

(PKC), palm kernel shells (PKS,) oil palm fronds, trunks, leaves and roots as well as palm oil
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mill effluent (POME) correspond to 90% of the whole tree while the rest 10% comprises the
oil. Empty palm fruit bunches constitute a by-product from the initial processing to obtain palm
oil fruit. Two main products are manufactured from the oil palm fruit: palm oil (PO) extracted
from the mesocarp of the fruit generating palm pressed fiber residues (PPF) and palm kernel oil
(PKO) extracted from the endosperm, resulting in palm kernel cake (PKC) as by-product
stream. The worldwide production of palm oil and palm kernel oil for 2015/2016 amounted to
62 million tand 7 million t, respectively (Anonymous a 2016). Based on mass balances (Y usoff
2006; Basiron and Weng 2004), the approximate quantities of PPF and PKC correspond to 53
million t and 9.9 million t, respectively.

Mass balance per 1 hectare of oil
palm plantation

Columbial % ~— QOthers1%
Brazil 2 %
New Guinea 5 %

1 ha oil palm plantation

Indonesia 49 % / \

Oil palm Oil palm wastes
products
v Cultivated in 45 21.63 tly
countries 325ty
Malaysia 42 % worldwide
v Land area of 13.5 EFB - 20.4%
million hectares .
PO - 92.3% PKC - 12.5%
PKO - 7.7% PKS -5.1%
OPT - 11.6%
OPF -50.3%
PPF - 12.5%

Figure 2.1 World distribution of palm tree and the mass balance per 1 hectare of oil palm
plantation annually (Ofori-Boateng and Lee 2013).

The solid residues from palm oil production processes that amount to 428 million tons per year
globally (Anonymous a 216) are conventionally used for incineration, disposal in landfills,
steam and electricity generation (Prasertsan et al., 1996), applications as animal feed
(Agunbiade et al., 1999) or implementation as substrate for fungal cultivation (Tabi et al.,
2008). Table 2.1 depicts the composition of palm solid residues. As it can be seen, they are rich

in lignin, cellulose and hemicellulose but they have relatively low protein content.

35



Table 2.1 Characterization of oil palm solid residues.

Composition (% Substrate
dry basis) Palm kernel Empty fruit  Palmkernel ~ Oil palm  Qil palm  Palm pressed
cake bunches shells fonds trunks fiber
Ash 3.0-6.0 ¢ 7.3 3.2-6.7%! - - 8.49
Moisture 4.0-14.0 ¢ 40.0 ¢ 9.4' 50-60¢ 2459  13.8-29.49h
TPC (g‘g)?AE’g >029 0.7-150m i i ; 0.05-4.0 ¢
Crude Protein 12.0-21.0 >9oh <49 - 40-109 <3¢ 6.2-9.0 "
Lipids 5.0-17.0>¢ - - - -
ADF? 45.7-52.4 & 41 - - - - 4722
ADL3 14.0-23.8 ¢ 4" 21.2¢9 45,6 20.5¢ 18.39  21.3-21.89N
Neutrsl ElerGent 430-85.04%1 6559 i 8359 7639 77.6"
Cellulose 16.6-30.0 ¢ 4109 33.0! 49.89 4509 40.0¢
Hemicellulose 240°f 2409 23.81 2539 25.0¢9 22.1°9
Free Fatty acids ¢ 8.3 <2 - <2 <2 39.0

aTabi et al., 2008; ®Sundu et al., 2006 Jgrgensen et al., 2009; ¢ Ribeiro et al., 2011; ¢Sabu et al., 2005; fLawal et
al., 2010; 90fori-Boateng and Lee 2013; "Ho et al., 1991; ' Agunbiade et al., 1999; JKim et al., 2010

‘total phenolic content (TPC); gallic acid equivalents (GAE)

2Acid detergent fiber (ADF); *Acid detergent lignin (ADL); “Neutral detergent fiber (NDF)

Potent utilisation (Figure 2.2) as fermentative feedstock for the production of ethanol, butanol,
organic acids, microbial oil and polymers (Jorgensen et al., 2010; Shukor et al., 2016), enzymes
production (proteases, tannases, cellulases) (Zhu et al., 2014), high fiber bread and
recovery/extraction of phytochemicals for pharmaceutical and nutritional purposes could lead

to effective waste management, sustainable development and economic enhancement of the

palm oil industry (Ofori-Boateng and Lee 2013).
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2.1.4. Waste streams from the acidic sulphite wood pulping process

Wood constitutes the most common feedstock in pulp production, with shift gradually driven
towards hardwood i.e eucalyptus, birch, beech and aspen (Jonsson, 2016). Chemical pulping
holds the 77% of global pulp production with Kraft and sulphite pulping accounting for 95%
and 5% (7x10° t in 2012) respectively (Ragnar et al., 2000).

Sulphite pulping (Figure 2.3) occurs under strong acidic conditions and elevated temperatures
(135 - 145 °C), including the delignification of wood biomass most commonly with magnesium
bisulphite liquor. During the process, several reactions take place such as sulfonation of lignin
leading to lignosulphonates (LS) formation, lignin depolimerization and hemicellulose
hydrolysis. Along with the cellulose rich pulp, a spent cooking liquor, called weak spent
sulphite liquor (SSL), is generated mostly containing LS and monosaccharides from
hemicellulose. The weak SSL is condensed in multiple-effect evaporators and the resulting
liquor is called thick SSL (Almqvist, 2017).
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The sugar fraction of weak SSL varies between 3% and 4% depending on the wood species
used for the pulping process. In the case of softwood (wood from gymnosperms), the sugars are
mainly hexoses, while when hardwood i.e Eucalyptus globulus (wood from angiosperms) is
pulped, more than 50% of sugars are pentoses and mostly xylose (Helle et al., 2004). Galactose,
glucose, mannose and arabinose are also present but in lower concentrations. When Eucalyptus
globulus is used for the pulping process, the main components of SSL are LS (400 g/L), C5 and
C6 sugars (150 g/L), phenolic compounds, dissolved solids and other organic compounds
(Palmqvist and Hahn-Hagerdal., 2000 I, Il). LS are salts of lignosulphonic acid resulting from
lignin sulphonation, during the acidic sulphite pulping process. This process involves the
protonation of the benzyl ether bond of lignin followed by substitution in the same position
with nucleophile HSO?%, leading to the formation of sulphonated lignin (Bjersvik and Liquori,
2002). Acetic acid, formic acid and levulinic acid are also found in low quantities or traces
(Palmqvist and Hahn-Hagerdal, 2000 I, 11). Among the volatile compounds, furfural and

hydroxymethylfurfural are present in minor quantities (Pereira et al., 2013).

Europe is one of the biggest wood pulp producers (26% of total pulp production) producing in
2016 about 26.1 million t via chemical pulping processes (Anonymous 2016 b) with liquid
wastes corresponding to 185 million t (Koutinas el al., 2014). In 2015, the world production of

bleached sulphite pulp amounted to 2 million t (Xavier et al., 2010). The sulphite pulping
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process generates approximately 8 - 9 m® of weak SSL per t of pulp produced (Chipeta et al.,
2005).

Exploitation of SSL is restricted and thus pretreatment via nanofiltration or ultrafiltration, is a
vital step for the reduction of its high organic load (Jonsson, 2016) prior to utilisation as carbon
sources in bioprocesses. Production of high value added metabolites i.e succinic acid (Alexandri
et al., 2016; Ladakis et al., 2018), poly-hydroxybutyrate (Weissgram et al., 2015) and ethanol
(Helle et al., 2004), could enhance economics of pulp and paper industry in addition to revenues

coming from LS market as dispersants, precipitates, binders, and adhesives (Jonsson, 2016).

2.1.5. Other agro-industrial by-product streams

Cotton (Gossypium hirsutum L.) cultivation is one of the major fiber sources for the textile
industry with cotton lint as the main product and cottonseed as a by-product of ginning.
Cottonseed accounts for the 60% of the plant mass. Cottonseed oil processing generates hulls
(26%), cakes (46%) and linters (9%). Global cottonseed output in 2017/18 reached 41.8 million
t while cottonseed cake amounted to 14.3 million t (Anonymous, 2017/2018).

Cottonseeds contain approximately 17 - 21% of oil but only 15% can be recovered while
residual oil remains in the cake (Putun et al., 2006). Cottonseed cake is rich in protein (30 -
44%) (Aguieiras et al., 2019) with a moisture content of 6%, ash of 5.2% and cellulose of 27.6%
(Patiin et al., 2006).

The common practice for waste management of the solid residues is their application as
fertilizers or partial substitutes for soybean meal in animal feed while the oil is considered as a
source of secondary revenues corresponding to 15 - 25% of the crop value (He et al., 2015).
The formulation of value-added products i.e wood adhesives (Cheng et al., 2013), bioplastics
and films (Yue et al., 2012), superabsorbent hydrogel (Zhang et al., 2010) and antioxidant meal
hydrolysates (Gao et al., 2010) has mainly focused on the exploitation of the protein or peptides
fraction contained in CoSC. Fermentation approaches are rather restricted due to the presence
of toxic gossypols, which are phenolic aldehydes that permeates cells and acts as inhibitors for
several dehydrogenase enzymes (Sun et al., 2015). Grewal and Khare (2017) demonstrated the
effective production of 2-pyrrolidone synthesis from p-aminobutyric acid produced by
Lactobacillus brevis under SSF utilising cottonseed cake. Aguieiras et al. (2019) reported the

SSF production of lipases cultivating Rhizomucor miehei on cottonseed cake. Other studies
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aimed to the reduction of gossypol levels in cottonseed cake employing various microorganisms
under SSF (Zhang et al., 2007; Sun et al., 2008).

Castor (Ricinus communis) is mainly cultivated for the production of non-edible oil
corresponding to 0.15% of vegetable oils globally (Patel et al. 2016). Castor oil is of great
economic importance mainly due to its high ricinoleic acid (90%) which has a hydroxyl group
(C12) providing polarity and high stability and also making attainable its chemical
derivatization, unlike other vegetable oils (Ogunniyi, 2006).

Castor oil, comprising 46 - 55% of the castor seed, finds a wide range of applications in the
manufacture of paints, varnishes, cosmetics, germicides, lubricants, adhesives, fungicides,
insecticides, printing inks and plastics (Silva et al., 2014). Castor seed cake deriving after oil
extraction from castor seeds, is mainly used as a fertilizer. It is not recommended as animal
feed due to its content of toxic protein (ricin) and toxic allergen (castor bean allergen). These

toxic components are not carried into the oil.

The composition of castor seed cake has been reported by de Castro et al. (2016) as follows:
8.8% moisture, 6.2% ash, 43.5% protein 8.0% lipids, 6.8% cellulose, 4.4% hemicellulose and
9.9% lignin. So far, this toxic waste stream has been evaluated for the production of lipases
with Penicillium simplicissimum under SSF, after its efficient detoxification (Godoy et al.,
2009) resulting in lipases activity of 44.8 U/g. Also the potent application of castor seed cake

for xylanase production by Aspergillus japonicas has been reported (Herculano et al., 2016).

2.2. Microbial oil and microorganisms

Microbial oil refers to intracellular storage lipids mainly comprising of triacyglycerols (TAGS).
Lipids are produced by all living macro- and microorganisms for essential structural and
functional roles such as the formation of permeable membranes of cells and organelles in the
form of a lipid bilayer (Bogdanov et al., 2014).

There are many microalgae, yeasts (i.e. Candida, Cryptococcus, Lipomyces, Rhodotorula,
Rhodosporidium, Trichosporon), fungi (i.e. Mortierella, Cunninghamella) and bacteria (i.e.
Rhodococcus, Mycobacterium) that can accumulate high amounts of microbial oil that has
similar fatty acid composition to vegetable oils (Papanikolaou and Aggelis, 2011).
Microorganisms can be characterized as oleaginous in the case that they are able to accumulate
microbial oil to more than 20% of their total cellular dry weight (Ratledge, 1991).

40



The first attempts to use microbial oil in industrial-scale operations mostly referred to the
utilisation of fatty materials as substitutes of rarely found lipids of the Plant or Animal Kingdom
(i.e. microbial replacements of lipids containing y-linolenic acid like borage oil or substitutes

of exotic fats like cocoa-butter) (Papanikolaou and Aggelis, 2010).

Microalgae that are cultivated both autotrophically via photosynthesis and CO- fixation as well
as heterotrophically utilising various organic carbon sources to accumulate intracellular lipids,
cannot compete with oleaginous yeasts and fungi because their cultivation requires a large
cultivation area and long fermentation duration (Koutinas et al., 2014). Although bacteria may
achieve high growth rates and are genetically tractable due to their less complex genome, the
majority of bacterial strains accumulate relatively low amount of microbial oil (up to 40%)
(Meng et al., 2009). Particular yeast strains (e.g. Rhodosporidium sp., Rhodotorula sp.,
Lipomyces sp.) may biosynthesize around 70% of microbial oil (Leiva-Candia et al., 2015).
Mainly yeasts and some fungi may offer appropriate cell factories for the production of
microbial oil although the former are superior in terms of growth rates, yields and

productivities.

Microbial oils provide various applications for a successful establishment of more sustainable
or bio-based economy including biodiesel production (Tsouko et al., 2016) and oleochemicals
i.e biolubricants (Papadaki et al., 2018) and wax esters (Papadaki et al., 2017).

There is a remarkable plethora of pure or crude agro-industrial substrates that can be used by
oleaginous microorganisms for microbial growth and accumulation of lipids. A thorough
insight has been given by Tsouko et al. (2016). In many cases, microbial oils have similar fatty
acid profile with vegetable oils. SCO is mainly composed of TAGs with a fatty acid
composition rich in C16 and C18 fatty acids and more specifically, palmitic (16:0), palmitoleic
(C16:1), stearic (18:0), oleic (18:1) and linoleic (18:2) acids (Meng et al., 2009). The microbial
oil produced by C. curvatus has similar composition to palm oil (Davies, 1988). The microbial
oil produced by Yarrowia lipolytica contains stearic, oleic, linoleic and palmitic acid
(Papanikolaou et al., 2002). The fatty acid profile of lipids produced by Lipomyces starkeyi
contains 33% palmitic and 55% oleic acid (L.i et al. 2008).

2.3. Essential fatty acids

Essential fatty acids (EFASs) also known as polyunsaturated fatty acids (PUFAS), belong to the

omega-6 and omega-3 families. They cannot be synthesized in humans and must be obtained

41



from dietary sources. The main dietary sources of omega-6 fatty acids include vegetable oils
e.g sunflower, sesame, and corn, integral part of cereals, legumes and vegetables. Omega-3
fatty acids can be obtained from vegetable oils e.g linseed, rapeseed, canola, peanut or olive,
dry fruits, oily cold-water fish and their corresponsive oils. There is a critical role of EFAs and
their metabolic products for maintenance of structural and functional integrity of central
nervous system and retina (Singh 2005). They are closely involved with modulation of
membrane structure, formation of short-lived regulating molecules e.g prostaglandins and
leukotrienes, control of the water impermeability of the skin and other membranes e.g blood-

brain barrier, and regulation of cholesterol transport and synthesis (Horrobin 1992).

y-Linolenic acid (GLA) is an omega-6, all-cis-6,9,12-octadecatrienoic acid, also designated as
18:3 (n-6). GLA is a colorless, essential fatty acid, with chemical formula C18H3002 and
molecular weight 278.44 g/mol. Primary sources of GLA comprise human milk, borage oil
(~21%), black currant seed oil (~18%), evening primrose oil (~9%), hemp seed oil, spirulina
and Durio graveolens fruits (12%) (Sergeant et al., 2016). GLA production from plant seeds is
influenced by region, climate and seasons, resulting in variable quantities and qualities of the
oils. Increasing market demand for GLA-lipids, inadequate supply of GLA from agricultural
and animal sources and lack of GLA in humans, has led to the biotechnological production of
GLA employing appropriate microorganisms capable of producing it in high concentrations up
to 24%. Lower filamentous fungi of the division Zygomycota can accumulate significant
quantities of intracellular lipids rich in GLA (Certik et al., 2012).

The inflammatory and immunomodulating effects of gamma-linolenic acid (GLA) have been
widely reported in in vitro and in vivo animal models while clinical literature has been less
conclusive (Sergeant et al., 2016; Fan and Chapkin, 1998). GLA could modulate systemic
inflammatory response and improve oxygenation, in acute lung injury cases (Rice et al., 2011),
contribute positively in atopic eczema and dermatitis, platelet aggregation and alterate the fatty
acid composition of membrane phospholipids modulating the function of the immune cells by
changing the membrane fluidity, changing the activity of the membrane-associated enzymes,
and producing immunoregulating eicosanoids (Hernandez 2016). GLA provides numerous
applications in food industry as dietary supplement, nutraceuticals as encapsulation
preparations, cosmetics for the formulation of natural ingredient-based cosmetics and in the
medical sector. GLA-based lipids are of paramount interest for the food industry. Food
supplementation with GLA can be attained directly via the production of PUFA-producing
edible microorganisms in foods e.g whole cells, they can be extracted from their substrate-
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matrix e.g agricultural feedstock, after solid state fermentation and used in foods as oil or as
emulsions, or they can pass to animal products through the utilisation of feed rich in PUFAs.
Thus, GLA-producing fungi are rich in proteins, dietary fibers, trace elements, vitamins,
antioxidants, and cholesterol-free oil, enhancing their role as additives to functional food and
feed.

2.4. Biochemistry of lipid accumulation in oleaginous microorganisms
2.4.1. General remarks

When various carbon sources are utilized for the production of SCO, accumulation of lipid in
the microbial cells or mycelia (the so-called de novo lipid accumulation) is triggered by
exhaustion of nitrogen in the growth medium, allowing the conversion of sugar to storage lipid
(Ratledge, 1994; Papanikolaou and Aggelis 2011). In contrast, when growth is conducted on
hydrophobic carbon sources (e.g. fats, oils), accumulation of storage lipids (the so-called ex
novo lipid accumulation) is a primary anabolic process occurring simultaneously with the
production of lipid free material, being independent from the nitrogen exhaustion in the medium
(Fickers et al., 2005).

In de novo lipid accumulation, there is an increasing interest upon the potential of transforming
abundant renewable materials (e.g waste glycerol, flour-rich waste streams, cellulose and
hemicellulose hydrolysates) into SCO. The process of ex novo lipid accumulation aims at
adding value to low cost fatty materials so that speciality high-value lipids (e.g. cocoa-butter or

other exotic fats substitutes) will be produced (Papanikolaou and Aggelis 2010).

The lipids produced by oleaginous microorganisms are mainly composed of neutral fractions,
principally triacylglycerols (TAGs) and to a lesser extent, steryl esters (SEs) (Ratledge, 1994;
Ratledge and Wynn, 2002). As a general remark, when growth is carried out on various
hydrophobic substances, the microbial lipid produced contains lower quantities of accumulated
TAGs compared with growth elaborated on sugar-based substrates (Fakas et al. 2008). In any
case, accumulation of storage lipids is accompanied by morphological changes in the
oleaginous microorganisms, since large lipid globules can generally appear during the lipid
accumulating phase. Storage lipids, unable to integrate into phospholipid bilayers, cluster to
form the hydrophobic core of the so-called “lipid bodies” (Mlickova et al., 2004). Storage lipids
serve as energy donators for the cells, covering their energy requirements for maintenance and

proliferation, given that all essential nutrients are available in the fermentative environment.
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2.2.1. Lipid synthesis pathway

De novo accumulation of cellular lipids is an anabolic biochemical process in which, by virtue
of quasi-inverted pg-oxidation reaction series, acetyl coenzyme A (CoA) issued by the
intermediate cellular metabolism, generates the synthesis of intracellular fatty acids (Figure
2.4). Fatty acids will be then esterified to synthesize structural (phospholipids, sphingolipids
etc) and reserve lipids (TAGs and SEs) (Ratledge, 1994; Ratledge and Wynn, 2002;
Papanikolaou and Aggelis, 2009).

Acetyl-CoA is the precursor for biogenesis of intracellular fatty acids. In microalgae and non
oleaginous microorganisms acetyl-CoA is synthesized from acetate by the acetyl-CoA
synthetase. In oleaginous microorganisms, the donor of acetyl-CoA is citrate, which becomes
available in the cytosol after a series of biochemical events induced by nutrient (especially
nitrogen) limiting conditions (Ratledge, 1988, 1994; Ratledge and Wynn, 2002). This limitation
provokes a rapid decrease of the intracellular adenosine monophosphate (AMP), since, by virtue
of AMP-desaminase, the microorganism cleaves AMP into inosine monophosphate (IMP) and
NH4" ions for nitrogen utilisation, in the form of NH4" ions, as a complementary nitrogen
source, necessary for the synthesis of cell material (Evans and Ratledge, 1985).

The sharp decrease of intracellular AMP alters the Krebs cycle function. The activity of both
isocitrate dehydrogenases of nicotinamide adenine dinucleotide (NAD") and nicotinamide
adenine dinucleotide phosphate (NADP™) (enzymes responsible for the transformation of
isocitric to a-ketoglutaric acid) is lost, since they are allosterically activated by intracellular
AMP, and this event results in the accumulation of citrate inside the mitochondrion (Botham
and Ratledge, 1979; Evans and Ratledge, 1985; Wynn et al., 2001).

Citrate is cleaved by ATP-citrate lyase (ACL - key enzyme of lipid accumulation process) in
acetyl-CoA and oxaloacetate, with acetyl-CoA being converted, by an inversion of s-oxydation
process, to cellular fatty acids. Absence or malfunction of ACL can lead to an increase in citrate
concentration, which subsequently is either exerted in the growth medium or accumulated in
the cytosol provoking inhibition of the glycolysis catabolic pathway (e.g. at the level of

phosphofructokinase) that favors the biosynthesis of intracellular polysaccharides.

In general, production of citric acid by citrate producing strains is a process carried out when
extra- and hence intracellular nitrogen is depleted (overflow metabolism phenomenon), while

studies of the intracellular enzyme activities and coenzyme concentrations have somehow
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identified and clarified the biochemical events leading to citric acid biosynthesis (Finogenova
et al., 2002; Morgunov et al., 2004) and indeed it has been demonstrated that citric acid

secretion and SCO accumulation are processes indeed identical into their first steps.
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Figure 2.4 Biosynthesis of fatty acids in oleaginous eukaryotic microorganisms (Ochsenreither

et al. 2016) and biosynthesis of polyunsaturated fatty acid via the metabolism of a-linolenic

acid (ALA) and linoleic acid (LA).

2.4.2. Biogenesis of essential fatty acids

Essential fatty acids biogenesis (Figure 2.4) starts with linoleic acid (LA) in the case of omega-
6 series and a-linolenic acid (ALA) in the case of omega-3 series, followed by desaturation and
elongation reactions. More specifically, the LA pathway starts with the addition of a double
bond by A® desaturase resulting in GLA formation. An elongase then facilitates the addition of
two-carbons to GLA forming dihomo-y-linolenic acid (DGLA) which is further converted to
arachidonic acid (AA), via the addition of a double bond by A® desaturase (Bellou et al., 2016).
The activity of A® desaturase in human platelets, monocytes and neutrophils is rather limited
and can be influenced by certain diseases, so supplementation with GLA or DGLA, does not
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increase AA levels in these cells (Surette et al., 1996). ALA is converted into the oxylipin
precursors, eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA) through an
identical to LA enzyme system (Figure 2.4). PUFAs are mainly esterified in triacylglycerols
(sn-1, sn-3 position) and secondarily in glycerophospholipids (sn-2 position) and secreted into
the blood. After their hydrolysis by the cytoplasmic phospholipase A2 (cPLA2), the released
fatty acids enter cells underlying the capillary endothelium or bind to plasma albumin (Lagarde
etal., 2013).

Free PUFAs are oxygenated by three enzymes groups carboxygenase, lipoxygenase, and
cytochrome P450 into distinct classes of oxylipins. Oxylipins are synthesized de novo from
PUFAs in an activation dependent manner (Massey and Nicolaou, 2013). Oxylipins constitute
signaling molecules in animals and plants. Animal oxylipins include prostaglandins,
leucotriens, and thromboxans, and have specific roles in the regulation of physiological
processes. Plant oxylipins are involved in defense reactions as well as they act as fungicides,

bactericides, and insecticides, or as volatile signals to attract predators (Heldt 2011).

2.4.3. Triacylglycerol synthesis

The fatty acids may be released from phospholipids and are used as building blocks for various
lipids, including storage TAGs, via the Kennedy pathway (a-glycerol phosphate acylation)
(Ratledge, 1988; Davies and Holdsworth, 1992; Millner and Daum, 2004). After biosynthesis
of fatty-CoA esters, free fatty acids are activated by CoA and are subsequently used for the
acylation of the glycerol backbone to synthesize TAGs. In the first step of TAGs assembly,
glycerol-3-phosphate (G-3-P) is acylated by G-3-P acyltranferase (GAT) at the sn-1 position to
yield 1-acyl-G-3-P (lysophospatidic acid-LPA), which is then further acylated by
lysophosphatidic acid acyltransferase (also named 1-acyl-G-3-P acyltransferase-AGAT) in the
sn-2 position to yield phosphatidic acid (PA). This is followed by dephosphorylation of PA by
phosphatidic acid phosphohydrolase (PAP) to release diacylglycerol (DAG). In the final step
DAG is acylated either by diacylglycerol acyltransferase or phospholipid diacylglycerol
acyltransferase to produce TAGs (Davies and Holdsworth, 1992; Mullner and Daum, 2004;
Fakas et al., 2009b).

2.4.4. Lipids turnover

Degradation of storage lipids occurs in cases that carbon sources are depleted from the

fermentation media or their uptake rate is rather low (Papanikolaou and Aggelis 2011). The p-
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oxidation pathway (FA degradation) requires lipase and steryl ester hydrolases for the cleavage
of esters, as well as acyl CoA oxidases. Lipid turnover in microalgae may occur under light

starvation conditions (Bellou et al., 2016).

2.5. Microbial oil production in fed-batch cultures using various yeast strains

A successful fed-batch strategy presupposes choosing an efficient fermentation medium and an
appropriate feeding mode. Fed-batch cultures could lead to higher cell densities than traditional
batch operations and simultaneously alleviate the inhibitory effect caused by high nutrient
concentration, regulating the flow rate of the feeding medium. Efficiently metabolizable carbon
source e.g glucose, could lead to enzyme repression via the increase of the intracellular
concentration of ATP, called catabolite repression. This phenomenon can be avoided by

keeping the carbon source concentration low via fed-batch processes.

Fed-batch operations, depending on the feeding mode that is implemented, can be categorized
into processes without feedback control and processes with feedback control (Yamané and
Shimizu, 1984). The production of high lipid titers depends on the C/N ratio employed at the
beginning of the fermentation and during the feeding stage. Maintaining a desirable C/N ratio
and a constant carbon source concentration in the bioreactor during the feeding stage, could
enhance lipid biosynthesis and productivity. The nutrient that is most frequently limited is

nitrogen and in a few cases phosphorus, zinc or ferrous ion.

Literature-cited publications have focused on the development of fed-batch processes for
microbial oil production using various yeast strains with industrial potential, feeding strategies
and renewable resources (Table 2.2). Anschau et al., 2014 reported a TDW of 82.4 g/L and a
lipid content of 46.9% with a productivity of 0.28 g/L/h, when cultivating L. starkeyi on
commercial xylose and glucose (70:30), in an attempt to simulate the composition of the
hemicellulosic fraction from sugarcane bagasse. The first three feeding pulses contained sugar
and nutrient solutions and the last pulse involved only sugars while fermentation was initiated
with an inoculum concentration of 3 g/L. Wiebe et al. 2012 reported constant and intermittent
fed batch cultivation by Rhodosporidium toruloides using glucose, xylose and arabinose as
carbon sources. Lipid production was 15.7 g/L with a biomass of 27.0 g/L while lipids yield
and productivity were relatively low. In another study, Cryptococcus sp. was grown in corncob
hydrolysate containing 4% glucose followed by feeding with corncob hydrolysate containing
2% glucose (Chang et al., 2013). TDW reached 10.8 g/L after 144 h of incubation with a lipid
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content of 61.3%. Brandenburg et al. (2016) established an efficient pH-stat fed-batch process
promoting L. starkeyi growth (22.0 g/L) and microbial oil accumulation (8 g/L) under an initial
batch phase using xylose as the carbon sources with sequential feeding with birch wood
hydrolysate. The same strain was evaluated for lipids production on unsaccharified sweet potato
starch (Wild et al., 2010). Reported values of biomass (12 g/L) and lipids concentration (4.8
g/L) were accompanied by rather low lipids yield (0.16 g/g) and productivity (0.096 g/L/h). A
biphasic fed-batch fermentation supplying glucose for growth and xylose for lipids
accumulation was suggested by Probst and Vadlani (2017). Maximum growth of L. starkeyi
(60.9 g/L) with a lipids content of 60.1% demonstrated the efficiency of this strategy. R.
toruloides was cultivated on a 15 L fermenter applying a fed-batch model with an initial
nutrient-rich media of pure glucose followed by discontinuous feeding. After 134 h of
fermentation, biomass production and lipid content were respectively 106.5 g/L and 67.5%
while productivity reached 0.54 g/L/h (Li et al., 2007). Zhang et al. (2011) carried out fed-batch
fermentations for microbial oil production in a 30 L bioreactor with Cryptococcus curvatus
using glucose as the sole carbon source obtaining a biomass, lipid content and productivity of
104.0 g/L, 82.7 % and 0.47 g/L/h, respectively. Intermittent feeding of a highly concentrated
glucose solution was employed in this case. Meesters et al. (1996) employed a two stage fed-
batch process using glycerol as carbon source to produce high cell densities of C. curvatus (118
g/L) with a productivity of 0.59 g/L/h but a low lipid content of 25%. Pan et al. (1986) employed
an oxygen-enriched air technique without feedback control. Feeding solution contained high
concentration of nutrients and was intermittently supplied. Biomass and lipids achieved were
respectively 185.0 g/L and 74 g/L.

Table 2.2 Literature-cited publications focusing on the development of fed-batch processes for
microbial oil production using various yeast strains with industrial potential, feeding strategies

and renewable resources.

Strain Substrate Bi((;;an;ss Izg;;ij)s Con%;ﬁid(% ) yi(le_lidp i((z;g) y?eil?jnzg?;) Pr(zcgiyf/t:]\)/ity References
alarkel - Poulo 120 48 40.0 0.16 0.41 0.096 \Widetal,
LSOl gexw 824 386 469 0.16 0.43 0279 A
LAl xylse 946 374 395 0.17 0.77 0227 A
Cosib  rewn 220 80 32 010 029 it
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L. starkeyi

Probst and

ATCC 56304 GoatchXiipid 60.9 36.6 60.1 0.17 0.28 0.14 Vadlani 2017
Cryptococcus Corncob Chang etal.,
sp.SM5S05  hydrolysate 08 6.8 613 - 0.045 ng o
R. toruloides Glucose 35.0 26.3 75.0 0.22 - 0.21 Wiebe et al.,
CBS14 2012
G:X:A
Gese 270 157 580 0.07 - 0.15
RUOWOWES  Gueose 1065 719 675 0.23 0.35 0.54  Lietal, 2007
C.curvatus O3  Glucose 1040  86.0 82.7 - - 0.47 Zhapg etal.
C. curvatus Meesters et al.
ATCC 20509 Glycerol 118.0 29.5 25 - - 0.59 1096
Rhodotorula bar et a
glutinis NRRL Glucose 185.0 74 40 - - - afgfsea'
Y-1091

BWH: birch wood hydrolysate; BP: batch phase; F: feeding; A: arabinose; G: glucose; X: xylose

A successful feeding strategy could enhance fermentation yields and productivities and it is
highly dependent on the microorganism, fermentation broth and bioreactor configuration
applied in the bioprocess. For instance, predicted optimal productivities were demonstrated as
independent of the feeding strategy in fed-batch processes for penicillin production. Selection
of the feeding mode should be purpose-orientated and balanced with the economics of the
bioprocess (Yamane and Shimizu, 1984).

2.6. Submerged fermentations for enriched in GLA microbial oil, employing various

fungal strains

Production of microbial oil rich in EFAs i.e GLA comprise a major target of lipid
biotechnology. In contrary to conventional PUFAS sources i.e fish and plants, microbial PUFAs
production is sustainable and independent of climatic or seasonal changes. Several fungi,
microalgae, and mosses have been reported to produce lipids containing GLA and could
comprise potent candidates for scaling up processes as they utilize a wide variety of
fermentative substrates with adequate growth rates (Sayegh et al., 2016). Several bacteria are
able to produce PUFAs but they are not utilizable because PUFAs comprise structural
components of their membranes (Abedi et al., 2014).

Lipogenesis is a secondary metabolic process closely related and influenced by the conditions
of the macro and micro phenomena occurring in the environment of the fermentation

(Papanikolaou and Aggelis 2011). Factors affecting GLA formation include fermentation time
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(Gema et al., 2002; Fakas et al., 2006), mineral supplementation of the fermentative substrate
(Muniraj et al., 2015), nitrogen sources (Fakas et al., 2008), temperature (Bellou et al., 2012),
C/N ratio, carbon source concentration, physical mutagenesis via UV, X-ray or magnetic field
(Al-Hawash et al., 2017), aeration and agitation (Saad et al., 2014).

Zygomycetes have been extensively studied on glucose-based fermentative substrates as well
as on renewable resources, for enriched in GLA lipid production. Table 2.3 depict studies that
have been so far conducted, considering fungal production of GLA under submerged

fermentation mode.

C. echinulata was cultivated on various carbon (C) and nitrogen (N) sources and C/N ratios for
lipid production rich in GLA. C/N ratio of 33 - 48.5 including soluble starch, yeast extract and
NH4NOs3 resulted in the maximum biomass production of 29.8 g/L with 26.9% lipids and 12%
GLA after 120 h (Chen and Chang 1996). Du Preez et al., 1997 evaluated the effect of initial
acetic acid concentration on growth, lipid and GLA production by Mucor circinelloides via fed
batch experiments in a 14 L stirred tank reactor. Acetic acid at 2 g/L, resulted in 15.6% GLA
in the neutral lipid fraction. C. echinulata was grown on synthetic glucose substrate resulting
in 6.7 g/L biomass with a lipid percentage of 44.7% and GLA content of 11.4% (Gema et al.,
2002) after 217 h. It was demonstrated that GLA content gradually decreased throughout the
lipid accumulation process. Fermentative conditions including carbon sources (glucose,
sucrose, starch, lactose), inorganic nitrogen sources, time, aeration (shaking and non-shaking
conditions) and addition of sesame oil as GLA promoter, were examined to determine their
influence on growth, lipid production and fatty acid composition of Mucor rouxii and Mucor
sp.1b cultures. Glucose in combination with KNOs resulted in 6 g/L of biomass with a lipid
content of 32.5% and GLA of 13.8% in the case of M. rouxii. The supplementation with sesame
oil gave 3 folds higher biomass with a lipid concentration of 44.5% but a cessation of GLA
synthesis was observed (Somashekar et al., 2003). M. isabellina and C. echinulata were
cultivated on glucose-, pectin-, starch- and lactose-based media. Glucose was the most efficient
carbon source for both fungi. M. isabellina performed well on all the examined substrates while
GLA was produced in low quantities ranging between 2.9 - 6.1%. Glucose, pectin and starch,
favored GLA synthesis in C. echinulata with values varying between 14.2 - 16.5% at the end
of each fermentation (Papanikolaou et al., 2007). Fakas et al., (2008) focused on the utilisation
of various nitrogen sources i.e corn gluten, corn steep, whey concentrate, yeast extract and
tomato waste hydrolysate to produce fungal oil with C. echinulata. GLA content showed great

variations at different N-sources and concentrations varying from 2 - 18.3%. Growth on tomato
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waste hydrolysate gave the most promising results with respective values of biomass, lipids and
GLA, 17.6 g/L, 39.6%, and 11.5% within 240 -280 h of fermentation. Thamnidium elegans was
successfully grown on crude glycerol. The produced biomass (12.5 g/L) contained 42.0% lipids
with a GLA content of 7.3% (Fakas et al., 2009 a) after 270 h. Bellou et al. (2012), studied
various Zygomycetes on pure glycerol suggesting that PUFAs production in most of them i.e
M. ramanniana is related to the mycelia growth and is part of the primary metabolism while
PUFAs production in C. echinulata is not a strictly growth associated activity but it continues
occurring even after the biomass stops being produced. Flask fermentations with both fungal
strains were more efficient than bioreactor trials resulting in 7.0 g/L of biomass after 216 h. M.
ramanniana is a strongly competitive oil producer accumulating 53.1% biomass with 4.3%
GLA content on NL while C. echinulata was very promising for high levels of GLA (15.3 %
on NL) but with relatively low oil content (25.1%) (Bellou et al., 2012). The same scientific
group continued investigation with Zygomycetes cultivating them on olive mill wastewater
(OMW) achieving both lipid production and phenolic removal. T. elegans and Zygorhynchus
moelleri performed well when OMW was used as the sole carbon source. Lipid contents of
around 50% were achieved while GLA varied between 6.1 - 9.8% (Bellou et al., 2014). T.
elegans was proved an efficient fungal strain on glucose media, producing 31.9 g/L biomass
with a lipid content of 47.1% and GLA percentage of 6.8% after 304 h (Zikou et al., 2013).
Saad et al. (2014) optimized lipid and GLA production ina5 L bioreactor with C. bainieri using
response surface methodology on a central composite design. Lipid production was
significantly influenced by agitation intensity as well as by the interaction between aeration rate
and agitation. The best combination of biomass (12.1 g/L), lipid (39.3%) and GLA (29.4%)
production was achieved when 1.14 vvm and 400 rpm were applied. Tang et al. (2014)
investigated the effect of twenty amino acids on the growth, lipid production and GLA synthesis
in Mucor circinelloides. Tyrosine led to the highest biomass (17.8 g/L) and lipid production
(23.0%) and a high GLA content of 19.8%. Potato processing wastewater was efficiently
utilized by Mucor rouxii and Aspergillus flavus for lipids production rich in GLA. Addition of
nutrients improved lipid and GLA yields resulting in respective values of 4.2 g/L and 5.7% for
Mucor rouxii and 3.5 g/L and 2.9% for A. flavus (Muniraj et al., 2015). M.isabellina comprises
asignificant lipid producer accumulating 61.0% intracellular lipids after 545 h, when cultivated
on glucose, yet the GLA content of the lipids is poor varying between 1.7 - 5.4% (Gardeli et
al., 2017). Zhang et al. (2017) demonstrated the important role of delta-6 desaturase in GLA
synthesis by homologous recombination of Mucor circinelloides. Mutant Mc-D61 was capable
of producing 0.5 g/L lipids containing 43% GLA. GLA was enhanced more than 30% in
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comparison to the control strain (Zhang et al., 2017). Fermentations in shake flasks and a 3-L
fermenter were conducted for optimisation of GLA production with C. elegans. After 96 hours
of fermentation using commercial glucose, the maximum GLA production was 882 mg/L in

shake flask experiments and 733 mg/L in the fermentor (Varma et al., 2018).
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Table 2.3 Submerged fermentations for enriched in GLA microbial oil, employing various fungal strains, carbon sources and cultivation modes.

Biomass

Lipid content

GLAn

Strain Feedstock (/L) (%) TEA (%) References
C. echinulata CCRC 31840 Soluble starch 29.8 26.9 12.0 Chen and Chang 1996
Mucor circinelloides Fed batch (14 L) )
CBS 203.28 150-550 rpm 8.5 - 15.6 Du Preez et al., 1997
C. echinulata ATHUM 4411 Glucose 6.7 447 11.4 Gema et al., 2002
Mucor rouxii MTCC 386 Glucose&KNO3 6.0 325 13.8 Somashekar et al., 2003
C. echinulata ATHUM 4411 135 28.0 14.2
Starch Papanikolaou et al., 2007
M. isabellina ATHUM 2935 10.4 36.0 4.0
C. echinulata ATHUM 4411 Glucose&tomato 17.6 39.4 11.5 Fakas et al., 2008
hydrolysate
T. elegans CCF-1465 Crude glycerol 12.5 42.0 7.3 Fakas et al., 2009 a
C. echinulata ATHUM 4411 6.9 25.1 15.32
Pure glycerol Bellou et al., 2012
M. ramanniana MUCL 9235 7.0 53.1 4.3
T. elegans CCF-1465 Glucose 31.9 47.1 6.8 Zikou et al., 2013
T. elegans CCF-1465 . . 5.3 52.7 6.1
Olive mill wastewater
Zygorhynchus moelleri submerged cultures pellouctal. 2014
MUCL 1430 2.9 51.1 9.8
M. circinelloides .
CBS108.16 Glucose&tyrosine 17.8 23.0 19.8 Tang et al., 2014
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Glucose, 1.14 vvm,

C. bainieri 2A1 400 rpm
Mucor rouxii DSM1191 Potato processing
wastewater
Glucose, 1.14 vvm,
A. flavus 116-3 400 rpm
M. circinelloides Glucose (2 L) fermenter
CBS-Mc-D61 500 rpm, 0.5 vvm
M. isabellina ATHUM 2935 Glucose
C. elegans CFR C07 Glucose (3 L), 500 rpm,
1vvm
C. elegans CFR CO07 Glucose

12.1

13.5

10.2

4.3

28.8

20.5

39.3

31.0

34.0

12.0

61.0

29.4
5.7
2.9

43.0

1.7-54

733.0 mg/L

882.0 mg/L

Saad et al., 2014

Muniraj et al., 2015

Saad et al., 2014

Zhang et al., 2017

Gardeli et al., 2017

Varmaet al., 2018

1 Total fatty acids (TFA); 2% in the neutral lipids (NL)
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2.7. A holistic approach on solid state fermentation practice

Solid state fermentation (SSF) is the oldest known fermentation strategy that has gained
substantial attention during the last decades. SSF is a bioprocess occurring under total or
almost-total absence of free water, employing renewable resources as carbon and nutrient solid
matrices, supplemented with adequate humidity levels to promote microbial growth and
metabolic activity of the microorganisms. Selection of an efficient microbial strain, cost-
effective, nutrient rich and abundant feedstock as well as optimisation of process parameters
including bioreactors design, heat and mass transfer phenomena are considered critical factors

for a successive and cost-feasible implementation of SSF.

Several reviews have been published focusing on various aspects of SSF including reviews that
overview solid state bioprocesses through a holistic approach (Pandey et al., 2000; Thomas et
al., 2013; Soccol et al., 2017) investigating among others, the bioprocesses and products based
on SSF and their applications, agro-industrial residues utilisation and enzyme production. Other
reviews deal with the design and operation of bioreactors (Pandey 1991; Ali and Zulkaki 2011),
physiology of the solid medium and transcription of biosynthetic genes (Barrios-Gonzélez
2012), microbial strains for the production of secondary metabolites (Barrios-Gonzélez and
Mejya 2008) and microbial oil production (Certik et al., 2012).

The more ancient application of SSF include the production of traditional fermented foods e.g
koji (fermented with Aspergillus oryzae rice), soya sauce (fermented soybeans with Aspergillus
oryzae or Aspergillus sojae) or Roquefort (cheese fermented with Penicillium roqueforti).
Major applications of SSF in the field of bioprocesses include bioremediation and
biodegradation of hazardous compounds, delignification and detoxification of agro-industrial
residues, biopulping for the improvement of mechanical pulping process and biological
upgradation of crop feedstock for improved nutritional value (Nigam and Pandey 2009). SSF
offers great potential for production of various value-added products e.g organic acids,
enzymes, biopesticides, biofuels, aroma compounds, carotenoid, xanthan, pigments, vitamins,
biosurfactants and other bioactive compounds. The most used microbial strains belong to fungal
phylums namely Ascomycota (Aspergillus, Penicillium, Trichoderma, Monascus),
Zygomycota (Rhizopus, Mortierella, Cunninghamella, Mucor) and Basidiomycota (white-rot
fungi) and bacterial strains including Bacillus and Streptomyces genus. A great variety of solid
by-product or waste streams deriving from the agricultural and industrial sector have been

utilized. Cereals (wheat, barley, corn, oat, rice, sorghum), waste streams from vegetable oil
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milling industry (sunflower, rapeseed, palm) edible starchy roots (cassava, potato) sugarcane
bagasse, cotton, soybean, sugar beet pulp and coffee residues rank among the most important
renewable resources that have been applied for biotransformation to high-value added products
(Pandey et al., 2000).

SSF processes are influenced by numerous factors including biological, physico-chemical, and
environmental ones. The most common inoculating strategy is the spore suspension, although
mycelia inoculum has been reported to be more effective in some case e.g phytase production
(Krishna and Nokes, 2001) due to the direct disposal of the prerequisite enzymes into the
bioprocess. Humidity levels and water activity (aw) which are positively correlated, are
determinants for microbial growth and productivities of the desired products. Generally, low
moisture content of the solid substrate hampers diffusion of the nutrients, microbial growth,
and enzyme stability while high moisture levels lead to the formation of solid agglomerates,
limitating gas transfer into and out of the fermentative substrate (Krishna and Nokes, 2001).
Fungi are favored by lower humidity levels (20-70 %) than bacteria (higher than 70%) making
them more competitive at the aw values encountered in SSF procedures. Optimum pH
maintenance is scarce in SSF due to the absence of proper equipment for the in situ control of
pH. Application of urea instead of ammonium salts and an effective buffer solution, could
deteriorate the drop of pH (Lonsane et al., 1992). SSF performance is highly dependent on
temperature, as high values, could alter protein structure or inhibit enzyme activity. Heat
creation by the metabolic activity of the microorganisms, is difficult to be removed due to poor
thermal conductivity of solid substrates and also the static nature of SSF. In large-scale SSF
heat generation is more intense leading to severe humidity losses, low product yields and
limited fungal activity (Auria et al., 1993). Two types of SSF systems can be distinguished
depending upon the nature of the solid substrate. Natural ones, with a heterogeneous
macromolecular structure, mostly consisted of starch, cellulose, lignocellulose, pectin and other
polysaccharides. Cost and availability criteria, render them suitable or not for SSF application.
Via mechanical, chemical or enzymatic pretreatment or after their nutrient supplementation,
they can be transformed into inert matrices, supplying the microorganisms with carbon,
nitrogen and micro-nutritional sources. Agro-industrial renewable resources are generally
considered as the most appropriate for SSF processes while inert supports impregnated with a
liqguid medium, are not widely applicable. The latter, serve only as anchor points for the
microbes but they are superior to the formers in terms of easier downstream processes (Krishna

2005). Another factor of vital importance and closely related to heat and mass transfer
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phenomena is particle size of the substrate. Particle size defines the accessible to the
microorganism surface as well as the porosity of the solid matrix that determines the available
space for gas transfer. Although small particle size tends to provide adequate surface area for
microbial action in contrast to larger particles, too small particles could lead to the formation
of solid agglomerates, deteriorating microbial respiration and thus microbial growth.
Appropriate designated solid matrices including small or larger particles could favor respiration
and aeration efficiency of SSF through adequate gas exchanges between the air and the solid
surface (Pandey et al., 2000). SSF is an aerobic process and therefore it is highly affected by
acration and agitation. Aeration provides the fermenter’s endo-environment with oxygen as
well as it eliminates carbon dioxide, volatile metabolites and heat, generated by the
microorganism’s metabolic activity. Agitation is crucial for the uniform diffusion of
temperature and the equilibrium maintenance of mass and heat transfer between the gas-liquid-
solid interfacial area of SSF (Krishna 2005). Agitation is adversely related to the porosity of
the solid matrix due to shear forces created in SSF systems. Intense agitation forces, may lead
to compacting of the substrate particles, inability of fungal attachment to the solids, and damage
of fungal mycelia (Lonsane et al., 1992), affecting in some cases microorganisms’ performance
e.g growth of Aspergillus oryzae (Stuart et al., 1999). Generally, the application of agitation,
leads to enhanced bio-product yields e.g enzyme production (Krishna 2005). Application of
intermittent rather than continuous agitation is more favorable for the prevention of the

aforementioned disadvantages.

Different types of bioreactor systems are employed in SSF from laboratory to industrial scale.
SSF bioreactors can be classified according to their mixing system e.g static (fixed bed, trays)
or stirred ones (horizontal drum or stirred drum) and type of aeration (forced aeration or by
diffusion). Durand, (2003) has extensively reviewed various reactor designs, highlighting the
main designs that have already been developed over the last years. Successful SSF
implementation especially in an industrial level, is fundamentally dependent on the bioreactor
configuration. Peculiarities of fermentative substrates e.g chemical structure, size, porosity and
water holding capacity, fungus morphology that is critical for the choice of agitation and its

frequency, and the aeration.

SSF is a well-established fermentation mode utilising agro-industrial renewable resources for
the biotechnological transformation of low to high value biomolecules. Recent developments

on SSF offer a great diversity of applications with potential for large-scale production coupled
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with techno-economic feasibility specially in the area of enzyme production (Thomas et al.,
2013).

2.7.1. Solid state fermentation for enzyme production - The proteases case

Enzymes are macromolecular biological catalysts, accelerating chemical reactions by lowering
their activation energy. The market for enzymes is dominated by protease, lipases, phytases,
carbohydrases, polymerases and nucleases. They are indispensable part of emerging and
dynamic industries e.g food and beverages, animal feed, biofuels, textile, pulp and paper,
personal care and cosmetics, nutraceuticals etc. due to their selectivity, efficiency and their
environmentally friendly nature. Enzymes market size was worth over USD 5 billion in 2016
and is foreseen to surpass 400x10° tons by 2024 growing at a CAGR of 6.8%. Proteases will
worth over USD 2 billion by 2024. Carbohydrases exceeded USD 2.5 billion in 2016. Lipases
are expected to witness gains at over 6.8% up to 2024. The industrial enzyme market is driven
by increasing diversity in enzyme applications and niche products, and stringent environmental

norms constraining the use of chemicals.

Microbial proteases are secreted extracellularly, simplifying downstream processes of enzyme
recovery as compared to proteases obtained from plants and animals (Sevitha et al., 2011). It is
well established that enzymes concentrations produced in SSF systems are much higher than in
submerged fermentation mode (Couto and Sanroman 2006). Proteases or peptidases, catalyze
proteins, hydrolyzing peptide bonds by the detachment of the terminal amino acids from the
protein chain or attack internal peptide bonds of a protein. Proteases are among the most studied
group of enzymes in the open literature, mostly produced by SSF of the genus Aspergillus that
poses the largest expanse of hydrolytic genes including 135 protease genes coding for alkaline,
acid and neutral proteases (Vishwanatha et al., 2009). Bacterial alkaline proteases, mainly
secreted by Bacillus strains, have also been explored due to their thermostability (Das and
Prasad 2010). Proteases represent around 60% of the global market, with applications in
detergents (35% of total industrial enzyme market), leather processing, food and feed
manufacturing, pharmaceuticals, chemicals and bioremediation (Feijoo-Siota and Villa 2011).
Properties such as high activity, stability in high alkaline range, temperature, metal ions,
compatibility with detergent compounds e.g surfactants and organic solvents are drivers for
their excessive industrial demand, stimulating their role in bioengineering and biotechnological

sectors.
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Table 2.4 includes representative studies, utilising a plethora of agro industrial resources for the

production of proteases employing various strains of Aspergillus.

Table 2.4 Proteolytic enzymes production via solid state fermentation utilising various

lignocellulosic residues by Aspergillus strains.

Strain Feedstock A(Ca'é';y Fermenter type References
. 50% wheat bran + 250 mL Erlenmeyer de Castro et al.,
A. niger LBA 02 50 % soybean meal 262.8 flasks 2015
A. oryzae CCBP 001 Canola cake 355.5 Reactor (16 columns, Freitas et al., 2015
2.5 cmx20 cm)
250 mL Erlenmeyer  Kachrimanidou et
A. oryzae Sunflower meal 400.0 flasks al., 2013
A. oryzae Rapeseed meal 728.0 Petri d'.SheS (9 cmin Wang et al., 2010
diameter)
A. oryzae Wheat flour 172.8 Petri d'.SheS (9 cmin Wang et al., 2009
diameter)
A. oryzae NRRL 1808 Wheat bran 312 2 m"ﬂz:gnmeyer Sandya et al., 2005
Wheat bran + 4.4% s 500 mL Erlenmeyer  Vishwanatha et al.,
A. oryzae MTCC 5341 defatted soy flour 8.5x10 flasks 2010
Indigenous consortium Hair wastes and 5.2x10*  10-L air tight reactor ~ Yazid et al., 2016

digested sludge

Kachrimanidou et al. (2013) proposed a two-step process for the production of crude proteolytic
enzymes on sunflower meal (SFM) by Aspergillus oryzae, and their subsequent utilisation for
the conversion of SFM into a nutrient-rich fermentative substrate, adequate for the bacterial
production of polyhydroxyalkanoates when combined with glycerol. The maximum protease
activity achieved was 400 U/g after 48 h of fermentation at 65 °C. The same strain was also
utilized in SSF with rapeseed meal yielding 728 U/g of protease activity after 67 h (Wang et al.
2010) as well as with wheat flour yielding in 172.8 U/g after 97 h (Wang et al. 2009), for the
formulation of a generic or nutrient complete fermentative feedstock. Sandhya et al. (2005)
evaluated various agro-industrial by-products for their potential in neutral protease production.
SSF performed on wheat bran was proved to be more effective compared to the other raw
materials including PKC, with a proteolytic activity of 31.2 U/g after 72 h. de Castro et al.,
2015 reported a proteolytic activity of 262.8 U/g emerging by the cultivation of A. niger on a
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binary system of equal proportions of wheat bran and soybean meal as well as 246.0 U/g on
equal blends of wheat bran, soybean meal, cottonseed meal and orange peel after 48 h of
fermentation. Freitas et al. (2015) reported an activity of 355.5 U/g when cultivating A. oryzae

on canola cake and a reactor system with 16 columns.

Enzymatic activities higher than 10* and 10° U/g have been reported. Yazid et al. (2016)
developed a cost effective technology for the tannery industry, producing enzymes and a
compost-like material after enzyme extraction from the solid substrate. SSF of indigenous
consortium of microorganisms was carried out on hair wastes combined with anaerobically
digested sludge. Maximum protease activity of 5.2x10* U/g was achieved after 14 days of
fermentation. The alkaline protease was purified with 74% of recovery. Vishwanatha et al.
(2010) optimized acid protease production using response surface methodology. Protease was
purified 17 folds with a yield of 29%. Optimum fermentative factors of 5.4 pH, 31 °C,
supplementation of wheat bran with 4.4% defatted soy flour, after 123 h incubation of A. oryzae,
yielded in a maximum activity of 8.93x10° U/g wheat bran. Experimental values of proteolytic

activity approached almost 95% the predicted one.

The SSF is a favorable process in terms of financial efficiency as it employs agro-industrial
residues of low or zero cost decreasing so initial capital costs and operating costs. Future
biotechnologies should focus on the establishment of effective SSF procedures for the industrial
production of enzymes with specific emphasis on the development of appropriate hosts’
environments and their genetic manipulation for maximum yields and productivities of the

desired enzymes.

2.7.2. Solid state fermentation for lignocellulose conversion to microbial oil employing various

fungal strains

Zygomycetes have been extensively studied on lignocellulosic renewable resources, for lipid
production. Table 2.5 depict SSF studies that have been so far conducted, considering lipids

production along with GLA content.

SSF of Cunninghamella japonica on pretreated and/or not supplemented cereal substrates
resulted in the maximum lipid production and GLA content ever reported in the open literature.
The highest lipid production and GLA content were obtained on soaked rice with respective
values 371.3 mg/g of fermented solids (gfs) and 7.9% (Emelyanova, 1996). Twenty-three

strains of the genera Mortierella, Cunninghamella, Rhizopus, Mucor and Thamnidium were
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examined for lipid production on apple pomace and spent malt grains (SMG) impregnated with
a nutrient solution. Cunninghamella and Mortierella strains, produced lipids varying between
150 - 168 mg/gfs during 8 days of cultivation with a GLA content fluctuating between 4.2 -
7.4%. T. elegans was the most efficient strain resulting in 212 mg/gfs of lipids with a GLA
content of 9.1% when cultivated on a mixture of apple pomace and spent SMG impregnated
with peanut oil and a nutrient solution under forced aeration (Stredansky et al., 2000). Conti et
al., 2001 screened several fungal strains of the order Mucorales for lipid production on
moistened cereals, focusing on GLA distribution. C. elegans was the most efficient strain
resulting in 172 mg/g of lipids and 11.6% GLA when cultivated on flasks with 15:5:1 barley —
SMG - peanut oil and nutrient solution for 7 days. Lipids production of the other fungal strains
varied between 106 - 156 mg/g after 7 days of fermentation with a GLA content ranging
between 5.3 - 8%. One hundred and forty-one endophytic fungi were isolated from seven
oleaginous plants in order to be explored as potent oil accumulators. The most promising
isolates resulted on microbial oil production ranging between 19 - 42 mg/gfs, when cultivated
on 20% w/w steam-exploded wheat straw and 5% w/w wheat bran (Peng and Chen 2007). SSF
for microbial oil production with the fungal strain Microsphaeropsis sp. was optimized in terms
of steam exploded wheat straw to wheat bran ratio (9:1), initial moisture content (75%), and
incubation temperature (30 °C) with cellulase loading of 10 FPU/g dry solids. Microbial oil was
79 mg/gfs (Peng and Chen 2008). A. oryzae was cultivated on a mixture of pretreated wheat
straw and bran to produce lipids. Under the optimized conditions from Plackett—Burman design
including inoculum size, temperature, ratio of bran to straw, ratio of substrates to mineral salt
solution, initial pH and pretreatment strategy, lipid production reached 62.9 mg/gfs after 6 days
of fermentation (Hui et al. 2010). Zhang and Hu (2012) demonstrated the effective lipid
production by M. isabellina utilising soybean hull and its further application for biodiesel
production. Final lipids of 47.9 mg/gfs were produced with inoculums size of 10*/g soybean
hull, 75% initial humidity, 7-day spores without nutrient addition (Zhang and Hu, 2012).
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Lipid Yield GLAonfs Productivity

Strain Feedstock Days Bioreactor system (Mo/gfs®) (% wiw) (g/gfs*/d) References
Soaked rice 371.3 7.9 0.053
. . . Petri dishes or cylindrical glass Emelyanova,
C. japonica IBFM-2 Soaked millet and peptone 7 vessels, 850 mm 307.1 7.0 0.043 1996
Soaked peeled barley 294.4 55 0.042
3
Apple pomace, SMG* and 250 mL Erlenmeyer flasks 172.0 75 0.021
nutrients
T. elegans CCF 1456 Apple pomace, SMG?, 250 mL Erlenmeyer flasks 210.0 7.6 0.026
nutrients, peanut oil Plastic bags 500x300 mm?, area
g 600CM?, 100 mL/minairrate o 91 0026 sredansky
. . et al., 2000
M. isabelina CCF14 168.0 4.2 0.021
3
C.elegans CCF1318 ~ /\Pple pomace, SMG* and 250 ml Erlenmeyer flasks 166.0 7.4 0.020
nutrients
C. echinulata CCF103 150.0 5.8 0.019
Pearl barley 158.0 9.3 0.022
C. elegans CCF 1318 Barley, SMG?, peanut oil 172.0 116 0.024
(15:5:1) and nutrients ' ' '
T. elegans CCF 1456 7 500 mL Erlenmeyer flasks 156.0 8.0 0.022 Cogt(')g}a'-'
M. isabellina CCF14 Pearl barley 121.0 5.3 0.017
M. ramanniana MUCL 8691 113.0 5.3 0.016
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C. echinulata CCF 103 141 6.7 0.020
M. circinelloides MUCL

15438 106 6.5 0.015
Microsphaeropsis sp. 42 - 0.004
Sclerocystis sp. 35 - 0.003
Steam-exploded wheat Pena and
Phomopsis sp. straw mixed with wheat 10 Petri dishes (9 cm) 27 - 0.003 ch 92007
bran en
Nigrospora sp. 23 - 0.002
Cephalosporium sp. 34 - 0.003
. . Steam exploded wheat - Peng and
Microsphaeropsis sp. straw and wheat bran 10 Petri dishes (9 cm) 79 - 0.008 Chen 2008
A. oryzae A-4 Wheat straw and bran 6 Petri dishes (9 cm) 62.9 - 0.010 Huzloelt; g
M. isabellina IFO 7884 Soybean hull 82 250 mL Erlenmeyer flasks 47.9 - - ihuanggfg

! Optimized conditions; 2 weeks; 2 spent malt grain (SMG); * grams of fermented solids (gfs)
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2.8. Downstream for microbial oil recovery
2.8.1. Microbial biomass recovery

The downstream process for microbial oil recovery initiates with biomass harvesting from the
fermentation broth. Harvesting method contributes significantly on the economics of
bioprocesses that utilize microbial oi as the raw material for the production of value-added
products. So far, several harvesting methods have been reported including centrifugation,
coagulation, filtration, and flotation, thus any of them has been characterized as cost-effective.
Water removal from the microbial strains by centrifugation accounts normally for 20 - 30% of
the total production cost (Dickinson et al., 2017). Direct microbial oil recovery from wet
biomass is a promising practice due to the elimination of the drying stage which is cost

intensive. Thus, this process needs extensive research to be applicable at an industrial scale.

2.8.2. Cell wall disruption

The extraction process for lipids recovery is highly dependent on the type of lipid fraction i.e
neutral or polar lipids, and their interaction with a membrane protein. The extraction of lipids
from microbial biomass is carried out in two steps. Initially physical, chemical or enzymatic
disruptions of the cell wall are performed followed by the use of a solvent for lipids recovery.
Cell disruption is critical as it has a direct impact on subsequent downstream efficiency
(Senanayake & Fichtali, 2006). Conventional lipids extraction is based on methods developed
by Folch et al. (1957) and Bligh & Dyer (1959). These methods require a mixture of a non-
polar solvent i.e chloroform and a polar solvent i.e methanol to extract the lipids from the dry
biological material.

2.8.2.1. Mechanical cell disruption methods

Mechanical methods for cell disruption include the application of shear stress abrasion and they
have great industrial potential. Among them, bead milling is a widely applied and effective
technic for various algal species, i.e Chlorella sp., (Lee et al., 2010), yeasts i.e Rhodotorula
gracilis (Channi et al., 2016), bacteria i.e Bacillus cereus, and fungi i.e Penicillium citrinum,
(Klimek-Ochab et al., 2011). Ultrasonication has been so far applied in industrial scale for
protein extraction and chemical synthesis. Zhang et al. (2014) used ultrasonication in
combination with various solvents for lipid extraction from the yeast Trichosporon oleaginous.

Chloroform/methanol resulted in lipids efficiency of 100%.
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2.8.2.2. Non-Mechanical Cell Disruption Methods

Non-mechanical cell disruption includes physical and chemical methods. Microwave-assisted
lipid extraction is an efficient process in terms of yield and cost, operating on non- ionizing
electromagnetic oscillating waves, in the range of 300 MHz to 300 GHz. Heat is generated in
the polar material and the reorientation of the molecules results in friction and cell rupture
(Kumar et al., 2017). Limitations of the methods are related to heat and free radical creation,
damaging eventually PUFAs (Gunerken et al., 2015). Electroporation consists of two electrodes
connected with an electrical power supply in a pulsed electric field (PEF) and the fermentation
media is passed between the electrodes. The PEF causes fracture of the cell wall, maintaining
the cells viable for further extraction of added-value molecules (Reep & Green, 2012). PEF has
been applied for lipid extraction from cyanobacteria i.e Synechocystis PCC 6803) and
microalgae i.e Chlorella vulgaris. Respective lipids recovery of 25-75% (Liu et al., 2011) and
50% (Flisar et al., 2014) was obtained. PEF has high potential to be applicable in a large scale

due to low energy requirements.

Biocompatible solvents have been used for S-carotene extraction from Dunaliella salina using
a biphasic reactor (Jackson et al., 2017). The solvents create pores in the cell membrane
permitting the secretion of lipids outside the cells. The partition coefficient of a solvent should
be high for highly efficient extraction (Dong et al., 2016). Surfactant-assisted lipid extraction
IS non-toxic, uses biodegradable chemicals and normally is applied on wet biomass. Surfactants
are distinguished by hydrophobic and hydrophilic moieties. Cell membranes possess negative
charges due to functional groups and they can be disrupted by hydrophobic parts (Kumar et al.,
2017). Several surfactants i.e myristyltrimethylammonium bromide (Lai et al., 2016), N-lauryl
sarcosine (Yellapu et al., 2016), and sodium dodecyl sulphate (Wu et al., 2017) have been
investigated for lipid recovery from different algal species with efficiencies varying between
82 - 100%, demonstrating their potential for industrial practice. Supercritical fluid extraction
(SFE) deals with chemicals that behave as both liquid and gas in their critical temperature and
pressure. CO2 is the most suitable molecule due to properties such as low viscosity, high
diffusivity and proper critical temperature and pressure. Biomass contacts with supercritical
COg for a specific period of time and lipids are subsequently solubilized in CO and extracted.
Thereafter, CO> is depressurized. SFE has been applied for lipids extraction from the yeast
Rhodotorula glutinis with an efficiency of 99% thus resulting in high energy requirements
(Duarte et al., 2017).
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2.8.2.3. Green recovery of lipid

Traditional lipids extraction employs organic solvents that have a heavy environmental impact,
leading research toward eco-friendly and green recovery systems such as PEF, enzyme
degradation, simultaneous distillation and extraction process and solvent-free extraction via
non-woven fabric (Yellapu et al., 2018). The method of solvent-free extraction via non-woven
fabric was used for lipids extraction from the yeast Rhodotorula glutinis after concentration and
homogenization of the cells, yielding in 10.4 g of lipids per gram of fabric (Shang et al., 2015).
This technique is characterized as recyclable and environment-friendly due to the employment
of the non-woven fabric. Another green and economically viable technic for lipids recovery
constitute ionic liquids, which are non-volatile compounds with good thermal stability. Cooney
and Benjamin (2016) reported low extraction efficiency when applying ionic liquids for lipids

recovery from algal biomass.

An efficient extraction process should provide maximum product’s recovery, reduction of the
product contamination, eco-friendly nature, enhanced mass transfer phenomena and
simplification of the downstream processing. Consequently, research should focus on aspects
including scalability, extraction efficiency, and energy requirements.

2.9. Phytochemicals - The case of phenolic compounds

Phytochemical refer to a wide variety of compounds that occur naturally in plants. They are
classified into six main categories based on their chemical structures and characteristics
including carbohydrate, lipids, phenolics, terpenoids and alkaloids, and other nitrogen-
containing compounds (Huang et al., 2015). Phytochemicals constitute a very promising aspect
taking into consideration that the global herbal supplement and remedy market is predicted to
reach 8.8 billion US$ in 2023 at a CAGR of about 4.7% (Anonymous 2018 a).

Palm based phytochemicals mainly include phenolic compounds, terpenes, and sterols (Ofori-
Boateng and Lee 2013). The largest and more attractive group encompasses the phenolic
compounds mostly phenolic acids, flavonoids, tannins and lignans. Phenolic compounds,
widely distributed as secondary metabolic products, appear in either free or in bound forms.
They possess remarkable antioxidant activity related to their ability to act as chelators of

divalent cations, scavenge free radicals and break radical chain reactions (Babbar et al., 2011).

Several reports have demonstrated the positive effects of these bioactive compounds on the

pharmaceutical, medical, and nutraceutical field (Xavier etal., 2017 a; Pande et al., 2017). More
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specifically, 4- hydroxybezoic acid has already been applied as a preservative in
pharmaceuticals, foods and cosmetics (Chakraborty et al., 2006). The conventional synthesis
of 4-hydroxybenzoic acid involves the chemical reaction of phenol, potassium hydroxide and
carbon dioxide under high-pressure conditions. This process bears a high environmental impact
not only due to the raw materials but also due to the production of toxic liquid wastes. Finding
renewable sources of this phenolic compound is an interesting alternative towards a more
sustainable economy. Kawamura et al. (2014) proposed that low molecular weight phenolic
compounds could be used for the production of 2-pyrone-4,6-dicarboxylic acid, which is a
precursor for the production of various polymers such as polyamide, polyester and

polyurethane.

Pyrogallol and catechol are synthesized in plants through the shikimate pathway. Catechol has
been found in extracts from the leaves and needles of various deciduous and coniferous trees,
whereas pyrogallol is considered as a product of the degradation of plant debris. Moreover,
these phenolic compounds are typically found in soils, and also they are precursors of humic-
like polymer synthesis (Kocagaligkan et al., 2006). Pyrogallol finds a broad range of
applications due to its antioxidant and antibacterial properties including food sector, cosmetics,
chemical and pharmaceutical industries as well as in photography, printing and to dyes
production (Wang et al., 2018). A pyrogallol-based oxygen scavenging system with sodium
carbonate was proven to be effective for food packaging applications with low water activity
(Gaikwad and Lee, 2016). Pyrogallol was also tested for cotton fabric treatments, leading to a
final product with >99.9% antibacterial ability and >90 % antioxidant activity (Hong et al.,
2015). Depending on the application purposes and its purity, the price for pyrogallol varies from

$20-100 per kilogram, depending on the supplier.

Ferulic acid is a precursor of vanillin, a well-known flavoring agent widely used in food,
beverages and cosmetics (Kumar and Pruthi, 2014). Food grade or pharmaceutical grade ferulic
acid can cost from US $100-1000, again depending on its purity, origin and the supplier. Ferulic
acid has been reported to increase shelf life of linseed oil and to enhance the stability of lard
and soybean oil. A mixture of ferulic acid and glycine was proven to completely inhibit the

oxidation of biscuits.

The prospect of using phenolic compounds, deriving from plant biomass, as natural food
antioxidants is of paramount industrial interest. Agro-industrial by-products are promising

sources of phenolic compounds and they have been explored as a source of natural antioxidants
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for the maintenance of nutritional quality through the stabilization or shelf-life extension of
lipids and lipid-containing food products. However, several issues associated with efficiency
of phenolic extraction, availability of feedstock and safety considerations among others should
be considered for the development of products supplemented with appropriate phenolic
formulations. Rosemary extracts at a concentration of 500 ppm have been reported as very
effective antioxidants in bulk corn oil and significantly more active than carnosol (Frankel et
al., 1996). According to Wanasundara and Shahidi (1994) the induction time of canola oil at 65
°C, supplemented with 0.1% ethanol extracts from canola meal, was prolonged in comparison
to 0.02% BHA and BHT. Goli et al. (2005) demonstrated that pistachio hull extracts (0.06%)
were as effective as BHA and BHT (0.02%), in preventing oxidation of soybean oil at 60 °C.
Phenolic compounds obtained from grape pomace, exerted similar antioxidant effect with

propyl gallate in fish oil-in-water emulsions (Pazos et al., 2005).

2.10. Oleochemichals

Edible and non-edible vegetable oils including mostly sunflower oil, palm oil, soybean oil,
rapeseed oil and coconut oil, have been applied for the production of bioesters for many years.
However, the wide availability and low cost of mineral oils established their use as the basis
for esters synthesis during the 19" and 20" century. To date, the development of bio-based
esters from renewable and sustainable resources has gained significant attention due to the
severe impact of petroleum-based oil on several environmental issues. Global market of fatty
acid esters was valued at USD 1.8 billion in 2014 and is expected to reach USD 2.4 billion by
2022, with a CAGR of 4.6% (Anonymous, 2016c). Short and middle chain fatty esters, which
hold the largest market share (34.5%), are applied as surfactants or biolucricant base oil,
detergents, in personal care and cosmetics as emollients, fragrance and skin-conditioning agents
and make-up products, in food processing as flavoring agents and in pharmaceuticals
(Anonymous, 2018b). It is estimated that around 35 million t of lubricants are used annually
with approximately 55% ending up into the environment (Syahir et al., 2017) through
evaporation, spillage and total-loss lubrication (Willing 2001). Over 95% of these lubricants
are petroleum-based and so, toxic and non-renewable. Lubricants can be used in a wide range
of applications including lubrication for the reduction of wear and saving energy, transfer power
as hydraulic fluids, cooling due to good thermal conductivity and cleaning for the removal of

internally generated debris and external contaminants. Consequently, the are used as engine,
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compressor, chainsaw and gear oils as well as hydraulic and insulation fluids (Zainal et al.,
2018).

Conventional chemical practice for esters synthesis using vegetable oils, is transesterification
or esterification of the oil with various lower and higher chain length alcohols catalyzed by
acids or alkali under elevated temperatures (100 - 300 °C), resulting in fatty acid alkyl esters
(Panchal et al., 2017). The fatty ester industry is constantly driven towards biocatalytic
pathways for the synthesis of esters, to meet global requirements for ecological balance,
sustainability issues, and ‘green’ products. Lipases (triacylesterol ester hydrolases, E.C.
3.1.1.3-IUPAC) have attracted remarkable attention as catalysts for the production of
oleochemicals, due to their stereo-, chemo- and region-selectivity (Fernandes et al., 2018).
Biocatalysis is more promising for the production of fatty esters than conventional chemical
practice, due to process simplification, high quality end-products, elimination of side-products
formation and product degradation, and mild operative conditions. Evonik Industries AG and
Eastman Company are two representative manufacturers that commercialized lipases-catalyzed
esters in a multiton scale. The latter demonstrated the effective contribution of biocatalysis on
diminution of CO: emissions, waste generation, and energy consumption (Ansorge-
Schumacher and Thum, 2013).

Khan and Rathod (2015) have provided a thorough review on enzymatic synthesis of cosmetic
esters. Biocatalysis is the most suitable practice providing mandatory specifications for
cosmetic application. Fatty acid esters with surfactant properties have been so far produced
using C12 - C20 fatty acids with various C5 - C6 sugars or polyols as acyl acceptors. Phenolic
esters with antioxidant properties are synthesized with various hydroxycinnamic acids and
alcohols such as 1-octanol, 1-butanol, and 1-propanol. L-ascorbic esters with antioxidant
properties include reactions between palm oil, palmitic acid, vinyl and methyl palmitate or C12
- C14 saturated fatty acids with L-ascorbic acid. Esters with fragrance and flavor properties
derive from reactions between alcohols including geraniol, cinnamyl alcohol, isoamyl alcohol,
ethanol, n-propanol and n-butanol with acyl donators such as acetic, butyric, lauric and myristic
acids. All the aforementioned reactions are carried out in a system catalyzed by lipases mostly
produced from strains of Candida sp., Rhizomucor sp. and Rhizopus sp. The solvents usually
applied include ionic liquids, ethanol, tert-butanol, isooctane, heptane, hexane, toluene, 2-
methyl-2-butanol or ether and pyridine based solvents. The enzymatic process is conducted at
low temperatures varying between 30 - 70 °C, the formation of ultrapure, colorless, and odorless
products (Khan and Rathod, 2015).

69



Lubricants derived from vegetable oils show properties such as low toxicity, high
biodegradability, high lubricity, high flash point, good viscosity index, and low friction and
wear features compared to mineral oil-based lubricants. Thus, usage of bio-based lubricants
covers a narrow segment of the market due to issues regarding their performance and production
scale. In general, biolubricants derived from crude vegetable oils show poor cold flow
behaviour and oxidation stability, leading to polymerization and degradation. Such deficiencies
could be minimized by chemical modification of vegetable oils for the elimination of p-
hydrogen atoms in glycerol. Additionally, to fulfil requirements for targeted applications and
improve lubricants properties several additives are used accounting for up to 5% of the
lubricants’ mass. Esters with biodegradable additives are superior to pure oils or vegetable oil
mixtures enhancing resistance to corrosion (Balamurugan et al., 2010). Bio-based lubricants
possess more enhanced lubrication properties than mineral and synthetic oils combined with
high renewability, biodegrability and non- or low toxicity, rendering them as unique candidates
for highly sensitive applications such as forestry and marine. Along with this, the adoption of
stringent laws and regulations for greener products (“European Ecolabel for Lubricants) and
the protection of the environment and human health from waste oils (Waste Framework
Directive 2008/98/EC) is eventually leading to increased demands for bio-based lubricants
(Papadaki et al., 2018). Marketability of bio-lubricants is highly dependent on the establishment

of efficient large scale production achieving adequate yield rates and economic sustainability.

So far, microbial oil exploitation for esters formulation is in a preliminary stage. Microbial oil
rich in polyunsaturated fatty acids i.e GLA could provide a promising feedstock for the
cosmetic industry. Bandhu et al. (2017) reported the efficient microbial oil production
cultivating Rhodotorula mucilaginosa on sugarcane bagasse hydrolysates. The microbial oil
showed high viscosity index and a low pour point demonstrating good quality lubricant
properties rendering it as an alternative to the conventional mineral lube oil-based lubricants.
Papadaki et al., 2017 studied the production of wax esters using microbial oils produced from
food waste and by-product streams by three oleaginous yeasts. Enzymatic transesterification of
microbial oils to behenyl esters resulted in conversion yield up to 87% and the determination
of their physicochemical properties showed that behenyl esters were compared well with natural
waxes. The same group (Papadaki et al., 2018) utilized microbial oil produced from
confectionery and wheat milling side streams for biolubricants production. Conversion yields

up to 88% were achieved when microbial oil produced from Rhodosporidium toruloides was

70



enzymatically esterified with neopentyl glycol (NPG). Physicochemical characterization of the
produced biolubricants demonstrated their potential as substitutes for conventional lubricants.
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CHAPTER 3
Objectives
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This PhD thesis deals with the exploitation of various industrial solid and liquid waste streams
for the production of added-value metabolites with applications in food and chemical industry.
Specifically, by-products from palm oil processing were used for the production of hydrolysates
which served as the nitrogen sources in microbial oil fermentation carried out with L. starkeyi.
The same by-product streams were subsequently used for phenolic compounds extraction which
were further applied as promoters of oxidative stability in sunflower oil. Next, protein rich cakes
derived after oil extraction were used as the solid matrices, providing carbon and nitrogen
sources for solid state production of fungal lipids which were used as the raw material for the
synthesis of esters with lubricant properties. Spent sulphite liquor, the major waste stream of
pulp and paper industry was used as the sole carbon sources for microbial oil production with
L. starkeyi and various fungal strains under batch fermentation mode and fed-batch bioreactor
cultivation. Lipids produced by C. echinulata were applied as substrate for the production of
esters with potent application in the cosmetic industry. The main objectives of the experimental

work are presented as follows:

v Valorisation of by-products from palm oil processing for the production of generic

fermentation media for microbial oil synthesis

v’ Extraction of phenolic compounds from palm oil processing residues and their

application as antioxidants in sunflower oil

v" Synthesis of fatty acid esters using y-linolenic acid rich microbial oil produced via

fungal fermentation of spent sulphite liquor

v' Bioprocess development for biolubricant production using microbial lipids derived via

solid state fermentation of protein rich side streams

v Spent sulphite liquor utilisation for the production of microbial oil under batch and fed-

batch fermentation mode
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CHAPTER 4

Materials and methods
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4.1. General practise

All materials, utensils and solutions involved in fermentations processes, were previously
autoclaved at 120 °C for 20 min. Fermentative procedures were performed under sterile

conditions using a laminar flow cabinet (Telstar, Bio |1 Advance).

4.2. Renewable feedstock

Palm kernel cake (PKC), pressed palm fiber (PPF), palm kernel shells (PKS) and empty fruit
bunches (EFB) obtained after the palm oil extraction process, were kindly supplied by the
company Agropalma (Pard, Brazil). Cotton seed cake (CoSC) and castor seed cake (CaSC)
were provided by Petrobras R&D Center (Rio de Janeiro, Brazil). The aforementioned solid
residues were ulitized as substrate for solid state fermentation (SSF). Crude molasses (46.7%,
w/w purity) and glycerol (78.1%, w/w purity) were kindly provided by Petrobras (Rio de
Janeiro, Brazil).

The spent sulphite liquor (SSL) utilized in this study was generated by the acidic sulphite
pulping process of Eucalyptus globulus. SSL and the extracted lignosulphonates were kindly
provided by Sniace S.A. (Torrelavega, Spain). SSL was pretreated for lignosulphonates removal.
Pretreatment of SSL was conducted by nanofiltration using a vibratory shear-enhanced
processing filtration unit (V-SEP, New Logic Research, Emeryville, CA). The nanofiltrated
SSL was provided by the company AVECOM NV (Belgium). The membranes used in the V-
SEP filter had molecular weight cut-offs (MWCQO) of 800 Da (polyethersulfone, NF-PES-10)
and surface area of 1.5 m?. Filtration using the V-SEP equipment was carried out with 3.5
diluted SSL. The total filtration volume used was 560 L of diluted SSL. Flushing with hot water
during operation was employed in order to increase the membrane flux. Periodical caustic
cleaning recovered entirely the initial membrane flux during operation. The temperature and
pressure used during filtration were respectively 70 °C and 400 psi. The filtration flux was
modified during operation to achieve an acceptable flux during filtration in the range of 40.7 -
10 Lm2ht,

4.3. Microbial strains, pre-culture conditions and preservation

The fungal strains Aspergillus oryzae was kindly provided by Professor Colin Webb
(University of Manchester, UK) and it was used for the production of crude enzyme consortia

(mainly proteolytic) through solid state fermentation, which were subsequently used in
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hydrolytic experiments. Spores were preserved in silica sand and their reconditioning was
carried out using PBS solution containing 8 g/L NaCl, 0.2 g/L KCl, 1.4 g/L Na;HPO4, 0.24 g/L
KH2POg4. A. oryzae was sporulated and stored at 4 °C in agar slopes, containing 30 g/L palm
kernel cake, 20 g/L wheat milling by-products and 20 g/L agar. The slopes were applied for the
inoculation of flasks with the same solid material, which were further used as inoculum in solid
state fermentations. More specifically 10 mL of deionized water and Tween 80 (0.01 %, v/v)
(Sigma-Aldrich) were added into each slope and the surface was scratched with a wire loop.
Subsequently, 1 mL of the spore suspension was added on each flask. Incubation was performed
at 30 °C in an orbital shaker (ZHWY-211C Series Floor Model Incubator, PR China) for 4 days.
Subsequently, 50 mL of deionized water, supplemented with Tween 80 were added in flasks
with the grown fungus and after vigorous shaking using glass beads of 4 mm diameter, a spore
suspension was obtained (3x107 spores/mL) which was used as inoculum for SSF

implementation.

The oleaginous yeast strain Lipomyces starkeyi DSM 70296 utilized in the fermentative
production of microbial oil was purchased from DSMZ culture collection. The strain was
maintained on slopes containing 15 g/L glucose, 15 g/L yeast extract, 15 g/L peptone and 20
g/L agar at 4 °C. A liquid pre-culture with the same composition was prepared as inoculum and

incubated at 30 °C in an orbital shaker, at agitation rate of 180 rpm for 40 h.

The fungal strains, Cunninghamella echinulata ATHUM 4411, Mortierella ramanniana
MUCL 2935, Mortierella ramanniana ATHUM 2922, Mortierella isabellina ATHUM 2935
and Thamnidium elegans, used for the production of microbial oil, under submerged and solid
state fermentations, were maintained on potato dextrose agar (PDA) slopes and petri dishes at
4 °C. All fungal strains were fully sporulated prior to each experiment in Erlenmeyer flasks
containing PDA. The inoculum preparation was similar to that of A. oryzae with some
modifications. The water volume applied for the PDA flasks after fungal growth for 5 - 7 days,

was 50 - 120 mL, resulting in a final spore suspension of 3 - 6x10° spores/mL.

4.4. Evaluation of palm oil processing residues for phenolic compounds

Preliminary extraction experiments were conducted to evaluate PCK, PPF, PKS and EFB for
their total phenolic content and antioxidant activity. The extraction parameters were fixed as

follows: 20 min extraction time and 30:1 liquid-to-solid ratio.
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Subsequently, three different extraction times (10 min, 20 min, 40 min) and four liquid-to-solid
ratios (5:1, 20:1, 30:1, 40:1) were studied to identify the best extraction conditions for phenolics

from the selected side stream.

4.5. Solid state fermentation for the production of crude enzyme consortia and subsequent
production of nutrient-rich hydrolysate

This part deals with the evaluation of PKC as potent solid matrix for the production of crude
enzyme consortia, mainly proteases, in tray reactors and rotating drum bioreactor. Subsequent
hydrolysis of PKC employing the produced crude enzymes was evaluated for the formulation
of a nutrient rich supplement that could substitute commercial nitrogen sources applied in

fermentative processes.

4.5.1. Tray reactors

SSF in tray bioreactors were conducted in 250 mL Erlenmeyer flasks at 30 °C. Two different
ratios of PKC and PPF (at 100:0 and 70:30 ratios) were assessed as substrates. In each case
flasks were filled with 5 g of and were inoculated with an appropriate quantity of fungal spore
suspension, as described in Section 4.3, in order to adjust the moisture content of the substrate.
Five initial moisture contents (50, 55, 60, 65 and 70 %, w/w) were evaluated for the production

of proteases during SSF.

Fermented solids were macerated using a conventional kitchen blender and subsequently mixed
with 500 mL sterilized deionized water in 1 L Duran bottles containing a specific amount of
PKC. Mixing of the suspension was achieved with magnetic stirrers. The effect of temperature
(45, 50, 55, 60, 65 °C), initial concentration of PKC (48.7, 73.7, 98.7 g/L on a dry basis) and
two initial proteolytic activities (6.0, 11.9 U/g) were evaluated in order to optimize the
hydrolysis process. Samples were withdrawn at regular intervals and mixed with equal quantity
of trichloroacetic acid (5%, w/v) to stop enzymatic reactions. The supernatant was used for the
analysis of free amino nitrogen (FAN) and inorganic phosphorus (IP). At the end of enzymatic
hydrolysis, PKC hydrolysates were centrifuged (9000 x g, 4 °C, 15 min) and the supernatant
was filter-sterilized through a 0.22 um filter unit (Polycap AS, Whatman™ Ltd.,
Buckinghamshire, UK) for its subsequent use in the fermentative production of microbial oil
with L. starkeyi.
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4.5.2. Rotating drum bioreactor

The SSF for enzyme production, was performed in 15 L Terrafors-I1S (Infors, Switzerland)
bioreactor at 30 °C for 48 h with an aeration rate in the range of 2.4 - 3 | air/min/kg and
intermittent agitation of 0.1 rpm that was applied every 30 min. A quantity of 1000 g of a
mixture of PKC and PPF (at 70:30 ratio) was added in the drum bioreactor. The ratio of 70:30
of PKC to PPF solids was used because using only PKC solids resulted in an inefficient
fermentation due to cohesion of particles during fermentation, which most probably occurred
due to protein hydrolysis that increases the adhesive properties of the mixture. The pre-
inoculum was prepared in a tray bioreactor as mentioned in Section 4.3. In this case, a quantity
of 250 g of the same substrate mixture was used and fermentation was conducted for 24 h at
30°C. Subsequently, fermented solids were inoculated in the rotating drum bioreactor in a 4:1
ratio of total solid substrate to inoculum ratio. Deionized water was used to adjust the initial
moisture content to the optimum condition observed in the fermentations carried out in the tray

bioreactor (55%, w/v).

After the end of the SSF, 5 L sterilized deionized water and 500 g of fresh PKC were added in
the drum bioreactor to initiate the hydrolysis process. The hydrolysis was conducted for 48 h at
50 °C and intermittent agitation of 10 rpm. Samples were withdrawn at regular intervals and
mixed with equal quantity of trichloroacetic acid (5%, w/v) to stop enzymatic reactions. The

supernatant was used for the analysis of free amino nitrogen (FAN) and inorganic phosphorus

(IP).

4.6. Microbial fermentations for lipids production

With respect to batch submerged fermentations, all experiments were conducted in 250 mL
Erlenmeyer flasks with a working volume of 50 mL. Flasks were inoculated with 10% (v/v)
yeast pre-culture or 2% (v/v) fungal spore suspension as mentioned in Section 4.3 and incubated
at 30 °C in an orbital shaker, at agitation rate of 180 rpm. The fermentation media was enriched
with a mineral solution containing (in g/L): KH2POs, 7.0; Na2HPOs, 2.5; MgS04-7H20, 1.5;
FeCls3-6H20, 0.15; ZnS04-7H20, 0.02; MnS0O4-H;0, 0.06; CaCl2-2H,0, 0.15. The pH value
was adjusted to 6.0 during fermentation using 5 M NaOH. Samples were taken at regular
intervals to assess sugar and nitrogen consumption along with biomass and lipid concentration.
Lignosulphonates and phenolic compounds determination was carried out for microbial

fermentations carried out in Section 4.6.2.1.
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4.6.1. Batch submerged fermentations with L. starkeyi using palm kernel cake hydrolysates

The potential of microbial oil production utilising PKC hydrolysates as nitrogen source was
evaluated by conducting shake flask fermentations with L. starkeyi. Various commercial carbon
sources including glucose, xylose, mannose, galactose and arabinose were combined with PKC
hydrolysates to formulate the fermentation feedstock for yeast proliferation and microbial oil
accumulation. In the case of the reference fermentation with commercial nitrogen sources, 3

g/L yeast extract and 1 g/L (NH4)2SO4 were included.

4.6.2. Batch submerged fermentations utilising spent sulphite liquor

The yeast strain L. starkeyi and five fungal strains (Section 4.3) of the division Zycomycota
were initially evaluated for lipids production under shake flask fermentations, utilising properly
diluted nanofiltrated SSL (30 g/L total sugars). Yeast extract (0.5 g/L) and inorganic (NH4)2SO4
(0.5 g/L) were used as the nitrogen sources.

After the screening step, the selected fungi namely, C. echinulata and M. isabellina as well as
L. starkeyi were submitted to various regimes to assess microbial oil production and microbial

behaviour as follows. Inorganic nitrogen source (0.5 g/L (NH4)2SO4) was used in all cases.

4.6.2.1. Carbon to nitrogen ratio effect

The effect of carbon to nitrogen ratio, calculated and expressed as carbon to free amino nitrogen
ratio (C/FAN ratio), was evaluated for all microbial cultures using nanofiltrated SSL (5 g/L
lignosulphonates). This ratio was altered by applying different yeast extract concentrations (0.5

- 4 g/L) while carbon concentration was kept stable at 30 g/L.

4.6.2.2. Lignosulphonates concentration effect

Continuing with the best C/FAN ratio of the previous Section (3.6.2.1), various LS
concentrations (10 - 120 g/L) were applied in a fermentative media simulated according to the

sugar composition of nanofiltrated SSL, for all the selected oleaginous microorganisms.

4.6.3. Fed-batch submerged fermentations utilising spent sulphite liquor

Fed batch fermentations with L. starkeyi and C. echinulata were carried out in a bench-top
bioreactor (Labfors 4, Infors HT) with working volume of 1 L at constant temperature of 30 °C.

The pH was maintained at 6 using 5 M NaOH. Each experiment was initiated in batch mode
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with nanofiltrated SSL (both microorganisms) and sugar-simulated SSL containing 90 g/L of
lignosulphonates (only C. echinulata) as fermentation media, supplemented with mineral
solution and inorganic nitrogen source as aforementioned in Section 4.6. Continual feeding
supply, at varying pump rates, determined by the catabolic activity of each microorganism was
applied with a total sugar concentration of 450 - 550 g/L. Feeding solution was simulated to the
sugars and lignosulphonates percentage contained in nanofiltrated SSL.

In the case of L. starkeyi, four sets of experiments were conducted at C/FAN ratios of 173, 51,
33 and 26. Cascade agitation rate of 200 - 500 rpm was applied for the C/FAN ratios of 173 and
51 while 200 - 800 rpm were applied for the C/FAN ratios of 33 and 26. Cascade agitation rates
in combination with a continuous air supply increased in several steps from 1 - 2 vvm, were
used to maintain the dissolved oxygen concentration at 20%. 10% (v/v) inoculum was employed
using a 40 h pre-culture (Section 4.3). Continual feeding was initiated when sugars

concentration reached up to 16 g/L.

In the case of C. echinulata, two sets of experiments (5 g/L and 90 g/L lignosulphonates) were
conducted at C/FAN ratio of 101. Cascade agitation rate of 150 - 300 rpm and a continuous air
supply of 0.5 vvm were used to maintain the dissolved oxygen concentration at 20%. 2% (v/v)
of spores’ suspension according to the methodology described in Section 4.3, was employed as
inoculum. Continual feeding was initiated after 48 hours of fermentation when sugars

concentration reached up to 13.5 g/L into the fermentation broth.

Samples were taken periodically throughout fermentation and concentrations of sugars,

nitrogen, biomass and microbial oil were determined.

4.6.4. Fungal solid state fermentation in tray reactors

SSF were conducted in tray bioreactors using a non-humidified chamber. Erlenmeyer flasks of
250 mL were filled with 5 g of substrate and were inoculated with appropriate quantity of fungal
spore suspension, as described in Section 4.3, in order to adjust the moisture content of the
substrate. Initially, a screening of five fungal strains was implemented using PKC as substrate.
Their ability to grow and produce lipids was studied at 30 °C and 65% (w/w) initial moisture
content for up to 15 days. In sequent experiments, C. echinulata and M. ramanniana MUCL
9235 were chosen for further assessment of fermentative conditions. Lipid production was
evaluated in terms of temperature (25, 27, 30, 33, 35 °C), initial moisture content (55, 60, 65,
70 and 75%) and PKC to PPF ratios (1:1 and 3:1).
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The best conditions (temperature, initial moisture content and PKC to PPF ratio) determined in
previous experiments for C. echinulata and M. ramanniana MUCL 9235 were repeated in tray
bioreactors using an air humidified chambers controlled at 90% air saturation. In this case, 600
mL beakers were used filled with 12 g of substrate. For further optimisation of SSF in air
humidified chamber, C. echinulate was selected using the best fermentation conditions (65%
initial moisture content, 30 °C and PKC as the sole substrate). A set of experiments were
conducted using different substrate supplementations, such as: a) glycerol (5%, w/w), b)
molasses (5%, w/w), ¢) mineral solution (g/L: KH2PO4, 7.0; NazHPO4, 2.5; MgS04-7H20, 1.5;
FeCls, 0.09; ZnSO4:7H20, 0.02; MnSO4-H-0, 0.06; CaCl2-2H-0, 0.15) and d) nitrogen sources
(yeast extract 0.5%, w/w and (NHa4)2SOs 0.16%, w/w). Thereinafter, two agro-industrial
residues, richer in protein content than PKC, namely CoSC and CaSC were assessed for lipid

production through SSF.

Samples were taken at regular intervals to evaluate lipid, biomass, proteases and lipases

production along with water activity and humidity loss during fermentation.

4.6.5. Solid state fermentation in packed bed bioreactors with C. echinulata

SSF of C. echinulata was performed in water-jacketed PBR - Raimbault columns (height, 20
cm; diameter, 4 cm) containing 30 g of CoSC for 10 days. Temperature (30 °C) was controlled
with circulating coolant water. Aeration via saturated air, was pumped through the columns,
and controlled at 10 L air/min/kg with a flowmeter attached to the column air outlet. The
inoculum was prepared in a tray bioreactor as mentioned in Section 4.3. Samples were taken at
regular intervals to evaluate lipid, biomass, proteases and lipases production along with water
activity and humidity loss during fermentation.

4.7. Production of esters
4.7.1. Raw material

Reactions for the production of esters were catalyzed by commercial lipases, employing a
solvent-free system. The process was conducted in water jacketed closed vials, agitated on a
hotplate stirrer, at 165 rpm. Samples of 100 ul were taken at regular intervals and centrifuged

(9000 x g, 10 min) to separate the enzyme from the reaction mixture.

Microbial oil deriving from submerged batch cultivations of C. echinulata on SSL fermentation

media, was utilized as raw material for the production of bio-esters. Microbial oil extracted
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from SSF of C. echinulata on CoSC was applied for the production of polyol esters with
lubrication properties. The average molecular weight of the applied lipids was calculated based
on their fatty acid profile, according to the methodology given by Shrestha and Gerpen (2010).

4.7.2. Lipases and alcohols applied

The commercial lipase Novozyme 435 (lipase B from Candida antarctica, immobilized on a
macroporous acrylic resin) was purchased from Sigma-Aldrich and it was involved in the
biocatalysis for cosmetic esters synthesis. In this case, reactions were performed with isopropyl
alcohol (ISA) and 2-ethylhexyl alcohol (EHA) which were purchased from Penta and Sigma-
Aldrich chemicals, respectively.

The commercial lipase Lipomod 34MDP (from Candida rugosa), was kindly provided by
Professor Denise M.G. Freire (Federal University of Rio de Janeiro, Brazil). Lipomod 34MDP
was applied as biocatalyst for the hydrolysis of microbial oil as well as for the synthesis of
esters with lubrication properties. Esterification reactions were carried out using neopentyl
glycol (NPG) polyol (Sigma-Aldrich).

4.7.3. Production of bio-esters

Microbial oil, fractionated lipid classes and hydrolyzed microbial oil were utilized for the
enzymatic production of fatty acid esters. Conversion yields of palmitate (PE), oleate (OE), as
well as sum of linoleate and linolenate (LAE & LNE) esters, derived from reactions with both
ISA and EHA were monitored. The sum of PE, OE and LAE & LNE indicates the total
conversion yield (TCY).

4.7.3.1. Temperature effect

Transesterification reactions with microbial oil and the two alcohols were studied at five
different temperatures (30, 40, 50, 60 and 70 °C) using an enzyme loading of 10% (w/w), 1:3
microbial oil to alcohol molar ratio and a total reaction time of 24 h.

4.7.3.2. Substrate molar ratio effect

Microbial oil was transesterified with both alcohols at various lipid to alcohol molar ratios
(1:2.84 - 1:4). Reactions were carried out using an enzyme loading of 10% (w/w) at 60 °C, for
24 h.
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4.7.3.3. Enzyme amount effect

Transesterification reactions of microbial oil with both alcohols were also performed applying
different enzyme amounts in the range of 5 - 20% (w/w), using a 1:3 microbial oil to alcohol
molar ratio, at 60 °C for 24 h.

4.7.3.4. Kinetic profile of esters production via transesterification of microbial oil

Conversion yield of esters was monitored over 48 h under the optimized conditions

(temperature, substrate molar ratio and enzyme amount), by taking samples at regular intervals.

4.7.3.5. Effect of individual lipids fractions on esters conversion yield

Transesterification reactions using the individual lipid fractions were carried out to evaluate
their impact on esters conversion yield. After the fractionation of microbial oil, which is
described in the Section 4.8.9 neutral lipids (NL) were used in transesterification reactions with
ISA and EHA using different molar ratios (1:3; 1:3.35 and 1:3.6), at 60 °C for 24 h. Moreover,
the effect of glycolipids plus sphingolipids (GL+SL) and phospholipids (PL) fractions on TCY
of isopropy! esters was evaluated in mixtures with NL. The ratios between lipid fractions used
in these experiments were equivalent with their percentage in total lipids (TL). The effect of
lipid classes on TCY was also evaluated using higher quantities of GL+SL and PL in mixtures
of NL (NL+2(GL+SL) and NL+2PL).

4.7.3.6. Esterification reactions with hydrolized microbial oil

The microbial oil was enzymatically hydrolyzed, as described in Section 4.8.9, for subsequent
esterification reactions with both alcohols. The reactions were carried out using a stoichiometric
molar ratio of 1:1 (w/w), 10% (w/w) biocatalyst, at 60 °C, for 24 h.

4.7.3.7. Enzyme reuse and stability determination

Enzyme stability was assessed throughout six sequential esterification reactions. Reactions
were carried out using 10% (w/w) of Novozyme 435, with an initial enzyme activity of 27.0
U/g of substrate, 1:1 lipids to alcohol molar ratio at 60 °C. The reaction time of each batch was
set at 4 h. After each batch reaction lipase was removed by filtration, followed by triple washing
with 6 mL of n-hexane (Sigma-Aldrich) each time, drying at room temperature and then reused

in the next reaction. The enzyme activity was also monitored after specific batch reactions.
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4.7.4. Production of neopentyl glycol esters

Esterification conditions for reactions between hydrolyzed microbial oil and NPG were taken
from Papadaki et al. (2018). Specifically, a substrate to alcohol molar ratio of 2:1 was employed
and reaction was carried out at 45 °C with an enzyme loading of 4% w/w (based on the reaction

quantity) and 1% deionized water.

4.8. Analytical methods
4.8.1. Determination of free amino nitrogen and inorganic phosphorus

Free amino nitrogen (FAN) concentration in hydrolysis and fermentations was determined
according to the ninhydrin colorimetric method (Lie, 1973). The concentration of FAN refers
to the nitrogen contained in free amino groups of amino acids and peptides. The reagents used

for this analysis were:

Color reagent: 49.7 g/L NaoHPO4.2H-0, 5 g/L ninhydrin and 3 g/L fructose were dissolved in
deionized water and mixed. Around 60 g/L KH2PO4 were gradually added to the mixture until

a pH of 6.6-6.8 was achieved.

Dilution reagent: 2 g of KIO3 were dissolved in 616 mL of deionised water and subsequently
384 mL of absolute ethanol (99% v/v) were added.

Glycine stock solution: 0.1072 g of glycine were dissolved in deionised water until a final

volume of 100 mL.

Glycine standard solution: 1 mL of glycine stock solution was diluted in 100 mL final deionized

water to obtain a final concentration of FAN 2 mg/L.
All the aforementioned reagents were stored at 4 °C and were regularly prepared.

The protocol applied was as follows: 1 mL of properly diluted sample was added into glass test
tubes, followed by the addition of 0.5 mL of color reagent. A blank sample was also prepared
with water instead of sample. All tubes were boiled for exactly 16 min and subsequently, cooled
down for 20 min. Then 2.5 mL of dilution reagent were added. Samples were vigorously shaken
with vortex and then absorbance was read in a spectrophotometer (U-2000, Spectrophotometer,

Hitachi) at 570 nm, against the blank sample. All samples were analyzed in duplicate.
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FAN content (mg/L) was quantified based on a calibration curve (y=6.4941x+0.0762,
R?=0.9994) was determined by diluting glycine standard solution to obtain different
concentrations of FAN (0.5, 1, 1.5 and 2 mg/L).

Inorganic phosphorus (IP) was assayed by the ammonium molybdate spectrophotometric
method described by Harland and Harland (1980), based on the oxidation of organically

combined phosphorus with perchloric acid to produce orthophosphate.

For IP (mg/L) determination, the following protocol was applied: Samples were properly
diluted to 5 mL final volume into glass test tubes. In each tube, 0.4 mL of perchloric acid (60%,
v/v), 0.3 mL of freshly prepared ascorbic acid (1%, w/v) and 0.4 mL of ammonium molybdate
(4%, wi/v) were successively added. After each addition, samples were vortexed for 10 sec. The
tubes were left for 10 min, allowing the color to be developed and then absorbance was read at
730 nm using a spectrophotometer against water as a blank sample. All the samples were carried

out in duplicate.

A standard solution was prepared by dissolving 0.0561 g KoHPOa in 1 L of deionised water to
obtain a final concentration of 10 mg/L IP. The solution was used to prepare the calibration
curve (y=12.156x+0.1666, R?=0.9975) after dilutions to obtain different IP concentrations (2,
4, 6, 8 and 10 mg/L).

4.8.2. Determination of total Kjeldahl nitrogen

Total Kjeldahl nitrogen (TKN) content was measured using a Kjeltek TM 8100 distillation Unit
(Foss, Denmark). The method is based on total conversion of the initial forms of nitrogen into
ammonium salts. Specifically, 0.5 g of dry sample were inserted into a digestion tube together
with 25 mL H2S0Os and a tablet catalyst containing 3.5 g K2SO4 and CuzSOa. A blank sample
was prepared as aforementioned. Digestion of the samples was conducted at 430 °C for 1 h and
subsequently the tubes were cooled to room temperature. A distillation step followed by the
automatic addition of 30 mL H.O and 100 mL NaOH (40% w/v).

TKN was calculated as follows:

(Vs —=Vb) X N x 14.007 x 100
Ws

N (%) =

Where, Vs = volume (mL) of 0.1N HCI consumed for the sample
Vb = volume (mL) of 0.1N HCI consumed for the blank
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N = normality of HCI
W;s = weight (mg) of sample

Protein content was calculated as follows:
P (%) = N (%) X 6.25

Where, 6.25: coefficient based on nitrogen percentage in protein (16%).

4.8.3. Determination of ash, lipid content and structural components of lignocellulosic biomass

Ash and oil content were determined according to the AACC Approved Methods 08-01, and
30-25, respectively.

The determination of acid-detergent fiber (ADF), acid-detergent lignin (ADL) and neutral
detergent fiber (NDF) refers to AOAC Official Method 973.18, Fiber (Acid Detergent) and
Lignin (H2SO4) in Animal Feed and was based to Gerhardt application fiber bag-system.
Concentration of cellulose was obtained by subtracting ADL from ADF, hemicellulose was

calculated by subtraction of ADF from NDF, while lignin corresponded to ADL.

4.8.4. Determination of carbon sources

The concentration of carbon sources in fermentation broth was determined by High
Performance Liquid Chromatography (Prominence, Shimadzu, Kyoto, Japan) equipped with an
Rezex ROA-organic acid H* column (300 mm length x 7.8 mm internal diameter,
Phenomenex), coupled to a differential refractometer (RID-10A, Shimadzu, Kyoto, Japan). The
mobile phase was a 10 mM H>SO4 aqueous solution with 0.6 mL/min flow rate at 65 °C.
Monosaccharides were also determined with a Shodex SPO810 column at 60 °C and 1 mL/min

flow rate of pure water as the mobile phase.

4.8.5. Assay of enzymes activity in solid state fermentations

Lipases were determined as previously described by Freire et al.,, 1997 with slight
modifications. Briefly, 0.4 g of fermented solids were added to a 20 mL mixture prepared as
follows and incubated for 20 minutes at 35 °C and 200 rpm. Soybean oil (5% w/v) was
emulsified with arabic gum (5% w/v) in 100 mM sodium phosphate buffer at pH 7.0,
homogenized for 3 minutes prior to each batch of enzymatic reactions. Afterwards, 20 mL of

1:1 ethanol-aceton (v/v) were added to the aforementioned solution and incubated for 10
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minutes under the same conditions. The free fatty acids produced, were titrated with 0.04 N
NaOH until a pH 11 was achieved, using an automatic titration apparatus (Mettler DL21). One
lipase activity unit (U) was defined as the amount of enzymes that releases 1 umol FFA per 1

minute.

Proteases activity was determined as follows. The enzymes were extracted from the fermented
solids (2.5 g) with a solution of 200 mM phosphate buffer (50 mL) at a pH value of 6. Protease
activity was quantified by the FAN production during the hydrolysis of the solid substrate (5
mL) with 15 g/L casein solution (5 mL) at 55 “C within 30 min. One unit (U) of proteolytic

activity was defined as the amount of protease that releases 1 pg FAN in 1 minute.

4.8.6. Enzymatic activity assay of commercial Novozyme 435

Enzymatic assay of lipase was carried out according to ACS Specifications (1993). More
specifically, 2.5 mL deionized water, 1 mL 2 M Tris HCI Buffer (pH 7.7) and 3 mL olive oil
were magnetically swirled and equilibrated to 37 °C using water jacketed glass vials on a
hotplate stirrer (165 rpm). A specific amount of enzyme was added to the reaction mixture and
a 30-minute incubation followed. Subsequently 3 mL 95% ethanol was added. Then the mixture
was titrated with 50 mM NaOH in the presence of thymolphthalein indicator to a light blue
color. A blank sample was prepared by following the same procedure, but without the addition
of enzyme. One unit of lipase activity was defined as the amount of enzyme that hydrolyses
1.0 umole of fatty acid from a triglyceride per minute, at pH 7.7 and 37 °C using olive oil as
substrate. The enzyme activity was expressed as unit of lipase activity per g of the reaction

mixture (U/g).

4.8.7. Determination of fungal biomass in solid state fermentations

Fungal biomass quantification was carried out under a two-step methodology. Initially, dried
fermented solids (0.5 g) and pure fungal biomass (various quantities, 20 - 140 mg) were
hydrolyzed with 6 N HCI and the released N-acetyl glucosamine was determined using Erhlick’s
reagent according to Aidoo et al. (1981). Optical density was read at 530 nm against a blank
reagent and after fitted to a standard curve of N-acetyl glucosamine (y=30.87x+0.0202,
R?=0.9917). N-acetyl glucosamine was calculated for all samples and it was correlated with the
pure fungal biomass (y=20.856x-0.4416, R?>=0.9764).
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4.8.8. Determination of microbial biomass and oil in submerged fermentations

The total dry weight (TDW) was determined by repeatedly washing the produced microbial
biomass, drying at 85 °C for 24 h and cooling in a desiccator. Prior to oil extraction, TDW was
grinded to obtain fine solids. Subsequent chemical disruption of yeast cells was carried out by
heat treatment with HCI according to Tapia et al. (2012). Specifically, dry biomass was
immersed in 4 M HCI at a ratio of 1.5:125 w/v and the mixture was heated at 80 °C for 30-45
min. Cellular debris was removed by centrifugation (9000 x g, 4 °C, 10 min) and the lipids
were extracted with a chloroform/methanol solution (2:1, v/v) as proposed by Folch et al.

(1957). In the case of fungal biomass, the step of HCI treatment was omitted.

After the evaporation of the Folch solution, lipid content was determined gravimetrically in pre-
weighed round bottom flasks.

4.8.9. Fractionation and hydrolysis of microbial oil

Microbial oil was washed with a 3:1 (v/v) mixture of Folch solution (2:1, v/v chloroform -
methanol) and KCI (0.88% wi/v) (Renta), following centrifugation (10000 x g, 10 °C for 10
min). The organic phase was collected and vacuum evaporated to obtain the clarified microbial
oil for its subsequent fractionation. Lipids fractionation was carried out using a column (1.7 x
37.5 cm) of silica gel 60 silanized (0.063 - 0.2 mm, Merck) that was previously activated
overnight at 120 °C. Five bed volumes of chloroform, acetone and methanol were applied for
the sequential elution of neutral lipids (NL), glycolipids plus sphingolipids (GL+SL) and
phospholipids (PL), respectively. The elution procedure was controlled at a flow rate of 0.5-1.0

mL/min. The three isolated fractions were vacuum evaporated for subsequent use.

Microbial oil was hydrolyzed using the lipase Lipomod 34MDP (2%, w/w, calculated by oil
weight) and 0.1 M Tris-HCI buffer at pH 8 at a ratio of 1:1 (v/v). The hydrolysis was carried
out in round bottom flaks that were temperature controlled at 30 °C for 24 h, using a hotplate
stirrer (Witeg, MSH 20D). The reaction was stopped by the addition of hexane and the mixture
was transferred in a separating funnel. The lower layer containing the buffer, glycerol and
enzyme was discarded and the upper organic layer was vacuum evaporated to obtain the free
fatty acids. The acidity of the free fatty acid fraction was measured by titration against 0.04 M

NaOH using an autotitrator.
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4.8.10. Determination of fatty acid composition of microbial oil

The analysis of fatty acid composition in microbial oil was conducted with the production of
fatty acid methyl esters (FAMEs) employing transesterification with sodium methoxide
followed by esterification with methanol using HCI as catalyst. The latter stage was followed
in order to esterify free fatty acids into FAMESs that may have been produced due to microbial
oil hydrolysis by intracellular lipases. The determination of FAMEs was carried out by Gas
Chromatography (GC) Fisons 8060 equipped with a chrompack column (60 m x 0.32 mm) and
a flame ionization detector (FID) using helium as carrier gas (2 mL/min). The oven program
was initiated at 50 °C, heated to 200 °C with a ratio of 25 °C/min (1 min), then increased with
ratio of 3 °C/min up to 240 °C and finally increased to 250 °C with a ratio of 25 °C/min and
maintained for 3 min. Detector temperature was set at 250 °C. FAMEs were identified by
reference to a standard (Supelco® 37 Component FAME Mix, 10 mg/mL in CH.Cl,, 47885-U,
Merck).

4.8.11. Quantification of bio-esters

The determination of esters in the reaction mixture was carried out by GC using a Fisons GC-
8130 unit equipped with FID and a cold on-column injection system, using helium as the carrier
gas at a flow rate of 1 mL/min. Separations of the compounds was performed on a ZB-5HT
inferno capillary column (15 m x 0.25 mm i.d., 0.25 pm film thickness, Phenomenex). The
oven program was initiated at 80 °C, heated to 240 °C with a ratio of 20 °C/min, then increased
with ratio of 15 °C/min up to 290 °C and finally increased to 400 °C and maintained for 6 min.
Detector temperature was set at 400 °C.

The quantification of palmitic and oleic esters was based on calibration curves of reference
standards. Isopropyl and 2-ethylhexyl esters of linoleic and y-linolenic acids were determined
based on reference standards of oleic acid esters due to the lack of commercial standards.

Methyl palmitate was used as the internal standard.

Conversion yield was calculated based on the fact that 1 mole of microbial oil produces 3 moles
of esters as follows (Keng et al., 2009):
mmol ester produced

Conversion yield (%) = 3 % mmol ol used x 100
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4.8.12. Quantification of polyol esters

Conversion yield of the produced neopentyl glycol esters was calculated based on the difference
of the acidity between the free fatty acid fraction that was used as substrate and the final product.
A specific amount of sample was diluted in 40 mL acetone:ethanol solution (1:1, v/v) followed

by autotitration with 0.04 M NaOH. The acidity was calculated as follows:

o VXMXFA
Acidity (%) = ————

Where, V = volume (mL) of NaOH used for titration
M = molarity of NaOH

FA = molecular weight of fatty acids

w = weight (g) of sample used for titration

Conversion yield was determined as follows:

o (Ai — Af)
Conversion yield (%) = - x 100
Where, Ai = initial acidity
As = final acidity

4.8.13. Properties determination of bio-esters

Acid, iodine and saponification values for the produced esters, were determined according to
U.S. Pharmacopeia methods. The acid value was expressed as mg of KOH required to neutralize
the free acids per g of sample. The saponification value was expressed as mg of KOH required
to neutralize the free acids and saponify the esters contained per g of sample. The iodine value
was expressed as g of I, absorbed per 100 g of sample. Refractive index and density were
calculated according to Annual American National Standards (1998).

4.8.14. Properties determination of polyol ester

Structure and purity analysis of biolubricants were performed by *H, *C, and gHSQCAD
Nuclear Magnetic Resonance (NMR) on a Bruker Avance I11 500 equipment (11.75 Tesla of
magnetic field) at 28 °C. The sample was dissolved in CDCl3 containing 0.05% v/v TMS as
THE internal reference (& = Oppm). Experiments were recorded in a 5 mm direct detection

probe. The *H NMR spectrum of 8% v/v solution was acquired with the observation frequency
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of 500.13 MHz, using 30° rf pulses, relaxation delay of 15.0 s, acquisition time of 3.2 s, spectral
width of 10.0 KHz and 64 transients were accumulated. The *H NMR spectrum was processed
using a line broadering of 0.3 Hz. The **C NMR spectrum of 25% v/v solution was acquired
with the observation frequency of 125.8 MHz, using 90° rf pulses, relaxation delay of 20 s,
acquisition time of 1.1 s, spectral width of 29.8 Hz and 2048 transients were accumulated. The
'H broad band decoupler was set in the inverted-gated mode to avoid NOE (zgig pulse
sequence). The °C spectrum was processed using a line broadening of 1.0 Hz. For the *H-13C
gHSQC spectrum of 25% v/v solution, the one-bon *Jcw coupling constant filter of 145 Hz was
used to set delays in the gHSQCedetgpsisq 2.3 pulse sequence. gHSQC spectrum was recorded
using 128 F2 increments, 64 scans per increment, relaxation delay of 1.5 s, acquisition time of
0.220 s, spectral window of 9.4 KHz (F2) and 188.5 KHz (F1) filled with 4096 x 1024 data
points. A QSINE function using 1.0 Hz x 0.3 Hz (F1 x F2) was applied to both F1 and F2
dimensions before zero filling F2 to 4 K points and Fourier transformation.

Viscosity was determined with a calibrated viscometer tube (Cannon-Fenske) at two different
temperatures (40 °C and 100 °C). Viscosity index (cSt) was calculated according to the ASTM
D445 international viscosity index table.

Acid number was determined according to ASTM D664 and it was expressed as mg of KOH

required to neutralize the free fatty acids per g of sample.

4.8.15. Phenolic compounds determination, characterization and incorporation in sunflower oil
4.8.14.1. Extraction of phenolic compounds

The extraction procedure was carried out in an ultrasonic bath using 5 g dry sample and an
aqueous solution of ethanol (70%, v/v) acidified with HCI (0.01%, v/v) as a solvent. After
extraction, the samples were filtered and extracts were evaporated at 40 °C under reduced
pressure (Rotary evaporator, BUCHI, R-114). The residue was re-dissolved in 50 mL
acetone/water (1:1, v/v), washed four times with an equal volume of hexane, followed by ethyl
acetate extraction (50 mL, four times). The ethyl acetate extracts were combined, and the
solvent was evaporated. The residue was re-dissolved in 10 mL methanol and kept at -20 °C

until further analysis.

4.8.14.2. Total phenolic compounds determination
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The TPC of the methanolic extracts was determined using the Folin-Ciocalteu method, as
described by Faustino et al. (2010) and Papageorgiou et al. (2008). Briefly, 50 uL extract, 450
mL distilled water and 2.5 mL 0.2 N Folin-Ciocalteu reagent were transferred into a test tube,
vortexed for 1 min and allowed to stand for 8 min. Subsequently, 2 mL of an aqueous solution
of Na,COs (75 g/L) were added and the mixture was left to react in the dark for 90 min at room
temperature. The absorbance (relative to that of a blank prepared using methanol instead of
extract) was measured at 765 nm using a double-beam UV-Vis spectrophotometer (Jasco V-
530) and compared to a gallic acid calibration curve (y=0.9174x-0.0231, R?=0.9986). The

results were expressed as mg of gallic acid equivalents (GAE) per g of dry mass.

4.8.14.3. Determination of the antioxidant activity

The antioxidant activity of the methanolic extracts was assayed using the DPPH-free radical
scavenging method as proposed by Scherer and Godoy (2009). Briefly, 100 uL of properly
diluted methanolic extract were added to 3.9 mL of DPPH solution (80.1 uM in methanol) and
left in the dark at room temperature for 90 min. The absorbance was measured at 517 nm against
methanol as a blank, using a double-beam UV-Vis spectrophotometer (Jasco V-530, Tokyo,
Japan). A mixture consisted of 100 uL methanol and 3.9 mL of DPPH solution was used as a
control. The antioxidant activity index (AAI) was calculated as follows according to Scherer
and Godoy (2009):

Final concentration of DPPH (M)
— mL
AAl = g
ICSO(E)

Where, 1Csp: concentration providing 50% inhibition.

4.8.14.4. Identification of individual phenolic compounds

Chromatographic analysis was carried out on a Prominence HPLC system (Shimadzu, Kyoto,
Japan), equipped with an on-line degassing unit (DGU-20A), a quaternary pump (LC-20A), an
auto sampler (SIL-20A), a column-oven (CTO-20A) and a photo-diode array detector (SPD-
M20A). Separation was performed on a Waters Nova-Pack C18 column (150 mm x 3.9 mm, 4
um particle size, Milford) at ambient temperature (25 °C) with gradient elution (solution A:
0.1% by volume formic acid in 5% methanol (Merck,) and solution B: 0.1% by volume formic
acid (Merck) in 100% methanol). The gradient program was the following: 0, 100% A; 15 min,
75% A; 40 min, 65% A; 60 min, 55% A; 65 min, 50% A; 90-95 min, 0% A and 110-120 min,
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100% A. The flow rate of the mobile phase was 1 mL/min and the injection volume was 20 pL
(Cai et al., 2004).

Identification of the individual phenolic compounds was based on comparison of the retention
times and the UV spectrum of unknown peaks to those of authentic compounds. Quantitative
analysis was based on calibration curves constructed at specific wavelengths of reference

compounds using the external standard method.

4.8.14.5. Phenolic extracts incorporation in sunflower oil

A commercial sunflower oil was supplemented with specific amounts of PKC and PPF phenolic
extracts. A known volume of methanolic extract isolated as described in Section 4.8.15.1, was
transferred into a test tube and the solvent was evaporated under nitrogen stream. The residue
was re-dissolved by addition of 0.8 mL propylene glycol. Subsequently, 5 g of sunflower oil
were added, and the mixture was shaken vigorously for 15 min at room temperature. Propylene
glycol was employed as an aid for phenolics dissolution in the oily phase (Salta et al., 2007).
The synthetic antioxidant butylated hydroxyanisole (BHA, Sigma-Aldrich) was also used for

comparison at a concentration of 0.02%, which is the maximum allowed.

4.8.14.6. Accelerated oxidation stability test

A Metrohm Rancimat model 679 (Herisau, Switzerland) was used to measure the oxidative
stability index (OSI) before and after the enrichment of the sunflower oil with the PKC and PPF
extracts. The tests were carried out with 3 g oil samples at 120 °C and at an airflow rate of 20

L/h. OSI was expressed as induction time (h).

4.9. Statistical analysis

JMP 8 software was used for statistical analysis (Section 4.8.15). The data were compared using
analysis of variance (ANOVA) and Pearson’s linear correlation at 5% significance level.
Significant differences between means were determined by Honest Significant Difference
(HSD-Tukey test) at levels of p<0.05 and 0.01. All values were reported as means of three

independent determinations and the results were expressed as mean values * standard deviation.
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CHAPTER 5
Valorisation of by-products from palm oil processing for

the production of generic fermentation media for microbial

oil synthesis
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5.1. Introduction

The establishment of consolidated bioprocesses in conventional industrial plants is dependent
on the exploitation of all residual streams for the production of energy, chemicals, biopolymers
and various value-added products. Development of solid state fermentation (SSF) constitutes a
feasible process to be integrated in biorefinery concepts focusing on the valorisation of various
agro-industrial waste and by-product streams (Thomas et al., 2013).

Oil palm tree (Elaeis guineensis) is the principal source of palm oil and palm kernel oil. It is
estimated that roughly 10% of the palm tree yields in palm oil while the rest 90% corresponds
to palm biomass, particularly to empty fruit bunches (EFB), palm pressed fiber (PPF), palm
kernel cake (PKC), palm kernel shells (PKS,) oil palm fronds, trunks, leaves and roots and
finally palm oil mill effluent (POME). These streams that amount to 428 million tons per year
globally (Anonymous, 2017) are considered as by-products with restricted applications and a

low economic value.

Industrial large-scale implementation of SSF processes encounters difficulties in separation and
refining of the final product, aeration, inadequate heat removal and substrate distribution among
others (Couto and Sanroméan 2006). The aforementioned bottlenecks along with the necessity
to establish SSF processes achieving high productivities and minimum operational problems
indicate the need for the optimisation of solid-state bioreactor systems with enhanced enzyme

production efficiency.

In order to overcome scale-up limitations of conventional tray bioreactors, instrumented
rotating drum bioreactor constitutes a promising model to elucidate and control SSF processes.
A 15 L Terrafors bioreactor was designed for thermophilic xylanase production process
(Mienda et al., 2011) aiming to undertake many of the current SSF industrial production.
Tippkotter et al. (2014) employed the same bioreactor to scale up enzymatic hydrolysis of
lignocellulose deriving from beech wood, followed by its further utilisation for the production

of biobutanol and dicarboxylic acids.

SSF bioprocesses could be implemented as individual processing strategies for the production
of enzymes, biopolymers or microbial oil (Chutmanop et al., 2008; Oliveira et al., 2004;
Cheirsilp and Kitcha, 2015). Alternatively, SSF could be integrated in multiple stage steps
coupled with enzymatic hydrolysis to generate nutrient rich supplements utilized in yeast

bioconversions for microbial oil production (Tsakona et al. 2014)
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The capability of the oleaginous yeast Lipomyces starkeyi to assimilate a broad range of
feedstock resulting in the accumulation of high intracellular lipids has been widely evaluated
in several studies employing various fermentation modes. Lin et al. (2011) achieved a total dry
weight of 104.6 g/L with a lipid content of 64.9 % (w/w) using glucose-based mineral medium.
Research is currently focused on the utilisation of renewable resources, including wheat straw
hydrolysates, flour-rich waste hydrolysates, yeast spent mass and sugarcane bagasse (Yu et al.,
2011; Tsakona et al., 2014; Yang et al., 2014; Anschau et al., 2014).

The target of the present study is to exploit the nutrient content of PKC in order to formulate a
generic feedstock for fermentation processes. The PKC was initially used as substrate for the
production of enzymes by the fungal strain Aspergillus oryzae via SSF carried out in tray
bioreactors and a rotating drum bioreactor. The optimisation of SSF in tray bioreactors was
used as the basis for technology transfer to a fully controlled rotating drum bioreactor. The
crude enzyme consortia produced during SSF were subsequently used to hydrolyze PKC
macromolecules to provide fermentation nutrient supplement that could replace commercial
nutrient sources. The capability of the produced feedstock was assessed by conducting shake
flask fermentations with the oleaginous yeast L. starkeyi using different carbon sources.

5.2. Composition of palm kernel cake and palm pressed fiber

The composition of PKC and PPF is presented in Table 5.1. The protein content of PKC was
12.8% while in the case of PPF, it was 3 folds lower. Other oilseed meals, such as sunflower,
rapeseed and soybean meals contain more protein than PKC, ranging between 26 - 52%
(Kachrimanidou et al., 2013; Koutinas et al., 2014).

Hydrolysis of the lignocellulose fraction in PKC into C5 and C6 sugars provides carbon sources
for the production fermentative production of ethanol (Jorgensen et al., 2010) and butanol
(Shukor et al., 2016). PKC has been evaluated as the sole carbon source for the production of
p-mannanase by Aspergillus niger in column bioreactors (Abdeshahian et al., 2010) or
supplemented with salt solution and nitrogen and carbon sources for tannase production (Sabu
et al., 2005). Enzymatic hydrolysis of the protein contained in PKC lead to the release of amino
acids and peptides thus facilitating their uptake by microbial strains for cell growth and

metabolite synthesis.
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Table 5.1 Composition of palm kernel cake and palm pressed fiber.

Palm kernel Palm pressed

Composition cake fiber
Ash 3.1+0.1 3.0+0.2
Moisture 4.1+0.2 3.9+0.1
Protein 12.8+0.6 4.2+0.2
C/N ratio 25.2+0.9 69.5+2.7
Lipids 9.2+1.3 4.4+0.2
Acid Detergent Fiber 50.7£2.3 62.4+3.0
Acid Detergent Lignin 13.3+0.3 26.911.1
Neutral Detergent Fiber 66.9+£3.5 79.0£4.0
Cellulose 37.5+15 35.5%1.2
Hemicellulose 16.2+0.4 16.6+0.3

@ Results were expressed as g per 100 g of dry solids

5.3. Solid state fermentation in tray bioreactors

The main goal of this study was the production of a nutrient-rich supplement from PKC and
PPF for fermentative production of microbial oil. A two-stage process was implemented where
PKC and PPF were evaluated as sole substrates in SSF to produce crude enzyme consortia. The
fungal strain A. oryzae was employed as a highly efficient protease producer. After the protease
activity reached the highest value, the fermented mass was combined with unprocessed PKC in

enzymatic hydrolytic reactions to formulate eventually a generic feedstock for bioconversion.

Moisture content is one of the most important parameters for the optimisation of SSF. The
micronutrients tend to be more accessible when water is adequate in the solid substrate although
in the case of excessive concentrations of water, oxygen diffusion is restricted (Chutmanop et
al., 2008). Optimisation of SSF focused on maximizing the production of protease. Thus, five
sets of experiments were carried out evaluating different initial moisture contents during SSF
of PKC used as the sole substrate. Figure 5.1 presents the profile change of protease activity at
different initial moisture contents (50 - 70%). A similar protease production pattern was
observed in all cases that increased up to 48 h followed by steady declining. The highest
proteolytic activity (319.3 U/g) was obtained after 48 h of fermentation. This value is lower

than the maximum protease activity achieved by Kachrimanidou et al. (2013) via SSF with the
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same fungal strain cultivated on sunflower meal as substrate (400 U/g). The same strain was
also utilized in SSF with rapeseed meal leading to a protease activity of 728 U/g after 67 h
(Wang et al. 2010) as well as with wheat flour leading to production of a protease activity of
172.8 U/g after 97 h (Wang et al. 2009). Sandhya et al. (2005) evaluated various agro-industrial
by-products for their potential to promote neutral protease production. It was demonstrated that
SSF performed on wheat bran with A. oryzae NRRL 1808 was more effective compared to the
other raw materials including PKC, with a proteolytic activity of 31.2 U/g after 72 h.

400

300+

200+

100+

Proteolytic activity (U/g, db)

0 20 40 60 80 100
Fermentation time (h)

Figure 5.1 Protease production during solid state fermentation with A. oryzae cultivated on

palm kernel cake at different initial moisture contents: 50% (o), 55% (m), 60% (A ), 65% (o),
and 70% (e).

According to the results presented in Figure 5.1, the protease activity was maximized at an
initial moisture content of 55%. Other studies employing A. oryzae strains for protease
production have reported optimal moisture contents of 43.6 % in the case of wheat bran
(Sandhya et al., 2005), 50% in the case of wheat bran and rice bran at a ratio of 0.33 (Chutmanop
et al., 2008) and 65% in the case of sunflower meal (Kachrimanidou et al., 2013). Moisture
contents lower than 55 % lead to diminished water activity, to levels unfavorable for fungal
growth. Moisture contents higher than 55% cause a decrease in substrate porosity, leading to

the adhesion of solid particles, thereof impeding the oxygen intake by the fungus.
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Subsequently, profile change of protease production during SSF of 70:30 PKC to PPF ratio was
investigated at 55% and 65% initial moisture content (Figure 5.2). The maximum proteolytic
activity (208.4 U/g, db) was achieved at 55% initial moisture content after 52 h. The obtained
value is approximately 35% lower than the proteolytic activity obtained by utilising only PKC
as the solid substrate in SSF. For this reason, subsequent experiments for the optimisation of
PKC hydrolysis were performed implementing solely PKC as the substrate in SSF carried out
for 48 h with 55% moisture content. The hydrolysis of PKC was also evaluated using crude

enzymes produced via SSF carried out with a PKC to PPF ratio of 70:30.
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Figure 5.2 Protease production during solid state fermentation with A. oryzae cultivated in a
solid substrate containing a palm kernel cake to palm pressed fiber ratio of 70:30 and two initial
moisture contents: 55% (m) and 65% (o).

5.4. Enzymatic hydrolysis of palm kernel cake

The formulation of a generic fermentation feedstock from PKC was evaluated regarding the
hydrolysis of protein to amino acids and peptides along with the release of IP from the
hydrolysis of phytate. Enzymatic hydrolysis of renewable resources is attributed to the
synergistic action of various enzymes and occurs simultaneously with autolysis of fungal mass
arising from oxygen exhaustion in Duran bottles leading to the production of various nutrients
(Koutinas et al., 2005).
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The effect of temperature, initial solids concentration and initial enzymatic activity on free
amino nitrogen (FAN) and inorganic phosphorus (IP) production was assessed during
hydrolysis of PKC. Figure 5.3 presents the production of FAN and IP performed at 40 - 65 °C
with an initial PKC concentration of 66.7 g/L, uncontrolled pH conditions and after 48 h of
enzymatic hydrolysis. Hydrolysis at 50 °C showed the highest FAN production (5.6 mg/g)
combined with maximum IP production of 1.7 mg/g. Lower FAN concentrations were obtained
at 40 °C (5.3 mg/g). Temperatures higher than 50 °C resulted in a decrease for both FAN and
IP production. The conversion yield of Total Kjeldahl Nitrogen (TKN) to FAN (Figure 5.3)
reached 27.2% at the best temperature (50 °C).
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Figure 5.3 Production of free amino nitrogen (FAN) and inorganic phosphorus (IP) and
hydrolysis yield (m) during the hydrolysis of palm kernel cake (66.7 g/L, db) at five different
temperatures (40 - 65 °C) using initial proteolytic activity of 6 U/mL.

Figure 5.4 illustrates the profile change of the produced FAN and IP during hydrolysis
performed with three different initial PKC concentrations (48.7, 73.7, and 98.7 g/L, db) at 50
°C using an initial proteolytic activity of 6 U/mL. The reported concentrations of solids include
all solids utilized in SSF together with the unprocessed PKC added in hydrolysis experiments.
The initial FAN and IP concentrations were subtracted from initial values to assess FAN and
IP generation deriving from hydrolysis of PKC. Increasing PKC solid concentrations resulted

in increased FAN and IP production, yielding respectively in 451.6 mg/L and 161.3 mg/L when
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an initial solid concentration of 98.7 g/L was utilized after 48 h of hydrolysis. Conversion yield
of TKN to FAN was calculated including the total quantity for PKC used both in SSF and in
hydrolysis, reaching 27.9% when employing an initial PKC concentration of 48.7 g/L.
Increasing concentrations of PKC led to decreased TKN to FAN conversion yields varying
between 21.4 - 22.3% for the higher initial solid loadings. Thereof subsequent experiments were
performed at 48.7 g/L.
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Figure 5.4 Production of free amino nitrogen (FAN) (a) and phosphorus (IP) (b) during the
enzymatic hydrolysis of palm kernel cake at three different initial substrate concentrations (48.7
g/L (e), 73.7 g/L (m), 98.7 g/L (A), db) using initial proteolytic activity of 6 U/mL.

The effect of initial proteolytic activity was evaluated at 48.7 g/L initial PKC concentration
(Figure 5.5). Increasing initial proteolytic activity (11.9 U/mL) led to similar FAN and IP
production compared to the initial proteolytic activity of 6 U/mL. The maximum FAN
production was 262.0 mg/L and 278.3 mg/L, whereas IP production was 96.3 and 101.6 mg/L,
for proteolytic activities of 6 and 11.9 U/mL, respectively. Since the increase of proteolytic
activity did not demonstrate an apparent effect in PKC hydrolysis and further increase of FAN
production, PKC hydrolysis was subsequently carried out using 48.7 g/L PKC concentration
and 6 U/mL proteolytic activity at 50 °C.
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Figure 5.5 Production of FAN (m) and IP (o) during the hydrolysis of palm kernel cake using
the initial proteolytic activity of 11.9 U/mL.

5.5. Solid state fermentation and production of nutrient-rich hydrolysates in a rotating

drum bioreactor

After evaluating the SSF in tray bioreactors and hydrolysis of PKC for the production of a
generic fermentation feedstock, the production of enzymes and PKC hydrolysates was scaled
up in a rotating drum solid-state bioreactor (Terrafors). Two fermentations were carried out
using 1000 g of a mixture of PKC and PPF at a ratio of 70:30. The fermentations were
performed at 50 °C, 55% moisture content, and uncontrolled pH, following the best conditions
identified in the SSFs carried out in tray bioreactors (Figure 5.6). It should be stressed that,
initially, fermentations in the rotating drum bioreactor were carried out with PKC as the sole
substrate, but the fermentation efficiency was rather low due to operational limitations occurred
by the agglomeration of PKC particles during fermentation. This could be attributed to the
enhanced adhesive properties of the hydrolyzed protein of PKC. The optimum ratio of 70%
PKC and 30% PPF was identified by conducting several fermentations in the rotating drum

bioreactor.
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Figure 5.6 Protease production during solid state fermentations carried out (55% moisture
content, 50 °C, and uncontrolled pH) in a rotating drum bioreactor using A. oryzae and a palm

kernel cake to palm pressed fiber ratio of 70:30.

As depicted in Figure5.6, the highest proteolytic activities of 128.8 U/g was obtained at 48 h.
These values are lower compared to the maximum protease activity (208.4 U/g, db) achieved

in tray bioreactors using 5 g of the same substrate.

After SSF, distilled water was aseptically added in the same Terrafors bioreactor to initiate
hydrolytic reactions. In this context, it is important to mention that the Terrafors was only
opened at the end of the hydrolysis step, in order to prevent contamination. The FAN production
after 48 h of hydrolysis was 201.5 =+ 5.1 mg/L. The FAN concentration achieved was lower
compared to the maximum FAN production achieved in tray bioreactors. This could be
attributed to the lower protease activities obtained during the SSF in the rotating drum
bioreactor. Furthermore, the Terrafors has low maximum mixing speed of 10 rpm, which does
not provide adequate mixing during enzymatic hydrolysis at high solid matter contents (Roche
et al., 2009).

5.6. Shake flask cultures of L. starkeyi for microbial oil synthesis

Utilisation of hydrolysates deriving from renewable resources as fermentation nutrient

supplements has been previously reported as beneficial for the cultivation of the oleaginous
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strain used in this study (Tsakona et al., 2014; Leiva et al., 2015). The ability of L. starkeyi to
grow and produce microbial oil on PKC hydrolysates was evaluated. Table 5.2 presents the
results of shake flask experiments carried out with an initial sugar concentration of around 60
g/L, while the initial FAN concentration in the hydrolysate was 231.5 + 13.4 mg/L. Arabinose,
xylose, galactose, mannose, and glucose were employed as the C5 and C6 sugars in view of
their prevalence in hydrolysate deriving from lignocellulosic biomass. All fermentations lasted
from 120 to 192 h. The C/N ratio for each case examined, was 84.5 £ 3.5 calculated by the
carbon content of the synthetic hexose or pentose employed and the initial FAN concentration
in the PKC hydrolysate. Moreover, a shake flask fermentation was carried out on glucose
supplemented with commercial nutrient sources and a shake flask fermentation was carried out

using only PKC hydrolysate.

Table 5.2 Fermentation efficiency achieved by L. starkeyi when cultivated in shake flasks on
different carbon sources with an initial sugar concentration of 60 g/L using either palm kernel

cake hydrolysates or commercial nutrient supplements.

C/N TDW?  Microbial oil  Lipid content  Yield Productivity

Substrate oo (glL) (g/L) (%) (9/9) (g/L/h)
Arabinose 82 12.7 3.7 29.1 0.078 0.019
Xylose 81 20.7 5.7 275 0.116 0.047
Galactose 88 21.2 7.0 33.1 0.121 0.049
Mannose 89 224 7.1 31.7 0.143 0.059
Glucose 80 20.6 7.3 35.5 0.127 0.076
Glucose? 85 22.2 8.2 36.8 0.153 0.068

! Commercial nutrient supplements: yeast extract, peptone, and minerals; ?total dry weight

When glucose, xylose, mannose, and galactose were supplemented with PKC hydrolysate, the
final total dry weight (TDW) ranged from 20.6 to 22.4 g/L, which was similar or slightly lower
than the TDW (22.2 g/L) obtained with glucose and commercial nutrient supplements (yeast
extract and peptone). Only in the case of arabinose, the TDW achieved (12.7 g/L) was
significantly lower than any other fermentation carried out with L. starkeyi in this study. The
concentration of lipids achieved was in the range of 5.7 - 7.3 g/L when glucose, xylose,
mannose, and galactose were used in combination with PKC hydrolysates. The lipid
concentration (8.2 g/L) and intracellular content (36.8 %) were higher when glucose and

commercial nutrient supplements were used. In all fermentations, lipid accumulation was
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initiated after 48 h of inoculation when FAN was almost depleted from the medium. When PKC
hydrolysate was used without carbon source as fermentation medium, no lipid accumulation
was observed and the TDW was only 0.7 g/L. As a conclusion, the results obtained with PKC
hydrolysate show that L. starkeyi can be cultivated in this complex nutrient source, leading to

microbial oil production.

Some literature-cited studies have focused on batch production of microbial oil from L. starkeyi
when cultivated on lignocellulosic hydrolysates and industrial waste streams including olive
mill wastewater (Yousuf et al., 2010), potato starch (Wild et al., 2010), and several hydrolysates
of wheat straw (Yu et al., 2011), rice (Probst 2014), Arundo donax (Pirozzi et al., 2014) and
sugarcane bagasse (Xavier et al., 2017 b). In all cases TDW ranged from 6.3 g/L to 14.7 g/L
with microbial oil concentrations varying between 1.3 - 4.6 g/L while productivities were quite
low up to 0.08 g/L/h. Other studies dealing with fermentation of corn (Huang et al., 2014;
Probst & Vadlani 2015; Calvey et al., 2016), wheat bran (Probst & Vadlani 2015) and spent
yeast mass (Yang et al., 2014) hydrolysates have been proven more efficient reaching TDW of
17.1 - 24.6 g/L and microbial oil production of 6.1 g/L - 9.4 g/L. Intracellular lipids contents
higher than 50% have been achieved when detoxified rice bran hydrolysate was utilized as
carbon and nitrogen sources by L. starkeyi resulting in TDW of 13.5 g/L (Sutanto et al., 2017)
while lipids titers up to 12 g/L have been reported when flour-rich waste hydrolysates were

used as the sole media in shake flask fermentations (Tsakona et al., 2014).

Limited literature-cited studies have reported microbial oil production through supplementation
with oilseed meal hydrolysates. Kiran et al. (2013) developed a medium rich in nitrogen for
lipid production by hydrolyzing rapeseed meal using the enzymes produced by A. oryzae.
Rapeseed meal hydrolysates and glucose were used in shake flask fermentations
with Rhodosporidium toruloides Y4 resulting in 10 g/L of TDW. Leiva et al. (2015) utilized
sunflower meal hydrolysates combined with crude glycerol during cultivation of L. starkeyi in
shake flasks achieving 17.4 g/L of TDW and 5.1 g/L microbial oil.

Table 5.3 shows the fatty acid profile of microbial lipids produced during the cultivation of L.
starkeyi in PKC hydrolysates. Microbial oil contained mainly oleic acid (C18:1) and palmitic
acid (C16:0) followed by stearic acid (C18:0). The percentage of saturated fatty acids was
higher than 35% (w/w) of the total fatty acids. Xavier and Franco (2014) reported that C18:1
(48.2%), C16:0 (27.8 %), C18:2 (10.1 %), and C18:0 (6%) were the main fatty acids determined

in the microbial oil produced by L. starkeyi when cultivated on hemicellulose hydrolysate from
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sugarcane bagasse in batch fermentations. Tapia et al. (2012) reported the production of C18:1
(45.7%), C16:0 (36.2%), C18:0 (12.1 %), and C18:2 (3.5%) using the same strain of L.
starkeyi in batch cultures. Anschau and Franco (2015) demonstrated that C16:0 (42.3%) and
C18:1 (38.6%) were the predominant lipids when L. starkeyi was cultivated in xylose and urea

under fed-batch mode.

Table 5.3 Fatty acid profile (%, w/w) of intracellular lipids accumulated at the end of shake
flask fermentations of L. starkeyi cultivated on various carbon sources with an initial sugar
concentration of 60 g/L using either palm kernel cake hydrolysates or commercial nutrient

supplements.

substrate C14:0 141 cie0 COL g 181 Cl82 Cl83 - Q204 g0
A9 A9 A9 A9,12  A9,12,15 A5,8,11,14
Arabinose 0.6 30.7 6.2 7.3 40.4 8.6 6.1
Xylose 05 1 324 52 7 449 29 6.1
Glucose 0.8 337 49 75 453 39 3.9
Mannose 09 47 246 44 99 383 59 52 6.1
Galactose 23 4 196 32 137 31 61 7.7 59 65
Glucose® 1 08 361 43 68 43 41 4.1

aCommercial nutrient supplements: yeast extract, peptone, and minerals

5.7. Concluding remarks

The main advantage of the process developed in this study is the utilisation of a crude renewable
resource for the production of fermentation supplements, leading to the replacement of yeast
extract. It is expected that the cost of on-site production nutrient supplements will be cheaper
than the supply of commercial nutrient supplements such as yeast extract due to the
development of an integrated process. Koutinas et al. (2004) showed that the production of
crude fermentation media from wheat could be more cost competitive than commercial

feedstocks.
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CHAPTER 6
Extraction of phenolic compounds from palm oil processing

residues and their application as antioxidants
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6.1. Introduction

Oil palm mills pose significant environmental concerns through the generation of solid and
liquid waste streams during the manufacturing process combined with the utilisation of excess
quantities of water and energy. To overcome arising sustainability issues in combination with
the financial viability of the process, efficient exploitation of residual palm biomass should
focus on the production of high value-added products such as phytochemicals.

The largest and more attractive group of phytochemicals encompasses the phenolic compounds
mostly phenolic acids, flavonoids, tannins and lignans. Several reports have demonstrated the
positive effects of these bioactive compounds on the pharmaceutical, medical, and nutraceutical
field (Xavier et al., 2017 a; Pande et al., 2017). Studies on the extraction, recovery and
quantification of phenolics from oil palm biomass are rather limited in the literature.
Indicatively, several phenolic fractions deriving from oil palm fruits (Neo et al., 2010), empty
fruit bunches (EFB) (Han and May 2012), palm pressed fiber (PPF) (Nang et al., 2007) and
palm kernel cake (PKC) (Kua et al., 2015) have been extracted and evaluated, with p-
hydroxybenzoic acid, p-coumaric acid and ferulic acid being the predominant phenolics.

The prospect of using phenolic compounds, deriving from agro-industrial by-products, as
natural food antioxidants is of paramount industrial interest. Besides, individual phenolic
compounds i.e 4-hydroxybezoic acid, pyrogallol and ferulic acid could be applied in various
sectors including pharmaceuticals, cosmetics, chemical industry, resins manufacturing and food
processing and preservation (Chakraborty et al., 2006; Wang et al., 2018, Kumar and Pruthi
2014; Kawamura et al., 2014; Kim, 2015).

The aim of the current study was initially to evaluate the phenolic content of various side
streams deriving from the palm oil production process and subsequently to choose the stream
with the highest phenolics concentration and antioxidant activity. HPLC-DAD analysis was
employed for the identification and quantification of the main phenolic compounds present in
the extracts of the solid residues. Parameters including, extraction time and liquid to solid ratio
were assessed for the efficient extraction of phenolic compounds from PKC, which were further

incorporated into sunflower oil targeting to the extension of its shelf life.

6.2. Assessment of total phenolic content and antioxidant activity of oil palm residues

Preliminary experiments were conducted using oil palm solid wastes in order to select the most

efficient in terms of total phenolic content (TPC) and antioxidant activity index (AAl). Figure
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6.1 depicts the TPC and the AAI of PKC, PPF, palm kernel shells (PKS) and EFB extracts from
two consecutive extraction cycles. Based on ANOVA'’s results, a statistically significant
difference on the concentration of total phenolics for the aforementioned waste streams
(p<0.01) was detected. Proceeding with Tukey test (Figure 6.1), comparison between TPC of
PPF and PKS did not show any statistically significant difference with respective values of 3.6
mg GAE/gds of dry sample (gds) and 3.7 mg GAE/gds. EFB showed the lowest TPC (1.8 mg
GAE/gds) whereas PKC exhibited the highest TPC equal to 5.2 mg GAE/gds. Statistically
significant differences were demonstrated between the TPC of PKC and PPF or EFB or PKS,
of PPF and EFB and finally of EFB and PKS. PKC extract exposed a relatively higher TPC
than the ethanolic extract of sunflower meal (4.4 mg GAE/gds), a by-product from the biodiesel
industry (Kachrimanidou et al., 2015) and the sesame cake extracts (0.8 mg GAE/gds)
(Mohdaly et al., 2013).
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Figure 6.1 Total phenolic content (mg gallic acid equivalents/g dry matter) and antioxidant
activity index of palm kernel cake (PCK), palm pressed fiber (PPF), palm kernel shells (PKS)
and empty fruit bunches (EFB) extracts from two extraction cycles using a liquid-to-solid ratio
of 30:1 and 20 min extraction time. Data are presented as mean + standard deviation of three
independent replicates (p<0.01, 95%). Columns with different letter are significantly different
(p<0.05 and p<0.01).
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As estimated by the 2,2 diphenyl-1-picrylhydrazyl radical (DPPH) assay, the AAI of the
extracts, varied between 0.18 and 1.48, following the order of EFB < PPF < PKC < PKS.
According to Scherer and Godoy (2009) classification, extracts of PPF belong to the moderate
antioxidants, whereas the extracts of PKC and PKS belong to the strong ones. A significant
positive correlation was obtained between TPC and AAI (R? = 0.80) regarding all waste
streams. Similar data were obtained by Velioglu et al. (1998) that reported TPC and antioxidant
activity of 28 plants, including several fruits, vegetables, medicinal plants as well as sunflower
seeds and hull, flaxseeds and wheat germ. They demonstrated a significant relationship between
these two factors for all plant materials except for the anthocyanin-rich materials and medicinal
plants.

As the PKC extract had the highest TPC as well as strong antioxidant activity, it was selected
for further investigation. Moreover, PKC is one of the main side streams of the palm fruit

processing industry.

6.3. Effect of extraction time and liquid-to-solid ratio on total phenolic content and

antioxidant activity of palm kernel cake

The extraction time and liquid to solid ratio were investigated to establish the best conditions
for maximum TPC and AAI regarding PKC extracts. Three different extraction times were
tested (10, 20 and 40 min) and the data obtained are presented in Figure 6.2. ANOVA analysis
showed a statistically significant effect of the extraction time on TPC of PKC (p<0.01).
Increasing extraction time until a threshold and based on total phenolic potential of the solid
matrix, lead to an increment of total extracted phenolics. It was observed that the lowest TPC
(2.8 mg GAE/gdb) was obtained with the shortest extraction time (10 minutes), whereas the
highest TPC (6.1 mg GAE/gdb) pertained to 40 minutes. TPC of PKC obtained from the three
different extraction times presented statistically significant differences among all possible
combined pairs. When 20 minutes were applied for extraction, TPC was reduced almost 15%
in comparison to 40 minutes. Concluding with Pearson’s linear correlation, a significant
negative correlation between TPC and AAI was reported (R?> = - 0.77). AAl was not

significantly affected by any applied regime.
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Figure 6.2 Effect of extraction time on total phenolic content of palm kernel cake (mg gallic
acid equivalents/g dry matter) and its antioxidant activity index using a liquid to solid ratio of
30:1. Data are presented as mean + standard deviation of three independent replicates (p<0.01,

95%). Columns with different letter are significantly different (p<0.05 and p<0.01).

Subsequently, the liquid to solid ratios of 5:1, 20:1, 30:1 and 40:1 were investigated and their
effect on TPC and AAl is presented in Figure 6.3. Increasing the liquid-to-solid ratio, both TPC
and AAI were improved, revealing statistically significant differences as far as TPC was
concerned (p<0.01). These results could be attributed to mass transfer phenomena and more
specifically to the higher penetration of solvent into plant cells leading to the release of more
phenolic compounds and their easier diffusion into the solvent (Radojkovi¢ et al., 2012). Tukey
test demonstrated that solely the ratio of 5:1 differs significantly from the other ratios (20:1, or
30:1, or 40:1). Finally, a significant positive correlation between TPC and AAI was
demonstrated (R? = 0.99).
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Figure 6.3 Effect of liquid-to-solid ratio on total phenolic content (TPC) of palm kernel cake
(mg gallic acid equivalents/g dry matter) and its antioxidant activity index (AAIl) using 20 min
extraction time. Data are presented as mean + standard deviation of three independent replicates
(p<0.01, 95%). Columns with different letter are significantly different (p<0.05 and p<0.01).

Wong et al. (2015) studied pH (2 - 6), temperature (30 - 80 °C), liquid to solid ratio (10:1-
100:1), ethanol concentration (20 - 80 %) and extraction time (30 - 300 min) for the extraction
of phenolic compounds from PKC. It was demonstrated that TPC and antioxidant activity
increased when the liquid to solid ratio was increased from 10:1 to 100:1. However, the effect
of extraction time on TPC content was not found statistically significant, which is in contrast
to our results. Additionally, Buci¢-Koji¢ et al. (2007) reported a significant difference of
polyphenols recovery yield from grape seeds depending on liquid to solid ratio, with the highest
polyphenols concentration obtained using a ratio of 40:1. Furthermore, Prasad et al. (2012)
employed a factorial design approach to identify the significant factors contributing to enhanced
phenolics recovery and antioxidant capacity in extracts of Mangifera pajang pericarp. Ethanol

concentration and liquid to solid ratio were reported as highly significant contributors.
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6.4. Determination of individual phenolic compounds

The main phenolic compounds derived from the extraction of the different palm oil wastes were

identified by HPLC analysis (Table 6.1). Eleven compounds were identified in the PKC extract

with pyrogallol being the predominant one (1550 pg/gds), followed by 4-hydroxybenzoic acid

(980 pg/gds), gallic acid (590 ug/gds) and ferulic acid (560 pg/gds). Catechol, homovanillyl

alcohol and catechin were also detected in significant amounts. In EFB, five compounds were

identified with 4- hydroxybenzoic acid being the major one (550 pg/gds). The main phenolic

compound in PPF extract was 4- hydroxybenzoic acid (760 ug/gds), whereas pyrogallol

dominated in PKS extract (370 pg/gds). Catechin and 4-hydroxybenzoic acid were present in

all residues.

Table 6.1 Concentration of phenolic compounds found in the extracts of palm kernel cake
(PKC), empty fruit bunches (EFB), palm pressed fiber (PPF) and palm kernel shells (PKS).

Phenolics ( pg/g)

Compound?

PKC EFB PPF PKS

Pyrogallol (270) 1550 - - 370
Gallic acid (270) 590 100 - -
Catechol (275) 270 - - -
Homovanillic alcohol (280) 150 - 110 -

Catechin (280) 130 50 60 110
Vanillin (280) 30 - - 20
Lariciresinol (280) 40 - - -

4-Hydroxybenzoic acid (250) 980 550 760 230
Myricetin (370) 50 - - -
Ferulic acid (325) 560 - - -

Syringaldehyde (306) 30 40 40

Guaiacol (270) - 150 - -

Sinapinic acid (325) - - - 160

Total 4380 890 970 890

2The wavelength (nm) used for quantitative purposes is presented in the
parentheses following the name of each compound
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Similar results have been reported by other studies. Phenolic extracts obtained from oil palm
fruits mainly consisted of 4-hydroxybenzoic acid, p-coumaric acid and ferulic acid in
concentrations of 376 ug/gds, 55 pg/gds and 114 pg/gds, respectively (Neo et al., 2010). Ferulic
acid and 4-hydroxybenzoic acid were also detected in various genera of the Palm family
(Chakraborty et al., 2006) suggesting that the latter could be considered as a possible taxonomy

marker for palms.

6.5. Estimation of sunflower oil oxidative stability

The Rancimat method is widely applied to determine the oxidative stability of edible oils. In
this section, phenolic extracts from PKC and PPF were used to enrich sunflower oil and
subsequently, its stability against oxidation was evaluated. PKC extracts were selected since
they exhibited the highest TPC value, and the highest total phenolics as measured via HPLC.
PPF extracts were also tested, mainly for comparison, since it showed considerable total
phenolics concentration based on HPLC analysis. In both cases, the entire extract was
redissolved in propylene glycol and added into 5 g of sunflower oil. After extraction, dry weight
of PKC crude extract was 42 mg, whilst the corresponding value for PPF was 23.2 mg

corresponding to an extract addition of 0.8% and 0.5% respectively.

Butylated hydroxyanisole (BHA) is a very efficient synthetic antioxidant and it was tested at
its legal limit (0.02%) as a comparative agent. Sunflower oil without the addition of any
antioxidant was also used as control agent. Figure 6.4 depicts the results of Rancimat test.
Relying on ANOVA’s statistics, the effect of the extract type on the induction time of sunflower
oil was statistically significant (p<0.01). Tukey test, revealed statistically significant differences
between all the possible combined pairs (Figure 6.4) except for the comparison between BHA
and 0.8% PKC extract. The induction time of the control agent was only 2.6 h. Supplementation
of sunflower oil with 0.46% PPF extract, contributed to 28% improvement of its induction time
while PKC extract resulted in almost 60% increment, a result very similar to the one obtained
with BHA. The results are very promising, especially taking into account that BHA is a pure
compound, whilst the PKC extract contains also other substances, of non-phenolic nature that

could act as pro-oxidants.
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Figure 6.4 Oxidative stability index (expressed as induction time) of sunflower oil, enriched
with 0.8% palm kernel cake (PKC) extract and 0.5% palm pressed fiber (PPF) extract. The
induction times of butylated hydroxyanisole (BHA-0.02%) as well as a control are presented

for comparison.

Several studies have reported the addition of extracts from various plant sources in sunflower
oil. Gamel and Kiritsakis (1999) reported that 0.02% rosemary methanolic extracts increased
the oxidative stability of sunflower oil at 63 °C and 120 °C. Yanishlieva et al. (1997)
demonstrated that ethanol extracts of savory (0.1 - 0.5%) improved the oxidative stability of
sunflower oil after 50 h at 180 °C. Finally, the antioxidative activities of six plant extracts
(catnip, hyssop, lemon balm, oregano, sage, and thyme) in sunflower oil were evaluated. Sage
extracts (600 and 1200 mg/L) effectively inhibited the oxidation process in sunflower oil and
exposed the highest antioxidative activity compared to 300 mg/L butylated hydroxytoluene
(BHT) (Abdalla and Roozen, 1999).

6.6. Concluding remarks

This experimental part, deals with the extraction of phenolic compounds from palm oil residues,
including PKC, PPF, PKS and EFB. Phenolic extracts were incorporated in sunflower oil
aiming to prolong its shelf life. The main indication of this study was the exploitation of by-

product streams deriving from natural sources as antioxidants, with potent application in food
industry.
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CHAPTER 7
Polyol esters production using microbial lipids derived via

solid state fermentation of protein rich side streams
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7.1. Introduction

Solid state fermentation (SSF), the oldest known fermentation strategy, offers great potential
for production of various value-added products i.e enzymes, biopesticides, biofuels,
carotenoids, pigments, and biosurfactants. Cereals, waste streams from vegetable oil milling
industry, edible starchy roots, sugarcane bagasse, soybean and sugar beet pulp constitute
challenging sources for biotransformation (Arora et al., 2018). Cakes from palm kernel (PKC),
cotton seed (CoSC), and castor seed (CaSC), generated after the oil extraction process, are low-
cost materials conventionally used as animal feed, steam and electricity generation or they are
disposed in landfills. Efficient valorisation of these streams should focus on the development
of integrated biorefinery concepts including the production of high value added metabolites (de
Castro et al., 2011; Aguieiras et al., 2019).

Selection of an efficient microbial strain, cost-effective, nutrient rich and abundant feedstock
as well as optimisation of process parameters including bioreactors design, are considered
critical factors for a successive and cost-feasible implementation of SSF (Thomas et al., 2013).
Packed bed reactors (PBR) are closed systems with forced aeration offering advantages, such
as limited bacterial contamination as well as CO> and heat removal. Nevertheless, reduction of

bed porosity during fermentation deteriorates its efficiency (Arora et al. 2018).

Several fungal phylums and mostly Zygomycota, have been studied for lipid production giving
specific insight to the y-linolenic acid (GLA) content, using lignocellulosic renewable resources
in SSF cultures. For instance, the genus Cunninghamella may reach lipid production up to 394.4
mg/g of fermented solids (Emelyanova, 1996) and GLA contents up to 11.6% (w/w) (Conti et

al., 2001) using rice and barley as substrates respectively.

Environmental concerns have recently encouraged research on biolubricants production.
Biolubricants derived from vegetable oils and animal fats are superior to petroleum-based
lubricants in terms of biodegradability, viscosity indices and lubricity (Salimon et al., 2010). In
the last years, a more sustainable alternative has been developed for biolubricants production
using non-food lipid resources, such as castor seed oil (Greco-Duarte et al., 2017), microbial
oil from oleaginous yeasts using confectionery industry wastes (Papadaki et al., 2018) and palm
fatty acid distillate (Fernandes et al., 2018).

The main objective of this study was the evaluation of microbial oil produced by oleaginous

fungal strains for the production of esters with lubricant properties. The fungal strains
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Cunninghamella echinulata, Mortierella ramanniana sp., Mortierella isabellina and
Thamnidium elegans were initially used for microbial oil production via SSF on palm kernel
cake. Further optimisation of fermentative conditions with C. echinulata was used as the basis
for technology transfer to a packed bed bioreactor with cotton seed cake as substrate. Microbial
oil was extracted from the fermented solids and subsequently used for enzymatic ester
production with Lipomod 34-MDP in a solvent free system using neopentyl glycol. The
potential utilisation of the produced esters as biolubricants was evaluated through the

determination of their physicochemical properties.

7.2. Screening of fungal strains for lipid production

Fungal strains were initially screened on PKC for their ability to grow and accumulate
intracellular lipids through SSF during a 15-day cultivation period. Figure 7.1 illustrates their

macroscopic growth.

C. echinulata M. ramanniana M. ramanniana M. isabellina

ATHUM 4411  MUCL 2935 ATHUM 2922 ATHUM 2035 | cledans

Figure 7.1 Lower filamentous fungi cultivation in 250 mL shake flasks, using palm kernel cake

for microbial oil production.

Figure 7.2 presents the lipid production of C. echinulata, M. ramanniana MUCL and M.
ramanniana ATHUM obtained in SSF with 65% initial moisture content in a non-humidified
chamber. Lipids accumulation for C. echinulata reached 129.1 mg/g of fermented solids (gfs)
at 11 days. After 15-days, cultures of C. echinulata sporulated, due to nutrient depletion, and
lipid concentration was reduced to 35.5 mg/gfs. M. ramanniana MUCL and ATHUM strains
presented lower lipid production, up to 33.8 mg/gfs and 25.0 mg/gfs at 5 and 15 days
respectively. T. elegans and M. isabellina displayed a lipolytic tendency depleting the initial oil
content of PKC, by 94.2% (15 days) and 62.2% (11 days), respectively. In these cases,
biotransformation of initial PKC oil to fungal lipids could not be determined. In SSF of M.
isabellina, moisture losses were more than 50% whereas the minimum moisture loss (14%) was

determined in SSF of C. echinulata (Figure 8.2). The results showed that the higher lipid

118



production was related to lower moisture losses. This may be attributed to the higher mycelium
growth and therefor lipid accumulation, of C. echinulata, M. ramanniana MUCL and M.
ramanniana ATHUM than the other fungal strains, which was based on a macroscopic

observation at this stage of the study.
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Figure 7.2 Microbial oil production and moisture loss during solid state fermentation of (A)
C. echinulata, (¢) M. ramanniana MUCL, and ( ¥) M. ramanniana ATHUM, using palm kernel

cake as substrate at 30 °C and initial moisture content of 65%.

Table 7.1 depicts the fatty acid composition of unfermented PKC oil as well as fermented PKC
after SSF by the aforementioned fungal strains. PKC oil mainly consists of lauric acid (C12:0)
(47.7%), myristic acid (C14:0) (15.3%), palmitic acid (C16:0) (9.3%) and oleic acid (C18:1)
(15.1%) with a ratio of saturated to unsaturated lipids (RSU) equal to 4.7. At the end of SSF,
all fungal strains were able to transform the fatty acid composition of unfermented PKC oil,
reducing the RSU to the range of 0.8 - 1.5. In particular, C12:0 was reduced to 13.1 - 27.7%,
while C18:1 and C16:0 were increased to 27.6 - 34.9% and 12.2 - 17.3%, respectively. Low
quantities of GLA (C18:3) were also detected (0.7 - 5.3%) for all fungal strains, except for 7.
elegans. Evidently, the increased production of C18:1 fatty acid may be attributed mostly to ex
novo lipogenesis rather than the partial saturation of linoleic acid (C18:2), since C18:2 fatty
acid was also increased throughout the fermentation. Lower filamentous fungi are able to follow
versatile metabolic pathways, leading to fatty acid biosynthesis and bioconversion processes

(Abu et al., 2000).
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Table 7.1 Fatty acid profile of oil derived from unfermented palm kernel cake (PKC) and from
15-days solid state fermentation on PKC by five fungal strains.

Fatty acid methyl esters (%)

Oil source RsSu?2
C8:0 C10:0 C12:0 Cl14:0 C16:0 C18:0 4°C18:1 2%12C18:2 46912C18:3 Others
fi t
un epr}r(”g" ® 35 36 477 153 93 30 151 25 ; ; 47
C. echinulata 15 1.9 27.7 10.8 12.2 3.0 27.6 9.9 53 - 1.3
M. ramanniana
MUCL 0.6 0.7 13.1 8.4 17.3 4.2 34.9 18.0 2.7 - 0.8
M. ramanniana
ATHUM 2922 1.5 2.0 24.7 9.4 15.9 6.0 34.2 5.6 0.7 0.1 15
M. isabellina - 1.2 225 11.9 14.5 5.0 33.7 9.4 1.7 - 1.2
T. elegans - 0.9 19.2 10.5 16.0 5.3 32.8 9.0 - 6.2 1.2

@ RSU: ratio of saturated to unsaturated lipids

7.3. Effect of temperature

The fungi C. echinulata and M. ramanniana MUCL were the most efficient strains for lipid
production among all fungal strains and thus were selected for further evaluation of the
fermentation conditions. Results concerning the effect of temperature on lipid production are
presented in Figure 7.3. Low lipid production was achieved at 25 °C (75.5 mg/gfs) and 35 °C
(40 mg/gfs) with C. echinulata after 11 days. The most effective temperature for C. echinulata
was 30 °C yielding a maximum lipid production of 129.1 mg/gfs after 11 days, while at 27 °C
and 33 °C lipid production was up to 111 mg/gfs after 11 days (Figure 8.3a). In the case of M.
ramanniana MUCL, the most efficient temperature was 27 °C resulting in 100 mg/gfs of lipids
after 7 days (Figure 8.3c). Lipid production varied between 31.4 - 35.7 mg/g at 25 °C, 30 °C
and 33 °C, whereas at 35 °C only a 30.4% depletion of PKC oil content was observed. It should
be stressed that an increase in temperature, led eventually to increased moisture loss for both
fungal strains (Figure 7.3Db, d).

Temperature constitutes an important variable for SSF performance as it directly affects the
growth of microorganism and metabolites production. This is related to phenomena like protein
denaturation, enzyme inhibition, and cell death. Temperature control is complicated when
dealing with SSF due to its static nature and poor thermal conductivity of solids matrices. The

results obtained in this study showed that temperature affected lipid production mainly due to

120



its impact on the moisture content of the substrate, which may be related to the use of non-
humidified chambers.
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Figure 7.3 Microbial oil production and moisture loss during solid state fermentation of C.
echinulata (a, b) and M. ramanniana MUCL (c, d) at five different temperatures (¢: 25 °C, V.
27 °C, A: 30 °C, A: 33 °C, 0: 35 °C), using palm kernel cake as substrate at initial moisture
content of 65%.

Fatty acids, are considered to be regulators of membrane fluidity and permeability (Russell,
1990). Investigating the correlation between temperature and lipid unsaturation, it can be
concluded an inverse relationship between these two factors (Théberge et al., 1996). This was
verified by the fatty acid analysis (Table 7.2), that showed an increasing RSU from 27 °C to 35
°C for both fungal strains. The lowest temperature regime, displayed the highest RSU (3.2 -

3.6) and the lowest fatty acid transformation.
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GLA formation varied between 0.5 - 4.5% in the case of C. echinulata. C12:0 was substantially
decreased by 41.1% at 27 °C and 46.3% at 30 °C. C16:0, C18:1 and C18:2 were increased in
all temperature regimes. In the case of M. ramanniana MUCL, the highest fatty acid
transformation was achieved at 27 °C, resulting in 2.7% GLA, 34.9% C18:1 and 18.0% C18:2,
whereas C12:0 was reduced by 72.5%.

Table 7.2 Effect of temperature on fatty acid profile of oil derived from 11-days solid state
fermentation on palm kernel cake (PKC) by C. echinulata and M. ramanniana MUCL.

Temperature Fatty acid methyl esters (%)

(°C) B0 CI00 CI20 Cle0 Clow CI80 SCle1 iCisz wwiciss
C. echinulata

25 15 24 415 155 129 4.5 18.0 3.2 0.5 3.6
27 1.3 2.1 281 111 125 3.6 26.9 9.9 4.5 1.4
30 1.8 1.9 25.6 11 17.1 5.7 235 7.5 3.8 1.8
33 0.9 2.6 39.3 163 106 3.5 20.7 5.7 0.5 2.7
35 1 2.0 40.1 155 127 5.3 18.3 3.9 1.2 3.3

M. ramanniana MUCL
25 3.2 3.3 429 141 94 3.1 19 4.2 0.8 3.2
27 0.6 0.7 131 8.4 17.3 4.2 34.9 18.0 2.7 0.8
30 3.1 3.1 40.6 14 10 3.8 21.4 3.7 0.5 2.9
33 3 3.1 40.3 135 109 4.7 19.6 4.0 0.8 3.1
35 3.2 3.4 429 144 9.8 3.3 19.7 3.0 0.3 34

@ RSU: ratio of saturated to unsaturated lipids

7.4. Effect of initial moisture content

Consequently, the effect of initial moisture content of the substrate was studied in the range of
55 - 75% on lipid production by C. echinulata (30 °C) and M. ramanniana MUCL (27 °C)
(Figure 8.4). The highest lipids production by C. echinulata was 129.1 mg/gfs at 65% initial
moisture content, followed by 108.8 mg/gfs at initial moisture content of 70%, after 11 days.
Moisture levels lower than 65%, were insufficient for the growth of C. echinulata resulting in
PKC oil content reduction by 71.9% and 79.8% at 55% and 60% initial moisture level,
respectively. In these cases, moisture losses were determined between 53 - 76% at the end of

the fermentation. The highest initial moisture content of 75% led to the lowest microbial oil
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production of 57.3 mg/gfs and to the lowest moisture loss (15.7%) after 11 days of fermentation.
Solid state fermentation of M. ramanniana MUCL led to the maximum lipid production of
110.1 mg/gfs at 70% initial moisture content at 7 days. Satisfactory lipid production was
achieved at initial moisture contents of 65% and 75% reaching respective values of 100.1
mg/gfs and 93.8 mg/gfs at 7 days. Initial moisture content of 60%, led to the lowest lipid
production of 26.7 mg/gfs at 11 days. The moisture level of 55% was insufficient for microbial
lipids production, since only depletion of PKC oil content (27%) was determined. In all cases,
moisture losses were found higher when low initial moisture contents were applied (Figures 7.4
b, d).

This study showed that a moisture content around 65 - 70%, depending on the microorganism,
iIs required for maximum lipid production, since lower moisture levels are related to difficulties
in nutrient diffusion and microbial growth, and higher levels (>70%) lead to substrate
conglomeration, hindering air transfer phenomena and promoting bacterial contamination
(Krishna, 2005).
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Figure 7.4 Microbial oil production and moisture loss during solid state fermentation of C.
echinulata at 30 °C (a, b) and M. ramanniana MUCL at 27 °C (c, d), using palm kernel cake as
substrate at different initial moisture contents (%, w/w) (m: 60, o: 65, e: 70, A: 75).

Fatty acid composition of the 11-day fermented PKC (Table 7.3), presented notable changes in
comparison to the fatty acid composition of unfermented PKC for both fungal strains. The best
initial moisture level (65%) for C. echinulata resulted in the highest mono- and poly-
unsaturated fatty acid content with the lowest RSU (1.5). In particular, fermented solids of C.
echinulata showed increased content of C18:1 (26.2%) and C18:2 (10%). C12:0 was decreased
from 47.7% to 28.5%. C. echinulata fermented solids contained also GLA up to 4.5%. With
respect to M. ramanniana MUCL, initial moisture contents of 55% and 60% did not influence
the fatty acid composition while the produced GLA was low (0.5% - 0.7%). At higher initial
moisture levels, C16:0 and C18:1 contents were increased while C12:0 was significantly
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decreased. GLA formation reached its maximum (3.3%) at the best initial moisture contents
(70%) for lipid accumulation.

Table 7.3 Effect of initial moisture content on fatty acid profile of oil derived from 11-days
solid state fermentation on palm kernel cake (PKC) by C. echinulata and M. ramanniana
MUCL.

Moisture Fatty acid methyl esters (%0)
RSU?
content (%) cg:0 C10:0 C12:0 C14:0 C16:0 C18:0 %C18:1 4%12C18:2 46%12C18:3
C. echinulata
55 2.4 2.6 34.6 11.3 13.7 6.2 22.9 6.3 - 2.5
60 26 22 312 118 148 64 226 6.0 2.4 2.3
65 15 19 285 118 122 34 26.2 10.0 45 15
70 09 17 389 165 117 32 20.7 4.6 1.9 2.7
75 05 07 343 184 136 47 22.4 4.2 1.2 2.6
M. ramanniana MUCL
55 3.3 3.2 43.9 14.8 9.9 3.2 17.9 3.3 0.5 3.6
60 33 32 437 147 101 33 17.7 3.3 0.7 3.6
65 06 07 131 84 173 42 34.9 18.0 2.7 0.8
70 11 12 168 106 149 65 34.6 10.9 3.3 1.0
75 1.7 20 266 116 134 6.0 39.4 6.9 2.5 1.6

@ RSU: ratio of saturated to unsaturated lipids

7.5. Effect of different palm kernel cake to palm pressed fiber ratios

In an attempt to increase the surface area of SSF and its capacity to interchange with microbial
growth and heat and mass transfer phenomena, two different ratios of PKC to PPF were studied
(1:1and 3:1, w/w). PPF is normally utilized for the prevention of the solids packing and porosity
increase, serving mostly as a supporting matrix or a texturizer rather than a nutrient source (de
Castro et al., 2016). In the case of 1:1 ratio, the produced microbial oil did not exceed the initial
oil content of the unfermented substrate. Specifically, it was observed a depletion of PKC oil
by 62.9% and 23.9% for C. echinulata and M. ramanniana MUCL respectively, after 11 days.
This was possibly related to the lignin-rich and protein-low content of PPF. The moisture loss

was 33.0% for C. echinulata and 19.1% for M. ramanniana MUCL. C. echinulata showed
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similar behaviour when cultivated at 3:1 ratio of PKC:PPF. Considering M. ramanniana
MUCL, it produced 69.9 mg/gfs of lipids after 11 days, when applying the 3:1 solid ratio with

a moisture loss equal to 17.1%.

Fatty acid composition of lipids produced by C. echinulata under the two different solid ratios
was quite different from the initial fatty acid composition of the unfermented solids (Table 7.4).
C12:0 and C14:0, were decreased to 17.7% - 18.9% and 6.9% respectively. C16:0 and C18:1
were increased 20.0% - 21.0% and 23.3% - 36.7%, respectively. When C. echinulata was
cultivated in the 1:1 ratio, the GLA content was slightly higher (3.2%) than in the 3:1 ratio
(2.7%). The RSU was importantly decreased in both ratios. In the case of M. ramanniana
MUCL, the fatty acid profile of 1:1 ratio, was similar to the initial unfermented substrate. At
3:1 ratio, a substantial increase of C18:1 (31.9%) and decrease of C12:0 (22.1%) was

monitored. The GLA content of microbial oil was increased up to 1.9%.

Table 7.4 Effect of different palm kernel cake to palm pressed fiber (PKC:PPF) ratios on fatty
acid profile of oil derived from unfermented PKC:PPF, after 11-days solid state fermentation

by C. echinulata and M. ramanniana MUCL.

PKC:PPF Fatty acid methyl esters (%0) .
fatio W) cg.p C10:0 C12:0 Cl4:0 Clal CI6:0 %Cl6:l  CL8:0 YCIg:1 AIC18:2  4912C18:3
Unfermented substrate
1:1 3.0 2.7 373 113 0.9 15.8 0.8 3.0 21.6 3.6 - 2.8
3:1 3.5 3.2 425 139 0.7 12.4 0.6 2.6 18.0 2.6 - 3.6
C. echinulata
11 - 15 17.7 6.9 1.4 20.0 5.2 3.8 26.7 7.5 3.2 1.0
3:1 2.1 1.5 18.9 6.9 6.4 21.0 4.1 6.4 23.3 6.8 2.7 1.3
M. ramanniana MUCL
1:1 2.1 2.3 320 120 1.7 13.8 1.3 3.7 25.5 4.6 1.0 19
3:1 13 1.7 22.1 8.7 1.2 18.4 1.2 4.9 31.9 6.8 19 13

2 RSU: ratio of saturated to unsaturated lipids

7.6. Effect of nutrient supplementation

Solid state fermentations under the optimized conditions (temperature and initial moisture

content) for C. echinulata and M. ramanniana MUCL were repeated in an air humidified
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chamber with 90% air saturation. Similar lipids yields were obtained compared to results of
SSF conducted in a non-humidified chamber (data not shown). Experiments with C. echinulata
demonstrated the highest potential in lipid accumulation and therefor it was selected for further
study. In this case, an attempt to monitor the biomass production was conducted via the
estimation of fungal glucosamine content. Four sets of fermentations were carried out, with
individual supplementation of PKC with 5% molasses, 5% crude glycerol, a mixture of mineral
solution or nitrogen sources. Except for nitrogen sources, the other supplements resulted in high
moisture losses up to 51.0% after 8 days and low biomass production, varying between 54.0 -
83.5 mg/gfs. The produced intracellular lipids did not exceed the initial oil of the unfermented
PKC. The initial oil content of the unfermented solids (Table 5.1) was depleted by 64.4% -
80.8% after 8 days. Enrichment of PKC with nitrogen sources, seemed to trigger lipid
production. Maximum lipid production of 91.0 + 3.9 mg/gfs was achieved at 7 days in the
presence of nitrogen source (data not shown), while the maximum lipid production of 129.1
mg/gfs was attained after 11 days without additional nitrogen source (Figure 7.3). This
indicated that PKC enrichment with additional nitrogen sources enhanced lipid productivity in
SSF. Also, the high biomass formation in this case (144.3 mg/gfs), seemed to deteriorate

moisture loss of the substrate to 8.6% after 8 days.

Fatty acid profile of all supplementation treatments showed alterations in comparison to the oil
of the unfermented PKC (Table 7.5). C12:0 was reduced in all cases varying between 24.8 -
39.0%, while C18:1 and C16:0 were increased in the range of 23.4 - 39.1% and 10.3 - 18.1%,
respectively. C14:0 remained either almost stable (14.8%) as in the case of nitrogen sources
enrichment, or decreased (7.7 - 10.4%). Moreover, GLA was not detected in any applied

treatment.

Table 7.5 Effect of different supplementation treatments on fatty acid profile of oil derived from
unfermented palm kernel cake (PKC), after 10 days of solid state fermentation by C. echinulata,

using PKC as substrate.

Fatty acid methyl esters (%0)
Substrate RSU?
C8:0 C10:0 C12:0 C14:0 C16:0 C18:0 *°C18:1 2**»2C18:2 46%12C18:3

N-sources - - 390 148 151 3.8 23.4 3.9 - 2.7
Minerals - 1.6 335 104 103 2.1 39.1 2.9 - 1.4
Glycerol - - 24.8 7.7 18.1 9.6 34.2 5.5 - 1.5
Molasses - - 29.8 9.7 171 7.6 30.2 5.5 - 1.8
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@ RSU: ratio of saturated to unsaturated lipids

7.7. Screening of protein-rich agricultural residues for lipid production

The previous section (7.6) indicated that C. echinulata may perform better in solid matrices
with higher protein content than PKC. Thus, two agricultural residues (CoSC and CaSC), rich
in protein (Table 7.6), were selected for solid state production of intracellular lipids. Their
composition is presented in Table 7.6. CaSC showed the highest protein content (35.4%),
followed by CoSC (24.4%), PCK (12.8%) and PPF (4.2%) (Table 5.1). The highest oil content
(9.2%) was determined for PKC (Table 5.1) and CoSC, while PPF and CaSC presented the
lowest oil content values (up to 6.7%). Carbon to nitrogen (C/N) ratios were reversely related
to the protein content, with CaSC corresponding to the lowest value (8.0) and PPF to the highest
(69.5) (Table 5.1).

Table 7.6 Composition of cotton seed cake (CoSC) and castor seed cake (CaSC).

Composition CoSC CaSC
Moisture 4.60.2 4.5+0.1
Protein (6.25%N)? 24.4+1.3 35.4+1.9
C/NP ratio® 11.5+0.5 8.0+0.4
Oil? 9.240.3 6.7£1.8

2 Results were expressed as g per 100 g of dry solids
® carbon to nitrogen (C/N)

Figure 7.5 presents biomass growth, lipids accumulation, proteases activity and lipases activity
during SSF of PKC, CoSC and CaSC. C.echinulata was efficiently grown in all renewable
resources with CoSC resulting in increased biomass production of 304.1 mg/gfs. Lipid
production was 122.2 mg/gfs with an intracellular lipid content of 40.2%. Productivity in PKC,
was two folds lower in comparison to CoSC (0.02 g/gfs/day) and biomass production amounted
to 234.1 mg/gfs, after 11 days. SSF of CaSC led to biomass formation of 252.1 mg/gfs with
low intracellular lipid content (29.9%), which was attributed to the low C/N ratio of the
substrate (Table 7.6). Higher C/N ratios favor intracellular lipids production while lower ratios
until a particular threshold, have been proven to be beneficial for biomass growth (Freire et al.,
1997). As it is depicted in Table 7.6, CaSC had the lowest C/N ratio (8.0), followed by CoSC
(11.5) and PKC (25.2). Moreover, the presence of a potential toxin (ricin) and an allergenic

protein fraction (CB-1A or 2S albumin isoforms) may also influenced the metabolism for lipid
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production since they are limiting factors for the utilization of castor seed waste by living
organisms (Godoy et al., 2009).

Lipases activity in all substrates was remarkably low. The highest value was observed at the 3'
day of SSF on CoSC (8.5 U/gfs) and sharply decreased thereafter (0.5 U/gfs). Considering
CaSC, lipases activity reached the maximum value of 5.2 U/gfs at the 4™ day of fermentation
and decreased to 0.1 - 0.4 U/gfs thereafter, whereas for PKC it was in the range of 0.4 - 1.5
U/gfs throughout fermentation.

Proteases production was enhanced in the three solid matrices. In the case of CaSC and CoSC,
maximum respective values of 112.8 U/gfs after 7 days and 114.2 U/gfs after 3 days were
achieved. Proteolytic activity in PKC was 146.7 U/gfs after 3 days and reached the maximum
value of 201.2 U/gfs after 7 days.

Lipases activity has been reported to be negatively affected by proteolysis (Freire et al. 1997)
and validated via an unstructured mathematical model that describes time course variations of
extracellular lipases and proteases activities for batch fermentations of the fungus Penicillium
restrictum (Freire et al., 1999). Due to the aforementioned, high proteases activity may have

caused lipase inactivation.
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Figure 7.5 Kinetic of biomass production, lipids accumulation, proteases and lipases activities,
during solid state fermentation of C. echinulata using palm kernel cake ('¥), cotton seed cake

(m) and castor seed cake ( A) as substrates at 30 °C and 65% initial moisture content.

Moisture losses for CoSC and CaSC respectively, reached 9.6% and 12.8% after 11 days while
PKC resulted in 25.5% loss at the same fermentation time (Figure 7.6). Water activity (Aw) of
all substrates during fermentation course, is shown in Figure 7.6. Aw constitutes a
thermodynamic factor that indicates the available water of the solid substrate, participating in
several reactions that take place during the SSF. As it can be seen in Figure 7.6b, Aw decreases
during SSF as a result of moisture losses of the solid substrates. The decrease of initial moisture
content of PKC was higher than that of the other substrates leading to higher Aw changes. It
was finally reduced to 0.96. For CoSC and CaSC, Aw was reduced up to 0.98 at the end of

fermentation.
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Figure 7.6 Moisture loss and water activity of 11days solid state fermentation of C. echinulata,
using palm kernel cake ('V), cotton seed cake (m) and castor seed cake (A ) as substrates at 30

°C and 65% initial moisture content.

Table 7.7 shows the fatty acid profile of microbial lipids produced during the cultivation of C.
echinulata at the aforementioned substrates. Initial oil of CoSC and lipids extracted from the
fermented CoSC presented similar profile, mainly consisted of C18:2 (49.7 - 51.9%) and C16:0
(27.1 - 27.5%) followed by C18:1 (16.6 - 17.1%). Lipids extracted from fermented CaSC
showed differences as compared to the initial oil of the substrate. Ricinoleic acid ((12R) C18:1)
was the predominant fatty acid and it was decreased to 65.2%. C16:0 and C18:1 were increased
t0 9.5% and 10.3%, respectively. GLA content of the fermented CoSC and CaSC was quite low
(0.8%).

Table 7.7 Fatty acid profile of intercellular lipids produced by C. echinulata, in cotton seed
cake (CoSC) and castor seed cake (CaSC) after 11 days of fermentation.

) Fatty acid methyl esters (%0)
Oil source RSU?
C12:0 C16:0 C18:0 #4°C18:1 (12R)*°C18:1 4%12C18:2 46.%12C18:3 Others

Unfermented

biiod - 271 45 166 - 51.9 - - 05
Fermented
CosC - 275 42 171 ; 49.7 08 08 05
Unfermented
v - 57 27 8.6 74.2 858 ; ; 0.1
Fermented ., 95 30 103 65.2 83 08 07 02
CaBC . . . . . . . . .

8 RSU: ratio of saturated to unsaturated lipids
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7.8. Solid state fermentation in packed bed reactor

Lipid production was scaled up from tray bioreactor to lab-scale packed bed bioreactor (PBR).
Maximum biomass growth (320.5 mg/gfs) was observed after 5 days with a lipid content of
37.7% and a productivity of 0.024 g/gfs/d (Figure 7.7). Although biomass and lipids production
were lower than those achieved in tray bioreactors, the productivity was higher. Lipases activity
was low (0.3 - 1.4 U/gfs). The highest proteases activity was achieved after 2 days (133.1
U/gfs), which then gradually decreased to 62.2 U/gfs at the 7" day. Moisture losses were quite
controllable until the 6™ day reaching up to 11.5% while increased thereafter (30.9 - 36.5%).
This is probably attributed to porosity reduction of the bed that was observed during
fermentation, creating a packed cotton matrix (Soccol et al., 2017). The formation of the packed
solid column can result in limited aeration during fermentation and consequently lead to

reduced fermentation efficiency.

Fatty acid analysis showed that C18:2 (45.8%) was the predominant fatty acid followed by
C16:0 (33.9%), C18:1 (16.4%) and C18:2 (3.9%). GLA was not detected in SSF employed in
PBR.
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Figure 7.7 Biomass growth (A), lipids accumulation (A), protease activity (0) and moisture
loss (m), during solid state fermentation of C. echinulata using cotton seed cake as substrate in

packed bed reactor at 30 °C and 65% initial moisture content.

SSF for lipids production, carried out in shake flasks, petri dishes or plastic bags has been
implemented in several studies. Stredansky et al. (2000) demonstrated the efficient lipid
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production varying between 150 - 168 mg/gfs and productivities of 0.019 - 0.026 g/gfs/d, when
Cunninghamella and Mortierella strains were cultivated on apple pomace and spent malt grain
(SMG) impregnated with a nutrient solution. GLA content fluctuated between 4.2 - 7.4%. In
the same study, T. elegans resulted in 212 mg/gfs of lipids with a GLA content of 9.1% when
cultivated on a mixture of apple pomace and SMG impregnated with peanut oil and a nutrient
solution under forced aeration. In another study, C. elegans was the most efficient strain
resulting in 172 mg/gfs of lipids, productivity of 0.024 mg/gfs/d and 11.6% GLA when
cultivated on 15:5:1 barley — SMG - peanut oil and nutrient solution (Conti et al., 2001). Lower
lipids production has been reported by Peng and Chen 2007 (23 - 42 mg/gfs), Peng and Chen
2008 (79.0 mg/gfs), Hui et al. 2010 (62.9 mg/gfs) and Zhang and Hu, 2012 (47.9 mg/gfs) with
productivities in the range of 0.002 - 0.01 mg/gfs/d using wheat straw and bran and soybean
hulls as substrates. This indicates that the composition of substrate has a key role in lipid

production and fatty acid composition.

This is the first report of microbial oil production in PBR. Microbial oil production (121.0
mg/gfs) was lower than the aforementioned studies, but productivity (0.024 g/gfs/d) was similar
or even higher. Experiments conducted on tray reactors led to microbial oil production in the
range of 75.4 - 129.1 mg/gfs when PKC, CoSC and CaBC were employed. The GLA content
was in the range of 0.8 - 4.5% and productivities of 0.008 - 0.02 mg/gfs/d were observed.
Further investigation on SSF supplementation, pretreatment and aeration should be investigated
in order to achieve sufficient microbial oil production and GLA content that is suitable for

industrial implementation.

7.9. Polyol esters production

Microbial lipids with fatty acid composition similar to vegetable oils are suitable for the
production of oleochemicals (Kiran et al., 2015), eliminating thus the utilisation of food-grade
vegetable oils for this purpose. The microbial oil of C. echinulata, which was extracted from
fermented CoSC, was initially hydrolysed in order to obtain a free fatty acid-rich fraction. The
enzymatic bioconversion of free fatty acids to biolubricants was monitored via the reduction of
the acidity, since analytical standards of polyols esters are not commercially available. The
initial acidity of microbial oil was 18.0% which was increased to 87.7% after 24 h of enzymatic

hydrolysis. A schematic diagram of the process is provided in Figure 7.8.
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Figure 7.8 Schematic diagram for neopentyl glycol esters production utilising hydrolysed

microbial oil.

Figure 7.9 present the results obtained from the enzymatic reaction of hydrolyzed microbial oil
with NPG catalyzed by LipoMOD 34MDP. Conversion yield reached up to 74.3% after 30

minutes of reaction while a conversion yield higher than 80% was achieved after 2 h.
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Figure 7.9 Kinetic profile of polyol esters production by enzymatic esterification of the
hydrolysed microbial oil of C. echinulata with neopentyl glycol.
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Studies dealing with microbial oil as raw material for biolubricants production are limited in
the literature. Papadaki et al. (2018) reported the utilisation of microbial oil produced from
oleaginous yeasts for the production of biolubricants, showing a conversion yield of 88% for
NPG esters at 72 h. Most of the studies have focused on the enzymatic production of
biolubricants from vegetable oils such as rapeseed oil with conversion yield up to 90% after 68
h (Uosukainen et al., 1998), fatty acid distillates from palm oil with conversion yield up to 94%
at 24 h (Fernandes et al., 2018), or oleic acid with a conversion yield of 80% after 50 h
(Akerman et al., 2011).

7.9.1. Nuclear magnetic resonance

The composition of NPG esters concerning the content of di- and mono-esters was determined
via NMR analysis (Tables 7.8). According to the data obtained, monoester content (29.6%,
w/w) was quite lower than the diesters content (56.1%, w/w). The non-esterified content of
NPG was 3.5% while fatty acids content was 10.8%. This could be improved by using surplus
free fatty acid content during esterification. For instance, Cavalcanti et al. (2018) reported that
enzymatic esterification of free fatty acids of soybean oil with NPG resulted in 100%
esterification of the OH groups when applying a molar ratio of free fatty acids to polyol equal
to 3.75:1.

Table 7.8 NMR analysis of biolubricants produced at 24 h via esterification of neopentyl glycol
(NPG) and hydrolysed microbial oil derived from solid state cultivation of C. echinulata on

cotton seed cake.

Compound Molar (%) Mass (%0)
Fatty acids
\/\/\/\/:\/\/\/\)(LDH 15.7 10.8

Neopentyl glycol

HO%DH 135 3.5

Neopentyl glycol diesters

P NN NP
0 37.6 56.1
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Neopentyl glycol monoesters
0

JJ\W
o 33.2 29.6

t

'OH

7.9.2. Characterization of neopentyl glycol esters

Desirable viscosity values and indices are related to high working efficiencies of mechanical
devices and low energy requirements, as a result of favorable friction forces that lead to
prevention of collision and rubbing between two contacting surfaces. High viscosity indices
ensure that lubricants remain effective even at high temperatures by maintaining the thickness
of the oil film (Mobarak et al., 2014). Table 7.9 depicts acid number, kinematic viscosity and
viscosity index of polyol esters. The determined viscosity index (161), is quite comparable with
esters produced via enzymatic esterification of NPG with free fatty acids derived from yeast
lipids (181 - 183) or soybean oil (214) (Cavalcanti et al., 2018). Since microbial oil consists of
triglycerides that maintain intermolecular interactions in elevated temperatures, the viscosity
index of microbial oil-based lubricant is normally higher than that of mineral oils (Zainal et al.,
2018).

Table 7.9 Characterisation of polyol esters deriving from enzymatic reaction between
hydrolysed microbial oil and neopentyl glycol catalysed by Lipomod 34MDP.

Characteristic Results
Acid number (mg KOH/qg) 23.2
Kinematic viscosity 40 °C (mm?/s) 30.1
Kinematic viscosity 100 °C (mm?/s) 6.2
Viscosity Index 161

7.10. Concluding remarks

This study demonstrated that the valorisation of protein rich substrates led to higher biomass
production. Lipid accumulation was not enhanced, since higher proteases activity led to
decreased lipases activity. The ex novo lipid accumulation includes the biomodification of oil
derived from the substrate to microbial lipids, through reactions catalyzed by lipases (Uckun
Kiran et al., 2015). The study of lipase activity proved that low amounts of fungal lipids were

produced because of the low lipase activity. The produced microbial lipids were successfully
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converted to esters with lubrication properties through a solvent free enzymatic reaction. The
present study showed that agriculture residues can be employed as fermentation feedstock for

the production of fungal lipids for specialty applications.
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CHAPTER 8
Synthesis of fatty acid esters using p-linolenic acid rich
microbial oil produced via fungal fermentation of

lignocellulose hydrolysate
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8.1. Introduction

The pulp and paper industry produces considerable quantities of spent liquors. Spent sulphite
liquor (SSL) is the condensed liquid side stream generated by acid bisulphite pulp manufacture
for the production of high quality paper. SSL contains high concentrations of pentoses and
hexoses as well as lignin degradation compounds e.g lignosulphonates (LS). Production of high
value added metabolites i.e microbial oil, especially rich in polyunsaturated fatty acids (PUFA)
i.e y-linolenic acid (GLA), offers great potential considering that similar studies have not been

reported in the literature.

The production of microbial oil rich in GLA is of high importance, mainly because of its unique
nutraceutical properties (Bellou et al., 2014). Increasing market demand for GLA-lipids,
inadequate supply of GLA from agricultural and animal sources and lack of GLA in humans,
has driven research towards the biotechnological production of GLA, employing
microorganisms capable of producing it in high concentrations (up to 24%). Specifically, lower
filamentous fungi of the division Zygomycota are of paramount interest for the cosmetic
industry as they can accumulate significant quantities of intracellular lipids rich in GLA (Certik
etal., 2012).

Microbial oil has recently been utilized for the production of high-added value fatty acid esters,
such as biolubricants and waxes, within the concept of sustainable utilisation of food by-
products (Papadaki et al., 2017; 2018). Short and middle chain fatty esters hold a big share of
fatty acid esters market and they are applied as surfactants or biolucricant base oil, in personal
care and cosmetics as emollients, fragrance and skin-conditioning agents and make-up
products, in food processing as flavoring agents and in pharmaceuticals (Anonymous, 2018b;
Khan and Rathod, 2015).

Enzymatic esterifications for the production of esters have been widely reported in the literature
(Khan and Rathod, 2015) while transesterification processes, especially utilising microbial oils
as acyl donators, have been rather limited. So far, biocatalytic synthesis of isopropyl and 2-
ethylhexyl esters have been accomplished utilising high-oleic sunflower oil (Bouaid et al.,
2007), palmitic acid (He et al., 2002; Tan et al., 2006), crambe and camelina oil (Steinke et al.,
2000) and rapeseed oil (Linko et al., 1994).

This study focused on the valorisation of SSL as fermentative feedstock for the production of a

GLA-rich microbial oil using Mortierella sp., Cunninghamella sp. and Thamnidium sp. fungal
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strains. This is the first report describing the production of fatty acid esters from microbial oil
rich in GLA using isopropyl and 2-ethylhexyl alcohols. The enzymatic synthesis was catalyzed
by the commercial lipase Novozyme 435 in a solvent-free system. The reaction conditions
evaluated, were temperature, substrate molar ratio and biocatalyst quantity. An insight to the
influence of individual lipid classes to ester formation has also been carried out.
Physicochemical properties of esters are determined as indispensable variables of their market

target for their potent application in the food and cosmetic industry or nutraceuticals.

8.2. Microbial oil production and fatty acid profile

Five fungal strains of the division Zygomycota were evaluated for their ability to grow and
accumulate intracellular lipids utilising nano-filtrated SSL as carbon source with a carbon to
FAN ratio of 248 (Table 8.1). Their effective cultivation was indicated by total dry weight
(TDW) ranging between 5.5 - 10.1 g/L and lipid content varying between 36.2 - 54.3%. M.
isabellina was the most promising strain in terms of microbial oil production (5.5 g/L),
intracellular content (54.3%), yield (0.2 g/g) and productivity (0.68 g/L/d).

Table 8.1. Fermentation efficiency achieved by various fungal strains when cultivated in shake

flasks using nano-filtrated spent sulphite liquor at an initial sugar concentration of 30 g/L.

Microordanisms TDW! Microbial ~ Lipid content Yield Productivity
: L) oil (gi) (%) 9/9) (@/L/d)
C. echinulata
ATHUM 4411 5.540.21 2.0+0.11 36.2+1.52 0.09+0.00 0.25+0.01
M. ramanniana
MUCL 2935 8.1+0.32 4.2+0.13 52.4+2.35 0.18+0.01 0.53+0.02
M. ramanniana
ATHUM 2922 6.7+0.35 3.2+0.15 47.4+2.16 0.17+0.01 0.40+0.01
M. isabellina
ATHUM 2935 10.1+0.50 5.5+0.16 54.3+2.37 0.20+0.01 0.68+0.03
T. elegans 7.5+0.23 3.1+0.07 41.5+1.50 0.13+0.01 0.39+0.02

1TDW: total dry weight of cell mass

Table 8.2 shows the fatty acid profile of microbial lipids, produced by all strains. Microbial oil
mainly contained oleic acid (C18:1) and palmitic acid (C16:0) followed by stearic acid (C18:0).
C. echinulata presented the most interesting and desirable fatty acid profile, since the GLA
content was 12%. The percentage of GLA for the other fungal strains reached up to 6.6%. Thus,

lipids deriving from C. echinulata were selected as the raw material for bio-esters production.
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Table 8.2. Fatty acid profile of microbial oil produced by various fungal strains in shake flasks

using nano-filtrated spent sulphite liquor at an initial sugar concentration of 30 g/L.

Microorganisms

Fatty acid methyl esters (%)

C16:0 “’Cl16:1 C18:0 #°C18:1 2%12C18:2 46.°12C18:3 Others
e 213 14 51 418 18.0 12.0 0.5
Moamaniena 219 05 57 497 15.8 5.4 0.9
W ramamiana 206 06 58 499 15.7 5.3 21
anlobellnd 261 28 30 469 16.6 3.6 0.9
T. elegans 20.7 0.7 8.6 49.9 12.5 6.6 1.0

8.3. Characterization of lipids classes of microbial oil produced by C. echinulata

Lipids produced from C. echinulata were fractionated to classes of neutral lipids (NL),

glycolipids plus sphingolipids (GL+SL) and phospholipids (PL), which were further

characterized concerning their fatty acid composition (Table 8.3). The three lipid fractions
mainly consisted of C18:1 (46.1 - 46.8%), followed by C16:0 (16.9 - 21.6%) and linoleic acid
(C18:2) (12.1 - 15.0%) and GLA (10.8 - 14.3%). The predominant lipid fraction was NL
(88.5%), followed by GL+SL (7.5%) and SL (4.0%). Molecular weight of microbial oil was
calculated 868.9 g/mol.

Table 8.3. Characterization of individual lipid classes of microbial oil produced by C.

echinulata in shake flask fermentation using nano-filtrated spent sulphite liquor at an initial

sugar concentration of 30 g/L.

Lipid

Fatty acid methyl esters (%)

1 % (wiw)
Classes Cl16:0 2°C16:1 C18:0 2°C18:1 2%'’C18:2 29%12C18:3 Others
NL  885+17 17.6 1.5 9.6 46.8 12.1 10.8 1.6
GL+SL 7.5+09  16.9 0.9 6.9 46.1 15.0 14.3 0.0
PL  4.0+08 216 4.2 0.5 46.2 13.7 13.8 0.0

! Lipid classes refer to total lipids: NL: neutral lipids; GL+SL: glycolipids plus sphingolipids; PL:

phospholipids
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8.4. Bio-esters production utilising microbial oil

8.4.1. Effect of temperature

Bio-esters production was initially evaluated in terms of temperature (Figure 8.1). Reactions
were conducted using a stoichiometric lipid to alcohol molar ratio (1:3) and 10% (w/w) of
Novozyme 435. The maximum TCY for isopropyl esters (58.1%) was obtained at 60 °C. In this
case, the conversion yields of palmitic, oleic and linoleic plus linolenic esters were 8.1%, 33.5%
and 16.5%, respectively. TCY for 2-ethylhexyl esters was found quite similar at 60 °C and 70
°C, reaching up to 56.2% and 57.9%, respectively. For both temperatures the esters production
was 9.0 - 10.7% for palmitic, 31.3 - 31.7% for oleic and 15.4 - 16.3% for linoleic plus linolenic

acids. The reactions conditions were further studied, as it is described in the following sections,
at 60 °C.
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Figure 8.1 Effect of temperature on total conversion yield and individual yields of palmitate
(PE), oleate (OE), and sum of linoleate and linolenate esters (LAE & LNE) during

transesterifications of microbial oil with isopropanol and 2-ethylhexanol catalyzed by 10%
(w/w) of Novozyme 435.

8.4.2. Effect of lipids to alcohol molar ratio

In subsequent transesterifications, various microbial oil to alcohol molar ratios were assessed

(Figure 8.2). The TCY was gradually decreased as the molar ratio was increased further than
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the stoichiometric molar ratio (1:3, lipid to alcohol), indicating that excess of alcohol has
inhibitory effect on the enzyme activity. Specifically, the TCY was decreased to 21.2% and
35.6% for isopropyl and 2-ethylhexyl esters respectively, at a molar ratio of 1:4 (lipid to
alcohol). The same trend was observed when the molar ratio was lower (1:2.84) than the

stoichiometric molar ratio, since the lower quantity of alcohol was not adequate for the
transesterification of triglycerides.
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1:2.84 1:3 1:3.13 1:3.25 1:4 1:2.84 1:3 1:3.13 1:3.25 1
Isopropyl alcohol 2-ethylhexyl alcohol

N

Lipids to alcohol molar ratio

Figure 8.2 Effect of microbial oil to alcohol molar ratios on the total conversion yield and
individual yields of palmitate (PE), oleate (OE), and sum of linoleate and linolenate esters (LAE
& LNE) during transesterifications of microbial oil with isopropanol and 2-ethylhexanol
catalyzed by 10% (w/w) of Novozyme 435 at 60 °C.

8.4.3. Effect of biocatalyst amount

Enzyme concentration significantly affects the economic feasibility of the whole biocatalytic
process. Also, high amounts of enzyme could lead to their agglomeration, consequently
hindering the substrate’s potential for enzyme action. Figure 8.3 presents the effect of
biocatalyst quantity on esters conversion yield. It was demonstrated that compared to the
addition of 10% enzyme, TCY of isopropyl esters was increased only by 3.7% when 20% of
enzyme was added to the reaction while the addition of 5% of enzyme resulted in a decrease of

TCY (41.4%). In the case of 2-ethyhexyl esters, the TCY was almost stable when 10% and 20%
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of biocatalyst was applied, thus it was substantially decreased (26.5%) when 5% of enzyme
was used.
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Figure 8.3 Effect of biocatalyst amount on the total conversion yield and individual yields of
palmitate (PE), oleate (OE), and sum of linoleate and linolenate esters (LAE & LNE) during
transesterifications of microbial oil with isopropanol and 2-ethylhexanol catalyzed by
Novozyme 435 using 1:3 lipids to alcohol molar ratio at 60 °C.

8.4.4. Effect of reaction time

The TCY of isopropyl esters was gradually increased from 2 h to 12.5 h reaching a maximum
yield of 57.2% (Figure 8.4). At 12.5 h, TCY of 2-ethylhexyl esters was gradually increased up
to 41.9%, whereas TCY of 54.3% was achieved at 24 h. Both esters formation was monitored

for 48 h, but no further increase of TCY was observed after 24 h (data not shown).
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Figure 8.4 Time course of transesterifications of microbial oil with isopropanol (A) and 2-

ethylhexanol (A) catalyzed by 10% (w/w) of Novozyme 435 at 60 °C for 24 h.

8.5. Bio-esters production utilising individual lipid classes

Since the highest TCY achieved for isopropyl esters and 2-ethylhexyl esters was not
significantly improved, the effect of lipid fractions on TCY was investigates. After fractionation
of microbial oil, the NL fraction was utilised in reactions with different NL to alcohol molar
ratios (1:3, 1:3.35 and 1:3.6). The results presented in Figure 8.5a demonstrated that the
stoichiometric molar ratio (1:3) was insufficient for achieving the highest conversion yield with
both alcohols. It was demonstrated that at a ratio of 1:3.35, TCY reached the maximum value
of 80.1% for isopropyl esters and 73.8% for 2-ethylhexyl esters (Figure 8.5a). Also, the absence
of the GL+SL and PL fractions was found to improve the TCY, as compared to reactions
performed with microbial oil.
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Figure 8.5 Total conversion yield and individual yields of palmitate (PE), oleate (OE), and sum
of linoleate and linolenate esters (LAE & LNE) during transesterifications of neutral lipids (NL)
with isopropanol and 2-ethylhexanol (a) at different NL to alcohol ratios and (b) mixtures of
NL with glycolipids and sphingolipids (GL+SL), and NL with phospholipids (PL). All reactions
were catalyzed by 10% (w/w) of Novozyme 435 at 60 °C.

The effect of GL+SL and PL fractions on TPC was further studied in reactions carried out with
mixtures of NL with GL+SL, NL with 2(GL+SL), NL with PL, and NL with 2PL (Figure 8.5b).
The study focused on isopropyl esters formation since their TCY was higher than the
corresponding TCY of 2-ethylhexyl esters. Mixtures of NL with GL+SL resulted in TCY of
63.4%, whereas the utilization of double quantity of GL+SL led to considerably lower TCY
(21.4%). TPC was reduced by 20.8% and 73.3% in the presence of GL+SL and 2(GL+SL),
respectively, with reference to the yield achieved using the NL fraction (80.1%). Similar results
were obtained in reactions containing mixtures of NL with PL and NL with 2PL, that led to
TCY with respective values of 45.7% and 6.4%. In the presence of PL, TCY was lower than in
the reactions with GL+SL. The reduction in the case of using PL and 2PL was 42.9% and
92.0%, respectively. GL+SL and PL lipid fractions seemed to contribute significantly to the
decrease of esters formation. These results are in agreement with previous studies reporting the
negative effect of PL on the conversion yield of microbial and algal derived oil (Papadaki et
al., 2017; Nagle and Lemke, 1990). Moreover, PL action has been adversely related to the
lipolytic activity of Novozyme 435 (Talukder et al., 2009).
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8.6. Bio-esters production utilising hydrolyzed microbial oil

Subsequent experiments were conducted with free fatty acids obtained after enzymatic
hydrolysis of microbial oil, 1:1 alcohol to free fatty acids molar ratio and 60 °C investigating

the time course of esters formation and biocatalyst stability after several repeated batch
reactions.

8.5.1. Effect of reaction time

Esters yield derived from ISA and EHA was monitored for 24 h. After 2 h of reaction, TCY
reached 90.8% for isopropyl esters while the maximum value of around 95% was obtained after
4 h. TCY of 2-ethylhexyl esters reached 77.6% at 2 h, with a maximum value of around 80.0%
after 6 h (Figure 8.6). The utilization of free fatty acids fractions derived from microbial oil led
to higher conversion yields at shorter reaction time, as compared to the transesterification
reactions using either microbial oil or individual lipid fractions. This demonstrates that
Novozyme 435 has better performance during esterification than in the hydrolysis of

triglycerides, which is the first reaction step of transesterification.
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Figure 8.6 Time course of esterification reactions of isopropanol (A ) and 2-ethylhexanol (A)

with hydrolyzed microbial oil, catalyzed by 10% (w/w) of Novozyme 435 at 60 °C for 24 h.

8.5.2. Enzyme reuse and stability
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Immobilized biocatalysts could lead to cost effective enzymatic processes as they are easily
recovered from reaction mixtures and they can be reused in several sequential batch reactions.
Free fatty acids were utilized for the implementation of 6 repeated batch reactions. The TCY
and any losses of lipase activity were monitored after specific batch cycles (Figure 8.7). TCY
of isopropyl esters was higher than 90% for the first three sequential cycles. A decrease to 83.8
- 88.2% in the next two batches was observed, which finally reduced to 70.2% after the sixth
cycle. TCY yield for 2-ethylhexyl esters was 80.3% after the first cycle, and remained at around
75% in the next three cycles. The TCY was reduced to 63.4% at the fifth batch cycle and finally
it was sharply decreased to 22.1% in the last cycle.
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Figure 8.7 Effect of biocatalyst (10% w/w of Novozyme 435) reuse on total conversion yield
and individual yields of palmitate (PE), oleate (OE), and sum of linoleate and linolenate esters
(LAE & LNE), during esterifications of (a) isopropyl and (b) 2-ethyhexyl alcohol with
hydrolyzed microbial oil using 1:1 lipids to alcohol molar ratio at 60 °C for 4 h. Stability of
biocatalyst (¢) Novozyme 435 (initial enzyme activity: 27.0+3.0 U/g of immobilized enzyme)

via the determination of lipases activity, after 3, 5, and 6 reaction cycles.

The decrease on bioesters yield could be attributed to the enzyme partial deactivation, naturally
occurring after several reaction cycles. Also, dissociation and dissolution of the enzyme due to
solvent washing after each cycle and the applied solvent free system, have a direct impact on

enzyme activity and thus on bioesters formation (Papadaki et al., 2018). The effect of enzyme
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reuse on its stability was demonstrated by a subsequent study on lipase activity determination

after particular batch cycles.

Lipase activity after the 1% reaction, remained almost stable for both esters (26.8 - 26.9 U/g of
immobilized enzyme) in comparison to the initial activity of the enzyme (27.0 U/g of
immobilized enzyme). Regarding isopropyl esters, enzyme activity was slightly reduced after
the 3 (23.3 U/g of immobilized enzyme) and 5™ cycle (21.5 U/g of immobilized enzyme).
Thereafter, lipases activity was decreased to 13.9 U/g of immobilized enzyme after the 6%
reaction cycle. In the case of EHA, enzyme activity remained almost stable at 26.4 U/g of
immobilized enzyme until the 3" cycle, then slightly dropped (22.7 U/g of immobilized
enzyme) after the 5™ batch and finally decreased to 11.6 U/g of immobilized enzyme after the
6" batch.

8.5.3. Characterisation of bio-esters

Density of isopropyl esters was calculated equal to 0.961 g/cm?® and for 2-ethyhexyl esters 0.938
g/cm?. Densities of commercial esters, such as isopropyl and 2-ethylhexyl palmitate and oleate,
vary between 0.852 - 0.871 g/cm?.

lodine values of isopropyl esters (50.9 g 12/100 g) and 2-ethylhexyl esters (59.8 g 12/100 g)
obtained in this study were quite comparable with palm oil esters (69.7 g 1/100 g), palm stearin
esters (62.1 g 12/100 g), palm kernel oil esters (58.8 g 12/100 g) and palm kernel olein esters
(61.3 g 12/100 g) derived from transesterifications of palm oil fractions with oleyl alcohol
catalyzed by Lipozyme RM IM (Keng et al., 2009). Lower iodine values varying between 23.4
- 27.5 g 12 /100 g have been reported by Papadaki et al. (2018) referring to behenyl esters
synthesized from various yeast lipids (i.e. Cryptococcus curvatus, Lipomyces starkeyi and
Rhodosporidium toruloides) in transesterification reactions catalyzed by Novozyme 435. The
high iodine values of the ISA and EHA microbial oil derived esters is attributed to the high
unsaturation fraction (73.2%) of the microbial oil used. The high iodine values of these esters
are desirable in order to increase their permeability into the upper skin layer (stratum corneum)

enhancing their efficiency as moisturizers and softening agents (Keng et al., 2009).

Isopropyl and 2-ethylhexyl esters exhibited respective acid values of 10.6+0.4 mg KOH/g and
9.6+£0.4 mg KOH/g. These values are higher than those obtained in enzymatic synthesis of other
fatty acid esters (< 1.8) (Keng et al., 2009; Papadaki et al., 2018). Acidity reflects the free fatty
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acids present in a compound and low values promote oxidative stability of compounds (Frega
etal., 1999).

Saponification value is a molecular weight or chain length indicator. Long chain fatty acids of
fats have low saponification values due a low number of carboxylic groups in comparison to
short chain fatty acids (Nielsen 1998). Saponification value of 2-ethylhexyl esters (134.2+7.5
mg KOH/g) was found lower than that of isopropyl esters (167.7+4.8 mg KOH/g), because
EHA has longer carbon chain length than ISA.

Isopropyl esters and 2-ethylhexyl esters produced in this study had a refractive index of 1.456
and 1.458, respectively. The refractive index is correlated to the saturation degree and it
decreases linearly as iodine value decreases. The saturated oils such as coconut oil show values
of refractive index in the range of 1.448 - 1.450, while refractive index of unsaturated lipids,

such as menhaden oil, is equal to 1.47 (Nielsen 1998).

8.7. Concluding remarks

The present study demonstrated the efficient enzymatic conversion of a GLA-rich microbial oil
into esters using the commercial lipase Novozyme 435. Enzymatic synthesis was highly
affected by temperature, substrate molar ratio and less by the enzyme quantity. Results showed
that the different lipid fractions have a key role in the enzymatic activity and the final
conversion yield. Specifically, conversion yield was higher when microbial oil was free of PL
and GL+SL fractions. The highest conversion yield achieved using only NL fraction, being
80.1% for isopropyl esters and 73.8% for 2-ethylhexyl esters. Moreover, Novozyme 435 was
more effective in terms of conversion yields (90.8% for isopropyl esters and 80.0% for 2-
ethylhexyl esters) when hydrolysed microbial oil was utilized as substrate. The successful lipase
utilisation for up to 5 repeated reactions without significant decrease of conversion yield,
indicates that enzymatic processes may be a cost-effective route for the production of bio-based
esters. The production of bioesters from microbial oil rich in GLA creates innovative

perspectives for the development of value-added nutraceutical and pharmaceutical products.

150


https://en.wikipedia.org/wiki/Molecular_weight

CHAPTER 9
Microbial oil production by Lipomyces starkeyi,

Cunninghamella echinulata and Mortierella isabellina via

fermentation using hemicellulose hydrolysate as feedstock
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9.1. Introduction

Pretreatment of spent sulphite liquor (SSL) via nano-filtration or ultrafiltration, is a vital step
for the reduction of its high organic load (Jonsson, 2016) prior to utilization as carbon sources
in bioprocesses. Also, the efficient valorisation of SSL through fermentation is considered
challenging due to large proportion of pentoses and the presence of inhibitory compounds, such
as lignosulphonates (LS), phenolics and organic acids. Oleaginous fungi of the phylum
Zygomycota (i.e Mortierella isabellina) and yeasts (i.e Lipomyces starkeyi) have been
previously reported to produce lipids, when cultivated on lignocellulosic-derived hydrolysates
(Kam, 2015). Genome mapping of L. starkeyi has revealed the presence of an acetyl-CoA
synthase gene which is strongly indicative of the natural capacity of this yeast to metabolize
inhibitors derived from hydrolysis of hemicellulosic biomass (Xavier et al., 2017). Zygomycetes
have been suggested as effective microbes for phenolic compounds removal (Bellou et al.,
2014) and potent GLA producers in scaling up processes (Sayegh et al., 2016). Fed-batch or
continuous fermentation practice could lead to high cell densities undoubtedly beneficial for

the industrialization of microbial oil production (Huang et al. 2013).

Production of high value added metabolites e.g succinic acid (Alexandri et al., 2016; Ladakis
et al., 2018), poly-hydroxybutyrate (Weissgram et al., 2015) and ethanol (Helle et al., 2004),
could enhance economics of pulp and paper industry in addition to revenues coming from LS
market as dispersants, precipitates, binders, and adhesives (Jonsson, 2016). In this perspective,
the use of SSL for the production of microbial oil rich in polyunsaturated fatty acids (PUFA)
e.g y-linolenic acid (GLA), offers great potential considering that similar studies have not been

reported in the literature.

GLA is an essential fatty acid with numerous applications in food industry as dietary
supplement, nutraceuticals as encapsulation preparations, cosmetics for the formulation of
natural ingredient-based cosmetics and in the medical sector (Sergeant et al., 2016; Bellou et
al., 2014). Currently, the main source for GLA extraction is vegetables, such as borage and
black currant seeds with a GLA-content up to 21% (Sergeant et al., 2016). Many attempts have
been also performed for the production of GLA-rich microbial oil from fungus achieving high
GLA concentrations up to 29.4% (Saad et. al., 2014).

The objective of this study was the valorisation of spent sulphite liquor as fermentation
feedstock for microbial oil production using oleaginous yeast and fungal strains. The aim was

to maximize microbial lipids production through the evaluation of different fermentation
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conditions, such as carbon to nitrogen ratio and LS concentration in batch and fed-batch
fermentations. The fatty acid composition was also assessed during all fermentations. In the
case of fungal fermentations, the optimum conditions were identified for the production of a

GLA-rich microbial oil.

9.2. Shake flasks fermentations using L. starkeyi
9.2.1. Effect of C/FAN ratio

The yeast strain L. starkeyi was cultivated on nanofiltrated SSL and the effect of C/FAN ratio
on the fermentation efficiency was evaluated. Maintaining a desirable C/N ratio and a constant
carbon source concentration could enhance lipid biosynthesis and productivity. The presence
of acetic acid (1.3 g/L) and phenolic compounds (0.1 g/L) in SSL could lead to a synergistic
inhibition, suppressing yeast growth and lipid accumulation (Zhao et al., 2012; Xavier et al.,
2017). Nevertheless, the cell growth (8 - 11 g/L) in all the examined C/N ratios (Figure 9.1a)
indicated the high tolerance of the strain to these inhibitors. Acetic acid was consumed after 48
h and the hemicellulosic sugars were efficiently assimilated by L. starkeyi with a final
consumption varying between 90.3 - 94.7% (Figure 9.1a). FAN was depleted after 48 h except
for the C/FAN ratio of 104, at which FAN was slowly consumed until 120 h without total
depletion. This can explain the low lipid concentration achieved in this case (1.2 g/L). The most
effective C/N ratio was 173 regarding biomass production (11.2 g/L), lipid content (25.2%),
yield (0.09 g¢/g) and productivity (0.04 g/L/h). The assimilation pattern of individual
consumption of glucose, xylose, galactose, mannose and arabinose (Figure 9.1b) was similar in
all the examined C/FAN ratios. During the first 24 h of fermentation, the yeast strain
metabolized only glucose and thereafter, glucose was simultaneously consumed (94.2%) with
xylose (95.2%) and mannose (68.3%), followed by galactose (73.2%) and arabinose (59.6%).
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Figure 9.1 (a) Effect of C/FAN ratio on (a) total dry weight (TDW), lipid content (m) and total
sugar consumption (0), during shake flask fermentations of L. starkeyi using nano-filtrated
spent sulphite liquor. (b) Individual sugars consumption at C/FAN ratio of 173.

Analysis of fatty acid composition of microbial oil obtained at different C/FAN ratios revealed
no significant variations. Oleic acid (C18:1) (42-46%) and palmitic acid (C16:0) (32-36%) were
the predominant fatty acids, followed by palmitoleic (C16:1), stearic (C18:0) and linoleic acid
(C18:2).

Table 9.1. Effect of C/FAN ratio on fatty acid profile of microbial oil produced by L. starkeyi
in shake flask fermentations using nano-filtrated spent sulphite liquor.

C/N  Time Fatty acid methyl esters (%)

ratio  (h)  c14:.0 %C14:1 C16:0 4C16:1 C18:0 2°C18:1 912C18:2 Others

g 807 18 35.3 5.9 6.2 41.9 5.2 3.0
9% 08 15 35.9 5.1 6.0 44.0 5.8 0.9

s 48 04 14 34.8 7.2 4.4 46.1 3.7 2.0
9% 05 16 32.1 6.2 5.0 45.8 5.2 3.6

s 48 08 3.9 31.6 5.9 6.7 42.1 5.9 3.3
9% 06 14 33.0 6.1 4.4 44.8 5.9 3.8

9.2.2. Effect of lignosulphonates concentration

Several studies have demonstrated improvement of fermentation efficiency for succinic acid
production when pretreated SSL was used as nutrient source, implying the inhibitory effect of
LS (Alexandri et al., 2016; Pateraki et al., 2016). Figure 9.2 shows the effect of different LS
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concentrations on L. starkeyi metabolism. Biomass production was slightly enhanced with
increasing LS concentration. Total sugar consumption was higher than 90% in all cases, with
glucose and xylose being almost entirely depleted. However, total consumption of arabinose
ranged within 22 - 45%. Lipid content varied from 16% to 20% at LS concentrations of 10 - 70
g/L, and it was sharply decreased (11%) at 90 g/L LS. Yield and productivity were inversely
related to LS concentrations varying between 0.06-0.08 g/g and 0.01-0.03 g/L/h, respectively.
Moreover, at LS concentrations of 70 g/L and 90 g/L, a prolonged lag phase was observed (data

not shown).
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Figure 9.2 Effect of lignosulphonates (LS) concentrations on total dry weight (TDW), lipid
content (m) and total sugar consumption (0), during shake flask fermentations of L. starkeyi

using sugar-simulated spent sulphite liquor at C/FAN ratio of 173.

Results concerning fatty acid profile of lipids showed similar patterns at different LS
concentrations (Table 9.2). C18:1 and C16:0 were produced in similar proportions. It was
observed that C16:0 content was higher (~40%) than shake flask fermentations using
nanofiltrated SSL containing 5 g/L LS (32 - 36%) (Table 1). The composition of the
fermentation feedstock could alter the fatty acid composition in yeast lipids. Studies for lipids
production on molasses (Vieira et al., 2014), potato starch (Wild et al., 2010) and willow wood

sawdust hydrolysate (Wang et al., 2014) by L. starkeyi have respectively reported enhanced
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C18:2 (18%) production against C16:0 (21%), increased C18:1 (55%) and increased C16:1
(10%).

Table 9.2. Effect of lignosulphonates (LS) concentration on fatty acid profile of microbial oil
produced by L. starkeyi in shake flask fermentations using sugar-simulated spent sulphite liquor
at C/FAN ratio of 173.

LS Time Fatty acid methyl esters (%)
(9/L) () c160 %C16:1 €180 2C18:1 2%12C18:2  Others

48 39.7 6.6 3.2 46.7 3.0 0.8

0 96 41.1 4.8 3.7 45.8 2.1 2.5
48 39.2 55 3.6 45.4 3.2 3.1

>0 96 40.2 4.7 4.6 46.3 3.1 1.1
48 37.0 5.2 6.8 35.6 9.3 6.1

A 96 395 4.7 3.6 477 2.0 2.5
48 39.6 4.7 3.9 46.4 1.8 3.6

% 120 39.6 4.4 3.6 475 1.8 3.1

9.3. Fed-batch in bioreactor using L. starkeyi

Fed-batch cultures could promote cell growth leading to high cell densities and simultaneously
deteriorate the inhibitory effect caused by high nutrient concentration by regulating the flow
rate of the feeding medium. The cultivation of L. starkeyi was carried out in fed-batch mode
applying a continuous feeding strategy and different C/FAN ratios. Continuous feeding has
been reported to keep the cellular metabolism active, enhancing biomass and lipids yield
(Karamerou et al., 2017). In all the applied treatments concerning C/FAN ratios, FAN was
consumed within 24 - 48 h, triggering thereafter the secondary metabolism for lipids

production.

9.3.1. Effect of C/FAN ratios

Initially, a fed-batch experiment was implemented at the best C/FAN ratio (173), as indicated
by shake flask fermentations. TDW and lipid content were gradually increased (Figure 9.3)
reaching their maximum values of 27.1 g/L and 49.1%, respectively, after 261 h. Biomass and

lipids yield on total consumed sugars were 0.17 g/g and 0.12 g/g, respectively. Sugars
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consumption rate was slow during the first stage of the fermentation, while after FAN depletion
it remained almost stable (0.3 — 0.5 g/L/h). Feeding supply was stopped at 261 h. Regarding
assimilation pattern of individual sugars consumption, glucose, xylose, galactose and mannose
were consumed together with glucose and mannose reaching higher consumption rates,
followed by xylose and galactose. Arabinose was the less assimilated carbon source and its

accumulation was observed at the end of fermentation.
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Figure 9.3 Fed-batch fermentation of L. starkeyi in bioreactor using sugar-simulated spent
sulphite liquor at C/FAN ratio of 173. (a) Time course of total dry weight (TDW) (A), lipid
accumulation (A) and free amino nitrogen (FAN) (¢) consumption. (b) Time course of total

sugars (V), glucose (0), xylose (m), galactose (®), mannose (¢) and arabinose (x) consumption.

Subsequent fermentations were conducted at a C/FAN ratio of 51 (Figure 9.4). Productivity
increased until 72 h and it was decreased thereafter. The consumption rate followed the same
trend reaching maximum values (1.2 - 1.7 g/L/h) from 39 h to 68 h, while it was gradually
decreased until the end of the fermentation (237.5 h). At 164 h, TDW production was equal to
49 g/L with a lipid content of 30.8%, while respective values were maximized to 53.2 g/L and
35.6% at 212 h.
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Figure 9.4 Fed-batch fermentation of L. starkeyi in bioreactor using sugar-simulated spent
sulphite liquor at C/FAN ratio of 51. (a) Time course of total dry weight (TDW) (A), lipids
accumulation (A ) and free amino nitrogen (FAN) consumption (¢). (b) Time course of total

sugars (V), glucose (), xylose (m), galactose (®), mannose (¢) and arabinose (x) consumption.

Figure 9.5 presents the results concerning fed-batch fermentation of L. starkeyi at a C/FAN
ratio of 33. The efficiency of this fermentation was demonstrated by the high TDW production
which was 81.1 g/L with an intracellular lipid content of 50.4% (158 h). Biomass yield was
increased to 0.25 g/g, in comparison to the previous experiments, whereas lipids yield was
similar (0.10 g/g) (Table 9.4). FAN was almost entirely depleted at 46 h, accompanied by a
slow consumption rate. Consumption rate varied within 3.2 - 5.6 g/L/h from 48 h to 112 h of

fermentation while it was gradually decreased thereafter.
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Figure 9.5 Fed-batch fermentation of L. starkeyi in bioreactor using sugar-simulated spent
sulphite liquor at C/FAN ratio of 33. (a) Time course of total dry weight (TDW) (A), lipids
accumulation (A) and free amino nitrogen (FAN) (¢) consumption. (b) Time course of total

sugars (V), glucose (o), xylose (m), galactose (®), mannose (#) and arabinose (X) consumption.

A lower C/FAN ratio of 26 was also evaluated in fed-batch fermentation, which led to the
highest TDW production of 90.4 g/L with an intracellular oil content of 40.2%. The biomass
and oil yields based on sugar consumption (158.5 h) slightly decreased in comparison to the
previous C/FAN ratio (Table 9.4). The applied nitrogen concentration in this part could be
considered as an indicator for establishing thresholds considering fermentation efficiency
(Table 9.4). The maximum consumption rate (3 - 5.7 g/L/h) was monitored from 37.5 h to 94
h.
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Figure 9.6 Fed-batch fermantation of L. starkeyi in bioreactor using sugar-simulated spent
sulphite liquor at C/FAN ratio of 26. (a) Time course of total dry weight (TDW) (A), lipids
accumulation (A) and free amino nitrogen (FAN) consumption (©). (b) Time course of total

sugars (V), glucose (), xylose (m), galactose (®), mannose (¢) and arabinose (x) consumption.

Table 9.3 presents the fatty acid profile of microbial oil produced by L. starkeyi in fed-batch
fermentations at different C/FAN ratios. Although fatty acid methyl esters were determined for
a wide range of time periods during fermentations, no worth noting variations were observed
(data not shown). Microbial oil of L. starkeyi showed a typical fatty acid pattern (Sutanto et al.,

2018), mainly consisted of oleic acid (around 50%) and palmitic acid (37 - 41%).

Table 9.3. Effect of C/FAN ratio on fatty acid profile of microbial oil produced by L. starkeyi
in fed-batch fermentations in bioreactor using nano-filtrated spent sulphite liquor (5 g/L

lignosulphonates).

. Time Fatty acid methyl esters
C/N ratio h
(h)  c16:0 %’C16:1 C18:0 29C18:1 2%2C18:2 Others
173 261 411 45 52 488 0.0 0.4
51 212 401 4.0 51 498 0.7 0.4
33 158 367 1.1 93 504 2.4 0.2
26 1585 378 13 85 496 2.6 0.0

160




Table 9.4 depicts a synopsis of fed-batch fermentations efficiency evaluating the
aforementioned C/FAN ratios. It was demonstrated that productivity was enhanced with

decreasing C/FAN ratios while lipids yield showed a slightly downward trend.

Table 9.4 Fed-batch fermentation efficiency cultivating L. starkeyi on nano-filtrated spent
sulphite liquor under various C/FAN ratios. Data represent maximum valued obtained at each

individual fermentation.

C/FAN TDW Lipids Biomass yield Lipids yield Productivity
ratio (9/L) (9/L) (9/9) (9/9) (9/L/h)
173 27.1 13.3 0.17 0.12 0.05

51 53.2 18.9 0.20 0.09 0.09
33 81.1 40.9 0.25 0.10 0.26
26 90.4 36.3 0.24 0.07 0.23

9.4. Shake flasks fermentations by C. echinulata and M. isabellina

In this section, the potential of C. echinulata and M. isabellina to convert SSL into high added
value lipids rich in polyunsaturated fatty acids was investigated. Various C/FAN ratios and LS

concentrations were assessed for both fungal strains.

9.4.1. Effect of C/FAN ratios

Several C/FAN ratios (Figure 9.7) were evaluated during shake flask fermentations by C.
echinulata (248, 164, 101, 87) and M. isabellina (388, 213, 119). The best C/FAN ratios were
101 and 213 for C. echinulata and M. isabellina, respectively, resulting to high microbial oil
content, around 60%. At these C/FAN ratios, TDW was 6.5 g/L for C. echinulata and 9.4 g/L
for M. isabellina. Ratios lower than those, resulted in reduced microbial oil concentrations
(Figure 9.7a). In the case of M. isabellina, yield achieved in the fermentation with 5 g/L of LS
(0.19 g/g) was reduced by 54% when 50 g/L of LS were applied. C. echinulata was highly
tolerant at increasing LS concentration since yield attained at 5 g/L of LS (0.14 g/g) was

diminished just by 28% in the extremely high LS concentration of 120 g/L.

Total sugars consumption for M. isabellina was higher than 90% in all cases (Figure 9.7b). C.
echinulata consumed only 60% of total sugars when the C/FAN ratio of 248 was applied, while
in the other ratios, a sufficient sugars consumption was achieved (82 - 92%) (Figure 9.7b).
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Individual sugars consumption analysis, at specific ratios (Figure 9.7c) showed that arabinose
was poorly assimilated (7-38%) by both fungal strains while glucose and xylose were almost
totally consumed (96-100%). Galactose and mannose were equally consumed (57%) by C.
echinulata while M. isabellina utilized slightly higher amounts (74-87%). Biomass yield was
increased with increasing C/FAN ratios achieving maximum values of 0.23 g/g and 0.31 g/g
for C. echinulata (ratio of 101) and M. isabellina (ratio of 213) respectively.
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Figure 9.7 Shake flask fermentations of C. echinulata and M. isabellina using nano-filtrated
spent sulphite liquor. Effect of C/FAN ratio on (a) total dry weight (TDW), lipid content (m)

and (b) total sugar consumption. (c) Consumption of individual sugars at the best C/FAN ratio.

Microbial oil produced by C. echinulata in all studied C/FAN ratios, mainly consisted of C18:1
(35.4 - 45.4%) and C16:0 (15.9 - 19.9%) followed by C18:2 (10.7 - 14.7%), GLA (10.0 -
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18.8%), C18:0 (6.0 - 10.2%) and C16:1 (1.3 - 2.0%) acids. Decrease of linoleic acid with
fermentation time was rationally accompanied with an increase in GLA content. The highest
GLA content of 18.8% was achieved at C/FAN ratio of 101. Increase in essential and
polyunsaturated fatty acids with increasing concentrations of nitrate- and ammonium-based
nitrogen sources has been previously reported for lipids produced by marine microalga (Xu et
al., 2001).

Lipids deriving from M. isabellina consisted mainly of C18:1 (47.5 - 52.1%), C16:0 (20.1 -
27.8%) and C18:2 (12.2 - 19.7%), followed by lower amounts of C18:0 and C16:1. Distribution

of fatty acids at various C/FAN ratios was irregular with small fluctuations.

Data illustrating microbial oil concentration and GLA alterations when various C/FAN ratios
were employed, are shown in Figure 9.8. These data correspond to maximum values obtained
at the point that was considered as the end of each fermentation. In the case of C. echinulata,
ratios and GLA seemed to be positively related. The maximum GLA percentage of 18.8% was
achieved at a C/FAN ratio of 101. Regarding M. isabellina, GLA alterations were irrelevant to

the applied ratios varying between 1.9 - 3.8%.
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Figure 9.8 Maximum microbial oil production and y-linolenic (GLA) content in shake flask
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fermentations of C. echinulata (m) and M. isabellina (o), using nano-filtrated spent sulphite
liquor at various C/FAN ratios.

9.4.2. Effect of lignosulphonates concentration

The impact of various LS concentrations on microbial growth and lipid production was assessed
in shake flask fermentations using the best C/FAN ratios for each fungal strain (Figure 9.9).
Lipids content of C. echinulata was gradually decreased with increasing LS concentration while
biomass growth seemed to be induced yielding to 0.33+0.05 g/g, when 50 - 120 g/L of LS were
applied. At LS concentrations of 50 - 120 g/L, TDW of 5.5 - 7 g/L was produced after 48 h of
fermentation while at 5 g/L LS the equivalent value was 0.7 g/L. M. isabellina was strongly
affected by increasing LS concentration (>5 g/L) (Figure 3.7a, 3.9a). Lipids content was
reduced to 40% and biomass yield was decreased to 0.22+0.01 g/g. Lipid productivity was
dropped 4 folds and 5 folds respectively when 10 g/L and 50 g/L of LS were added in the
fermentation broth.

As depicted in Figure 9.9Db, total sugars consumption by C. echinulata was in the range of 91 -
97% for all LS concentrations except for 120 g/L (71%). M. isabellina consumed respectively
97% and 75% total sugars in fermentations with 10 g/L and 50 g/L LS.
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Figure 9.9 Effect of lignosulphonates (LS) concentration on (a) total dry weight (TDW), lipid
content (m) and (b) total sugar consumption, during shake flask fermentations of C. echinulata
and M. isabellina, using sugar-simulated spent sulphite liquor at C/FAN ratio of 101 and 213,

respectively.
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Concerning fatty acid composition of C. echinulata, C16:0 was increased from 13.5% to 18.7%
and C18:1 from 40.6% to 55.7% at LS concentrations from 50 g/L to 120 g/L. Results showed
that LS concentration higher than 50 g/L, negatively affected polyunsaturated fatty acids
biosynthesis. Linoleic acid was reduced from 18.1% to 9.3% with increasing LS concentration
(50 - 120 g/L). Also, GLA was decreased from 20.7% (50 g/L LS) to 8.9% (120 g/L LS) (Figure
9.10).

Considering fatty acid composition of M. isabellina microbial oil, C18:1 increased with
fermentation time, up to 55% at 10 and 50 g/L LS, whereas C16:0 decreased to around 23% at
the same LS concentrations. C18:2 decreased with increased LS concentrations, while GLA

was gradually enhanced up to 5.5% at 50 g/L LS (Figure 9.10).
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Figure 9.10 Microbial oil production and corresponding y-linolenic (GLA) percentages by C.
echinulata (m) and M. isabellina (o) cultivated in 250 mL shake flasks containing nano-filtrated
and simulated spent sulphite liquor under various lignosulphonates (LS) concentration and
specific C/FAN ratios (213 for M. isabellina) (101 for C. echinulata) (maximum lipids and
GLA production).
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9.5. Lignosulphonates and phenolic compounds removal

Along with microbial oil production, LS and phenolic compounds removal were determined.
Studies focusing on microbial LS degradation are limited and mostly refer to Basidiomycetous
fungi that possess a lignolytic enzymatic complex including lignin peroxidase, manganese
peroxidase and/or laccase (Eugenio et al., 2008; Selin and Sundman, 1972). LS and phenolic
compounds assays were determined for all microbial strains, in batch fermentations, at the best
C/FAN ratios. According to the results, microbial stains were unable to degrade LS contained
in nano-filtrated SSL. This could be explained by the fact that lignolytic enzymes have not been
reported to be present in Zygomycetes and yeast strains (Eugenio et al., 2008; Bellou, 2014).
With respect to phenolic compounds, no reduction was observed throughout the fermentation
course of L. starkeyi. Total phenolics removal by M. isabellina and C. echinulata was 56+2.1%
and 61+2.8%, respectively, after 48 h of fermentation. Despite the lack of lignolytic enzymes
in these fungi, the phenolics reduction in the fermentative broth, could be attributed to their
absorption by the mycelia other than oxidation (Bellou, 2014).

9.6. Fed-batch fermentations by C. echinulata on spent sulphite liquor

In subsequent experiments, C. echinulata was cultivated in fed-batch mode utilizing sugar-
simulated spent sulphite liquor containing either 5 g/L or 90 g/L of LS (Figure 9.11). At 5 g/L
of LS, FAN was depleted after 27 h and TDW reached a maximum value of 12.2 g/L at 100.5
h of fermentation. Biomass yield was determined as 0.36 g/g. At 100.5 h lipid production
reached its maximum value of 6.8 g/L (56% intracellular content) with a yield of 0.2 g/g and a
productivity of 0.07 g/L/h. Total sugars consumption was slow during the first 27 h, while
thereafter it remained at 0.2-0.4 g/L/h (until 113 h). Feeding supply was stopped at 93.5 h of

fermentation.

In the case of utilizing media with 90 g/L LS, FAN was depleted later (70 h) than in
fermentation with 5 g/L LS (Figure 9.11c). TDW was maximized (9.9 g/L) at 118 h, containing
27% of lipids. Yield of biomass and lipids were 0.41 g/g and 0.11 g/g, respectively, while
productivity was 0.02 g/L/h. Total sugars consumption rate was 0.1 g/h during the first 24 h,
increased to 0.4-0.5 g/h for the next 50.5 h and decreased to 0.1-0.2 g/h thereafter. Feeding was
stopped after 120.5 h. Conclusively, fermentation efficiency in terms of the aforementioned

parameters, was highly inhibited in comparison to 5 g/L of LS.
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In both fermentations, glucose was firstly metabolized by the fungal strain, followed by partial
depletion of mannose and xylose during the first 24 h. Thereafter, glucose, mannose and xylose

were consumed simultaneously while arabinose was poorly metabolized resulting in its

accumulation at the end of fermentation. Galactose generally followed a slow catabolic rate.
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Figure 9.11 Fed-batch fermentation of C. echinulata in bioreactor using sugar-simulated spent

sulphite liquor (5 g/L lignosulphonates a, b; 90 g/L lignosulphonates c, d) at C/FAN ratio of

101. (a) Time course of total dry weight (TDW) (A), lipids accumulation (A ) and free amino

nitrogen (FAN) consumption (0). (b) Time course of total sugars (V), glucose (o), xylose (m),

galactose (@), mannose (#) and arabinose (%) consumption.
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Fatty acid variations of microbial oil produced under both LS concentrations is depicted in
Table 9.5. Distribution of fatty acids showed small alterations between different fermentations.
It is worth noting that in the case of 90 g/L of LS, myristoleic acid percentage was 10.9% in the
early phase of fermentation and gradually decreased to 0.1% after 136.5 h. Oleic acid and
palmitic acid were the main fatty acids. GLA formation was strongly affected in fed-batch
experiments, probably due to the application of aeration and agitation. Respective values of
9.3% after 100.5 h and 5.6% after 118 h were achieved at 5 g/L and 90 g/L of LS. These values
were considerably lower compared to the GLA obtained in batch fermentations (18.8%). Saad
etal. (2014) demonstrated that C. bainieri produced lower amounts of GLA in low aeration rate
and agitation. This indicates that further study should be carried out focusing on GLA

production through the optimization of aeration and agitation.

Table 9.5. Fatty acid profile of microbial oil produced by C. echinulata in fed-batch
fermentations in bioreactor using sugar-simulated spent sulphite liquor with 5 g/L or 90 g/L
lignosulphonates (LS) at C/FAN ratio of 101.

Fatty acid methyl esters (%)

LS Time

@L () vci1a1 Cé& 21C16:1 Cé& MC18:1 A%12C18:2 46.912C18:3  Others
46 07 206 07 94 483 115 8.8 i
655 0.6 190 11 92 493 115 9.3 i

> 105 05 186 07 78 509 122 9.3 i
13 10 178 07 57 482 140 116 1.0
445 109 218 66 83 443 6.5 16 :
72 56 298 30 103 411 76 26 i

P8 48 23 27 70 458 118 5.6 i
1365 01 195 14 52 512 139 8.7 i

9.7. Concluding remarks

The present study showed that L. starkeyi and C. echinulata were highly tolerant strains to
increased LS concentrations. Fed-batch bioreactor cultures of L. starkeyi under the optimum
C/FAN ratio, resulted in high cell density fermentation (81.1 g/L) and high lipid content (50%).
Cunninghamella echinulata was able to produce PUFAs-rich microbial oil (60%) with

simultanous phenolics removal when cultivated in batch fermentation utilizing SSL as
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substrate. GLA production was strongly affected in fed-batch experiments of C. echinulata
probably due to the application of aeration and agitation. Although fungi may offer appropriate
cell factories for the production of lipids, they are inferior to yeasts, in terms of growth rates
and productivities. This was proven in the current study with productivities achieved, being
lower than 0.05 g/L/h. Fermentation yields increased with decreasing C/FAN ratios until a
threshold, and thereafter decreased, as substrates rich in nitrogen sources lead to poor microbial
oil accumulation by microbes. Increasing LS concentration negatively affected fermentation,

particularly in the case of M. isabellina.
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CHAPTER 10
Conclusions and future perspective
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The conversion of waste streams into fermentation media would require the development of
advanced upstream processing strategies that exploit the full potential of complex biological
entities. This thesis, provides an approach of waste valorisation through the development of
microbial and enzymatic bioprocesses contributing to the growth of bioeconomy and the

elimination of the severe environmental impact caused by industrial activities.

Among the different chemicals, versatile molecules that act as building blocks for other
chemicals and materials are of immense necessity. Microbial oil from yeast stains, microbial
oil rich in polyunsaturated fatty acids from fungal stains, cosmetic esters, biolubricants,
phenolic compounds and crude proteolytic enzymes were strategic targets within the frame of
this thesis. Their global market covers a vast array of sectors including food, feed,
pharmaceuticals and oleochemicals.

Carbon and nitrogen sources choice has a great impact on the downstream processing and
process economics. The maximum theoretical yield of microbial oil when glucose is utilized as
fermentative substrate is 0.32 g/g. the exploitation of xylose increases more the product yield
(~ 0.34 g/g), due to the fact that oleaginous microorganisms utilize exclusively the
phosphoketolase pathway for xylose assimilation (Papanikolaou and Aggelis, 2011). The
narrow gap between the prices of carbon source and products, particularly in case of bulk
chemicals ordains the exploration for cheap nutrient sources. The production of microbial oil
was implemented from side streams of a palm oil production process (Chapter 5). Lipomyces
starkeyi was efficiently cultivated on palm kernel cake hydrolysate as the nitrogen-sources
mixed with commercial carbon sources. Microbial oil was additionally produced utilising waste
streams of the pulp and paper industry (Chapter 8, 9). Spent sulphite liquor, mainly composed
of xylose, provided the carbon necessary for microbial proliferation and microbial oil
accumulation. Lignocellulosic cakes deriving from the palm oil, cotton oil and castor oil
manufacture were finally used as carbon and nitrogen matrices for the SSF of lipids production
employing various fungal strains (Chapter 7). Result showed that lipid production (120.8 mg/g
fermented solids) from cotton seed cake via packed-bed reactor fermentation is feasible, but

better process and reactor design are needed to improve the final lipids yield of this process.

The selection of inhibitor-tolerant microbial strains and high cell density fermentation provide
important tools for maximizing productivities and titres of the desired products. In Chapter 9,
several shake flasks fermentations with Lipomyces starkeyi and Cunninghamella echinulata,

under different concentrations of inhibitory lignosulphonates compounds, demonstrated their
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strong ability to grow in the presence of inhibitory compounds and to consume all C5 and C6
sugars present in the spent sulphite liquor. This could lead to the utilisation of lignocellulosic
resources for the production of oleochemicals and fuels. Fed-batch practise is an alternative that
could promote natural producer strains and make feasible the industrialization of the applied
bioprocess. Fed-batch fermentation with Lipomyces starkeyi and Cunninghamella echinulata
resulted in enhanced biomass (81.1 g/L and 12.2 g/L respectively) and lipids concentrations
(40.9 g/L and 6.8 g/L respectively) (Chapter 9).

Two-step consolidated bioprocesses based on the utilisation of the first stage products as the
raw material for the formulation of the target product provides a promising alternative in the
era of bioeconomy and circular economy. Chapter 5, dealt with the development of a bioprocess
based on the production of proteolytic crude enzymes via solid state fermentation (SSF) carried
out in tray bioreactors and a fully controlled rotating drum bioreactor. The produced enzyme
consortia, was subsequently utilized as the biocatalysts for the production of generic nutrient
supplement for microbial oil production. Chapters 7 and 8 focused on the efficient microbial
oil production using spent sulphite liquor or various cakes after oil removal and its application
as the raw material for cosmetic ester and biolubricants formation via enzymatic synthesis.
Results showed that the different lipid fractions have a key role in the enzymatic activity and
the final conversion yield of cosmetic esters (Chapter 8). Specifically, conversion yield was
higher when microbial oil was free of phospholipids and glycolipids plus sphingolipids
fractions. Novozyme 435 was more effective in terms of conversion yields (90.8% for isopropyl
esters and 80.0% for 2-ethylhexyl esters) when hydrolysed microbial oil was utilized as
substrate. The successful lipase utilisation for up to 5 repeated reactions without significant
decrease of conversion yield, indicates that enzymatic processes may be a cost-effective route
for the production of bio-based compounds. In the case of biolubricants (Chapter 7), microbial
oil extracted from fermented cotton seed cake, was used for enzymatic ester production with
Lipomod 34-MDP and neopentyl glycol. The highest conversion yield (80%) was achieved
after 2 h reaction. In Chapter 6, phenolic compound extracted from the by-product streams of
the palm oil production were used as a source of natural antioxidants with PKC possessing the
highest total phenolic content with adequate antioxidant activity index. The incorporation of
PKC phenolic extracts resulted in 60 % increase of its induction time. The exploitation of palm
oil residues as a source of phenolic compounds could possibly find application in the food
industry.
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The results presented in this PhD thesis show that lignocellulosic renewable resources
constitute promising feedstock for the production of value added metabolites thus the applied
bioprocesses deserve further optimisation. Future research should give insight to a genome level
of microorganisms. Further metabolic engineering of these microorganisms for enhanced
production is possible. Sustainability analysis including techno-economic evaluation and life
cycle analysis of the proposed bioprocesses should be also considered.
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