Optimization Of Arachidonic Acid Production Through Fermentation

By

Zixuan Ren

Submitted in partial fulfilment of the requirements

for the degree of Master of Applied Science

At

Dalhousie University
Halifax, Nova Scotia

June 2023

Dalhousie University is located in Mi’kma’ki, the ancestral and unceded territory of the

Mi’kmaq. We are all Treaty people.

© Copyright by Zixuan Ren, 2023



Table of Contents

LSt OF TADIES ...ttt ettt ettt et s b e et e bt et e e sbe et et e ese et e ne e e e vi

LISt OF FIUIES ...eevvieiiieiieiiesite sttt ettt et et e st et e et et e staesssessseessaessaesseessaesssessseansennseesseeses viii

AADSITACE ...ttt ettt ettt s bt et et e bt et e bt e h e et e bt et e bt ea e e bt eh e e e bt en e e bt e st enteebe et e naeeneens Xii

List of Abbreviations and Symbols USed ..........cccecvieeririiieiieniiiieeieeieeeesee e xiii

ACKNOWIEAZEIMENLS........eeeiiiiieiiieie ettt re ettt teesteesteestbe s s e essaesseesseessnessseanseesseesseessns Xvii

Chapter 1: Introduction 1

Chapter 2: Objectives and Hypotheses 4

2.1 Objectives and HyPOtheSes .......c.eecviiriiirieniiniieiieeeeeree ettt sre e senesene e eses 4

2 I B 3 o To] o} 1< o3 A ST 4

2.1.2  HYPOTNESES ..ecvviiiieiiieiie ettt ettt ettt et e et estbeesbeesbaesseessaesssessneessaesseesens 4

Chapter 3: Literature Review 6

3.1 Microalgal lipids, PUFA and ARA ..........oooiiiiieieeeeeeeee ettt 6

3.1.1  Microal@al Lipids ...eecveeciiiiieiecieciecieetteee et sre e sre e enes 6

312 PUF A ettt ettt et ettt ettt ne et e eneen 6

3.1.3  Lipid, PUFA, ARA biosynthesis pathways ..........ccceceevreerieriiesieecreeneesreeeeenens 7

3,114 ARA SHIUCKUIC ..ottt ettt sttt e s 11

3.1.5  Safety and dietary requirement of ARA ..........coooiiviiiiiiniicieeeee e 11

3.1.6 Market OVEIVIEW....ccuoiuieiieiieiieierie ettt ettt sttt sttt e e e enes 13

3.2 MOTEIEFElla SPECICS. ...cuveeveetieeiecieeie ettt ettt ee s tae s tbeebe e b e esteestaesstesssesssessseesseesseenens 13

3.2, 1 TAXONOIMY ...vtieitiieiiieeieeesiieesteeeeteessteesseeessseesnseeessseessseeansseesnseesseeenssessnseeennnes 13

322 OVErVIEW Of M. GIDING ..ottt s 14

3.2.3  Distribution and Morphological characterization.............c.ccceevveevvereesvennnnns 15

324 LI CYCLC ittt b e e sra e taeeene e 16

3.2.5  Fermentation of Mortierella ............ccccoveeoiieeieiieieieseeeeeee e 17

3.2.5.1 Effects of Carbon to Nitrogen (C:N) Ratio........cccceevvvrvievieevieenienieenens 18

3.2.5.2 Effect Of C SOUICE ...cuvevieiieiieiieieiee ettt 19

3.2.5.3 Effect Of N SOUICE ....eovuiieieiieiieieeeee et 20

3.2.5.4 Effects Of MINETalS......ccoeoieiiieuieieieieeete et 22

3.2.5.5 Effects of TEMPETAtUIE .......c.ccovveviieiierrierieteeeesee e ere e ereesreeseaeeene e 22

3.2.5.6 Effects Of OXYZON ....covviiiiiiiiiieiiecie ettt reereesreesraesene e 23

3.2.5.7 Effects Of PHo.oviiiiiiicece ettt 24

3.2.5.8 Effects 0f MOrphology.......cccvevvieiiieiiiiiicii ettt ens 25

33 Strain IMPrOVEIMENL .......cccveiviiiieiieiieiie e ere ettt e steesteereeveesteeseeeseseerseerbeesseesseessseens 26

3.3.1  Random MULAZENESIS ....c.vecveevieireeiriesiieereereereeseesseesteessressseessessseesseesssessneens 26

3.3.2  Adaptive Laboratory Evolution (ALE)........cccccvevieiiiiiiiiicieee e, 31

Chapter 4: Methods and Materials 36

4.1 Overview of Project Methodology........cecvvieiiieiiiiiiciieieeeeeesee et 36

4.2 Microorganism, inoculum preparation and general culture conditions............c.cceeuennee. 37
43 Plackett-Burman and Response Surface Methodology Experimental Designs on

il



IMHCTOMULTIEIIES . ...ttt ettt ettt e b et e bt e a et e e st et e e bt eme e beeaeem s e ebeeseenbeeseeneesbeeneentesaeans 37
4.3.1  Culture CONAIIONS ....eerveeuieieriieierteeteie ettt ettt ete e e e sbeeeestesaeens 37
4.3.2  Plackett-Burman Media SCreening...........ccevveveervervencreecieerieesieeseesenesnesnens 38
4.3.3  RSM Experimental Design and Data Analysis..........cceeveeviervervenvencrennennnenn 40
4.4 Mixture Experimental Design on Macronutrients...........ccvevverveeereecreereenvennesnesseenens 41
4.4.1  Culture Conditions.........ceeerieruierierieieieetceiestete ettt eeeens 41
4.4.2  Evaluation of Suitable Carbon to Nitrogen (C:N) Ratio .........cccceevvvrverrennnen. 42
4.43  Pre-screening of Different Nitrogen SOUICES ........cccccveeeveecveerieerverrenrenreennens 43
4.44  Mixture Experimental Design on Pre-screened Nitrogen Sources.................. 44
4.5 Strain Improvement: Random Mutagenesis..........ccuevvveriereriecienieniereeseeeieesieeseeseneens 46
4.5.1  Flask Culture Conditions..........ccceeeeieriirienieniniene et 46
4.5.2  Random Mutagenesis Strategies Along with High-throughput Screening......46
4.5.2.1 Culture Conditions: Spore Suspension Preparation.............ccccceevrrevennen. 47
4.5.2.2 Mutagenesis Characterization — UV Screening and Treatment................ 47
4.5.2.3 Mutagenesis Characterization —-TTC Screening and Treatment .............. 48
4.5.2.4 Mutagenesis Characterization — FA Inhibitor Cerulenin Screening........ 49
4.5.2.5 UV Mutagenesis Supplemented with Cerulenin and TTC....................... 49
4.6 Strain Improvement: High-Temperature ALE..........cccocveoiiieiinieniiiieciece e 50
4.6.1  Culture Conditions.........ceceeriiruierienieiee ettt ee sttt e e seeeneens 50
4.6.2  Schematic Review of Adaptative Laboratory Evolution............cccccceeeverevennen. 51
4.6.2.1 Temperature Pre-SCreening .......ccccceevveevieerieereesiienreereereesseeseessnesnesnes 52
4.6.2.2 ALE Adaption CYCIES......cveviiriieiiiiiieieeieesieesee e ere et ereeseeeseressreennes 52
4.6.2.3 Temperature Sensitivity Test After Adaption........c.cccceevvvevvereenvenrennnen. 52
4.6.2.4 Comparison of cell performance between modified medium and ALE
100110 L1 0 0 SRS 53
4.7 Biomass Harvest and Fatty Acid Methyl Esters Analysis ........c.cccocvveeveevieevieneesiennnns 53
Chapter 5: Results 55
5.1 MICTONULTIENE STUAIES. ....eueeeeeeeieieeiieiiee ettt sttt st e e et eeeeneenes 55
5.1.1  Plackett-Burman Screening of MiCrONULIIENtS........c..cccverveerrenreerieereenrenenens 55
5.1.2  First RSM Optimization on KH>PO4, MgS0O4.7H>0 and CaCl>.2H,0 ............. 59
5.1.2.1 Experimental Results of the First RSM .........cccccooiiviiiiiiiiiiieciecieeiens 59
5.1.2.2 Diagnostic Checking of the Models.........c.cccceeviivieriiniiinieniesieeie s 59
5.1.2.3 Determination of Lack of Fit and/or Outlier.............cccccveevveevienieniennnnns 60
5.1.2.4 Plot Analysis (Normality Probability Plot, Residual vs. Fit)................... 60
5.1.2.5 Evaluation of Significance Factors ..........c.cccceevveviiiiiiiienieniesiesre s 62
5.1.2.6  Main Effect ANalYSiS ......cccoieviieiieiiiciicticieeieesie e reestneeene e 62
5.1.2.7 Response Surface PIOttng .........ccceeviiiiiiiiiiiiiicsiccee e 64
5.1.2.8 Experimental Validation of the Optimized Culture Variables................. 66
5.1.3  Second RSM Optimization on KH>PO4, MgS0O4.7H>0 and CaCl,.2H,0......... 68
5.1.3.1 Experimental Results of the Second RSM .........ccccevviiiiiiiiiienieiiecns 68
5.1.3.2 Diagnostic Checking of the Models Significance............ccceeveevverrennnenns 69

iii



52

53

54

5.1.3.3 Determination of Lack of Fit and/or Outlier...........cooeevvuvvvveeiiviriiinienne. 70

5.1.3.4 Plot analysis (Normality Probability Plot, Residual vs. Fit)................... 70
5.1.3.5 Evaluation of Significance Factors ..........c.ceccvevverierirniiienieeneeseesie e 72
5.1.3.6  Main effect analysiS........ccevverierierieriieiieieeseesee e e eee e e sreeseaesene e 72
5.1.3.7 Experimental Validation of the Optimized Culture Variables................. 73
MacTONULTIENES STUAIES ......eeveeieiieiieie ettt ettt 76
5.2.1  C:N Ratio SCTEENING........ecvvieriieriieeieeiieieeseesteereeseesseesseesesessseesseesseesseessnenns 76
5.2.2  Nitrogen Pre-SCreeNING.........cccvereverrveerieerieeriienreeereesseesseesseessesseesseessessssessenns 79
5.2.3  Nitrogen MiXture DEeSIZN.......ccevcviriiieriieriieriiesieeieeieesieeseeeseeessesseessaesseessnenns 81
5.2.3.1 Model fitting and regression analysis ..........ccceccvereerrerieeeieenieeneesinennenns 81
5.2.3.2 Normality Plot ANalySiS.......ccccoveriierieriiniieiieieseeree e ere e eseeseaesene e 83
5.2.3.3 Term SignifiCancCe.......c.ccveveeriieriierieeriereereesteesiee e sreereereesraesraeseneens 84
5.2.3.4 Main Effect Plot ANalySiS......cccceviereiirrieiieiieiieseesee e e ereesreeseeeeene e 84
5.2.3.5 Interpretation of Contour and Surface PIots ..........cccccevevievievienienieennnns 85
5.2.3.6 Experimental Validation ...........ccccuevveriiniieiieiieseecee e ere e eseesene v e 86
RaNAOM MULAZENESIS ... ecvievieiiieiereeieeieesieesttesttesteebeesbeesseesseesseesssesssessseesseesseesssassseans 88
5.3.1  Development of UV Mutagenesis and Screening Method ...........cccccveviveennnns 88
5.3.1.1 UV MULAGENESIS ..eevverereeeieeieeieesieesreereesreesseesseesseesssesssessseessesssesssaessnenns 88
5.3.1.2 FAs Inhibitor Cerulenin SCreening............ccccvevverververreeseeseeseesnesnenns 90
5.3.1.3  TTC SCIEENING......ccuveeereeereeieereertieeteereeereesseesseesseesssessseesseesseesseesssessnenns 92
5.3.2  Isolation and identification of oleaginous filamentous fungi ............cc..coceue... 93
5.3.3  Fatty acid profiles of oleaginous fungal iS0lates ...........ccccvevevrrerrevreereerrennnnns 95
High-Temperature ALE ..........ccccooviiiiiiiiieicciecie ettt sre e esreereesreesaeesene e 97
5.4.1  High Temperature SCreCNiNg..........ccecveerreerververreerreesreeseesresseesseesseessesnenns 97
5.4.1.1 First High-Temperature Screen and ALE Attempt 1........c.covevveniennnns 97
54.1.1.1 Observation of Cell Morphology at Different High
TRMPETALUTES. .. .eecevieeiiieiiieeiieerieeeeeesre e et e e b e e s teeeereesstaeesseesaseeansneesnseennns 97
54.1.1.2 Observation of Glucose Consumption, Biomass and Fatty Acid
Profiles at Different High Temperatures............cccevverveereerieenieeseeseesneseneens 98
54.1.13 High temperature ALE attempt at 32°C ........ccccovvevvevienienenenns 99
5.4.1.2 Second High-Temperature Screen and ALE Attempt 2...........cc.ccuveeeee. 100
54.1.2.1 Observation of Cell Morphology at Different High
T RMPETALUTES. ... .eeuvieeiiieciieeiieeteeetee e e et e rtreesaeeeteeessseeessaeeseseesnsaeenssenas 100
54.1.22 High temperature ALE attempt at 34°C ........cccccovvevvereenenne. 101
5.4.1.3 Third High-Temperature Screen and ALE Attempt 3 ..........cccovvevennen. 102
5.4.2  High Temperature ALE at 32.5°C - Observation of Cell Performance during
AAPLALION. .....iiviiiiiecieeie ettt e et e st e e tbeerb e e b e e be e ba e tbestbeerbeerbeenbeenraennes 105
5.4.3  ALE Characteristic Results after Adaptation ..........c.cccceeevvevievienienceeeneennen. 106
5.4.3.1 Fermentation of the Adaptive Strains at High Temperature 32.5°C...... 107
5.4.3.2 Fermentation of the Adaptive Strains at Normal Temperature 28°C..... 111
5.4.3.3 Temperature sensitivity of the starting and adaptive strains.................. 114

v



5.4.3.4 Comparison in modified media, ALE 15, 30,45 vs. WT .......ccoevenee. 117

5.5 Summary of ARA PrOQUCLIVITIES .....veerveereierieiieiieesieeseeseesresreereeseeseessnesssessseessens 120
Chapter 6: Discussion 122
6.1 MICTONULTIENE STUAIES. ....ceuvitieiiiiieieie ettt ettt st st ebe e 122
6.2 MacTONULTIENE STUAIES .....c.vieeiiieiieieie ettt ettt st ebe e 125
6.2.1 Discussion on Carbon Sources and C:N Relations ..........cceceeevereriereneeneneneene 125
6.2.2  Discussion on NitroZen SOUICES.........ceevveerieereeriverirerreereesseesseesseessesssesssees 127
6.2.3 Comparison to Other Statistical Optimization Studies on ARA Producers...... 131
6.3 Random UV Mutagenesis Coupled with High-Throughput Screening ....................... 135
6.4 High-Temperature ALE ..........ccooovoiiiiiiiieiteerere ettt s 137
6.4.1  Discussion of High-Temperature ALE Experiments for the MA2-2 strain... 137
6.4.2  High Temperature Strategies on Various Microorganisms ..............cceceveennenn 139
6.4.3  Other ALE Strategies on Various MiCrOOIganiSms.............cceevveerevervesveenens 141
6.4.4  Challenges and Current Phase of ALE on Filamentous Fungi...................... 143
6.5 Summary of ARA PrOAUCLIVITIES ....cveeveeriieiieiieeieeieesieestesresreereereeseesenesesessseesses 143
Chapter 7: Conclusions and Recommendations 145
7.1 CONCIUSIONS ...ttt ettt ettt ettt sttt ettt et et e et e s st et et e ss e et e ebeestenseeneeneeaneenean 145
7.2 RecOMMENAAtIONS......eoiiiiieieieeie ettt sttt et eneas 146
References 148
Appendix A: Supplementary FIZUIES.........cccvvivieriieiieiieieree e ereesieesteesresneesreesseesseesees 169
Appendix B: Supplementary Tables ........ccceviirieriiiiieiieiereecee et 174



List of Tables

Table 4.1: Plackett-Burman low/high levels table. ............ccccoceeeiiiiniiiiniece e, 39
Table 4.2: Experimental variables at different levels used for the RSM approach. ........ 40
Table 4.3: Experimental deign for screening of carbon to nitrogen ratio. ....................... 43
Table 4.4: Experimental design of pre-screening nitrogen SOUICes ...........eeevveeervveerenveenns 44
Table 5.1: ANOVA test of MA2-2 strains from PB design...........ccccceevviiieiieenieecies 57
Table 5.2: Analysis of variance (ANOVA) for response surface quadratic model of

biomass DCW, 0i1%, ARA% and ARA concentration by RSM. .........c.ccccoviiiiinnnnen. 61
Table 5.3: Predicted and experimental value of responses at optimum condition........... 68

Table 5.4: Experimental variables at different levels used for the 2" RSM approach.... 69

Table 5.5: ANOVA analysis for response surface quadratic model of biomass DCW,
0i1%, ARA% and ARA concentration by the second RSM.........c..cccccoviniininiiniincnnnnn. 71

Table 5.6: Predicted and experimental value of responses at optimum condition in
tWO RSM dESIZIS ..ottt ettt 75

Table 5.7: Experimental design of pre-screening nitrogen for multi-response variables
(biomass DCW, Oil%, ARA%, and ARA concentration.............cceeeeveeerveeesveeenveeeenneenns 80

Table 5.8: ANOVA analysis for response surface quadratic model of biomass DCW,
ARA content and concentration by nitrogen mixture design..........ccoceevvereererieeneeneenns 82

Table 5.9: Predicted and experimental value of responses at the optimum condition in
NIrOZEN MIXLUIE AESIZIN ....viiiiiiiiiiiiiiieie ettt ettt ettt ettt ettt e e enee 88

Table 5.10: Effect of various cerulenin concentrations on mycelial growth for the first
SCTEEM TESUIES ...ttt ettt sttt et ettt st e sttt saeeees 91

Table 5.11: Effect of various cerulenin concentrations on mycelial growth for the
SECONA SCIEEN TESULLS .....cuiiiiiiiiiieiiciet ettt 92

Table 5.12: Effect of various TTC concentrations on mycelial growth........................... 93

Table 5.13: Fatty acid content (% in TFA) of UV mutagenized strains, namely M9,
M10, M13 and M14 in comparison to the wild-type MA2-2 (WT) ..ccccevveiieniiiiiinieeinns 97

vi



Table 5.14: Difference of fermentation performance between the original strain and

adaptive strains under 28°C and 32.5 %C .....ccovieeiiieeieeeee e s 116
Table 5.15: Difference of temperature sensitivity between the original strain and

adaptive strains under 28°C and 32.5 %C .....ccoviieiiiieieeeee e 117
Table 5.16: Biomass and fatty acid of the original strains and adaptive strains in

EVETY 15 ALE CYCIES ...ttt e e e e e e 119
Table 5.17: Summary Table of ARA productivities (g L'd™) ...cocoovovvieiiieiciieie 121
Table 6.1: Comparison of statistical optimization studies on ARA production. ........... 134
Table 6.2: Literature Summary of ARA productivities (2 L1 d™") ..coovvvivevieiieen, 144

Table B.1: Experimental design for screening nitrogen sources using mixture design,
and the experimental values of the responses (biomass, oil content and ARA content
and concentration) of M. alping MA2-2 ...........coooueeeoieeeiieeeeeeee et 174

Table B.2: Plackett-Burman design table. ...........ccccooiiiiiiiiiiiiiceeeeeee 175

Table B.3: Central composite design in uncoded and coded units (parentheses), and
the experimental values of the responses (biomass, oil content and ARA content and
concentration) for M. alpina MA2-2 in the 15 RSM deSign.........cccceveeveviirieercrerinenee, 176

Table B.4: Central composite design in uncoded and coded units (parentheses), and
the experimental values of the responses (biomass, oil content and ARA content and
concentration) of M. alpina MA2-2 in the 2" RSM design ...........cccovvvuereieerevceerennnns 177

vii



List of Figures

Figure 3.1: Key enzymes and biochemical processes related to acetyl-CoA generation

and metabolism in 01eaginoOuSs fUNZI .......cccueieiiiieiiiecieece e e e 9
Figure 3.2: Polyunsaturated fatty acid synthetic pathways in M. alpina. ........................ 10
Figure 3.3: Arachidonic acid structure showing linear and hairpin configuration. ......... 11
Figure 3.4: M. alpina MA2-2 on potato dextrose agar (PDA) plate.........cccceeveeeeuveenenn. 16

Figure 3.5: Asexual lifecycle of the fungus. Haploid cells form sporangiophores, and
sporangiospores germinate to hypha...........coocuiiiiiiiiiiiiniieee e 17

Figure 3.6: Schematic of the lipid biosynthesis pathway in microalgae and yeasts
highlighting the action of chemical mutagens on metabolic enzymes. ............cccecueeneen. 30

Figure 4.1: Flow Diagram of Overall Project Methodology ..........ccccceverieniiicnienennenn 36

Figure 4.2: Experimental matrix of Simplex Design plots for optimization of nitrogen
SOUTCES. ¢ euvteeeutteeratteesutteesasteesatteeeutteeaateeesteeeseeeeasbeeeabteeeabbeesabaeesabaeesabeeenabeeebbeesnbeesabseesanee 45

Figure 4.3: Schematic of the mutagenesis experimental protocol with high-
throughput screening. Drawn with Biorender.ca ...........cccccovveviniiniiiiniinicniicniccee 47

Figure 4.4: High-temperature adaption laboratory evolution schematic review. Drawn
WIth BIOTENAET.CA ...ttt 51

Figure 5.1: Pareto chart showing the positive and negative effects of eight
micronutrients (A-H) on responses A) biomass DCW (g L"), B) TFA %, C) ARA %
and D) ARA yield (N L)oo 58

Figure 5.2: Main effects plots of significant minerals KH2PO4, MgS0O4.7H20 and
CaCl,.2H,0 for response variables: Biomass DCW (g L), ....oooovivovovieieeeeeceeeen, 63

Figure 5.3: Main effects plots of significant minerals KH2PO4, MgS0O4.7H20 and
CaCl2.2H>0 for response variables: Total oil content W/wW%. ......c..ccccevvverervienieneenennenn 63

Figure 5.4: Main effects plots of significant minerals KH2PO4, MgS0O4.7H20 and
CaCl,.2H20 for response variables: ARA W/W%0. ..cccueeriiiiieniieiierieeiteee et 64

Figure 5.5: Two-dimension contour plots (A and C) and three-dimensional response
surface plots (B and D) for total oil w/w% production by M. alpina MA2-2 showing
interaction of two variables while the remaining factors were held constant: (A and B)

viii



contour and surface plots of CaCl>.2H>0 x MgS04.7H>0; (C and D) contour and
surface plots of KHoPOs X MESO4.7TH20........ccciiiieiieeieeeeeee et 66

Figure 5.6: Main effects plots of significant minerals KH>PO4, MgS0O4.7H>0 and
CaCl,.2H0 for response variables: Total oil content W/w%. .......cccceeveeriiniienieniieeneenne 72

Figure 5.7: Main effects plots of significant minerals KH>PO4, MgS0O4.7H>0 and
CaCl2.2H20 for response variables: ARA concentration (mg L) .....cocoovovvvviviiiiiiiiane 73

Figure 5.8: Fatty acid profile A) in w/w %; and B) in mg L™ of carbon to nitrogen
ratio screening of M. alping MA2-2 SraIN ......c..ccccveeeeiieeeiiieeeiie et e 78

Figure 5.9: Ternary two-dimensional contour plots of significant response variables
in mixture design for M. alpina MA2-2, with respect to the response of: A) Biomass;
B) ARA content (%); C) ARA cONCENIatioN. ......ceeerueeeiieiiieiiieiie ettt 86

Figure 5.10: Screening of the UV mutagenesis condition ‘Preset UV Time Exposure’,
showing surviving colonies with exposure times of 0, 1, 5, 15, 25, 35 and 45 min
when the Petri dish 1id Was OnN. .......ccooooiiiiiii e 88

Figure 5.11: Screening of the UV mutagenesis condition ‘Preset UV Time Exposure’
showing surviving colonies with exposure times ranging from 0, 0.1, 0.5, 1, 3 and7.5
min when the Petri dish lid was removed ...........c.ccooeeiiiiiniiiinicecece 89

Figure 5.12: Screening of UV mutagenesis ‘Preset UV Energy Exposure’, ranging
from 0, 4000, 6000, 8000, 10,000 and 12,000 pnJ cm™ when the Petri dish lid was
TEIMIOVEA. ..ttt ettt st b et et b et et e be et et e s bt et et sbtenaeenne 89

Figure 5.13: Mortality plot with respect to UV exposure to the MA2-2 strain spore
SUSPEIISION .. .teeeteentteeiteeuteestteenttesuteeaseesaeeenseasaseenseessseenseesaseenseaesseenseessseenseassseenseesaeeanseannnas 90

Figure 5.14: Screening of different concentrations of FAs inhibitor cerulenin
supplemented with PDA plates, ranging from 0, 0.16, 0.24, 0.32, 0.40, 0.60 and 0.80

Figure 5.15: Screening of different concentrations of FAs inhibitor cerulenin
supplemented with PDA plates, ranging from 0, 0.1, 0.60, 1.0 and 4.5 pM .................... 91

Figure 5.16: Screening of different concentrations of TTC supplemented with PDA
plates, ranging from 0.15, 0.30, 1.5 and 3.0 MM .......ccoooiiiiiiiiiniiieiee e 93

Figure 5.17: Fatty acid profile in w/w % of TFA of UV-mutagenized cells from M.
AIDTNA MA2-2 SETAIMN. ..cutieiieeiieciie ettt ettt et ettt e st esatesbeesseeeabeesseesnseensneenseens 94

X



Figure 5.18: Fatty acid profile of UV-mutagenized cells from M. alpina MA2-2
strain. The simplified version of Figure 5.17......c.cccoviieiiiieiiiieieece e 96

Figure 5.19: Growth performance and microscope pictures of MA2-2 strains at
various high temperatures for the initial temperature screen (scale bars: 10um)............. 98

Figure 5.20: Fatty acid profile of MA2-2 strain growing at 28°C, 30°C and 32°C......... 99

Figure 5.21: Growth performance of wild-type MA2-2 strains at temperatures 32°C,
34°C and 36°C within 72 h in flask assays for the second temperature screen.............. 101

Figure 5.22: Adaptive evolution of cell performance at 34°C for the first 5 cycles,
and ALE terminated at CYCle S........ooiiiiiiiiiiie e 102

Figure 5.23: Growth performance and microscope pictures of MA2-2 adaptive strains
for the first 5 ALE cycles, at temperatures 32°C, 32.5°C and 33°C for the third
temperature screen (scale bars: TOM) .....oooiiiiiiiiiiiieie e 104

Figure 5.24: Adaptive laboratory evolution of cell performance at 32.5°C .................. 106

Figure 5.25: Glucose depletion (g L™!) of MA2-2 starting strain and ALE adapted
strains grown at high temperature (32.5°C) in every 5 ALE cycles ......cccccovevverienennnene 108

Figure 5.26: Fatty acid profile A) in w/w %; and B) in mg L' of MA2-2 starting
strain and ALE adapted strains grown at high temperature (32.5°C) in every 5 ALE

Figure 5.27: Glucose depletion (g L") of MA2-2 starting strain and ALE adapted
strains grown at control temperature (28°C) in every 5 ALE cycles.......ccocvevieniennnns 111

Figure 5.28: Fatty acid profile A) in w/w %; and B) in mg L' of MA2-2 starting
strain and ALE adapted strains grown at control temperature (28°C) in every 5 ALE

Figure A.1: (A, C, E) Normal probability plot of the residuals for significant response
variables: A) Biomass DCW (g L!); C) TFA or total oil content w/w% in biomass; E)
ARA w/w% in TFA. (B, D, F) Residual plots for residual versus fit for significant
response variables: B) Biomass DCW (g L™'); D) TFA or total oil content w/w% in
biomass; F) ARA W/W% 1N TFA. ......oooiiie e 169

Figure A.2: ANOVA analysis for quadratic model of ARA concentration when
removing the outlier (run no. # 9) in the 2" RSM design. The figure was sourced from
MINItAD SOTIWATE. ...ouviiiiiiiiiecie ettt s 170



Figure A.3: (A and C) Normal probability plot of the residuals for significant

response variables: A) Total oil content w/w%; C) ARA concentration (mg L'!). (B
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Abstract
Arachidonic acid (ARA) is an omega-6 fatty acid (C20:4n-6) needed for improving

infant memory and eyesight, and an important supplement in infant formula. This project
aimed to develop a process to produce ARA from Mortierella alpina strain MA2-2 by 1)
optimizing the production medium and 2) applying strain improvement techniques.

The optimized medium for MA2-2 resulted in 19-22 g L! biomass, 30-35 % 0il%,
33-42% ARA content and 2.1-2.5 g L' ARA concentration. Compared to the original
medium, this was an improvement of at least 0.9, 0.875, 0.32, 3.7 times, respectively.
Random mutagenesis was conducted using UV, cerulenin and staining reagent TTC.
However, the mutants did not exhibit significantly beneficial phenotypes. High-
temperature ALE was performed on wild-type MA2-2 for up to 90 days (45 ALE cycles).
The evolved strain showed greater thermotolerance with ARA final productivity of 0.421
+0.04 g L't d!, 27.6% higher than the original strain.
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Chapter 1: Introduction

Polyunsaturated fatty acids (PUFAs) are critical sources of metabolic energy and have
an important role in maintaining physiological parameters as the primary structure in a
biomembrane (Sakuradani et al., 2013; Kikukawa et al., 2018). Arachidonic acid (ARA) is
an n-6 series fatty acid and a precursor to eicosanoids, such as prostaglandins, leukotrienes

and thromboxanes, that effectively prevent many human diseases (Ji et al., 2014).

ARA exists in human milk, in neural or functional organs including in the blood,
muscles, brain and liver, and is clinically treated as an important nutrient for improving the
memory and eyesight of infants (Higashiyama et al., 2002; Zhang et al., 2021). As infants
cannot endogenously synthesize ARA, it is a frequent supplementary ingredient in foods
or infant formula to facilitate sufficient nutrient intake. In contrast to other fatty acids such
as docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), ARA only comprises a
small portion of food sources such as meat, seafood or dairy foods (Food Standards
Australia New Zealand, 2003; Kawashima, 2019). As such, it is not realistic to
commercially develop ARA from these sources, despite its importance to health. Therefore,

there is a need to find a high-quality alternative for ARA production.

Lipid-accumulating microorganisms, particularly the fungus Mortierella alpina (M.
alpina), have been used for several decades as an alternative means for ARA production
with the Mortierella genus showing promise as a single cell oil (SCO) source rich in
various types of Cxo PUFAs, and especially large amounts of ARA-containing lipids
(Sakuradani et al., 2010). The lipid accumulated in total biomass is more than 20% (w/w),
and the total amount of ARA varies between 30-70% (w/w) of the total fatty acids, with
70-90% (w/w) of the ARA being present as triacylglycerols (Sakuradani et al., 2013;
Kikukawa et al., 2018).

Although some well-studied M. alpina strains have been grown commercially for years
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(Higashiyama et al., 1998a, 1999, 2002; Sakuradani et al., 2013; Kikukawa et al., 2018),
there remains an opportunity to discover, develop and commercialize new strains that may
also be highly productive, as many Mortierella strains can accumulate ARA (Kikukawa et
al., 2018). Various M. alpina species have not yet been discovered or fully developed, such
as the M. alpina MA2-2, newly isolated strains from Mara Renewables Corporation (Mara)
strain collection with the potential to be highly productive ARA producers. The search for
new SCO producers will continue, and new species with unique characteristics could be
discovered and used to replace existing SCOs, or for entirely new applications (Kyle, 2010).
Meanwhile, increasing target PUFA yields, reducing fermentation costs, discovering more
potential ARA producing strains and expanding the application of M. alpina-derived

products is still on-going research (Certik, 1998; Chang et al., 2021).

As ARA production by Mortierella species can differ significantly with various
growth parameters affecting biomass, lipid, and ARA productivities. Culture media
selection for each strain is different due to their complicated metabolic characteristics
(Nisha & Venkateswaran, 2011). Additionally, combining mutation and genetic breeding
with fermentation optimization is still a commonly used method to enhance the lipid yield
in M. alpina (Chang et al., 2021). The evolutionary engineering strategy is known as
Adaptive Laboratory Evolution (ALE) and there are more than 30 research manuscripts on
microalgal bacteria, yeast or algae. However, this field is relatively unexplored in fungi
(LaPanse et al., 2021). The use of different organisms, such as algae, bacteria or yeast, can
achieve evolutionary phenotypes, but relatively few ALE studies have focused on less
standard microbial species such as filamentous fungi M. alpina (Sandberg et al., 2019).
Therefore, there is the opportunity for companies such as Mara to explore the feasibility of

industrial ARA production from new Mortierella strains derived from ALE.

Mara is a research & development biotechnology company producing nutrient
supplements or bio-products from fermentation for fatty acid production, with DHA as the

main constituent. Methods of producing oil from microorganisms have been developed by



Mara and include the isolation of novel microorganisms, targeted fermentation strategies
and lipid extraction techniques (Dennis & Armenta, 2017). Mara is constantly exploring
new microbial-based products for commercialization potential and investigating ARA

production aligns with the company’s goals.

Therefore, in this work, optimization of fermentation medium composition for ARA
production was explored for M. alpina. The cell-line performance was analyzed for strain
improvements after applying random mutagenesis or ALE strategies. The undeveloped
wild-type MA2-2 at Mara produces about 16.7+£1.78% (w/w) oil and 26.5£2.22% (w/w)
ARA in the original medium, which is not optimal for industrialization and
commercialization. In this study, the goal was to improve ARA production by reaching
and/or exceeding 40% (w/w) of ARA in total oils and 20% (w/w) of oil accumulation in

biomass for industrial development.



Chapter 2:  Objectives and Hypotheses

2.1 Objectives and Hypotheses

The overall objective of this project was to develop a process to produce ARA using a
selected M. alpina strain, MA2-2, from the Mara strain collection by applying medium
optimization and strain improvement techniques. The targets for the optimized ARA
producer were 40% (w/w) ARA in total fatty acids and 20% (w/w) oil accumulation in

biomass.

2.1.1  Subobjectives

The subobjectives of this research were to:

1: Develop a culture media for M. alpina MA2-2 by investigating micro- and macro-
nutrients using Plackett-Burman Design, Response Surface Methodology and Mixture
Optimization design to improve multiple responses including the production of biomass
and total lipids, as well as ARA production (ARA percentage and ARA yield). Since
multiple response variables were studied in the medium design, the main focus was on
balancing between all responses and weighing any drawbacks to bring a final solution that
was improved in all response variables.

2: Develop protocols for random mutagenesis and high-throughput screening of ARA-

producing strains, to obtain beneficial mutants.

3: Develop protocols for high temperature ALE experimental strategies on ARA-

producing strains to improve the temperature tolerance of the strains.

2.1.2  Hypotheses
1: Modified fermentation medium can be developed to increase the biomass content, total

lipid and ARA accumulation from the highly productive ARA-producing M. alpina wild-



type strain.

2: Random mutagenesis can be successfully applied to M. alpina MA2-2 and an effective
screening method can be conducted to select beneficial mutants with high biomass content,
total lipids and ARA accumulation.

3: High-temperature ALE strategies can be successfully developed for oleaginous
filamentous fungi to improve thermotolerance and reduce temperature sensitivity.

4: After media design and strain improvements, the target parameters of 40% (w/w) ARA

in total fatty acids and 20% (w/w) oil accumulation in biomass can be achieved.



Chapter 3: Literature Review

3.1 Microalgal lipids, PUFA and ARA
3.1.1  Microalgal Lipids

Microalgae produce a large number of lipid-like compounds such as glycerolipids,
sterols, hydrocarbons and waxes. Glycerolipids are the most abundant microalgal lipids.
These lipids are characterized by the attachment of one, two or three fatty acid (FA) groups
to the glycerol backbone (Morales et al., 2021). The total oil and FAs in microalgae ranges
from about 1 to 70% of ash-free dry weight (Borowitzka, 2010).

Glycerolipids can be divided into two categories: storage lipids and structural lipids.
Among the structural lipids, membrane lipids are essential for cell and organelle
membranes, and they usually contain two FA groups with a polar group bound to the
glycerol structure. Phospholipids and glycolipids are the main representatives of polar
lipids, while triacylglycerols (TAGs) are the main form of storage lipids with three FA
groups attached (Morales et al., 2021).

Microalgae usually have FAs with 12, 16 or 18 carbon atoms as their chain length,
while some species also produce FAs with chain length of up to 22 carbon atoms (Montone
et al., 2021). TAGs mainly contain saturated and monounsaturated fatty acids (SFAs and
MUFAs, respectively), such as C14:0 (myristic acid), C16:0 (palmitic acid), C16:1
(palmitoleic acid), C18:0 (stearic acid) and C18:1 (oleic acid), but PUFAs can be also
present (Tababa et al., 2012; Montone et al., 2021; Morales et al., 2021).

3.1.2 PUFA

The production of oleaginous microorganisms rich in MUFAs and SFAs can be used
for biodiesel production, while strains rich in PUFAs are more suitable for nutritional and
pharmaceutical products. This is due to the fact that lipids with higher content of PUFAs

with more than two double bonds are susceptible to auto-oxidation. Therefore, PUFA-rich



lipids are more unstable and technically unsuitable for biodiesel production (Mhlongo et
al., 2021).

The reason that PUFAs are mainly produced for use in food commodities and
nutritional products is due to two main functions of their essential fatty acids (EFAs). The
first is their role in membrane structure, where EFAs confer membrane fluidity and
flexibility and regulate the behavior of certain membrane-bound proteins. The second is
their role as precursors of various metabolites (e.g. prostaglandins, leukotrienes and
hydroxy fatty acids) that regulate critical biological processes, which are essential for
nutritional intake in mammals (Certik, 1998; Sakuradani et al., 2010).

Mammals lack the ability to endogenously synthesize most PUFAs because they
cannot insert a double bond between the ninth carbon from the carboxyl terminus to the
terminal methyl group (Certik, 1998; Shanab et al., 2018). For humans, EFAs are C18:2
(linoleic acid) and C18:3 (a-linolenic acid), which must be obtained from oils of plant and
animal origin in the daily diet. Other long-chain PUFAs (LC-PUFAs) including C18:3n-6
(gamma-linolenic acid), C20:4 (ARA), C20:5 (EPA), and C22:6 (DHA) are also of interest
for their health benefits. Among the aforementioned dietary PUFAs, n-6 linoleic acid and
ARA, n-3 o-linolenic acid and DHA are often added in infant formulas, and research
interest has focused on their optimal ratios and amounts in the daily diet (Chang et al.,
2022).

However, higher plants cannot synthesize PUFAs in large amounts above C18 due to
the lack of necessary enzymes. Fish oil, fungi, marine bacteria or algae are potential sources
of C20 PUFAs. Some important PUFAs such as ARA and C20:3n-6 (dihomo-y-linolenic
acid) are now commercially produced through the use of the oily filamentous fungus

Mortierella (Certik, 1998; Sakuradani et al., 2010).

3.1.3  Lipid, PUFA, ARA biosynthesis pathways

Lipid synthesis pathways that occur in oleaginous microorganisms mostly include



glycolysis, tricarboxylic acid cycle (TCA cycle), pyruvate/malate cycle, fatty acid
synthesis and PUFA synthesis (Liang & Jiang, 2013; Zhang et al., 2021; Chang et al., 2022).

In general, glycolysis begins the process of breaking down saccharides. Citric acid
accumulates in the mitochondria and is transported to the cytoplasm via the TCA transport
system, where it is finally broken down by citrate lyase into oxaloacetate and acetyl CoA,
which are involved in the synthesis of fatty acids. In addition, oxaloacetic acid entering the
pyruvate/malate cycle produces large amounts of reduced nicotinamide adenine
dinucleotide phosphate (NADPH) required for intracellular fatty acid synthesis. Acetyl-
Coenzyme (CoA) is catalyzed by acetyl-CoA carboxylase (ACC) to produce malonyl-CoA.
Malonyl-CoA and acetyl-CoA are then catalyzed by the fatty acid synthase complex to
produce palmitoyl-acid phosphatase (ACP) through sequential polymerization reactions of
condensation, reduction, and dehydration, in which two carbons are added per cycle.
Subsequently, palmitoyl-ACP undergoes carbon chain elongation and desaturation
reactions catalyzed by fatty acid desaturases and fatty acid elongases to produce ARA
(Figure 3.1) (Ji et al., 2014; Zhang et al., 2021).

In oleaginous microorganisms, NADPH is critical for fatty acid synthesis and is
primarily generated from three main glucose metabolism pathways: (i) the pentose
phosphate pathway, with glucose 6-phosphate dehydrogenase and 6-phosphogluconate
dehydrogenase, (i1) the pyruvate/oxaloacetate/malate cycle, through nicotinamide adenine
dinucleotide phosphate (NADP) with dependent malic enzyme (ME), or (iii) the TCA cycle
via NADP with dependent isocitrate dehydrogenase (Hao et al., 2015; Mhlongo et al.,
2021). ME is the main source for the production of abundant NADPH for lipid biosynthesis
and desaturation, even in the absence of other NADPH-generating enzymes, indicating that
NADPH production is highly dependent on ME activity. To achieve efficient PUFA
accumulation, two conditions should be met simultaneously. One is a direct and continuous
supply of acetyl-CoA at the cell membrane as a necessary precursor for fatty acid synthase

and the other is an adequate supply of NADPH as a necessary reductant for fatty acid



biosynthesis (Zeng et al., 2012).

The biosynthesis of TAGs is an important metabolic pathway for oleaginous species
that are used for the accumulation of intracellular oils. TAGs are used by organisms for
membrane development or for cellular metabolite synthesis during cell growth. It has been
demonstrated that TAG formation begins with the synthesis of fatty acids, followed by acyl
chain elongation and then TAG biosynthesis in specialized organelles, namely the
endoplasmic reticulum and liposomes also known as "lipid droplets". This process

produces neutral lipids in the form of TAGs to store fatty acids and thus generate energy

(Jietal., 2014).
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Figure 3.1: Key enzymes and biochemical processes related to acetyl-CoA generation and

metabolism in oleaginous fungi. Image with permission from (Chang et al., 2022).

Two types of PUFA biosynthetic pathways exist in the microorganisms. One pathway
is the classic desaturation and elongation process, and another is the polyketide synthase

(PKS)-like process (Ji et al., 2014). In the former pathway, specific fatty acid desaturases



(A12, A9, A6 and AS) and elongases (EL1, EL2) catalyze individual desaturation and
elongation steps to synthesize PUFAs. In the latter pathway, PUFA synthases composed
of multiply enzyme complexes, with multiple catalytic domains, synthesize PUFA
(Hayashi et al., 2019). Oxygen supply and fatty acid desaturase/elongase are crucial for
PUFA-rich lipid accumulation. PUFA synthesis in M. alpina is catalysed by the aerobic
fatty acid desaturase/elongase pathway (Figure 3.2), where adequate dissolved oxygen (DO)

plays an important role in enhancing its fatty acid unsaturation (Chang et al., 2021).
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Figure 3.2: Polyunsaturated fatty acid synthetic pathways in M. alpina. Image with

permission from (Chang et al., 2022).

ARA biosynthesis in fungi uses the desaturation and elongation process starting from
the saturated C16:0 from the FA synthesis pathway (Ji et al., 2014). Similar to other n-6
PUFA pathways, the primary substrate C16:0 is converted to ARA in sequential steps
catalyzed by elongase 1 (MALCEI), A9 desaturase, Al12 desaturase, A6 desaturase,
elongase 2 (GLELO), and A5 desaturase, respectively (Figure 3.2) (Streekstra, 2010;
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Sakuradani et al., 2013; Kikukawa et al., 2018).

3.1.4  ARA Structure

Arachidonic acid (ARA; 20:4n-6) is a long-chain polyunsaturated fatty acid (LCPUFA)
with twenty carbon atoms and four double bonds (Figure 3.3) (Streekstra, 2010). ARA
belongs to the omega-6 (n-6) PUFAs, and is designated as 20:4n-6, with a biochemical
nomenclature of all-cis-5,8,11,14-eicosatetraenoic acid, and usually assumes a hairpin

configuration (Tallima & EI Ridi, 2018).

OH

Figure 3.3: Arachidonic acid structure showing linear and hairpin configuration.

ARA is an important structural component of lipids in the central nervous system,
including those in the brain. Currently, the commercial demand for ARA is mainly for its
use in infant formula. Human milk contains significant amounts of two LCPUFAs: ARA
and DHA. There is substantial evidence that the neurodevelopment of growing infants is
facilitated by breastfeeding or by the inclusion of these fatty acids in infant formula

(Streekstra, 2010).

3.1.5 Safety and dietary requirement of ARA

The brain has the second highest concentration of lipids in the body, after adipose
tissue, with 36-60% of the nervous tissue being lipids (Sinclair & Jayasooriya, 2010). Brain
glycerophospholipids contain a high proportion of LCPUFA— mainly DHA, ARA, which
together account for 20% of the human brain (dry weight), concentrated in the neuron’s
outer membrane and in the myelin sheath (Tallima & El Ridi, 2018). In rapidly growing

infants, there is a high demand for complex lipids that form important cell membrane
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structures; therefore, the availability of pre-formed substrates, such as DHA and ARA, as
components of intact neural membranes is critical (Hoffman et al., 2009). Blood levels of
DHA and ARA are lower in infants fed standard formula than in breast-fed infants.
Formula containing LCPUFA can increase these levels to approach those found in breast-
fed infants (Sinclair & Jayasooriya, 2010).

ARA-rich Single Cell Oil (ARASCO) are microbial-derived triglyceride oils that are
rich in the LCPUFAs known as ARA. The extracted oils, ARASCO, contain between 40
and 55 % ARA (Food Standards Australia New Zealand, 2003). ARASCO and DHA-rich
Single Cell Oil (DHASCO) are free flowing triglyceride oils with a fatty acid structure
comparable to some other edible oils. Unusual fatty acids are not present in these two oils
and there are no detectable (< 1.0%) cyclic or trans fatty acids present. The oils also contain
no or only very low levels of EPA, which has been associated with reduced growth in
infants (Food Standards Australia New Zealand, 2003; Salem & Van Dael, 2020).
ARASCO is commercially produced through a fermentation process that uses the common
soil fungus M. alpina, which has been extensively studied, is not pathogenic to humans and
does not produce mycotoxins harmful to humans or animals (Ryan et al., 2010).

In the United States, almost all preterm and 90% of full-term infants are fed infant
formula containing SCOs (Ryan et al., 2010). Some commercially available infant
formulas contain about 70 mg of ARASCO per 100 kcal. While at least in advanced
countries, the recommended ARA intake for normal healthy adults is 100-250 mg/day
(Kawashima, 2019; Salem & Van Dael, 2020). These SCOs are considered by the Food
and Drug Administration (FDA) to be highly refined oils that do not cause allergic
reactions. In Canada, DHASCO and ARASCO (from M. alpina) are used as sources of the
nutrients DHA and ARA, respectively, in human milk substitutes. In Australia and New
Zealand, DHASCO and ARASCO have been added to infant formula products since about
1998 (Food Standards Australia New Zealand, 2003; Ryan et al., 2010).
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3.1.6  Market Overview

Single-cell oils are highly valued products. The first companies to produce ARA by
fermentation were Gist-brocades Co. (now DSM) and Suntory Ltd., where DSM had the
exclusive rights to the ARA-rich oil produced by Martek Biosciences (Kyle, 2010). Until
2011, Martek Biosciences earned USD $450 million of ARA oil sales annually (Ratledge
& Hopkins, 2006).

The price of the oil can vary from USD $65 kg™! to over $500 kg™ or even more if it is
composed of pure, specific, fatty acids (Gunstone, 2001). In 2003, the total production of
ARA was around 560 tons, which was mostly used in infant formulas, and was much higher
than the production in the period of 1985-2002 (690 tons total). In 2006, the global
production of infant milk formula was 1.8 million tons, including about 400,000 tons of oil
and fat ingredients containing ARA and DHA (Mamani et al., 2019). The overall
production of SCO in 2008 is estimated to be about 3,500 tons, of which about 60% was

ARASCO and 30% was DHASCO (Kyle, 2010).

According to the Global Arachidonic Acid Market - Industry Trends and Forecast from
2021 to 2028, the ARA market is expected to grow at a rate of 5.80% and is expected to
reach USD $0.43 billion by 2028. North America dominates the arachidonic acid market
because of the presence of prominent companies and high spending capacity of consumers
within the region. The Asia-Pacific region is expected to witness significant growth during
2021 to 2028 due to rapid urbanization, emerging middle-class population and availability

of low-cost raw materials and labor in the region (Data Bridge Market Research, 2021).

3.2 Mortierella species
3.2.1 Taxonomy
Mortierella is a genus of filamentous fungi within the Zygomycetes and belongs to the

order of Mortierellales, which is characterized as having a sexual cycle that incorporates
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zygospores and specific pheromones, and also an asexual sporulation cycle (Streekstra,
2010; Chang et al., 2022). The taxonomy of M. alpina is presented below (Nisha, 2009;
Rayaroth et al., 2017),
Kingdom: Fungi
Division: Zygomycota
Class: Zygomycetes
Order: Mortierellales
Family: Mortierellaceae
Genus: Mortierella

Species: Mortierella alpina

3.2.2  Overview of M. alpina

Filamentous fungi are heterotrophic, non-photosynthetic organisms, which require
organic compounds as a source of carbon and energy for growth (Papagianni, 2004).
Filamentous fungi are typically saprophytic microorganisms which produce a large number
of enzymes involved in the decomposition and recycling of complex biopolymers from
plant and animal tissues (El-Enshasy, 2007).

Most of these oil-producing fungi can accumulate microbial lipids, or SCOs, to 20%—
90% (w/w) of their dry cell biomass (Zhu et al., 2021). For example, the M. alpina
(Mortierella alpina) 1s-4 strain was identified as the first high-quality producer able to
accumulate high concentrations of ARA as well as other PUFAs (Higashiyama et al., 1998a,
1998b, 1999; Takeno et al., 2005; Sakuradani et al., 2013; Kikukawa et al., 2018). M.
alpina is chosen to commercially produce ARASCO because it produces an oil that is not
only ARA-rich, but also free of EPA and other unwanted components. The ARA-rich oil
that is produced is a free-flowing liquid oil with a slightly yellow color (Food Standards
Australia New Zealand, 2003; Kyle, 2010). M. alpina is considered a high oil-producing

strain in which the total lipids constitute more than 50% of'its dry cell weight, and it is also
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a natural producer of high-value LC-PUFAs. As reported, the predominant fatty acids in
M. alpina (Figure 3.2) include C16:0, C18:0, C18:1, C18:2, C18:3, C20:3 and a large
amount of C20:4 (ARA). Another indispensable essential LC-PUFA C20:5 (EPA) is
usually present in trace amounts in M. alpina at low temperatures usually below 12°C (EI-

Enshasy, 2007; Sakuradani, 2010; Streekstra, 2010; Zhu et al., 2021; Chang et al., 2022).

3.2.3  Distribution and Morphological characterization

M. alpina is a saprophytic and psychrophilic soil fungus that has a varied distribution
pattern with strains being isolated from diverse geographic locations around the world. The
isolated terrain includes grass lands, pastures, forest lands, agricultural soils, loam,
scrubland, pasture soils, from plants as endophytes and even in pond habitats ( Rayaroth et
al., 2017). It has been found throughout Australia, Canada, China, Corsica, Cyprus,
Gibraltar, Hungary, India, Japan, Mexico, Netherlands, New Zealand, Pakistan, Spain,
Sweden, UK, former USSR and USA (Nisha, 2009). Species of Mortierella, especially M.
alpina, M. elongata, M. parvispora are often reported from wet alpine and tundra habitats
(Onipchenko, 2004).

The colonies formed by Mortierella species are usually described as pale white, milky-
white zonate, forming a typical rosette pattern (Figure 3.4). The adaxial side of the colony
is white, and the center is often dark white. Over time, the reverse side of the colonies may
become yellowish and narrowly banded. Extensive aerial mycelium occur in the center of
the colony and form many irregular bead-like hyphal swellings. The cottony aerial hyphae
of Mortierella species form sporangia which are pigmented or colorless. Sporulation is
abundant and the mycelium has a garlic-like odor (Yadav et al., 2015; Ozimek & Hanaka,
2020). Mycelia is septate and symbiotic with complex branching. Sporangiophores are
hyaline and erect, produced from the mycelial substrate with size of 60~110 pm, and
unbranched with terminal sporangia. Sporangia are hyaline, obovoid when young and

spherical when mature, 12~35 um in diameter, and multispored with a deliquescent wall,
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wrinkled, and non-columellate. The sporangiospores are hyaline, ellipsoidal or cylindrical,
single-celled, with 4~10 pm in size, and sometimes curved to irregular shape (Yadav et al.,

2014).

Figure 3.4: M. alpina MA2-2 on potato dextrose agar (PDA) plate.

3.2.4 Lifecycle

The micromorphological life cycle of filamentous fungi includes the progress of spore
swelling, germination, and germ tube elongation and branching (El-Enshasy, 2007) (Figure
3.5). Pellets or filamentous forms are the main macro-morphological growth in such fungi
(Streekstra, 2010). In general, a short germination phase is desired in biotechnological
processes in order to decrease the cultivation time (El-Enshasy, 2007). The type of
sporulation and the morphology of the spores and spore-bearing structures are key
characteristics in fungus identification. The fungal spore is considered as the beginning and
the end of the fungi life cycle. In mycelial fungi, tip extention occurs when hyphae is
extended by a highly polarized process of cell extension. This forms periodic branches at
or near the apex of the tip. Spore germination results in the formation of a germ tube, which
contributes to the biosynthesis and extension by uptake and metabolism of nutrients from
the medium (Papagianni, 2004).

The mycelia of Mortierella fungi do not contain septated cells as they are in the form
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of a tube comprised of sections composed of a cytoplasm-filled portion and an empty
section. The cytoplasm contains multiple nuclei, even in asexual spores, and there is no
uninucleate stage in the life cycle. Hence, this multi-cellular microorganism complicates
the selection and maintenance of strains, because even a single cell is a population and not
a true individual. Such characteristics complicates the development of high-producing

industrial strains, for instance, by mutagenesis and selection (Streekstra, 2010).
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Figure 3.5: Asexual lifecycle of the fungus. Haploid cells form sporangiophores, and
sporangiospores germinate to hypha. Image reproduced with permission from (Wang et al.,
2011), and micro-pictures of M. alpina MA2-2 strain in each lifecycle (scale bars: 10pum).

3.2.5 Fermentation of Mortierella

For most oleaginous microorganisms, the fermentation process is divided into two

phases: the biomass growth phase and the lipid accumulation phase (Chang et al., 2021).
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For most oleaginous microorganisms, the initial growth phase is characterized by rapid
cell multiplication that continues until a critical nutrient, usually nitrogen, becomes a
limiting factor for growth. The second phase of growth begins as lipid synthesis
predominates, leading to the accumulation of storage lipids (Malaiwong et al., 2016). Cell
growth occurs mainly in the early fermentation phase, while the ARA content in the lipids
starts to increase during the stationary growth phase and continues to increase after glucose
depletion in the medium, due to the turnover of intracellular fatty acids (Peng et al., 2010).
Researchers have reported that in M. alpina fermentation, cell growth led to a continual
increase in biomass during the first 5 days, and then reached a stationary growth phase.
The maximum accumulation of ARA then occurred on the 6 or 7% day, after which no
further improvement in ARA production was observed (Yuan et al., 2002; Nisha &

Venkateswaran, 2011).

Lipid production is determined as the lipid content in biomass, and it is important that
strains selected for industrial use have high levels of lipid and biomass production (Fang
et al., 2018). This means that the media used in submerged industrial fermentations should
favor both growth and product formation at high yields (Papagianni, 2004). In addition, the
strains should produce a suitable fatty acid profile with high ARA content. Moreover, the
biological and physical attributes of the strains, including temperature tolerance, oxygen
sensitivity, salinity range and shear sensitivity, as well as suitability for scale-up in culture
systems, need to be equally considered when attempting to achieve reliably high ARA
productivity (Borowitzka, 2010; Cohen & Khozin-Goldberg, 2010).

3.2.5.1 Effects of Carbon to Nitrogen (C:N) Ratio

Lipid accumulation is only favored by a fixed range of carbon to nitrogen ratio, and
C:N ratio also influences ARA production in the culture of M. alpina (Lu et al., 2011).
Studying the optimal C:N ratio is an important step before optimizing the nitrogen source.

Carbon (C) and nitrogen (N) sources present in the fermentation medium may initiate the
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biosynthesis of precursors that regulate the metabolism and influence the end product
synthesis (Singh et al., 2017). In the lipogenic phase, excess carbon and nitrogen, as the
most common growth limiting factor, can result in the accumulation of lipids.

Increasing the C:N ratio can result in the accumulation of FAs following nitrogen
starvation. Thus, increasing the carbon source can serve to enhance FAs accumulation and
also induce lipid accumulation (Cohen & Khozin-Goldberg, 2010; Bicas et al., 2016).
The C:N ratio affects the cellular composition and the typical C:N ratio can range from 5-
20, while the optimum ratio is about 15 to 20 (v/v). Nitrogen is essential for protein
synthesis, and while the depletion of nitrogen during cultivation is a prerequisite for FA

accumulation, it is not favorable for biomass growth (Mamani et al., 2019).

3.2.5.2 Effect of C source

Carbon is the most important medium component, as it is an energy source for many
microorganisms and plays an important role in the growth as well as in the production of
primary and secondary metabolites (Singh et al., 2017). Glucose is the most preferred
carbon source, with a high synthesis efficiency for fatty acids and is frequently used for
scientific research and industrial production. Moreover, Mortierella strains are saprophytic
and prefer to grow rapidly and proliferate extensively on simple sugars (monosaccharides)
compared to complex molecules (Nisha & Venkateswaran, 2011; Chang et al., 2021).
Chang et al (2021) also indicated that soluble starch or corn flour can be optimal carbon
sources, as they found that the total biomass of M. alpina TSM-3 was significantly
improved by more than 30% compared to when glucose was used, thereby improving the
final lipid yield and target PUFAs. Some oleaginous microorganisms can grow with
glycerol as the sole carbon source to accumulate PUFAs. However, the main issue with
this has been the relatively low assimilation efficiency that limits downstream metabolic
processes, due to the insufficient coordination of the enzymes involved in the primary

metabolic steps of glycerol assimilation (Hao et al., 2015). Nisha & Venkateswaran (2011)
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reported that when oils were used as the carbon source this led to a significant decrease in
biomass and ARA production in the Mortierella strain studied.

The optimum glucose concentration for fungal ARA-rich oil production has been
found to be 2040 g L' and a high glucose concentration can inhibit the growth of M.
alpina and induce the formation of filamentous morphology (Ji et al., 2014). The lipid
content in dry biomass has been found to increase with increasing glucose concentration,
while dry biomass is low at low glucose concentrations. However, glucose concentrations
exceeding 100 g L! can harm the cell growth and drastically decrease the biomass yield
(Zhu et al., 2003; Nisha & Venkateswaran, 2011). High concentrations of glucose can
cause excessive osmotic pressure in fermentation broth, which can lead to leakage of
intracellular water molecules, further affecting the mycelial growth (Nisha, 2009; Fang et

al., 2018; Smith, 2020).

3.2.5.3 Effect of N source

Nitrogen is also an important component of cultivation media and it essential for the
production of ARA because it maintains the high activity of the malic enzyme, which plays
an important role in the provision of NADPH into the condensation reaction of Acetyl-
CoA carboxylase to yield fatty acids in M. alpina (Certik, 1998; Wynn et al., 1999; Jin et
al., 2009; Malaiwong et al., 2016). Although ARA does not have any nitrogen in its
structure, nitrogen plays a critical role in ARA production and the formation of cellular
components via the catalytic system. Therefore, nitrogen indirectly affects ARA
production (Cao et al., 2015).

The type of nitrogen source has an important effect on the accumulation of microbial
lipids (Fang et al., 2018). During a fermentation, nitrogen depletion in the medium is a
transition point in cell growth, leading to a significant accumulation of TAG within the
lipid droplets of cells (Borowitzka, 2010; Mamani et al., 2019). PUFAs are accumulated

due to a metabolic shift in the Kreb’s cycle caused by activation of adenosine triphosphate

20



dependent citrate lyase. Therefore a very important prerequisite for lipid overproduction is
the metabolic shift caused by nitrogen depletion (Nisha et al., 2011). Conversely, higher
concentrations of nitrogen generally result in higher biomass and inhibit lipid production
as nitrogen surplus media can result in an increase in cell division thereby reducing the
lipid yield (Chang et al., 2021). Most microorganisms can utilize both inorganic and/or
organic sources of nitrogen. In certain instances, the use of specific amino acids as organic
nitrogen sources can enhance productivity, while unsuitable amino acids may have an
inhibitory effect on the synthesis of secondary metabolites (Singh et al., 2017). Biomass
production has been found to decrease in a fermentation medium comprising ammonium
nitrate, sodium nitrate, or ammonium sulfate as the nitrogen source, suggesting that M.
alpina being a saprophyte hardly assimilates inorganic sources of nitrogen and requires
amino acid or protein for high biomass buildup (Lu et al., 2011). Organic sources of
nitrogen affect lipogenesis regulation and increase acetyl-CoA carboxylase activity
(Mamani et al., 2019). Thus, organic nitrogen sources are more effective for M. alpina
production.

Yeast extract is an excellent nitrogen source for profuse growth of fungi owing to the
presence of metal ions and required micronutrients which are vital for fungi growth.
Peptone has been found to enhance mycelial growth as well as improved production of
ARA; this has been attributed to urea acting as an inhibitor for delta 5 desaturase, a key
enzyme which catalyzes the synthesis to ARA (Nisha, 2009; Nisha & Venkateswaran,
2011). Fang et al (2018) reported that a mixture of peptone and yeast extract (2:1 w/w)
induced fluffy pellets and gave the highest biomass and lipid yield, indicating that complex
nitrogen sources could provide essential nutrients for cell growth and lipid accumulation.
Their study also highlighted that different morphological forms might result in different
rheological properties, and therefore affect lipid production as well. In addition, beet or
cane molasses, corn-steep liquor, whey powder, soy flour, yeast extract and others have

also been used as industrial raw materials rich in nitrogen (Papagianni, 2004). It is
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important that the concentration of the nitrogen source is controlled at a relatively low level
as a high concentration of the nitrogen source directs the flux of carbon to the citric acid

cycle with little carbon used for synthesis of lipids (Jin et al., 2009).

3.2.5.4 Effects of Minerals

Numerous elements are essential for growth, for instance, the essential macronutrients
include oxygen, carbon, hydrogen, nitrogen, phosphorus, potassium, sulfur, magnesium,
and micronutrients such as phosphorus, potassium, sulfur, calcium, sodium, iron and
magnesium (Papagianni, 2004). Phosphorus, potassium and sulfur are essential for cell
growth, and iron promotes lipid synthesis. A low level concentration of magnesium is
beneficial for ARA, but high concentration represses lipid accumulation (Higashiyama et
al., 2002). Zinc, or heavy metals and alkaline metals have been shown to affect both fungal

morphology and citric acid production (Papagianni, 2004).

3.2.5.5 Effects of Temperature

In most plants and microorganisms, due to the influence of PUFAs on membrane
stability, the degree of unsaturation increases with decreasing temperature due to the stress
caused by colder conditions (Cohen & Khozin-Goldberg, 2010; Mamani et al., 2019).
Lower temperature leads to a higher proportion of ARA in the lipid fraction (Streekstra,
2010). For ARA-rich oil production, it has been found that activities of A6 and A5
desaturases involved in ARA synthesis increase at lower temperatures, and therefore, the
cultivation of fungi at low temperatures is desirable to enhance the ARA accumulation (Ji
et al., 2014). Another possible explanation is that, at lower temperature, more dissolved
oxygen is available in the culture medium for desaturase enzymes that are oxygen
dependent thereby resulting in production of more unsaturated fatty acids (Nisha &
Venkateswaran, 2011). Additionally, as the temperature decreases, ARA accumulation is

higher in phospholipids while not in TAGs as a result of the adaptation mechanisms of the
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fungi to maintain membrane fluidity (Nisha & Venkateswaran, 2011; Ji et al., 2014).

However, the actual productivity of ARA at lower temperatures is not much higher
due to the lower metabolic rate, both intrinsic and imposed by limitation of the cooling
capacity (Streekstra, 2010). ARA regulates membrane fluidity in M. alpina, thereby
compensating for the decreased functionality of the biomembranes under cold stress
conditions (Nisha & Venkateswaran, 2011) and allows the avoidance of sustained high
temperatures or conditions that could lead to the oxidation and rancidity of the oils during
their extraction. (Streekstra, 2010). However, a relatively high operating temperature
may be preferred to reduce the process cooling requirement, which can be significant at a

commercial scale.

M. alpina showed high cell growth at 15-25°C, while its cell growth rate decreased at
temperatures above 28°C or below 8°C (Yuan et al., 2002; Peng et al., 2010). A study by
Chen et al. (1997) indicated the highest ARA yield was obtained at 24°C, which was 30.7
and 66.7% higher than those at 18 and 30°C, respectively (Chen et al., 1997). It was found
that a relatively high fermentation temperature was advantageous for cell growth and
glucose consumption. However, a moderately low temperature could enhance the ARA
accumulation. A temperature shift strategy could be used to solve this problem (Ji et al.,
2014). Peng et al. (2010) investigated a 2-stage temeprature shift strategy, by adjusting
temperature to 25°C at an early stage to facilitate optimal cell growth and then to 20°C until
the end of the experiment to obtain high efficiency for ARA accumulation. They concluded
that this strategy improved the ARA and total lipid concentration but also shortened the
culture time. However, it should be noted that a temperature shift strategy may not optimal
in pilot-scale fermentation as the cooling jackets which faciliate temperature may have high

energy requirement and the high cost may not be suitable for ARA commercialization.

3.2.5.6 Effects of Oxygen
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Oxygen supply is crucial for PUFA-rich lipid accumulation. Synthesis in M. alpina is
catalysed by the aerobic fatty acid desaturase/elongase pathway, in which oxygen
consumption is extremely high, and sufficient DO has been proven to play an important
role in improving its degree of fatty acid unsaturation (Chang et al., 2021). The industrial
production of various metabolites of filamentous fungi is susceptible to the influence of
dissolved oxygen. This is a common feature of fungal metabolism and points to a general
role of oxygen in metabolic regulation, where oxygen acts as a direct regulator of citric

acid accumulation (Papagianni, 2004).

In addition, agitation speed level is always an important factor in aerobic biological
systems, since when the supply of oxygen is limited, both cell growth and product
formation can be severely affected. Higher agitation rates result in an increase in oxygen
supply for growth, and can lead to an increase in the availability of intracellular molecular
oxygen. This ensures optimum activities of the oxygen-dependent enzymes in PUFA

biosynthesis (Saelao et al., 2011).

3.2.5.7 Effects of pH

The pH of the medium is very important for growth and metabolite production. This
can be possibly due to some media—pH interactions which reduce the efficiency of the
strain to utilize the carbon source provided. Most of the fungi require more acidic pH for
growth in submerged culture and an increase in initial pH has been found to stimulate the
accumulation of metabolites (Nisha & Venkateswaran, 2011). Biomass growth in M.
alpina strains tend to cease at pH levels outside of the range from 4.5 to 8.0. The optimum
pH level for ARA production has been found in the range of 6 - 6.5. The initial pH
influences the fungal mycelial morphology, which is a critical factor for metabolite
formation and that allows cells to aggregate due to the production of hydrophobic proteins

to coordinate the adherence of hyphae (Mamani et al., 2019; Papagianni, 2004).
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The composition of the medium can affect the initial pH as well as the degree and
direction of pH drift during fungal growth. Poorly buffered media containing ammonium
salts may become more acidic during growth, while media containing nitrates may become
alkaline. Minimizing pH drift during growth is a desirable goal, but often difficult to

achieve (Papagianni, 2004)

3.2.5.8 Effects of Morphology

Morphology has a strong influence on the physical properties of fermentation broth
and causes many problems in terms of gas dispersion, mass and heat transfer, and
homogenization in the fermenter. Two morphological types, hyphal filaments and pellets,
are frequently observed in submerged liquid cultures (Ji et al., 2014; Chen et al., 2022).
In submerged cultures, many filamentous microorganisms tend to aggregate and grow as
pellets. Pellets are spherical or ellipsoidal masses of hyphae with variable internal structure,
ranging from dispersed filaments, ‘‘fluffy’’ pellets, to tightly packed, compact, dense
hollow pellets (Papagianni, 2004; Fang et al., 2018). Different nitrogen sources also affect
mycelial morphology and the activities and expression of critical enzymes in the nutrient
metabolism-related pathways and therefore significantly affect growth and lipid
biosynthesis of M. alpina (Higashiyama et al., 2002; Chang et al., 2021).

It has been reported that higher growth rate favours the optimal morphology of pellets,
which could cause a decrease in the viscosity of the culture (Higashiyama et al., 1998a;
Liao et al., 2007; Ji et al., 2014; Fang et al., 2018; Chen et al., 2022). Small pellets can
apparently allow sufficient mass transfer and maintain the broth viscosity at an acceptable
level (Ji et al., 2014). Hyphal filaments yield the optimal ARA-rich oil production at low
cell densities because of the easy access to nutrients and the ease of gas exchange between
the hyphae and the medium (Chen et al., 2022). However, dispersed mycelia at high cell
densities causes the high viscosity of the culture and can reduce the efficiency of mixing

and oxygen supply as well as increased wall growth (Higashiyama et al., 1998a, 1999;
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Papagianni, 2004; Ji et al., 2014; Chen et al., 2022). Therefore, fluffy pellet morphology
has been suggested to be more suitable for ARA-rich oil production than the smooth pellet

morphology (Higashiyama et al., 2002; Ji et al., 2014; Chang et al., 2021; Chen et al., 2022).

3.3 Strain Improvement
3.3.1 Random Mutagenesis

Wild-type microorganisms typically yield small quantities of compounds that may be
commercially desirable when initially isolated from the wild (Dragosits & Mattanovich,
2013). Genetic modification methods based on the use of largely empirical whole-cell
mutagenesis, coupled with high-throughput screening methods, often result in dramatic
one-step improvement (Nisha, 2009). Classical genetics allows the generation of a large
number of mutant phenotypes without prior knowledge of the genetics and metabolism of
the target organism and without the development of molecular tools, which can be time
consuming and expensive (Trovao et al., 2022). In comparison, metabolic engineering
focuses on the metabolic pathways that lead to metabolites or biomolecules that are desired
fermentation products and can be produced at a high rate and yield from glucose and other
affordable carbon sources. Classical strain improvement uses random mutagenesis to
accumulate genomic alterations and then screens for phenotypes with desirable
characteristics (Yang et al., 2007). Mutation techniques leading to the inhibition or
activation of specific fungal desaturases are not only beneficial for the production of
tailored PUFAs, but can also be used to study fungal PUFA biosynthesis. Molecular
engineering of parental strains and their mutants is a powerful tool for the construction of
novel microbial strains for the synthesis of economically valuable fatty acids (Certik, 1998).

Strain improvement by mutagenesis and selection is a highly developed technique and
it plays an important role in the commercial development of microbial fermentation
processes. Mutagenic procedures can be carried out according to the type of mutagen to

obtain mutant types that may be screened for improved activity. Random mutagenesis
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accelerates the naturally occurring process by exposing the organism to a powerful physical
or chemical mutagen and organisms are screened for the desired phenotype or trait (Yang
etal., 2007; Trovao et al., 2022). The use of random mutagenesis provides advantages over
genetic engineering techniques as it is not dependent on the host's genetic information,
requires simpler and cheaper tools, produces mutant libraries with high genetic diversity
and avoids the metabolic burden caused by the targeted incorporation or deletion of foreign
genes (Arora & Philippidis, 2021; Arora et al., 2022). Random mutagenesis also eliminates
the need for selective agents that can be harmful to the environment and it avoids the
lengthy and expensive legal requirements involved in controlling and labeling genetically
modified products (Beacham et al., 2015).

However, strain improvement may bring low mutation frequency in the desired gene.
Even if mutants with the desired phenotype are isolated, there is no guarantee that the
mutation has occurred in the gene of interest (Bhavsar et al., 2013). Random mutagenesis
results in the production of hundreds of mutant colonies, though the mutation frequency
may be low. Screening for mutants is very time and labour intensive, as only a small
fraction of them have the desired phenotype, thus efficient screening methods are required
(Lietal., 2015; Zhang et al., 2018; Trovao et al., 2022).

Low temperature (4 - 5°C) was first used as a screening method by Botha et al (1999)
for Mortierella species isolation. It was found that fungi produced more PUFAs at lower
growth temperatures which would have increased the membrane fluidity and was
hypothesized to be an adaptive response to a cold environment (Botha et al., 1999).
However, using low temperature as a screening tool is time-consuming and it is difficult to
manually screen the gene-interest mutants (Yao et al., 2019).

Later, low temperature combined with staining Triphenyltetrazolium Chloride (TTC)
was introduced by Zhu et al., (2004). Tetrazolium salts, such as TTC, are a large group of
organic compounds that can react to form highly colored products and are sometimes used

to detect biological reducing systems (Moussa et al., 2013). TTC is an oxidant that can be
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reduced from colourless TTC to red-coloured triphenylformazan (TF). It has been used
extensively to assess the viability of plant cells and tissues and the measurement of
respiratory activity in bacteria (Zhu et al., 2004). TTC can be absorbed by living cells (Li
et al, 2015), where it reacts with hydrogen atoms released by mitochondrial
dehydrogenases during cellular respiration to produce the carmine red product,
triphenylformazan (Zhu et al., 2004; Nisha, 2009; Shofiul Azam et al., 2015). In the
presence of bacteria, TTC is reduced to red formazan which is directly proportional to the
viable active cells present. Therefore, the TTC test method is considered as a comparatively
fast method for evaluating the antibacterial activity of antimicrobial agents (Moussa et al.,
2013).

Zhu et al., (2004) were able to isolate M. alpina with TTC stain, and observed that the
degree of staining for the mycelia stained with TTC increased when ARA content in
mycelia lipids increased. TTC staining of M. alpina is based on the presence of A5
desaturase, a dehydrogenase enzyme which catalyzes the formation of ARA from dihomo-
y-linolenic acid. Mutants with high levels of the enzyme are hyper stained, whereas
negative mutants remain less stained or unstained due to reduced or absent activity of A5
desaturase (Nisha, 2009). Only ARA-producing fungus M. alpina could be stained red,
Mucor which do not produce ARA could not be stained red. This suggests that a specific
dehydrogenase is only present in the M. alpina and not in Mucor rouxianus (Zhu et al.,
2004; Shofiul Azam et al., 2015). The standard TTC method measured the absorbance of
formazan at 480 nm after staining harvested mycelia (Moussa et al., 2013). Li et al. (2015)
adapted the method to make it quicker and more convenient for screening by
supplementing TTC directly in PDA plates. They found that after mutation, many colonies
on the selection plate supplemented with TTC were stained red and the darkest colored
mutant colonies were selected for further testing (Li et al., 2015). This method was
subsequently used to screen M. alpina isolates by Yao et al. (2019) as well. TTC staining

has been used as an effective and fast screening method on strain isolation or strain genetic
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breeding experiments and has been extensively used in studies on Mortierella (Nisha, 2009;
Yadav et al., 2014; Li et al., 2015; Shofiul Azam et al., 2015; Yao et al., 2019).

The most frequently used and selective process of screening for mutants with high
compound accumulation is the use of pathway inhibitors that specifically target the rate-
limiting enzymes for the biosynthesis of the desired compound (Trovao et al., 2022). In
addition to TTC staining, FAS inhibitors such as nocodazole, C75, (Shofiul Azam et al.,
2015), cerulenin (Li et al., 2015; Shofiul Azam et al., 2015; Yao et al., 2019), and triclosan
(Zhang et al., 2018) have been compared and utilized as an effective screening strategy for
Mortierella strains. Cerulenin, 2,3-epoxy-4-0xo0-10-dodecadienamide, is a natural product
of the ascomycete fungus Cephalosporium caerulens, and originally described as having
antifungal properties. Cerulenin is a potent inhibitor of lipid biosynthesis and this response
was shown to be associated with its inhibitory effect on the activity of fatty acid synthase
(Tapia V et al., 2012). It mainly interferes with both de-novo fatty acid synthesis and chain
elongation starting with palmityl-CoA as shown in Figure 3.6 (Arora et al., 2020).
Cerulenin has been extensively used to select high lipid producing mutants in the
oleaginous microorganisms (Li et al., 2015). It inhibits FAS activity by covalent
modification of the active site. Mutants demonstrating normal growth rates at a certain
concentration of cerulenin are identified as having relatively high FAS activity and are

good candidates for lipid production (Li et al., 2015; Yao et al., 2019).
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Figure 3.6: Schematic of the lipid biosynthesis pathway in microalgae and yeasts
highlighting the action of chemical mutagens on metabolic enzymes. Image with
permission from (Arora et al., 2020).

The most simple and common mutagenesis methods are physical mutagenesis using
Ultra-violet (UV) light and chemical mutagenesis using chemical agents such as ethyl
methane sulphonate (EMS). With UV light, non-ionizing radiation absorbed by
Deoxyribonucleic acid (DNA) leads to thymine dimers that cause mispairing during DNA
replication, and permanent mutation if not repaired (Hlavova et al., 2015; Trovao et al.,
2022). UV radiation (254 nm) can alter the structure of important biomolecules, such as
proteins and DNA, affecting growth and cell division in some organisms (Rastogi et al.,
2010). UV radiation-mediated mutagenesis is often more appealing than other methods,
since it uses UV sterilizing lamps commonly found in flow chambers. In addition, it
facilitates the isolation of mutants under sterile conditions, reducing biological
contamination (Liu et al., 2015). A major advantage of UV generated mutants is that no
additional requirements and regulations are expected for large-scale outdoor cultivation
and eventual use in food (de Jaeger et al., 2014). The main advantages of using physical

mutagenesis over chemical mutagenesis are accuracy and reproducibility, due to uniform
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penetration in the tissue (Oladosu et al., 2016).

EMS is an alkylating agent that induces point mutagenesis (Nisha, 2009; Beacham et
al., 2015; Yang et al., 2019). Nisha (2009) investigated the chemical (N-methyl-N’-nitro-
N’nitrosoguanidine (NTG) and EMS and UV mutagenesis, screening by low temperature
and TTC staining on M. alpina CBS 528.72. The results from that study showed that the
mutants had a higher ARA% in total lipids than the control (2009). Other mutagenesis
methods such as Protoplast Regeneration Mutagenesis (Lina et al., 2011), atmospheric and
room temperature plasma and diethyl sulfate treatments (Li et al., 2015), and heavy ion
mutagenesis (Zhang et al., 2018) have also been successfully applied to Mortierella species.

Other high-throughput screening methods, such as fluorescence microscopy and
Fourier transform infrared spectromicroscopy provide spatial resolution of the intracellular
biochemical composition of filamentous fungi. Measurement of the carbon dioxide
evolution rate, multi-wavelength fluorescence spectroscopy, turbidity measurement, and
near-infrared spectroscopy are also used (Posch et al., 2013). In addition, fluorescence-
activated cell sorting (FACS), applies multi-dimensional selection to a strain engineered
with a biosensor for valine-induced fluorescence on other oleaginous microalgae
(Sandberg et al., 2019; Lee & Kim, 2020). Biosensors provide a powerful way to associate
otherwise inconspicuous intracellular states with screenable output by screening and
continuously propagating only the most highly fluorescent cells (Sandberg et al., 2019).
However, FACS has been extensively used on unicellular microorganisms to perform the
single sorting technique, while it is not possible to do so on filamentous fungi due to their

multi-cellular characteristics (Chang et al., 2022).

3.3.2  Adaptive Laboratory Evolution (ALE)
Natural evolution is when species undergo mutations and recombination that are either
environmentally dependent or heritable, followed by natural selection in which the most

beneficial phenotypes are adapted, survive and reproduce in their particular environment.
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This whole process is also known as adaptive evolution (Mavrommati et al., 2022). ALE
is a process in which the principles of natural evolution are implemented in the laboratory
to specific populations under controlled conditions for a long period of time. In ALE,
natural selection is directed to a selected environment with ideal conditions for a population
to achieve better adaptation (Dragosits & Mattanovich, 2013; Lee & Kim, 2020;
Mavrommati et al., 2022). Under these artificial stress conditions, the metabolic pathways
of the organism are varied so that the mutations may adapt by exhibiting a faster growth
rate resulting in higher product yields (Conrad et al., 2011).

Given the complexity of strain improvement which requires comprehensive metabolic
knowledge, and general societal concerns surrounding the use of genetically modified
organisms (GMOs), ALE has been proposed as an alternative strategy to improve the stress
resistance and growth rate without requiring a priori knowledge to produce commercially
viable strains (Sun et al., 2016; Lee & Kim, 2020). ALE experiments in microbial systems
are easier to perform because of the short generation time, simple experimental setup, and
tight control of experimental variables (Sun et al., 2018). ALE experiments in microalgae
are less common and often focus on acclimation mechanisms, rather than adaptation. The
former mechanism occurs without genetic changes over a shorter period of time, whereas
adaptation involves the accumulation of beneficial genetic mutations, which leads to new
genotypes more suitable for the applied stress (LaPanse et al., 2021).

Mutations that appear in populations are generally classified as beneficial, neutral,
deleterious, or lethal. In most environments, most new mutations appear to be neutral,
while deleterious mutations occur at a much higher rate than beneficial mutations
(Charlesworth, 2012). In ALE experiments, beneficial mutations should be retained as new
populations, not deleterious mutations (Dragosits & Mattanovich, 2013; Lee & Kim, 2020;
Mavrommati et al., 2022). In fact, multiple beneficial mutations appear simultaneously in
different cell lines, and they compete with each other, leading to a slower accumulation of

any of these mutations toward new populations, a phenomenon known as "clonal
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interference" (Buckling et al., 2009; Winkler & Kao, 2014). Weak selection allows more
genetic diversity and permits the exploration of more mutational pathways whereas strong
selection results in the survival of rare mutations leading to the generation of unique
phenotypes (Mavrommati et al., 2022).

Culture propagation methods have been successfully used for ALE including serial
transfer in batch cultures, continuous cultures in a chemostat, streaking cells onto solid
media for mutation analysis, emulsion cultures, microfluidics, and evolution of
microorganisms inside an alternative host (McDonald, 2019). Serial transfer in shake-
flasks is the most common ALE method used for microalgae to improve growth rate,
inhibitor tolerance, high salinity, oxidative pressure, high-lipid productivity and result in
other beneficial phenotypes (LaPanse et al., 2021). However, serial propagation of colonies
streaked onto plates without secondary screening measures for the transfer process is not a
form of "adaptive" evolution, but can be used for mutation accumulation studies (Sandberg
et al., 2019).

An important factor affecting the outcome of evolution is the passage volume, which
determines how many populations are allowed to propagate to each subsequent batch
culture. Usually, smaller passage sizes can reduce the rate of evolution. When the change
of passage size only affects the duration of the growth and stationary phase, it is easier to
perform a serially passaged batch culture ALE under alternating environments (LaCroix et
al., 2017). However, this is a prerequisite to avoid stationary phase adaptation in serial
transfer. Thus, it is preferable for microbial cells to be transferred in exponential cultures
(Dragosits & Mattanovich, 2013). Typically, the time between passaging cannot be shorter
than 12 hours. Consequently, as the culture adapts and begins to grow rapidly, the passage
size must be decreased (LaCroix et al., 2017).

Another critical parameter is the length of time for which populations of strains are
evolved. The time span of a typical ALE experiment is performed between 100 and 2000

generations and usually takes a few weeks up to a few months. It has been estimated that
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within 100 to 500 generations, which corresponds to up to 2 months of selection for a
typical E. coli or S. cerevisiae culture, an increase in fitness of up to 50-100% can be
achieved (Dragosits & Mattanovich, 2013; Sandberg et al., 2019).

The main challenge with ALE is that the population density varies from flask to flask,
and since cell density varies depending on the amount of nutrients remaining, the fluidity
of the physicochemical environment, including pH and dissolved oxygen, is difficult to
keep constant. This can lead to erroneous evolutionary stresses, resulting in undesired
phenotypes and making the relationship between genotype and phenotype difficult to
determine (Lee & Kim, 2020; LaPanse et al., 2021). ALE can also be used to increase
tolerance under multiple stresses, however, the tolerance to one stress is often accompanied
by trade-offs in separate growth environments, which depends on the specific adaptive
mutation acquired (Sandberg et al., 2019). In this case, the best phenotype as far as
biotechnology is concerned is not necessarily the one with the highest fitness in a given
condition, but rather one that exhibits higher performance and minimal trade-offs in other
environmental conditions (Dragosits & Mattanovich, 2013; Sandberg et al., 2019).

The key stressors controlling such ALE experiments are environmental factors
including temperature, pH, salinity, oxidative stress; nutrient or substrate stress; sampled
mutations such as the intrinsic mutation rate; and growth parameters/selection pressures
that include exponential growth, biomass production, stationary period or lag period
(Winkler & Kao, 2014; Sandberg et al., 2019; Lee & Kim, 2020; LaPanse et al., 2021;
Mavrommati et al., 2022). To minimize energy consumption and emissions during biofuel
production, it can be advantageous to develop industrial strains with high temperature
tolerance as this can significantly reduce the cooling costs and help prevent contamination
(Xu et al., 2018; Barten et al., 2022). According to energy consumption and cost analysis,
Xu et al. (2018) reported that increasing every 2°C of fermentation temperature reduced
the energy consumption of distillation by 1%. In another study by Barten et al. (2022),

they showed that maximal productivity rate under daily temperatures ranging from 30°C
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to 45°C would cause a cost reduction of 31% and Hu et al. (2021) reported that if the
fermentation temperature was increased by 5°C, the cost of cooling water and cooling
power would be reduced by 15% and 10% respectively per year. Therefore, temperature is
one of the most important environment parameters affecting cell growth and product
formation (Peng et al., 2010; Cao et al., 2015), and improving the thermotolerance of

strains can greatly reduce energy consumption and fermentation cost.
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Chapter 4: Methods and Materials

4.1 Overview of Project Methodology

Figure 4.1 represents a flow diagram of the project methodology, which shows the
experimental approach taken to develop beneficial mutants by fermentation media
optimization followed by strain improvement. In the fermentation media optimization
part, micronutrients were screened and optimized by Plackett-Burman (PB) and Response
Surface Methodology (RSM) methods, followed by screening for C:N and optimization of
nitrogen sources to investigate macronutrients. Finally, a modified medium was formed.

The modified medium was used as a working medium for strain improvement by random

mutagenesis and ALE experiments.

Fermentation Media
optimilzation

[ |

PB Design Screening
Minerals
ALE Experiment

— (3-month)

Strain Improvement
|

Screening and
Characterization

RSM & Validation on ALE Experiment

Minerals

Evolved Strain

Beneficial Mutants
Validation

C : N Ratio Screening -

Screening and
Characterization

Random

Nitrogen-Mixture

Mutagenesis

Design

Final Modified
Media

Mutagenesis
Protocol

Mutant Validation Beneficial Mutants

Figure 4.1: Flow Diagram of Overall Project Methodology




4.2 Microorganism, inoculum preparation and general culture conditions

The ARA-producing strain M. alpina MA2-2, supplied by Mara (M. alpina isolates
came from DAOM 220666, CCoFC), was maintained on PDA plates and sub-cultured
every 1 month. This strain was preserved in either deionized water stored at 3 = 1°C or 10%
(v/v) glycerol at -80°C.

For cultivation experiments, the M. alpina culture was initially grown on PDA plates
until the mycelium were observed spreading on the plate for 7-15 days at 25°C. Then MA2-
2 strain was cultivated in 250 mL baffled shake-flasks covered with aluminum foil
containing 60 mL of medium at a control temperature of 28°C, under constant orbital
shaking at 200 rpm. The culture was inoculated by adding 3 pieces of mycelia-covered agar

(~0.5 cm? each).

4.3 Plackett-Burman and Response Surface Methodology Experimental Designs on
Micronutrients

To improve the productivity of ARA in the MA2-2 strain, the focus was on using PB
screening and RSM optimization aimed at maintaining a constant basal medium of glucose
and yeast extract, while testing various minerals, vitamins and trace elements to create a
blend of micronutrients that could enhance ARA production.
4.3.1  Culture conditions

The strain was first cultivated and grown on flask cultures using a standard
fermentation basal medium. Here, sole carbon (glucose, 20 g L!) and nitrogen (yeast
extract, 11 g L") sources were used for the basal fermentation media for ARA production
(Aki et al., 2001; Nisha & Venkateswaran, 2011). The initial pH for the basal medium was
adjusted to 6.0 with 1 M sodium hydroxide (NaOH) or hydrogen chloride (HCI) prior to
autoclaving. Selected inorganic salts were added to the basal medium post-autoclave to

avoid precipitation.
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4.3.2  Plackett-Burman Media Screening

For the first step in optimizing fermentation conditions, PB experimental design was
used to develop an orthogonal array for screening micronutrients, and unbiased estimates
of all main effects were obtained in the minimal design (Vanaja & Shobha Rani, 2007). PB
design is useful for detecting significant main effects in an economic manner, assuming all
interactions are negligible compared with the few critical main effects (Guthrie, 2020).
Biomass dry cell weight (DCW) (g L), Total Fatty Acid (TFA) or total lipid content w/w%
in biomass, ARA w/w% in TFA and ARA concentration (mg L) were used as response
variables.

In the PB design, eight nutritional factors including mineral ions, vitamins and trace
elements were tested at high (+) and low (-) levels (Rocky-Salimi et al., 2011). Here, the
high level of addition was determined from literature on ARA producing strains, while the
low level meant no addition of the nutrient (Table 4.1). In total, 12 random runs were
performed in duplicate to reduce the experimental bias. The average of the duplicate results
was used for statistical analysis to identify variables with significant effects on the response
(Table 5.1) (Malaiwong et al., 2016).

The PB experimental design is based on the first order model:

Y=0£0+20£1Xl- (1)

where Y is the response (here referred to DCW (g L), TFA%, ARA% or ARA
concentration (mg L), a, is the model intercept, a; is the linear coefficient and X; is

the level of independent variable (Ademakinwa et al., 2017).
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Table 4.1: Plackett-Burman low/high levels table.

o ) Coded Levels
Composition: Name Unit - Source
-1 (low level) +1 (High Level)
KH:PO4 Potassium Dihydrogen Phosphate gL! 0 7.5 Liuetal., 2012
NaCl Sodium Chloride gL! 0 15 Saelao et al., 2011
MgSO4.7H20 Magnesium Sulfate Heptahydrate gLt 0 2.7 Saelao et al., 2011
. . . Higashiyama et al., 1998a;
CaCl2.2H20 Calcium Chloride Dihydrate gL! 0 0.5
Saelao et al., 2011
MgCl:.6H20 Magnesium Chloride Hexahydrate gL! 54 Saelao et al., 2011
Sodium Citrate gL! 2 Sun et al., 2015
Trace Mineral Solution
(TMS) (gL):
MnCl:.4H20 0.3 Manganese(II) Chloride Tetrahydrate
ZnS04.7H20 0.3 Zinc Sulfate Heptahydrate
i mL L' 0 24 Mara
CoCl2.6H20 0.004 Cobalt(Il) Chloride Hexahydrate
CuS0O4.5H20 0.2 Copper Sulfate Pentahydrate
NiSO4.6H20 0.2 Nickel Sulfate Hexahydrate
FeSo04.7H20 1 Iron(II) Sulfate Heptahydrate
Vitamin Solution (g L):
Thiamin B1 0.05
Nicotinamide B3 0.15 mL L 0 10 Zeng et al., 2012

D-pantothenate BS 0.2
Pyridoxine B6 0.1
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4.3.3  RSM Experimental Design and Data Analysis
RSM is a technique that is used to estimate interaction and quadratic effects and

can determine the shape of the response surface of interest (Malaiwong et al., 2016; Guthrie,

2020). Here, M. alpina MA2-2 strain was selected for RSM analysis.

Based on the results of the PB design, a 2° factorial central composite design (CCD)
was studied at five coded levels (—1.683, —1, 0, +1, +1.683) with 8 points, 6 quadrant or
edge points () and 6 replicates at the center points leading to a table of 20 sets of
experiments. These were performed in duplicate and the data was calculated as the mean
+ standard deviation (SD) (n = 2). All the variables were taken at a central coded value
(considered as zero). The variables include KH>PO4, CaCl,.2H20 and MgSO4.7H20 for
RSM design on study the responses to high biomass, total TFA% and ARA production
(Table 4.2). Biomass DCW (g L"), TFA or total oil content w/w% in biomass, ARA w/w%
in TFA and ARA concentration (mg L") were used as response variables. The relationship
of the independent variables and the responses were calculated by the second-order

polynomial equation:
Y = Bo + Xy Bixi + Xy Bux? + Xiq Buxix; )

where Y is the predicted response, S, is the model constant, [5; is the linear
coefficient, f;; is the quadratic coefficient, f;; is the interaction coefficient, and k is
number of factors. The analysis of variance (ANOVA) for the experimental data and the
model coefficients were calculated using the statistical software package, Minitab
19.2020.1. In addition, response surface and two-dimensional contour plots were
constructed to visualize the trend of the maximum response and the interaction effects of

important variables on the response (Jin et al., 2009; Nisha et al., 2011).

Table 4.2: Experimental variables at different levels used for the RSM approach.
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Coded Levels

Composition: Unit -a q 0 + +a
(-1.683) (+1.683)
KH:PO4 gL! 0 05 4 7.5 9.886
MgS04.7H20 gL! 0 0.5 275 5 6.534
CaCl2.2H20 gL! 0 0.05 1.025 2 2.665

The ANOVA of the quadratic regression models can be confirmed the significance by
Fisher’s test (F test). The coefficient of determination R? represents the quality of the fit of
the second order equation model (Jin et al., 2009; Nisha et al., 2011; Rocky-Salimi et al.,
2011). The significance of each variable was determined using the student’s t test. The
variables at or above the 95.0 % confidence level (p < 0.05) were considered to have
significant effects on the responses (Nisha et al., 2011; Rocky-Salimi et al., 2011; Saelao
et al., 2011; Malaiwong et al., 2016; Guthrie, 2020). Lack of fit measured the failure of the
model at points in the experimental domain that were not included in the regression where
a nonsignificant lack of fit would be considered a suitable fit for the model (Yang et al.,
2006; Ademakinwa et al., 2017). The fitted polynomial equation was then expressed in the
form of contour plots in order to illustrate the relationship between the responses and the
experimental levels of variables in this study (Rocky-Salimi et al., 2011). The statistical
software package, Minitab 19.2020.1, was used for the regression analysis of the

experimental data of PB and RSM design.

4.4 Mixture Experimental Design on Macronutrients

Section 4.4 studied the macronutrients consisting of carbon to nitrogen ratios and to
optimize mixing of nitrogen source combinations.
4.4.1  Culture Conditions

The strain was first cultured in shake flasks, using a basal medium containing mineral

optimized from the previous RSM design, and grown at 28°C until glucose depletion. Here,
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minerals included KH2PO4 5.023 g L', MgS04.7H20 0.796 g L' and CaCl>.2H20 0.318 g
L' were added to the fermentation medium as basal micronutrients. Glucose 20 g L' and
yeast extract 11 g L! were used as the main carbon and nitrogen sources in the basal
medium to form a C:N ratio of 7.2 for ARA production (Aki et al., 2001; Nisha &
Venkateswaran, 2011). The latter experiments were adjusted to the current composition of
the carbon and/or nitrogen sources. The pH of each medium was adjusted to 6.0 with 1 M
NaOH or HCI prior to autoclaving. MgS0O4.7H,0 and CaClo.2H,0 were added post-

autoclave to prevent precipitates from forming.

4.4.2  Evaluation of Suitable Carbon to Nitrogen (C:N) Ratio

Since the nitrogen content of the medium is a determining factor for the production of
secondary metabolites, the appropriate ratio of carbon to nitrogen in the medium should be
evaluated (Shariati et al., 2019). Four different C:N ratios including 7.2 (initial basal C:N
ratio shown in Eq. 3), 10, 15 and 20 were calculated in two ways, one by decreasing the
concentration of the nitrogen source i.e., yeast extract, while keeping the concentration of
glucose fixed at 20 g L', containing total carbon of 8 g L™! (Eq. 3, 4 and 5); and the other
by the opposite, increasing the concentration of glucose while keeping the concentration
of yeast extract fixed at 11 g L!, containing 1.1 g L'! of total nitrogen (Eq. 6). The C:N
ratios used in this study are shown in Table 4.3. The optimal C:N ratio was then kept

constant in subsequent nitrogen optimization experiments.
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Table 4.3: Experimental deign for screening of carbon to nitrogen ratio.
C:Nratio Fixed Glucose ® g L™! Fixed Total Carbon ©g L' Yeast Extract g L™!

7.273% 11.00
10 8.00
15 20 8 5.33
20 4.00
C:Nratio Fixed Yeast extract g L' Fixed Total Nitrogen ¢ g L' Glucose g L™!
7.273 20.00 ¢
10 27.50
15 i = 41.25
20 55.00

2 Control C:N ratio was when glucose and yeast extract maintained at 20 g L'and 11 g L.

20 g L™'glucose x40.0% C

Control C:N = 11 g L-lyeast extract x10.0% N =7.273 Q)
bGIUCOSe C6H1206

e _ 6 mol C _6(12.01gmol™!) _
% composition of carbon = Tmol ;0. — 160.16g molT X 100 = 40.0% 4
¢ Total Carbon (g L™1) = 20 g L 'glucose x 40.0% C=8gL™1C (5)
d Total Nitrogen (g L™1) = 11 g L™'Yeast Extract X 10.0% N = 1.1 gL™IN (6)

4.4.3  Pre-screening of Different Nitrogen Sources

Three inorganic and three organic components were selected for pre-screening of
different sources of nitrogen, including sodium nitrate (NaNO3), monosodium glutamate
(MSG), ammonia sulfate (NH4)2SO4, yeast extract, peptone and urea. For the inorganic
components, the percentage of total nitrogen was calculated according to molecular weight,
and for the organic nitrogen sources, it was based on information from the manufacturers
(Shariati et al., 2019), shown in Table 4.4.

The purpose of the nitrogen pre-screening was to examine all potential inorganic and
organic nitrogen sources at a constant C:N ratio of 7.2 (initial basal C:N ratio) prior to
nitrogen mixture design experiments. This was done to eliminate some nitrogen sources
with minimal effects as only three to four nitrogen sources could be selected for mixture
design to avoid large experimental runs. As other nitrogen sources were never used as the

sole nitrogen source for the strain MA2-2, to evaluate the performance of each nitrogen

43



source, yeast extract was added at 10% of the total nitrogen content, combined with 90%

from the other nitrogen source.

Table 4.4: Experimental design of pre-screening nitrogen sources

. % of 10% total 90% total
Nitrogen source ) PH ] ] reference
nitrogen nitrogen*  nitrogen ®
Yeast extract 10 6-6.5 1.1 Sigma-Aldrich, 2020
HiMedia Laboratories,
Peptone 10.4 7.2 9.52
2018
. . National Center for
Sodium nitrate 16.47 7 6.01 Biotechnol
. . 10otechnology
(NaNO3) )
Information, 2023a
Urea 46.6 4-8 2.12 Sigma-Aldrich, 2022
. National  Center  for
Monosodium glutamate _
8.29 6.7-7.2 11.94 Biotechnology

(MSG)

Information, 2023¢
National  Center  for

21 5.5 4.71 Biotechnology
Information, 2023b

Ammonia Sulfate
((NH4)2504)

3 Represents the coded concentration of yeast extract in each medium accounted for a 10% total nitrogen
p y g
content.

b Represents the coded concentrations of other nitrogen sources accounted for a 90% total nitrogen content.

4.4.4  Mixture Experimental Design on Pre-screened Nitrogen Sources

Mixture analysis design is an alternative method for screening and optimizing of
components in culture media by studying the interactions of factors (Rispoli & Shah, 2009).
It is a suitable method to simultaneously evaluate the proportion of different nitrogen
sources in culture media, while keeping the final concentration of total nitrogen constant
to maintain a constant C:N ratio. The other advantage of the mixture analysis method is
that it is able to eliminate both neutral- and negative-factors (Shariati et al., 2019).

In the mixture experiment, the different nitrogen sources were used as independent
factors in a blend so that the sum of the proportions of all substrates in each mixture totaled
100% (Sathish et al., 2008). Optimization of the mixture with the different nitrogen sources

was carried out using a triangular surface response (Figure 4.2) (Moldes et al., 2007). The
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mixture design strategy was used to obtain the maximum ARA production and to
investigate the presence of either synergistic or antagonistic effects in a blend of
components.

The prediction equation (Eq. 7) of the response variables is given below (Rispoli &

Shah, 2009):
Y =3, BX + Zi<j2k BijXiX; (7)

where Y is the predicted response, f; is the linear coefficient, B;; is the interaction

coefficient, and k is number of factors.

A four-component augmented simplex-centroid design with center point and axial
points was used in which each component was studied at five levels, namely 0%, 25%,
33%, 50%, 62.8%, 100% (de Castro & Sato, 2013). Four nitrogen sources, namely yeast
extract, peptone, NaNO3z and MSG, were selected from the previous nitrogen pre-screening

experiments (Appendix B — Table B.1).

Matrix of Simplex Design Plots in Amounts

Yeast Extract Yeast Extract
J A Hold Values
Yeast Extract 0
Peptone 0
NaNO3 0
MSG 0

11 0.0 11 11 00 11
Peptone NaNO3 Peptone MSG

Yeast Extract Peptone
11 11

11 0.0 11 11 0.0 11

Figure 4.2: Experimental matrix of Simplex Design plots for optimization of nitrogen
sources.
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In each trial the C:N ratio was constant at 15 obtained from previous C:N ratio
screening and each nitrogen source was investigated in the presence of other nitrogen
sources in culture medium, while the final concentration of total nitrogen in culture
medium was constant. This design aimed to evaluate the effect of the interaction of
different nitrogen sources in the mixture. Biomass DCW (g L"), TFA or total oil content
w/W% in biomass, ARA w/w% in TFA and ARA concentration (mg L) were used as

response variables.

The significance of each variable was determined using the student’s t test. The variables
at or above the 95.0 % confidence level (p < 0.05) were considered to have significant
effects on the responses (Malaiwong et al., 2016; Guthrie, 2020). The statistical software

package, Minitab 19.2020.1, was used for the regression analysis of the experimental data.

4.5 Strain Improvement: Random Mutagenesis
4.5.1  Flask Culture Conditions

The mutagenesis working medium was the previous modified medium, containing
glucose 41.25 g L, yeast extract 7 g L', NaNO3 2.429 g L', KH,POs 5.023 g L,
MgS04.7H20 0.796 g L', CaCl,.2H20 0.318 g L', adjusted initial pH to 6 using 1 M NaOH
or HCI, prior to autoclaving at 121°C. MgS04.7H20 and CaCl2.2H>0 were added post-

autoclave to prevent precipitates from forming.

4.5.2  Random Mutagenesis Strategies Along with High-throughput Screening

A physical mutagenesis strategy, namely ultraviolet (UV) mutagenesis, coupled with
a high-throughput screening approach, i.e. supplementation with the FA synthesis inhibitor
cerulenin and the tetrazolium dye TTC, was performed on a wild-type ARA-producing
strain (MA2-2) to effectively screen for beneficial mutants with high potential to synthesize

PUFA, especially ARA. The screened beneficial mutants were used in shake flask
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experiments to verify the stability of their fatty acid profile. Figure 4.3 shows a schematic

of the mutagenesis experimental protocol.

: Optimal UV :: Optimal Concentration
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Figure 4.3: Schematic of the mutagenesis experimental protocol with high-throughput
screening. Drawn with Biorender.ca

4.5.2.1 Culture Conditions: Spore Suspension Preparation

Spores of MA2-2 grown on PDA plates rinsed with sterile 1x phosphate buffer
solution (PBS) containing 0.1% (v/v) Tween 20 (Shofiul Azam et al., 2015; Yao et al.,
2019) and filtered through 30 pm Whatman filter paper or 8 layers of cheese cloth. The
spore suspension was centrifuged at 12,000xg for 10 min (Li et al., 2015) and diluted with
sterile water to a concentration of 10® spores mL™!, enumerated using a hemocytometer.
The spore suspension was kept in liquid medium at 4°C at a density of approximately ~10%

spores mL™!.

4.5.2.2 Mutagenesis Characterization — UV Screening and Treatment
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Cells were exposed to UV radiation using the UVP CL-1000 UV Crosslinker, with a
short wave UV source (254 nm) (Nisha, 2009; Beacham et al., 2015). UV irradiation was
performed inside a dark box of 51 cm x 22 cm x 24.5 cm (length x width x height)
containing two UV lamps of 15 W each, positioned inside the box top. The default energy
emission was estimated as 120,000 uJ x cm™ (Artisan Technology Group, n.d.; Tapia V et
al., 2012). Two modes existed in the UV chamber, namely ‘Preset UV Energy Exposure’
and ‘Preset UV Time Exposure’. ‘Preset UV Energy Exposure’ provided a measured dose
of UV exposure to the sample, whereas ‘Preset UV Time Exposure’ measured the exposure

time (Artisan Technology Group, n.d.)

The spore-suspension (10° spores mL!) was transferred into sterile petri dish and
irradiated for different time intervals (0, 1, 5, 15, 25, 35 and 45 minutes (min)) with petri
dish lid-on condition. Subsequently, a 2" screening was performed by irradiation (0, 0.1,
0.5, 1, 3, and 7.5 min) with petri dish lid-off condition. The plate containing the culture
was manually agitated every 10 minutes for cell resuspension (Tapia V et al., 2012).
Additionally, the spore-suspension was irradiated for different energy intensities (4000,
6000, 8000, 10,000, 12,000 pJ x cm™). Sampling was performed at regular intervals and
maintained in darkness overnight to avoid photo reactivation (Nisha, 2009; Tapia V et al.,

2012).

Suspensions were suitably diluted, and appropriate dilutions were plated. Then 100-
200 pL aliquots were collected, properly diluted and plated by spreading on the PDA agar
plates at room temperature for 2-3 days and the mortality rate was calculated using the
untreated spore suspension as a control. Spores unexposed to radiation were taken as the
control and the percentage of survivors was calculated by considering the colonies

developed on control plates as 100% (Nisha, 2009; Zhang et al., 2018).

4.5.2.3 Mutagenesis Characterization —TTC Screening and Treatment

TTC powder was dissolved in sterile distilled water at an initial stock concentration

48



of 5 mg mL"! or 15 mM at room temperature, then filtered through 0.22 pm filter paper
and stored at —20°C until used (Moussa et al., 2013; Shofiul Azam et al., 2015). To
determine the optimal TTC concentration for mutagenesis, the MA2-2 spore suspension
was inoculated on PDA plates supplemented with various TTC concentrations (0, 0.15,
0.3, 1.5, 3 mM), followed by incubation at 25 °C for 2-3 days (Moussa et al., 2013).
The proper concentration of TTC was also identified through the observation of growth
status of the colonies (Yao et al., 2019). Single colonies with a deep color were selected

as preferable ARA producers for further study (Li et al., 2015).

4.5.2.4 Mutagenesis Characterization — FA Inhibitor Cerulenin Screening

Cerulenin was dissolved in sterile distilled water at an initial stock concentration
of 0.05 mg mL™! or 0.224 mM at room temperature, then filtered through 0.22 pm filter
paper and stored at —20°C until used. MA2-2 spore-suspension (10 spores mL™)
was inoculated on PDA plates supplemented with various cerulenin concentrations (0,
0.1, 0.6, 1 and 4.5 uM), then incubated at 25 °C for 2-3 days (Yao et al., 2019). The
growth status of colonies was monitored to achieve the proper concentration of
cerulenin for preliminary screening and selection by estimating the mortality rate,
shown in Eq. 8 (Li et al., 2015).

Lethality rate % = control colonies—survival colonies % 100% (8)

control colonies

4.5.2.5 UV Mutagenesis Supplemented with Cerulenin and TTC

After determining the optimal energy intensity of the UV mutagen, and the optimal
concentrations of cerulenin and TTC. Wild-type MA2-2 spore suspensions were
exposed to selected UV light for mutagenesis and mutated spores were grown on PDA
agar plate medium supplemented with cerulenin and TTC for 2-3 days at 25°C (Li et

al., 2015). The growth status of the colonies was monitored for mutant screening.
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Relatively large, fast-growing colonies that were stained red were identified and
selected as having high potential for FA production, particularly ARA. Selected
mutants were isolated onto new PDA agar plates for long-term storage. Subsequently,
all isolates were inoculated into modified fermentation medium (Section 4.5.1) with
mycelium-agar pieces (described in Section 4.2) to verify the fatty acid profile. The
stability of four or five mutant isolates screened from the above flask experiments was
tested by repeating the experiment in triplicate. The mutants with the least variation

showed consistency (Zhang et al., 2018).

4.6 Strain Improvement: High-Temperature ALE

Improving the thermotolerance of the strain can be advantageous in reducing energy
consumption and production cost. The purpose of this high-temperature adaptive
laboratory evolution strategy was to enhance the tolerance of strain in high temperature

environment.

4.6.1  Culture Conditions

To prepare the seed culture, the wild-type MA2-2 strain was initially grown under the
general culture conditions described in section 4.2. For long-term passage at high
temperature ALE, seed cultures were inoculated with a 10% (v/v) mycelial suspension into
125 mL baffle flasks containing 30 mL of medium at the high temperature under constant
orbital shaking at 200 rpm. Each 10% (v/v) of the mycelial suspension was passaged into
a new medium, described as a new generation (Hu et al., 2021). The working medium for
the whole ALE experiments was the C: N screened modified medium obtained from the
section 4.4.2, containing glucose 41.25 g L'}, yeast extract 11 g L', KH,PO4 5.023 g L™,
MgS04.7H20 0.796 g L, CaCl>.2H0 0.318 g L', adjusted initial pH to 6 using 1 M NaOH
or HCI, prior to autoclaving at 121°C. MgS0O4.7H20 and CaCl>.2H20 were added post-
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autoclave to prevent precipitation.

When the long-term ALE generation was completed, the MA2-2 final modified
medium was also used to compare ARA performance with evolved strains cultured in ALE
working medium. The final modified media, containing glucose 41.25 g L"!, yeast extract
7 g L1, NaNO; 2.429 g L', KH,PO4 5.023 g L', MgS04.7H20 0.796 g L', CaCl,.2H>0
0.318 g L', adjusted initial pH to 6 using 1 M NaOH or HCl, prior to autoclaving at 121°C.

MgS04.7H,0 and CaCl>.2H20 were added post-autoclave to prevent precipitation.

4.6.2  Schematic Review of Adaptative Laboratory Evolution

An overview of the ALE experimental approach is shown in Figure 4.4.
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Figure 4.4: High-temperature adaption laboratory evolution schematic review. Drawn with
Biorender.ca
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4.6.2.1 Temperature Pre-screening

The effect of various temperatures (28°C (control), 30°C, 32°C, 35°C, 38°C) on the
growth of M. alpina MA2-2 were investigated by comparing daily glucose consumption
and biomass DCW. The fatty acid profiles of the surviving strains were further studied to
investigate their PUFA synthesis capacity. A suitable high stress temperature was chosen

for the ALE study, where cells exhibited severe inhibition but were still able to survive.

4.6.2.2 ALE Adaption Cycles

An adaptive laboratory evolution experiment was based on a long-term serial transfer
procedure at a high temperature of 32.5°C as the stress inducer. Cells were cultivated in
the seed medium for 48 h which was defined as one cycle. The high-temperature ALE
experiment was repeated for a total three-month period (90 days). After 5 cycle periods,
the evolved ALE strains were named ALES, ALE10, until ALE45 was treated as the
endpoint strain. The evolved strains after every five cycles were stored frozen in 10%

glycerol at —80°C. High-temperature ALE experiments were performed in triplicate.

4.6.2.3 Temperature Sensitivity Test After Adaption

A temperature sensitivity test was performed to compare the temperature sensitivity of
the starting strain and evolved strains, where the strains were cultivated in the C: N
screened modified medium (section 4.6.1) at 28°C (control) and 32.5°C (stress). After
partial thawing of the frozen strain, a loop of mycelium was placed on a PDA agar plate
for recovery and growth for approximately 10 days. The culture was inoculated by adding
pieces of mycelia covered agar in the C: N screened modified medium (section 4.6.1). Cell
growth, lipid accumulation, fatty acid profile were determined to calculate parameters to
assess temperature sensitivity. The reduction ratio was used to determine the effects on cell

performance. The reduction ratio was calculated using Eq. 9:
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X2—X1

A(T1~T2) = X,

)
where X; and X» refer to cell performance, including biomass DCW (g L), total 0il%,
ARA%, ARA concentration (mg L) and ARA productivity (g L'd!") at temperature T;

(control temperature at 28°C) and T, (high temperature at 32.5°C), respectively.

4.6.2.4 Comparison of cell performance between modified medium and ALE medium
To investigate whether the adapted strain increased ARA production in the previous

modified medium, the starting strain and the evolved strain every 15 cycles were cultured

in modified and ALE fermentation medium (control) at 28°C. Response variables including

biomass DCW (g L)), total 0il%, ARA%, ARA concentration (mg L) were compared.

4.7 Biomass Harvest and Fatty Acid Methyl Esters Analysis

The fungal biomass was harvested at the glucose exhaustion or end of 14 days of
incubation. Daily glucose depletion was monitored using the YSI 2500 Glucose/Lactate
Analyzer. The 300 pL of the supernatant was taken for a glucose-level reading with the
YSI, and the remaining supernatant was decanted. All fungal biomass was harvested by
centrifugation (Eppendorf 5920 R centrifuge: catalogue number 2231010061) at 4,200 rpm
for 20 minutes at 4°C. The biomass was washed two times with deionized water and
vortexed for 10 seconds until all mycelia were harvested. The tubes were then centrifuged
a third time and the supernatant was again discarded. The fresh cells were then stored at -
80°C freezer for overnight, then moved to a Labconco freeze-dryer (catalogue number
7755040) for 3 days. The freeze-dried biomass was weighed to obtain the dry cell weight
by subtracting the tube weight. Then biomass was crushed finely with a mortar and pestle
and stored in capped tubes at -20°C until analysis was carried out.

For analysis, the fatty acids were extracted from the biomass and trans-esterified into

fatty acid methyl esters (FAMEs) and then analyzed through gas chromatography (GC)
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combined with Flame ionization detector (FID). A 2 mg/mL solution of tritricosanoin
(C23:0 triglyceride) was prepared in toluene and sonicated until the lipid was completely
dissolved. The weights of both the C23:0 and toluene were recorded as the internal standard
solution. For each biomass sample, 45-48 mg of biomass was added in 40 mL glass tube.
Then 950 puL of the C23:0 internal standard solution was added to each tube and the mass
was recorded in grams. Next, 6 mL of toluene and 6 mL of 12.5% acetyl chloride in
methanol solution were added to each tube and which was placed in a hot water bath for 2
hours at 80°C and 60 rpm. Then 10 mL of 6% sodium carbonate solution was added to
each tube once cool. The tubes were then vortexed until homogenous and centrifuged for
15 minutes at 1100 rpm and 4°C. The toluene layer was carefully transferred to a 2 mL GC
vial for analysis. FAMEs samples were analyzed by GLC-FID using the following GLC
operating parameters:

*  FID and injector temperature of 250°C

*  Carrier flow of 3 mL/min Hydrogen

*  Split ratio of 20:1

*  Make-up flow of 38.2 mL/min Helium

*  Oven temperature of 190°C at 5°C per minute to 240°C and held for 2 minutes

The column used was Restek FAMEwax catalogue number 12498 (30 m x 0.32 mm x
0.25 um). GLC Reference Standard 566b (Nu-Chek Prep Inc. catalogue number GLC-
566B) was run at the beginning of the sequence to determine retention times of FAMEs
and GLC Reference Standard 714 (Nu-Chek Prep Inc. catalogue number AC-714) ran at
the beginning and end of the sequence to act as an external response factor for selecting
fatty acids such as ARA, EPA or DHA. The methyl esters of fatty acids were manually
integrated using OpenLab CDS.2x Agilent software, and the area of chromatogram peaks

were calculated to determine the mg/g FAME.
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Chapter 5:  Results

5.1 Micronutrient Studies

In this section, combined DOE were applied for screening and optimizing
micronutrients that may affect ARA performance. Subsection 5.1.1 applied the Plackett-
Burman method to screen various micronutrients such as mineral ions, trace elements or
vitamins, and to select the best performing components for further optimization. Subsection
5.1.2 and 5.1.3 used two Response Surface Methodology approaches to optimize different
levels of preselected components and to predict the best solutions to enhance ARA

production.

5.1.1  Plackett-Burman Screening of Micronutrients

Experiments were conducted following a PB design that was used to select the most
significant factors. The data presented in Appendix B — Table B.2 indicated that there was
a wide variation in responses for DCW, TFA %, ARA % and ARA concentration, from
3.61t014.87 gL', 8.1t017.15 %, 19.58 to 31.31 %, and 62 to 760 mg L"!, respectively.

The coefficient values from the regression analysis for the PB design revealed the main
effects, associated t-values and significant levels of the variables on biomass DCW (g L),
TFA %, ARA % and ARA yield (mg L") (Table 5.1). The positive/negative effects of the
measured variables indicated that the yield of ARA was greater/smaller at higher levels of
the measured variables than at lower levels (Ghobadi et al., 2022).

Out of the eight variables shown in the Pareto chart with positive and negative effects
(Figure 5.1), KH2PO4 and CaCl,.2H20 positively affected DCW, ARA concentration and
ARA % (p < 0.01) and TFA % (p < 0.05). This indicated that both variables
significantly affected all responses and were therefore selected for further optimization.
The positive effect that MgS0O4.7H,0 had on DCW (p < 0.05) was greater at high

concentration. By contrast, sodium citrate and NaCl negatively affected TFA% (p < 0.05),
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and NaCl, TMS and vitamin solution negatively affected ARA concentration (p < 0.05)
at low concentrations. Factors such as NaCl, TMS and vitamin solution negatively affected
all responses, whether significantly or not, and they were not optimal for improving ARA
production. Sodium citrate positively affected DCW and ARA %, and negatively affected
TFA % and ARA concentration, whereas MgS04.7H>0 positively affected all responses,
except ARA%. This indicated that sodium citrate had a more negative effect on multiple
responses than MgSQO4.7H>0. Therefore, the factor of MgS0O4.7H20 concentration was

selected for further optimization.
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Table 5.1: ANOVA test of MA2-2 strains from PB design

Biomass DCW (g L) TFA % ARA % ARA (mg L")
Term

Effect tvalue pvalue Effect  tvalue P Effect  tvalue pvalue Effect twvalue P

value value

Constant 25.9 0 35.05 0 40.29 0 22.66 0
KH,PO4 3.171 3.49 0.003" 2.094 2.62 0.019 1.571 1.38 0.188 178.4 5.1 0"
NaCl -1.366 -1.5 0.153 -2.144 -2.69 0.017 -1.013 -0.89 0.388 -99.5 -2.85 0.012
MgS0,.7H,0 2.002 2.21 0.043 0.403 0.5 0.621 -0.239 -0.21 0.836 60.2 1.72 0.105
CaCl».2Hx0 3.634 4 0.001" 0.821 1.03 0.32 3.923 3.45 0.004" 197.7 5.65 0"
MgCl,.6H,0 0.836 0.92 0.372 -1.121 -1.4 0.181 -1.429 -1.26 0.228 -47.2 -1.35 0.197
Sodium Citrate 0.334 0.37 0.718 -1.982 -2.48 0.025 0.174 0.15 0.88 -9.8 -0.28 0.782
TMS -0.249 -0.27 0.787 -1.639 -2.05 0.058 -2.149 -1.89 0.078 =77 -2.2 0.044
Vitamin Solution -0.692 -0.76 0.457 -1.294 -1.62 0.126 -1.654 -1.45 0.167 -85 -2.43 0.028

The bold values indicate the significance at or above the 95.0 % confidence level (p < 0.05). The bold values with * indicate the significance at or
above the 99.0 % confidence level (p < 0.01).
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Figure 5.1: Pareto chart showing the positive and negative effects of eight micronutrients (A-H) on responses A) biomass DCW (g L),
B) TFA %, C) ARA % and D) ARA vyield (mg L™). Bars that cross the dotted red line indicate that the effect is statistically significant

(at a 95% level of confidence). The +/- symbols next to each factor row refer to positive or negative effects.
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5.1.2  First RSM Optimization on KH>PO4, MgS0O4.7H>0 and CaCl,.2H»0
5.1.2.1 Experimental Results of the First RSM

Based on the PB screening tests, KH2PO4, MgS04.7H>0 and CaCl»>.2H»0 had high
impact on biomass, lipid accumulation and ARA production by M. alpina MA2-2 strain.
The optimum levels of these three significant parameters were determined by CCD and
RSM, and their low/high levels are shown in Table 4.2. The observed responses are
summarized in Appendix B - Table B.3, and analysis of the results by standard ANOVA
are shown in Table 5.2. The maximum responses of DCW, TFA%, ARA%, and ARA yield
were 17.3£0.02 g L1, 18.3 £0.22%, 37.2 = 1.60% and 781 + 62.2 mg L™! respectively.

5.1.2.2 Diagnostic Checking of the Models

The ANOVA of the quadratic regression models indicated, that with the exception of
ARA concentration, there was a significant relationship between the dependent and
independent variables (p < 0.05) (Table 5.2). Thus, the full quadratic model with
CaCl2.2H,0, KH2PO4, and MgS0O4.7H20 (as independent variables) significantly affected
the responses DCW, 0i11% or TFA% and ARA% (dependent variable). The ANOVA of the
quadratic regression model for ARA concentration indicated the F value was 1.8, which
confirmed the lack of significance of the experimental data to this response. Second-order
polynomial models from the ANOVA results are given as follows, with respect to growth
(Eq. 10), total oil (Eq. 11) and the percentage (Eq. 12) of ARA in the term of significance
(p <0.05):

Ypew(gL™1) = 12.521 + 0.697 KH,PO, — 1.208 CaCl,. 2H,0? (10)

Yoi(%) = 18.470 — 0.03 KH,PO, — 3.634 CaCl,. 2H,0 + 0.0969 KH,P0, X

MgS0,.7H,0 + 0.412 MgSO0,.7H,0 X CaCl,.2H,0 (11)
Yara (%) = 28.32 — 2.493 KH,PO,, + 0.993 MgS0,. 7H,0 — 2.76 CaCl,.2H,0 +
0.2132 KH,P0,* (12)
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5.1.2.3 Determination of Lack of Fit and/or Outlier

The ANOVA table for the oil % and ARA % regression models in this study show an
insignificant lack-of-fit (F=0.79 and 4.25; P=0.599 and 0.069) for the models (Table 5.2),
which suggest these models are suitable for explaining the data. However, the biomass
regression model indicated a significant lack-of-fit (p = 0.00). Although the biomass
regression model was significant, the data corresponding to the center points had small
variation so that they became close enough to overlap and this triggered the significant
lack-of-fit (Kraber, 2022). A potential solution would be to increase the level of factor

selection to expand the variation between model points and centroids, reducing overfitting.

5.1.2.4 Plot Analysis (Normality Probability Plot, Residual vs. Fit)

In addition to ANOVA, normal probability plots (Appendix A) are an important
visualization method for conducting regression model analysis. The normality plot of the
response to ARA% closely aggregated to follow a straight line (Figure A.1 E). The biomass
and Oil% represented an approximate straight but with small variations in the scatter
(Figure A.1 A and C). The results showed that all three responses formed a normal
distribution, but small variations indicated that the prediction terms did not match the
experimental results exactly, which was consistent with the previous ANOVA analysis.

Plots of the residuals vs. fitted values are shown in Figure A.1. Compared to biomass
and ARA%, Oil% shown a random scatter without an obvious pattern (Figure A.1 D),
indicating the residuals were considered independent with normally distributed (Ahmed,
N.d.; Olawoye, 2016; ISixSigma, 2022). The plot for biomass showed a few clusters of
residuals, which may imply dependence (Figure A.1 B). ARA% showed more clusters of
residuals, while the distribution of residuals over the fitted values of x was not
homogeneous, indicating dependence and non-constant variance (Figure A.1 F). According
to the normal plot, oil % represented the better regression hypothesis, followed by ARA %

and biomass, in agreement with the results of the ANOVA regression model.
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Table 5.2: Analysis of variance (ANOVA) for response surface quadratic model of biomass DCW, 0i1%, ARA% and ARA concentration
by RSM.

Biomass DCW (g L") ® Oil % © ARA % ¢ ARA (mg L) ®
Term X p p p
DFf | SS¢ MS" F-value SS MS  F-value SS MS  F value SS MS F value
value value value value
Model | 9 | 36.40 4.04 3.48 0.032 | 38.3 43 6.12 0.005 | 286.5 31.8 598  0.005 | 107112 11901 1.8 0.186
X ® 1 18.33 18.33 1579 0.003 | 7.5 7.5 10.75  0.008 | 93.7 93.7 17.6  0.002 | 6112 6112 093  0.359
X 1 0.00  0.00 0 0997 [ 3.1 3.1 4.4 0.062 | 413 413 7.76  0.019 | 4264 4264 0.65 0.44
X3 1 520  5.20 4.48 0.06 | 147 147 21.13 0.001 | 59.0 59.0 11.07 0.008 [ 12123 12123 1.84  0.205
XxXa | 1 0.01  0.01 0.01 0935 47 47 6.69 0.027 | 2.9 2.9 0.54 0477 | 5555 5556 0.84 0.38
XixX3 | 1 049  0.49 0.42 0531 ( 02 02 0.29 0.603 | 2.6 2.6 0.49 0.5 11096 11096 1.68  0.224
XoxX3 | 1 0.16 0.16 0.13 0721 [ 6.5 6.5 9.39 0.012 [ 219 219 4.11 0.07 | 46663 46663  7.07  0.024
X2 1 347 347 2.99 0.114 [ 0.1 0.1 0.08 0.781 | 647 647 12.15 0.006 | 8177 8177 1.24  0.292
X,2 1 0.11  0.11 0.1 076 | 0.6 0.6 0.92 0.36 33 33 0.61 0.452 | 9793 9793 1.48  0.251
X;? 1 11.97 1197 1031 0.009 | 24 24 3.51 0.091 | 114 114 2.14 0.175 4 4 0 0.981
Error | 10 | 11.61 1.16 7.0 0.7 533 53 65990 6599
E?_Cfl_: 5 11.41 2.28 57.49 0 3.1 0.6 0.79 0.599 | 43.1 8.6 4.25 0.069 | 49148 9830 2.92 0.132
Pure
Error 5 0.20 0.04 3.9 0.8 10.1 2.0 16842 3368
Total | 19 | 48.00 453 339.8 173101

The bold values indicate the significance at or above the 95.0% confidence level " DF degree of freedom & SE sum of square " MS mean of square
2 X1 =KH,POq4 (g L'l); X, = MgSO4.7H20 (g L'l); X3 = CaC12.2H20 (g L'l)

® Biomass DCW production (g L) note: R? = 0.7582; Adj. R? = 0.5406; Pred. R>=0

¢ Qil content (%) note: R* = 0.8463; Adj. R>=0.7079; Pred. R*> = 0.4261

4 ARA content (%) note: R> = 0.8433; Adj. R*=0.7022; Pred. R?> = 0.027

¢ ARA production (mg L") note: R? = 0.6188; Adj. R*=0.2757; Pred. R>=0
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5.1.2.5 Evaluation of Significance Factors

The significance of each coefficient in Table 5.2 was determined by its p-value.
According to the present model of the biomass, the linear term (X; or KH2PO4) and squared
term (X32 or CaCl>.2H20 2) were significant. For 0il%, linear terms (X; and X3 or KH2PO4
and CaCl».2H»0), interaction terms (Xi.X> and X».X3 or KH2PO4 x MgS04.7H20 and
MgS04.7H20 x CaCl2.2H20) were significant. For ARA%, linear terms (X1, X2 and X3 or
KH>PO4, MgS04.7H20 and CaCl2.2H,0) and squared term (Xi?> or KH2PO4 2) were
significant. Except for 0il% which had two significant interaction terms, responses to
biomass and ARA% were only significantly affected by a single term or squared term.

Previous screening methods were performed in a PB design where interaction terms
were confounded and not considered. Here, from the RSM design, the data showed
insignificant effects of other factors on cross-interactions except for oil %. This may be
due to the fact that the mineral interactions were minimal at high concentrations or that the

current quadratic model was unable to detect significant terms.

5.1.2.6 Main Effect Analysis

Figure 5.2 to 5.4 show the main effect plots. In terms of biomass, the main effect plots
for KH2PO4 and CaCl,.2H20 showed similarities, where biomass increased with increasing
concentrations of KH2PO4 and CaCl,.2H>0 until they peaked at 7.5 g L' and 1.4 g L,

respectively, and then biomass decreased to the end (Figure 5.2).
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Figure 5.2: Main effects plots of significant minerals KH2PO4, MgS0O4.7H20 and
CaCl,.2H,0 for response variables: Biomass DCW (g L™).

However, the changes of KH,PO4 and CaCl,.2H20 were opposite in terms of oil %,
which increased when KH>PQy increased linearly from 0 to 9.886 g L™!, while it decreased
when CaCl,.2H20 gradually increased (Figure 5.3).
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Figure 5.3: Main effects plots of significant minerals KH2PO4, MgS04.7H>0 and
CaCl,.2H»0 for response variables: Total oil content w/w%.

In terms of the contribution of ARA, all three factors were significantly affected. The

variation of KH2PO4 was opposite to CaCl2.2H20 and MgS04.7H20, in which the ARA%
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decreased from 36% to 23% when KH,PO4 was decreased until the lowest peak at 5 g LI,
and then it gradually increased. Meanwhile, increasing the concentration of CaCl>.2H>0

and MgS04.7H20, resulted in ARA% increasing from 20% to 31% (Figure 5.4).
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Figure 5.4: Main effects plots of significant minerals KH2PO4, MgS0O4.7H20 and
CaCl,.2H0 for response variables: ARA w/w%.

In terms of the significance of the main effect, all three responses were significantly
affected by KH>PO4 and CaCl;.2H>0. The biomass and oil rate % were increased at higher
KH>PO4 concentration, whereas a lower KH2PO4 was favorable for ARA%. CaCl,.2H>0
showed a sinusoidal wave with a maximum peak of 1.4 g L'!, reaching 16.5 g L"! biomass.
In addition, increasing CaCl,.2H20 was beneficial for ARA%, but decreasing CaCl2.2H>0
resulted in higher oil rates. MgSO4.7H20 only affected ARA%, where a higher

concentration led to a higher ARA %.

5.1.2.7 Response Surface Plotting

Response surface and contour plots provide an understanding of the interaction of
two factors while keeping the other factors constant at the level of the centroid (Myers et
al., 2009; Yang et al., 2006). From previous ANOVA analysis, only interaction terms

KH>PO4 x MgS04.7H20 and CaCl>.2H20 x MgS04.7H>0 were significant to the response
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of 0i1l% while others were insignificant (Table 5.2). In this study, only significant
interaction terms were analyzed in contour plots to determine the optimal level.

Figure 5.5 A & B shows the contour and surface plot of CaCl>.2H>0 x MgS0O4.7H>0
on the oil %, with KH2POys fixed at its central level (4.0 g L'!). This contour plot revealed
a hyperbolic shape, which demonstrated a saddle point that was a flexion point between a
relative minimum and relative maximum, which was neither a maximum nor a minimum
point (Breig & Luti, 2021). As MgS04.7H>0 and CaCl,.2H»0 decreased from 5.0 to 0.0 g
L'and 1.2t0 0.0 g L', respectively, the oil rate increased from 15 to more than 18%. The
oil rate may also reach 15-16% when MgS04.7H20 and CaCl..2H>0 attained their highest
edge points. This surface plot showed a sharp slope which corresponds to a higher response
activity. The maximum oil rate can be achieved by reducing CaCl2.2H>0 and MgS0O4.7H20
to below 0.2 g L' and 0.5 g L"!, respectively; or by increasing both factors to the highest
edge of the out-of-range point.

Figure 5.5 C & D shows the contour and surface plot of KH,PO4 X MgSQO4.7H>0
for the oil %, with CaCl,.2H>0 fixed at its central level (1.025 g L''). When KH,PO4
increased while MgS0O4.7H>0 was maintained at a low level (approximately from 0 to 0.7
g L), the oil % did not change significantly (remained at 15-16%). With the increase of
MgS04.7H,0, and KH>PO4 kept below 5 g L', oil accumulation would gradually be
inhibited thus reducing 0il%. The maximum oil % can be expected to exceed 16% when
KH>PO4 and MgS0O4.7H,0 are higher than 7 g L' and 2 g L'}, respectively. In general, the
surface plot of oil % with KH>PO4 x MgS0O4.7H20 displayed a gentle slope that lowered
the response sensitivity level. However, this surface plot had a maximum design point that
was outside the area of experimentation. Consequently, the highest 0il% (above 16 %)
could be expected if KH2PO4 and MgS04.7H20 were increased to the highest edge point
that out of the scope. Optimal oil % could also be achieved if KH2PO4 was increased but

MgS04.7H20 was kept low. The interaction between CaCl,.2H>0 x MgS04.7H20 was
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stronger than KH2PO4 x MgS04.7H20, which implied that CaCl2.2H20 x MgS0O4.7H20

performed better prediction on the oil%.
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Figure 5.5: Two-dimension contour plots (A and C) and three-dimensional response
surface plots (B and D) for total oil w/w% production by M. alpina MA2-2 showing
interaction of two variables while the remaining factors were held constant: (A and B)
contour and surface plots of CaCl>.2H>0 x MgS0O4.7H20; (C and D) contour and surface
plots of KH2PO4 x MgS04.7H20

5.1.2.8 Experimental Validation of the Optimized Culture Variables

Correlation coefficient R? was the proportion of change in the response values
explained or accounted for by the model. The R? value must be close to 1.0 in a model
which describes good prediction efficiency (Breig & Luti, 2021) and a higher value of R?
indicates a better fit to the model (Nisha et al., 2011; Ekpenyong et al., 2017; Choudhary
& Pramanik, 2021).The R? values for DCW, 0il% and ARA% were 0.7582, 0.8463 and
0.8433 (Table 5.2). The biomass DCW response was less predicted than 0il% and ARA%
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since R? is the proportion of change in the response values explained or accounted for by
the model. The results showed that 0i1% had a relatively higher recovery rate with a decent
prediction compared to ARA%, and that biomass was the least predictable response.

To evaluate the model acquired by the RSM, an experiment was conducted in triplicate
under the identified conditions (Ghobadi et al., 2022). The information from the equation
models and plots, relating to the optimal levels of KH2PO4, MgS04.7H>0 and CaCl,.2H>0
predicted two optimal solutions. Experiment A referred to the maximum of all responses,
including biomass DCW, TFA% or Oil%, ARA% and ARA concentration; while
experiment B referred to the maximum of ARA production, summarized in Table 5.3. The
experimental values thus obtained were compared with the predicted values to test the
applicability of the model equation for validating the optimum response values (Nisha et
al., 2011). For experiment A, the deviations between the experimental and predicted values
for the production of biomass, TFA %, ARA % and ARA concentration were 5.91%,
18.03%, 16.93% and 32.2%, respectively, while experiment B resulted in deviations of
11.4%, 21.4%, 3.94% and 13.6%, respectively. The deviation of experiment A was closer
to the predicted value of R?, while B is more divergent from the predicted value.

Among the multi-responses, the variation of ARA concentration was the highest,
followed by 0il1% and ARA%, with biomass having the least variation. However, the
concentration of ARA was largely dependent on the production of the remaining three
effects, and therefore fluctuations in these effects can vary the concentration of ARA. Both
experiments had relatively lower validity (68-96%) of the prediction models.

Almost all responses were predicted to be optimal in the edge () points, but this was
outside the range of the model, which could lead to biased results because the model cannot
accurately predict responses outside the range. The a range may represent some higher-
order models, so low predictability was to be expected. The potential solution was to
explore how higher levels of factors within the a ranges affected production performance

of ARA. To investigate this, a second RSM design was established, where factors were
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adjusted to the new levels (Section 5.1.3).

Table 5.3: Predicted and experimental value of responses at optimum condition

Exp. MgSOs4. CaCl,. . .
KH,PO42 Biomass ® 0Oil % ARA% ARA
(gLh TH»0 2H,0
1521+£041°¢ 153+0.38 30.86 £2.52 715.3 £26.43
A 9.886 6.534 2.296
16.17 4 18.67 37.15 1054.5
15.63 £0.09 11.7+£0.96 36.81 £1.62 674.6 £35.81
B 3.060 6.534 2.665
14.03 14.88 38.32 780.9

- A and B, experiments based on maximum all responses and maximum ARA production
conditions, respectively.

- Basal medium: Glucose and Yeast Extract maintained at 20 g L' and 11 g L.

@ All factors were added in units of g L',

b Represents mean of the responses for biomass DCW production (g L), Oil content (%), ARA

content (%) and ARA production (mg L), based on triplicate experiments.

¢ Experimental results in Mean + Standard Deviation (SD), n = 3.

4 Theoretical solution for the optimal condition under each experimental result

5.1.3  Second RSM Optimization on KH2PO4, MgS04.7H20 and CaCl2.2H>0

Based on the first RSM analysis, the response surface contour plot indicated that there
were additional points that should have been included in the model due to the behaviour at
the edge points. This may have affected agreement of the predicted and experimental data.
To improve the model, a second RSM experiment was designed so that the high and low

levels of the factors were adjusted to include the edge points of the previous RSM.

5.1.3.1 Experimental Results of the Second RSM

The new levels for the factors included in the second RSM are shown in Table 5.4.
The observed responses from CCD experiments were summarized in Appendix B — Table
B.4, and the results were analyzed by standard ANOVA as shown in Table 5.5. The
maximum responses of biomass, ARA%, Qil% and ARA yield were 16.6+0.0 gL', 31.21
+£2.72%, 14.78 £ 0.6% and 642.2 = 77.2 mg L'}, respectively. Compared to the first RSM,
the strain performance in respect to four responses was diminished. The central-level
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performance in the second RSM was still lower than the first RSM. In addition, all
responses in the second RSM were consistently low without any outliers except design #9
(Shown in Table B.4). A simple conclusion could be drawn that all responses were not
significantly affected by different concentrations of three factors.

Table 5.4: Experimental variables at different levels used for the 2" RSM approach.

Coded Levels
Composition: Unit -a 1 0 H +a
(-1.683) (+1.683)
KH:PO4 gL! 0 1 2.5 4 5.023
MgSO4.7H20 gL! 0.796 2.5 5 7.5 9.204
CaCl2.2H20 gL! 0.318 1 2 3 3.682

5.1.3.2 Diagnostic Checking of the Models Significance

The ANOVA of the quadratic regression models indicated, except for 0il% and ARA
concentration, that the residual models confirmed the insignificance of experimental data
(p > 0.05) (Table 5.5). Therefore, the full quadratic model consisting of CaCl».2H-0,
KH;PO4 and MgS0O4.7H20 (independent variables) had an insignificant effect on the
biomass and ARA % responses (dependent variables). The ANOVA of the quadratic
regression models for 0il% and ARA concentration resulted in F values of 5.3, and 3.95,
respectively, which confirm the experimental data are significant for both models (p <0.05).

A second-order polynomial model, incorporating the different interactions according
to the term significance (p < 0.05), was proposed with respect to total oil (Eq. 13) and the
concentration (Eq. 14) of ARA.
Y0i1(%) = 15.72 + 0.016 KH,P0, — 3.231 CaCl,. 2H,0 + 0.801 CaCl,.2H,0? (13)
Yara cone. (mg L™1) = 510 + 84.5 KH,PO, + 32.5 CaCl,. 2H,0? (14)
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5.1.3.3 Determination of Lack of Fit and/or Outlier

The lack of fit error was non-significant (p > 0.05) for 0il%, which indicates that the
model did not fail to include data in the experimental domain (Nisha et al., 2011). However,
ARA exhibited a significant lack of fit (p < 0.05) in the current model. One possible reason
is that the ARA concentration from run no. 9 (Appendix B — Table B.4) is an outlier that
biases the experimental data. An outlier may cause the variation in the design points to be
greater than the replicate mean values, thus biasing the runs (Ahmed, N.d.). If this outlier

is removed from the data, the lack-of-fit becomes insignificant (Appendix A — Figure A.2).

5.1.3.4 Plot analysis (Normality Probability Plot, Residual vs. Fit)

The normality plots are shown for the significant models, Oil% and ARA
concentration (Appendix A — Figure A.3). The normality plot for ARA concentration
showed the data points are closely aggregated and follow a straight line (Figure A.3 C)
whereas the plot for Oil% represented an approximate straight line, but with variation in
the scattered data points (Figure A.3 A). The results from the normality plots show that
both responses formed a normal distribution, but small variations indicated the prediction
terms did not perfectly match the experimental results, which was consistent with the
ANOVA analysis.

In terms of residuals vs. fitted plots, 0i1% shown more clustering of residuals, along
with an uneven distribution of residuals over the fitted values of x, indicating dependence
and non-constant variance (Figure A.3 B); while ARA concentration indicated a more
random scatter with no clear pattern compared to 0i1l1% (Figure A.3 D). However, both plots
showed a few inflectional points that were far away from other points in the x-direction.
Consequently, the prediction assumptions of the two models were not perfect due to the
variability around the normality plot, which was consistent with the relatively low

prediction regression from the ANOVA.
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Table 5.5: ANOVA analysis for response surface quadratic model of biomass DCW, 0i1%, ARA% and ARA concentration by the second
RSM.

Biomass DCW (g L) ® TFA % © ARA % ¢ ARA (mg L) ©
Term | DFf p p p
SS e MS"  F-value SS MS  F-value SS MS  Fvalue SS MS F value

value value value value
Model | 9 62.86 698 1.5 0.199 | 194 22 53 0.008 [ 80.8 9.0 1.27 0.357 | 147627 16403 3.95 0.022
X ® 1 28.98 2898 7.25 0.023 | 2.0 20 494 005 [21.5 215 3.04 0.112 | 57846 57846 13.92  0.004
X 1 0.93 093 0.23 0.64 1.0 1.0 251 0.144 | 3.0 3.0 043 0.528 | 497 497 0.12 0.737
X3 1 2.15 2.15  0.54 0.48 4.1 4.1 10.04 0.01 | 0.1 0.1  0.02 0.901 | 16281 16281 3.92 0.076
XixXy | 1 0.00 000 0 0.989 ] 0.1 0.1 0.21 0.656 | 19.1 19.1 27 0.132 | 9131 9131 2.2 0.169
XixX3 | 1 1.28 1.28 0.32 0.584 ] 0.0 0.0 0.01 0932 [ 13.6 13.6 1.92 0.196 | 1904 1904  0.46 0.514
XoxX3 | 1 0.28 028  0.07 0.798 ] 0.5 0.5 1.16 0.308 | 5.0 50 0.71 0.418 | 1285 1285  0.31 0.59
X2 1 19.64  19.64 4091 0.051 ] 0.1 0.1 0.15 0.706 | 16.3 16.3 231 0.16 | 19713 19713 4.75 0.054
X;? 1 3.14 3.14  0.79 0.396 | 1.5 1.5 3.6l 0.087 | 1.0 1.0 0.14 0.718 | 9933 9933  2.39 0.153
X532 1 3.61 360 09 0.365 | 10.5 105 25.8 0 0.0 00 0 0.984 | 26228 26228 6.31 0.031
Error | 10 [ 39.99  4.00 4.1 0.4 70.8 7.1 41543 4154
Lack- | 5 39.88 798 36009 0 2.5 0.5 1.53 0325376 7.5 1.13 0.448 | 37736 7547 991 0.012
of-fit
Pure 5 0.11 0.02 1.6 0.3 332 6.6 3806 761
Error
Total | 19 | 102.85 234 151.6 189170

The bold values indicate the significance at or above the 95.0% confidence level. The outlier was included in the ANOVA analysis.

4 X; = KH,PO4 (g L); Xo = MgS04.7H,0 (g L); X5 = CaCl,.2H,0 (g L"). T DF degree of freedom & SE sum of square " MS mean of square
® Biomass DCW production (g L) note: R = 0.6112; Adj. R>=0.2612; Pred. R>=0

¢ TFA content (%) note: R? = 0.8266; Adj. R*> = 0.6706; Pred. R*> = 0.1023

4 ARA content (%) note: R>=0.5330; Adj. R*=0.1126; Pred. R?> = 0.027

¢ ARA production (mg L) note: R? = 0.7804; Adj. R*=0.5828; Pred. R>=0
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5.1.3.5 Evaluation of Significance Factors

In present model of the 0i1%, the linear term (KH>PO4 and CaCl».2H>0) and squared
term (CaClo.2H20 2) were significant while the cross factor/2-way interaction had an
insignificant effect. In terms of ARA concentration, the linear term (KH2PO4) and squared
term (CaCl.2H20 ?) were significant (Table 5.5). Different from the first RSM, the

CaCl,.2H>0 mostly affected the performance on 0il% and ARA concentration.

5.1.3.6 Main effect analysis

In the second RSM, most of the single or squared terms had significant effects on oil
yield and ARA concentration. For 0il%, the single and squared terms relating to
CaCl2.2H,0 mainly affected lipid accumulation. The maximum 0il% reached 14.8% at the
lowest concentration of CaCl.2H,0, which was about 0.318 g L', it followed a parabolic

curve where the minimum 0il% was at a CaCl,.2H>0 content of 2.5 g L (Figure 5.6).
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Figure 5.6: Main effects plots of significant minerals KH2PO4, MgSO4.7H,0 and
CaCl,.2H0 for response variables: Total oil content w/w%.

For ARA concentration, the single factor KH2PO4 and the squared term CaCl2.2H>0
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had a significant effect. ARA concentration increased linearly with increasing KH>POg4
concentration. ARA concentration behaved similarly to the oil % with respect to
CaCl».2H20, following another parabolic curve with the lowest ARA concentration

occurring at 2 g L' CaCl».2H,0 (Figure 5.7).
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Figure 5.7: Main effects plots of significant minerals KH2PO4, MgSO4.7H>0 and
CaCl,.2H0 for response variables: ARA concentration (mg L)

5.1.3.7 Experimental Validation of the Optimized Culture Variables

Table 5.6 summarizes the experiments from the first RSM (Experiments A and B) and
second RSM (Experiment C) that were conducted to validate the predicted responses.
Experiment C used concentrations of the culture variables that were predicted to give
maximum values of all responses and the experimental and predicted values were found to
deviate by 9.56%, 7.11%, 14.07% and 11.2% for DCW, TFA%, ARA % and ARA
concentration, respectively. This represented 86-93% validity of the prediction models. In
addition, significant models were obtained for Oil% and ARA concentration, where each

showed a relatively high R? of 0.8266 and 0.7804, respectively (Table 5.5). The deviation
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of experiment C was closer but higher than the predicted value of R? indicated the
experimental validation results were better than predicted.

Compared to Experiments A and B from the first RSM validation, the second RSM
exhibited a higher predictivity. Experiment B exhibited the highest ARA %, however, its
TFA % was the lowest, meaning that the final ARA concentration would be lower.
Experiments A and C gave results that were not significantly different; however, the
improved predictivity from Experiment C’s model indicates that its stability and
consistency was better than A. Consequently, this study suggested that the final optimal
culture conditions from both RSM would be at a KH>PO4 concentration of 5.023 g L,
MgS04.7H,0 concentration of 0.796 g L™! and CaCl,.2H,0 concentration of 0.318 g L.
These conditions would lead to maximum production of biomass of 14.57 + 0.29 g L,
TFA % of 17.1 £ 0.43%, ARA% 30.00 £ 2.27% and ARA concentration of 744.28 + 35.81
mg L. Compared to the cell performance with the original medium, these are increases of

46.6%, 2.4%, 9.1% and 65.3%, respectively.
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Table 5.6: Predicted and experimental value of responses at optimum condition in two RSM designs

Experiments KH,POs* MgSO4.7H,0 CaClL.2H,0  Biomass gL!° Oil % ARA% ARA mgL!
2+044¢ 3+0.384 9+2528 +2644
A 9.886 6.534 2.296 15 216.3‘? 15 318.0738 30 937?252 7151052

15.6 +0.09 4 11.7+0.968 8+1.624 +35.84

B 3.060 6.534 » 665 5 614%09 714296 36 838.36 675 78315 8
1480294 17.1+£0.434 0+£2278 44 £3584

C 5.023 0.796 0.318 81691 ? ! 16.(3) 3 30 034.9 ! / 83385 8
Original medium® 10.1£0.428 16.7+1.78 A 27.5+2228 450+ 89.08

- A and B, experiments based on maximum all responses and maximum ARA production conditions, respectively from the first RSM. C,
experiment based on maximum all responses from the second RSM.

- Basal medium: Glucose and Yeast Extract maintained at 20 g L' and 11 g L.

@ All factors were added in units of g L™!

b Represents mean of the responses for biomass DCW production (g L), Oil content (%), ARA content (%) and ARA production (mg L), based

on triplicate experiments.

¢ Experimental results in Mean = SD, n = 3. Letters refer to significant term comparison by Tukey ANOVA analysis within 95% confidence interval.

4 Theoretical solution for the optimal condition under each experimental result

¢ Experimental results of the original condition (basal medium) in Mean = SD, n = 3.
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5.2 Macronutrients Studies
5.2.1  C:N Ratio Screening

Glucose and yeast extract were the main carbon and nitrogen sources evaluated for
different C:N ratios. Results showing the fatty acid profile and biomass production from
the experiments are shown in Figure 5.8. Here, two strategies were used to increase the
C:N ratio from the initial 7.2 to 10, 15 and 20 by increasing the carbon source or decreasing
the nitrogen source. These experiments not only determined the optimal C:N ratio but also
investigated the relationship between different concentrations of carbon and nitrogen
sources.

The results show that for both the carbon and nitrogen modification experiments, the
oil content gradually increased to more than 20% when the C:N ratio was increased.
Surprisingly, the highest oil content was achieved at a C:N ratio of 20 with a reduction of
nitrogen, and increased from an initial 17.1% to 32.8%, resulting in a 0.92-fold increase in
oil content. When carbon increased, the increase in oil content was slightly lower, from
17.1% to 27.8%, reaching a 0.63-fold increase at a C:N ratio of 20. Compared to the oil
content of 16.2% achieved during the original cultivation conditions, without adding
minerals nor adjusting the C:N ratio, the reduction of nitrogen and increase of carbon
improved the TFA% in total biomass by 1.02-fold and 0.72-fold, respectively, at a C:N
ratio of 20.

In contrast, biomass DCW showed opposite performance in the two improvement
strategies. At a final C:N ratio of 20, biomass gradually decreased from 14.6 g L! to a final
8.8 g L! as the nitrogen source decreased; reaching a decrease of about 40%. In contrast,
increasing the carbon source led to a significant increase in biomass, from 14.6 g L' to a
maximum of 24.6 g L', a 0.68-fold increase compared to initial ratio of 7.2. While 10.1 g
L! in biomass was produced using the unmodified cultivation media, experiments with a
C:N ratio of 20 showed a 12.9% decrease with the decrease in nitrogen, while a 1.44-fold

increase was reached with the addition of carbon.
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In terms of ARA concentration, no significant difference was found under the modified
nitrogen condition, with ARA varying between 738 and 815 mg L' corresponding to C:N
ratios between 10 to 20. This was due to the higher oil content and lower biomass content
compensating for the final ARA concentration, resulting in no improvement in the ARA
yield. The increase in ARA concentration under improved carbon conditions was
significant, reaching a 1-fold increase from 835 mg L' at a C:N of 10 to a maximum of
1663 mg L' at a C:N of 20. The increase in biomass and oil content boosted ARA
production to more than 1.6 g L''. The highest ARA concentration was a 2.7-fold and 1.2-
fold increase compared to that achieved with the original and control conditions (added
minerals), which were 450 mg L™ and 744 mg L! respectively. The ARA contribution
within the TFA was maintained throughout the experiment at between 24.3 — 31%,
indicating that the increase in C:N ratio had minimal effect on ARA synthesis from cell
metabolism.

In conclusion, an increase in C:N ratio had a positive effect on oil accumulation,
especially for a C:N between 15 - 20. Although reducing the nitrogen source allowed more
oil accumulation, the lower amount of biomass resulted in only a small increase in overall
productivity. Increasing the carbon source improved biomass and oil content, thus
increasing ARA production, and ultimately seemed to be a better option for further
experiments.

For the later experiments, a C:N ratio of 15, containing 41.25 g L! glucose (with 16.5
g L' total carbon content) and 11 g L™! yeast extract (with 1.1 g L™! total nitrogen content)
was chosen as the best ratio to use. This was because the C:N ratio of 15 depleted glucose
by day 7, faster than the C:N ratio of 20 which lasted 10 days, thus the overall productivity
in g L''d"! was higher at the C:N ratio of 15 due to the shorter fermentation time. Using the
optimal C:N ratio of 15 resulted in a biomass concentration of 21.8 g L', 25.8% TFA and
1479 mg L' of ARA. The new C:N ratio of 15 showed a significant increase in biomass,

oil yield and ARA production by 1.16, 0.59 and 2.29 times, respectively, compared to the
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original medium with a C:N ratio of 7.2, containing only glucose and yeast extract.
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Figure 5.8: Fatty acid profile A) in w/w %; and B) in mg L™ of carbon to nitrogen ratio
screening of M. alpina MA2-2 strain. The stacked bar for each strain represents the fatty
acid profile with the % contribution and concentration mg L™ of each individual fatty acid
to the TFAs indicated by a different colour (see legend). The chain length of the fatty acids
increases from bottom to top of the bar graphs, likewise with saturated to unsaturated. ARA
(20:4 n-6) is denoted in pink and labelled in both figures. Biomass production in g L is
indicated by a white line overlaid on the % TFA bar, aligning to the y-axis on the right side.

The percentage and amounts (mg L™!) of total oil within the biomass is given by the number
at the top of each bar.
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5.2.2  Nitrogen Pre-screening

The results for the nitrogen pre-screening experiments are shown in Table 5.7. Here,
three organic nitrogen (yeast extract, peptone and urea) and three inorganic nitrogen
(NaNOs3, MSG and (NH4)2SO4) were supplemented with yeast extract and the C:N ratio
was maintained at the control level of 7.2. The nitrogen source containing peptone or
NaNOs supplemented with yeast extract increased the oil yield to about 30%, compared to
yeast extract alone. Peptone showed the best improvement in oil yield and maintained a
stable biomass and ARA% with the highest overall ARA yield of 956 mg L' at a C:N ratio
of 7.2. The biomass produced with NaNO; was lower than when yeast extract or peptone
was the main nitrogen source, but a higher oil content was obtained to compensate the
lower biomass, so that the ARA concentration was similar to the conditions with the single
yeast extract. Using MSG as the main nitrogen source resulted in no significant change in
biomass and slightly higher oil content, but a lower percentage of ARA was obtained,
reducing overall productivity. The addition of urea and ammonia sulfate strongly inhibited
cell growth, resulting in low biomass production. The accumulation of ARA was extremely
low because the growth phase did not reach the logarithmic stage, thus the overall
productivity was low.

From these pre-screening results, the organic nitrogen sources of yeast extract and
peptone, and inorganic nitrogen sources of NaNO3; and MSG were selected for subsequent
mixture design. In the mixture design, the optimum C:N ratio of 15 was selected, where
glucose was increased to 41.25 g L' and yeast extract was kept at 11 g L1, so that the total

nitrogen content was maintained at 1.1 g LI

79



Table 5.7: Experimental design of pre-screening nitrogen for multi-response variables (biomass DCW, Oil%, ARA%, and ARA
concentration

Yeast . .
e:t?aswt Peptone NaNO; Urea MSG (NH4)2SOs+ Biomass © 0Oil % ARA% ARA
11(100)* 0 0 0 0 0 4154+£0.54% 144+023%  309+290%  687.7+29.548
52
1.1(10) ® (992) 0 0 0 0 123 £0.065¢  30.0+£6.96% 26.0+£0.31%  956.3 +206*
01
1.1(10) 0 (69(())) 0 0 0 8.6 +1.76° 29.1+£1.87%  28.0+0.49%  704.9 £ 20048
2.12
1.1(10) 0 0 90) 0 0 93+041°  9.7+0.328 14.9+£0.44%  134.4£6.48
11.
1.1(10) 0 0 0 (90? 0 13.2+£02%8  18.0+£1.2348 17.6+0.44%  417.1 £32.35€
4.71
1.1(10) 0 0 0 0 (92)) 2.0 +£0.05F 224490 7.45+042¢ 33.73+£6.28°

- Values in the same column followed by different alphabetical superscripts are significantly different at 5% level according to ANOVA Tukey
multiple range test.

* Total Nitrogen source (100% composition of nitrogen) maintained at 1.1 g L"!

® Table comprised of yeast extract with 10% composition of nitrogen mixed with other nitrogen sources with 90% compositions of total nitrogen

¢ Represents mean of the responses for biomass DCW production (g L), Oil content (%), ARA content (%) and ARA production (mg L), based

on duplicate experiments.

dMean £SD, n = 2.
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5.2.3  Nitrogen Mixture Design

5.2.3.1 Model fitting and regression analysis

The ANOVA analysis for the nitrogen mixture experiments is shown in Table 5.8.
The regression quadratic model for the responses of biomass, ARA content and ARA
concentration confirmed the significance of the experiment data (p < 0.05). For the total
011%, p value of the F test was 0.973, indicating non-significance (p > 0.05). The potential
reason could be that the variation in oil content was minimal or even insignificant, as most
terms were within the 95% confidence interval. Since the overall model was insignificant
for the percentage of total oil content, subsequent analyses were performed only for the
regression models that confirmed significance.

The F-test for the contribution of the quadratic term was significant in response to
biomass with a p value of 0.011 (P <0.05), indicating that a quadratic mixture model should
be used. The statistics indicated that the quadratic model for biomass was superior to the
linear model (Fortela et al., 2016). ARA content and concentration showed non-significant
quadratic models (P > 0.05), indicating that individual nitrogen factors had a greater effect
on both responses than additive effects. This implied that the linear model was applicable

for ARA content and concentration studies.
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Table 5.8: ANOVA analysis for response surface quadratic model of biomass DCW, ARA content and concentration by nitrogen mixture

design
DF Biomass DCW (g L) Oil % © ARA % ¢ ARA (mg L) ¢

ferm f SS¢ MSh F P SS MS F P SS MS F P SS MS F P
Model 9 615 68 1757 0 122 14 0.25 0.973 475 53 3.99  0.026 8.89E+06 9.88E+05 4.07  0.024
Linear 3 330 110 2824 0 6.6 22 0.04 0.988 175 58 4.41  0.036 4.58E+06 1.53E+06 6.29 0.014
Quadratic 6 131 22 5.6 0.011 76 13 0.24  0.953 116 19 1.47  0.29 1.73E+06 2.88E+05 1.19  0.392
Yeast Extract X
Peptone * 20 20 0.52 0.488 7.8 7.8 0.15 0.711 2.7 2.7 0.21  0.661 1.56E+05 1.56E+05 0.64 0.444
Peptone x NaNOs 1 22 22 5.79 0.04 3.9 39 0.07 0.791 96 96 7.29  0.024 8.45E+05 8.45E+05 3.48  0.095
Yeast
ExtractxMSG 1 52 52 13.46  0.005 27 27 0.51  0.493 13 13 1 0.343 6.88E+05 6.88E+05 2.84  0.126
Peptone x NaNOs 1 46 46 11.8 0.007 5.6 5.6 0.11 0.753 0.01 0.01 O 0.985 3.66E+04 3.66E+04 0.15  0.707
Peptone x MSG 1 11 11 2.74 0.133 22 22 0.41  0.538 0.3 0.3 0.02  0.879 4.50E+03 4.50E+03 0.02  0.895
NaNOs; x MSG 1 3.6 3.6 0.93 0.361 8.8 8.8 0.17 0.693 2.3 23 0.17  0.686 4.86E+03 4.86E+03 0.02  0.891
Error 9 35 39 478 53 119 13 2.18E+06  2.43E+05
Total 18 650 600 594 1.11E+07

The bold values indicate the significance at or above the 95.0% confidence level
2 Factors added were in units of g L"!

® Biomass DCW production (g L) note: R? = 0.9461; Adj. R* = 0.8923

¢ TFA content (%) note: R*? = 0.2026; Adj. R>=0

4 ARA content (%) note: R> = 0.07996; Adj. R* = 0.5992

¢ ARA production (mg L) note: R? = 0.8028; Adj. R* = 0.6057

" DF degree of freedom

¢ SE sum of square

" MS mean of square
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A second-order polynomial model, incorporating the different interactions, was
proposed with respect to growth (Eq. 15) and the percentage (Eq. 16) and concentration

(Eq. 17) of ARA with their term significance (p < 0.05).

Ypcw(g L™Y) = 22.43 Yeast Extract + 19.5 Peptone + 2.65 NaN O3 + 5.00 MSG +
20.23 Yeast Extract X NaNO3 + 31.09 Yeast Extract X MSG + 28.82 Peptone X

NaNO, (15)
Yara(%) = 32.8 Yeast Extract + 31.77 Peptone + 18.45 NaNO5 + 19.35 MSG +
29.9 Yeast Extract X NaN O (16)
Yara conc (Mg L™1) = 2370 Yeast Extract + 2098 Peptone + 7 NaNO; + 268 MSG

(17)

5.2.3.2 Normality Plot Analysis

The normality probability plot was to assess whether the data was normally distributed
or not shown in Appendix A — Figure A.4 (Dias et al., 2015). The normality plot of the
response to biomass closely aggregated to follow a straight line (Figure A.4 A). The ARA
responses were all approximately straight lines, but some rare events or outliers were
observed, as well as a trend in the residuals relative to x, showing a less normal distribution
plot (Figure A.4 C & E). The results of the normality plots showed that the biomass formed
a normal distribution better than the ARA responses, which was consistent with the
previous ANOVA. A lower predictivity could be expected when validating the ARA
production model in comparison to the biomass model.

In terms of residuals vs. fitted plots, the experimental points for all three responses
were reasonably scattered around zero randomly, which means that constant variance can
be expected. However, a few rare outliers were also found that could imply dependence.
Biomass showed more clustering of residuals (Figure A.4 B), while the residuals on the

fitted values of x were unevenly distributed, suggesting dependence and non-constant

&3



variance compared to ARA production (Figure A.4 D & F) (Fortela et al., 2016). In
conclusion, biomass showed a better normal distribution with high predictability to verify
the adequacy of the model, however, its independent distribution was not as good as the

percentage and concentration of ARA.

5.2.3.3 Term Significance

From Table 5.8, it is evident that all linear models exhibited a significant effect (P <
0.05). In addition, the quadratic terms of yeast extract x NaNOs3, yeast extract x MSG and
Peptone x NaNOs3 had p values of 0.04, 0.005 and 0.007 respectively, that were significant
for biomass (p < 0.05). In terms of ARA%, the quadratic term of yeast extract x NaNO3
was significant at p value of 0.024. For the response of ARA concentration, the quadratic
model was not significant (Table 5.8).

According to the regression coefficients, four nitrogen sources had positive effects on
the linear terms of biomass and ARA production (Eq. 15 to 17). In terms of the biomass,
the significant interaction terms, yeast extract x NaNQOj, yeast extract X MSG and Peptone
x NaNOs, had positive regression coefficients, bringing synergistic blending effects. In
terms of the percentage of ARA, the significant term yeast extract x NaNO; had a positive

effect on ARA and therefore also a synergistic mixing effect.

5.2.3.4 Main Effect Plot Analysis

In mixture analysis, the traditional t-test is not used to assess the significance of each
factor because all components were strongly correlated with each other. Instead, a special
graph, the response trace plot in Cox direction, is usually used to find the behavior of each
component in the mixture design (Cornell, 2002; Shariati et al., 2019). Appendix A —
Figure A.5 shows the Cox trace plots for this study, where the reference blend was the
centroid of the design, corresponding to 25% of total nitrogen for each component. Here,

the x-axis is the deviation amount from the reference point, and the y-value is the fitted
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response, thus the effects of a component depended on the range of the component and the
steepness of the response trace (Cornell, 2002). In these plots, all responses indicated a
steeper response for yeast extract or peptone, especially in terms of percentage and
concentration of ARA, which had a more pronounced effect than biomass. In particular,
yeast extract had the highest steepness and the greatest improvement for all responses. Thus,
biomass and ARA production increased rapidly with the increase of organic nitrogen in the
mixture, especially with the addition of yeast extract. In contrast, two inorganic nitrogen
sources showed lower traces of steepness response, indicating that the sole inorganic
nitrogen sources could cease cellular growth and lipid accumulation. The acceptability of
all responses decreased rapidly as the proportion of NaNO3; or MSG in the mixture
increased. Consequently, organic nitrogen sources improved biomass and ARA production

more than inorganic nitrogen sources.

5.2.3.5 Interpretation of Contour and Surface Plots

Mixture contour plots are shown in Figure 5.9. Contour plots were constructed for
multi-responses except oil content due to its model insignificance. The single factor
represented in the corner of the contour plot exhibited similar performance to the cox
response trace plots, where organic nitrogen sources, yeast extract or peptone, were found
to increase biomass and ARA production in comparison to the inorganic sources. In
particular, yeast extract, was most effective in increasing ARA production. In addition, the
combination of organic and inorganic nitrogen sources resulted in higher performance. For
instance, the large proportion of yeast extract mixed with small portion of NaNO3 brought
more than 36% of ARA and 2.5 g L'! ARA concentration, while the yeast extract source
alone produced 32 — 36% ARA or a 2.0 g L' concentration, resulting in a 12.5% and 25%
increase, respectively (Figure 5.9 B). Compared to NaNOs3;, MSG brought insignificant
additive effects. Consequently, the combination of yeast extract and NaNO3 significantly

improved the multi-response performance, including biomass DCW, percentage and
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concentration of ARA.

A Mixture Contour Plots of Biomass (g/L) c Mixture Contour Plots of ARA (mg/L)
(component amounts) (component amounts)
Yeast Extract Yeast Extract Yeast Extract Yeast Extract
Biomass (g/L) i ARA (mg/L)
< 5 < 500
5-10 500 - 1000
W 10- 15 W 1000 - 1500
o oi5- 20 M 1500 - 2000
> 20 W 2000 - 2500
| > 2500
Hold Values
A L . 1.1 1.1 Yeast Extract 0 14 Hold Values
Peptone NaNO3  Peptone MsG  Peptone 0 Peptone NaNO3  Peptone MSG Yeast Extract 0
NaNO3 0 Peptone 0
Yeast Extract Peptone MSG 0 Yeast Extract Peptone NaNO3 0
11 11 11 MSG 0
B Mixture Contour Plots of ARA%
(component amounts)
Yeast Extract Yeast Extract
1.1
ARA%
< 20
20 - 24
W 24 - 28
W 28 - 32
W 32 - 36
| > 36
1 L u Hold Values
Peptone NaNQ3  Peptone MSG Yeast Extract 0
Peptone 0
Yeast Extract Peptone NaNO3 0
11 MSG 4]
11 0.0 11 11 00 11
NaNO3 MSG NaNO3 MSG

Figure 5.9: Ternary two-dimensional contour plots of significant response variables in
mixture design for M. alpina MA2-2, with respect to the response of: A) Biomass; B)
ARA content (%); C) ARA concentration.

5.2.3.6 Experimental Validation

The model for biomass exhibited a high R? and adjusted R?, which were 0.9461 and
0.8923, respectively, which indicated that the regression model adequately fitted the
experimental data, and the model can be used for predictive purposes. The models for ARA
content and concentration showed a R? of 0.7976 and 0.8028; and an adjusted R? of 0.5992
and 0.6057, respectively (Table 5.8). Both models for ARA content and concentration
expressed a relative lower regression prediction than biomass.

To evaluate the model determined by the mixture design, an experiment was conducted
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in triplicate under the identified conditions. The information from the equation models and
plots predicted one optimal solution (Table 5.9). Experiment A was designed to maximize
all responses, including biomass DCW, TFA% or Oil%, ARA content and concentration.
The high portion of organic nitrogen, 7 g L' of yeast extract accounted for 0.7 g L' of total
nitrogen, combined with a small portion of inorganic nitrogen, 2.429 g L' of NaNO3 which
accounted for 0.4 g L™! of total nitrogen.

Experiment A predicted responses for biomass DCW, TFA% or Oil%, ARA content
and concentration of 20 g L', 34.64%, 37.42% and 2518 mg L', respectively. The actual
experimental data resulted in values of 17.67 £ 0.16 g L'}, 32.7 + 0.02%, 39.33 £ 2.10%
and 2270 + 100.9 g L', respectively. The corresponding deviations between the
experimental and predicted values were 11.7%, 5.6%, 5.10% and 9.85%, respectively.
These results confirmed the validity of the model and that the experimental designs used
in this work were appropriate for predicting the optimized culture conditions.

Thus the modified media for the strain MA2-2 was determined and consisted of
glucose 41.25 g L, yeast extract 7 g L'}, NaNO3 2.429 g L', KH,POs 5.023 g L,
MgS04.7H20 0.796 g L' and CaCl,.2H20 0.318 g L!. The modified media resulted in
biomass DCW, TFA% or Oil%, ARA content and concentration of 19 -22 g L', 30— 35 %,
33 —42% and 2.1 — 2.5 g L', respectively. Compared to the original medium containing
20 g L' of glucose and 11 g L' of yeast extract, the response variables of biomass, Oil%,
ARA content and concentration reached 10 — 12 g L', 16 — 18 %, 25 — 27.5% and around
0.45 g L1, respectively; and therefore cell performance was improved by at least 0.9, 0.875,

0.32, 3.7 times, respectively.
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Table 5.9: Predicted and experimental value of responses at the optimum condition in
nitrogen mixture design

Exp. Yeast Extract NaNOs Biomass ® 0Oil % ARA% ARA
A 7 (0.7) 2.429(04) 17.67+0.16° 32.7+0.02 39.33+£2.10 2270 +£100.9
204 34.64 37.42 2518

- Experiment A based on maximum all responses

- Basal minerals: KH,PO4 5.023 g L', MgS0..7H,0 0.796 g L' and CaCl,.2H,0 0.318 g ™!

2 Factors were added in units of g L™!

b Represents mean of the responses for biomass DCW production (g L), Oil content (%), ARA
content (%) and ARA production (mg L), based on triplicate experiments.

¢ Experimental values corresponding to the predicted value in Mean + SD, n = 3.

dTheoretical solution for the optimal condition under each experimental value

5.3 Random Mutagenesis
5.3.1  Development of UV Mutagenesis and Screening Method
5.3.1.1 UV Mutagenesis

Figure 5.10 shows the results after cells were exposed to UV radiation from 1 to 45
min with the petri dish lid on (Figure 5.10). Surviving cells were observed at all conditions
even after 45 min of irradiation. The reason for this could be the limited ability of UV light
to penetrate the lids of the Petri dishes, thus minimizing the irradiation effect. As reported
by Turnbull et al., the penetrating ability of the UV can be extremely limited as the
microstructural elements of nitrocellulose and similar membranes are able to substantially

shield the spores (Turnbull et al., 2008).

Omin (control)  1min 5min 15min 25min 35min 45min

showing surviving colonies with exposure times of 0, 1, 5, 15, 25, 35 and 45 min when
the Petri dish lid was on.
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To enhance UV penetration, a second exposure was set up with the Petri lid removed,
for a period ranging from 0.1 min to 7.5 min (Figure 5.11). After the spore suspensions
were directly exposed to UV light, 100% mortality was obtained for all conditions,
indicating that the default UV energy intensity (~120,000 uJ cm™) was not suitable to be

used for mutagenesis with the M. alpina spore suspension.

Control 0.1min 0.5min 1min 3min 7.5min

R e 0 Ne e o
W e e e e v
4 ' : , _ .
Figure 5.11: Screening of the UV mutagenesis condition ‘Preset UV Time Exposure’

showing surviving colonies with exposure times ranging from 0, 0.1, 0.5, 1, 3 and7.5 min
when the Petri dish lid was removed

Next, the intensity of UV energy irradiation was tested to find a suitable intensity for
mutagenesis. Measured doses of UV exposure to the samples were monitored at different
intensities and the results are shown in Figure 5.12. In this study, the energy intensity of
UV irradiation ranged from 0 to 12,000 uJ cm™. The exposure intensity was set and applied
to Petri dishes with the lids removed in order to improve the penetration of UV light. As
shown in Figure 5.13, a clear trend of inhibition was found. About 86% of the spores were

killed at 8,000 uJ cm™ UV, and this was chosen as the best intensity for mutant recovery.

Figure 5.12: Screening of UV mutagenesis ‘Preset UV Energy Exposure’, ranging from 0,
4000, 6000, 8000, 10,000 and 12,000 pJ cm™ when the Petri dish lid was removed
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Figure 5.13: Mortality plot with respect to UV exposure to the MA2-2 strain spore
suspension

5.3.1.2 FAs Inhibitor Cerulenin Screening

Figure 5.14 shows the results from the initial screening of cerulenin in PDA agar plates
where the tested concentrations ranged from 0 to 0.8 uM. The inhibition increased with
concentrations above 0.4 uM, especially at 0.8 uM, where growth was severely inhibited
and about 83.1% of the spores were killed (Table 5.10).

Figure 5.14: Screening of different concentrations of FAs inhibitor cerulenin supplemented
with PDA plates, ranging from 0, 0.16, 0.24, 0.32, 0.40, 0.60 and 0.80 uM
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Table 5.10: Effect of various cerulenin concentrations on mycelial growth for the first
screen results

Cerulenin Concentration

] Observation Spores count
[uM] [mg L]
0 0 Normal growth with intact colony ~77 spores
0.16 0.036 Normal growth with intact colony 64 spores: 16.8% killed
0.24 0.054 Normal growth with intact colony 65 spores: 15.6% killed
Growth was slightly inhibited with intact )
0.32 0.071 58 spores: 24.7% killed
colony
0.4 0.089 Growth was inhibited with slow growth 23 spores: 69.2% killed
Growth was severely inhibited with little )
0.6 0.13 i 17 spores: 77.9% killed
mycelium can be seen.
Growth was severely inhibited with little )
0.8 0.18 13 spores: 83.1% killed

mycelium can be seen

Subsequently, a second screening was performed with a wider range of cerulenin
concentrations, similar to Yao et al. (2019), ranging from 0.1 to 4.5 uM. The results are
shown in Figure 5.15, where the concentration of 1 pM resulted in a strong inhibition,
while the growth of mycelium was slower with a mortality rate of about 42.3% compared

to the lower concentrations (Table 5.11).

Cerulenin control 0.1pM 0.6 uM

Figure 5.15: Screening of different concentrations of FAs inhibitor cerulenin supplemented
with PDA plates, ranging from 0, 0.1, 0.60, 1.0 and 4.5 uM

The mortality rate of the second cerulenin screening experiment was found to be lower
than the first one. This was possibly due to having fewer control cells in the second
screening experiment. Furthermore, some colonies were aggregated together, making the
spore count less precise. Consequently, visual observation of the size of colonies and the

growth rate grown on plates were the main factors to be considered. When the
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concentration was higher than 0.6 uM for both screening experiments, smaller colony sizes
were observed in comparison to the relatively larger cells in the control. In addition, the
growth time of mycelium was prolonged at higher concentrations of cerulenin
supplementation. Mycelium in the control usually took two to three days to germinate
intact colonies with pale white morphology; however, at higher cerulenin concentrations,
four to five days were required for the mycelium to germinate and form intact colonies.
There was severe inhibition at concentrations of 0.8 to 1 uM, which was consistent with
the study of Yao et al (2019). Therefore, the concentration of cerulenin was set to 1 uM to

exclude strains with low FA synthesis activity.

Table 5.11: Effect of various cerulenin concentrations on mycelial growth for the second
screen results

Cerulenin
Concentration Observation Spores count
[uM]  [mgL"]
0 0 Normal growth with intact colony ~26 spores
N 21 spores: 19.2%
0.1 0.022 Normal growth with intact colony .
killed
Growth was slightly inhibited with intact 17 spores: 34.6%
0.6 0.13 .
colony killed
Growth was severely inhibited with little 15 spores: 42.3%
1.0 0.22 : .
mycelium seen. killed
45 | Growth was severely inhibited with little 13 spores: 50%
' mycelium seen. killed

5.3.1.3 TTC Screening

Figure 5.16 shows the results from screening experiments with TTC, where various
concentrations of TTC (0, 0.15, 0.3, 1.5 and 3 mM) were added to PDA plates to determine
a suitable concentration for screening. The results showed that the colony color turned
deeper red as the concentration of TTC increased (Table 5.12). Based on these results, a

TTC concentration of 1.5 mM would be suitable as an indicator and was chosen for
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screening and selecting mutagenized cells. The results were also compared with those of
Yao et al. (2019) who showed that dark colonies could be obtained with the same
concentration of TTC. An interesting observation was that the colony size became

smaller with increasing TTC supplementation, especially above 1.5 mM.

TTC control 0.15 mm 0.30 mM 1.5mM 3.0mM

ranging from 0.15, 0.30, 1.5 and 3.0 mM

Table 5.12: Effect of various TTC concentrations on mycelial growth

TTC Concentration

[mM] gL ] Observation

0 0 Normal growth with milky white colony
0.15 0.05 Some stained red

0.30 0.1 Most redness can be observed

1.5 0.5 Darker red can be differentiated, less spores
3.0 1.0 Darkest red compared to above, less spores

5.3.2  Isolation and identification of oleaginous filamentous fungi

After UV mutagenesis was applied by exposing to 8,000 puJ cm™ UV, the mutagenized
spore suspensions were spread on PDA plates containing 1 pM cerulenin and 1.5 mM TTC
and incubated at 25°C for 3 days. Most surviving cells would be prevented from forming
normal large colonies, and only mutants with enhanced FA synthesis activity would grow
into large colonies (Li et al., 2015). Thus 39 colonies that were larger and darker than the
un-mutagenized spores were selected and evaluated for FAMEs after fermentation in 250-

mL shake flasks at normal conditions. The fatty acid profiles are shown in Figure 5.17.
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Figure 5.17: Fatty acid profile in w/w % of TFA of UV-mutagenized cells from M. alpina MA2-2 strain. The stacked bar for each strain
represents the fatty acid profile with the % contribution of each individual fatty acid to the TFA indicated by a different colour (see
legend). The chain length of the fatty acids increases from bottom to top of the bar graphs, likewise with saturated to unsaturated. ARA
(20:4 n-6) is denoted in pink and labelled. Biomass production in g L™! is indicated by a white line overlaid on the % TFA bar, aligning

to the y-axis on the right side. The percentage of total oil within the biomass is given by the number at the top of each bar.
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5.3.3  Fatty acid profiles of oleaginous fungal isolates

The biomass of most of the fungal isolates fluctuated between 15 and 23 g L', as
shown in Figures 5.21 and 5.22. Five isolates, namely M4, M5, M6, M7 and M8, produced
biomass below 15 g L', significantly lower than the wild type, suggesting that these
mutants were derived from plates with the same mutagenic spore suspension and that they
experienced a strong inhibitory effect on normal growth. Most of the mutants achieved
normal growth similar to the wild type, however, no significantly higher growth was
observed.

In terms of total oil content, all the fungal isolates were rich in C16 and C18 fatty acids.
The most abundant fatty acids produced were palmitic acid (C16: 0), oleic acid (C18: 1),
linoleic acid (C18: 2), and ARA (C20: 4) (Figure 5.17). The wild type typically
accumulated 29% to 33% of total oil in biomass, with most mutants reaching over 25%
and up to 34% in mutants M9 and M10. In addition, the mutants with the lowest biomass
discussed above also accumulated the lowest TFA, below 16% (Figure 5.18). The reason
for this may be that the long logarithmic growth has not yet reached the point of starvation
for nitrogen and carbon sources, so there were not many nutrients to initiate the
accumulation of lipids. Still, no significant improvement in total lipid content was found.

The content of ARA in TFA varied from 18% to 44% in the isolates, with most of
them fluctuating around 30% (Figure 5.18). The synthesis of ARA (C20:4) as a PUFA
followed the opposite trend to that of SFA (saturated fatty acids), especially the most
abundant fatty acids such as palmitic acid (C16:0), oleic acid (C18:1) and linoleic acid
(C18:2). Most mutants had around 30% of C20:4, followed by 17% of C16:0, 14% of
C18:1 and finally 11% of C18:2 (Figure 5.17). Among them, five mutants were capable of
accumulating more than 40% of ARA, namely M9, M10, M13, M14 and M27, which also

reduced their SFAs content to about 8-11%.
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Figure 5.18: Fatty acid profile of UV-mutagenized cells from M. alpina MA2-2 strain. The
simplified version of Figure 5.17. Fatty acid content of ARA (20:4 n-6) in TFA is denoted
in pink and labelled in white within each bar. Biomass production in g L™! is indicated by
a black line overlaid on the % TFA bar, aligning to the y-axis on the right side. The
percentage of total oil (TFA%) within the biomass is given by the number at the top of each
bar, labelled in black.

To determine the stability of the beneficial mutants, five mutants with more than 40%
ARA content, namely M9, M10, M13, M14 and M27, were selected for flask screening
experiments in triplicate, data is shown in Table 5.13. In general, the results of biomass
and fatty acid profiles showed minimal standard errors and good stability. However M27
exhibited poor growth in flask assays and could not undergo FAME esterification,
indicating its high sensitivity to growth in flasks and poor stability. Among the selected
mutants, M9 and M13 retained ARA (C20:4) by more than 40%, and M10 and M 14 were
both below 40% insignificantly. Followed by SFAs, with C16:0 at around 11-14%. The
remaining abundant fatty acids were lower than 10% in TFA (Table 5.13). As a result, the
stability of M9 and M 13 was slightly better. However, the four best mutants exhibited a
non-significant difference compared to wild-type MA2-2 strain, indicating that the four

mutants did not exhibit a beneficial phenotype, but maintained a wild-type phenotype.
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Table 5.13: Fatty acid content (% in TFA) of UV mutagenized strains, namely M9, M 10,
M13 and M14 in comparison to the wild-type MA2-2 (WT)

C16:0 C18:0 C18:1 C18:2 Cl18:3 C20:3 C20:4 C22:0 C24:0

WT  12.5+0.15 8.56+0.35 9.06+0.56 8.25+0.16 5.34+0.18 5.50+0.06 41.1+0.39 1.88+0.05 3.47+0.10
M9  122+035 8.58+0.28 9.37+0.37 8.30+£0.14 5.19£0.16 5.33£0.28 41.4+0.39 1.85+0.09 3.56+0.06
M10 14.1£0.39 9.19£0.06 10.7£0.71 8.85+0.33 5.14+0.33 5.58+0.25 36.8+1.03 1.78+0.06 3.30+0.32
M13  11.9£1.23 8.00£0.98 8.76+0.39 8.12+0.47 5.07+0.08 5.37+0.23 42.9+3.01 1.83+£0.05 3.61+0.12
Mi14 13.3£091 8.78+0.37 9.84+1.12 9.03+0.11 4.99+0.07 5.27+0.06 39.3+2.89 1.78+0.28 3.29+0.11

5.4 High-Temperature ALE
5.4.1  High Temperature Screening

To develop a high temperature process for ARA production, it is important to find a
strain that can resist high temperatures and simultaneously accumulate relatively high
amounts of ARA. An adaptive evolution strategy can then be used, where a suitable
adaptive pressure, such as high temperature, should be determined before adaptive

evolution (Hu et al., 2021).

5.4.1.1 First High-Temperature Screen and ALE Attempt 1
54.1.1.1 Observation of Cell Morphology at Different High Temperatures

For the first high-temperature screening, the effects of different temperatures (28°C
(control), 32°C, 35°C, 38°C) on cell growth of M. alpina 2-2 were explored and results are
shown in Figure 5.19. Inoculation of the shake flasks was done by adding mycelium-
covered agar at different temperatures. Biomass production and glucose consumption were
the main determinants for stress inducer selection. The cell growth of MA2-2 strain was
not affected at 30°C, but was significantly inhibited when the temperature was further
increased to 32°C. It could be easily observed on day 4 that thick mycelium was obtained

in the control at 30°C, while very little of mycelium was observed at temperatures higher
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than 32°C (Figure 5.19) The morphogenesis was different at different temperatures. For
example, dispersed or filamentous morphology was observed for cultures grown at 28°C
and 30°C, and under the microscope it could be seen that the branches were filled with
spores, indicating that the cells readily absorbed nutrients, resulting in glucose depletion
by day 8. In contrast, the few mycelia grown at 32°C were granular and consumed little
glucose, suggesting that their granularity makes it difficult to absorb energy and carbon as
a source of lipid synthesis. In addition, the cells that were present at 32 °C were in the form
of a large entangled fuzzy ball, where all branches were swirling to form a loose pellet, and
more vesicles were observed, but with fewer intracellular spores. No growth was observed

at 35 to 38°C, showing a 100% killing rate at these temperatures.

28°C 30°C 32°C 35°C 38°C

£ ¥ ‘.- Y i
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Figure 5.19: Growth performance and microscope pictures of MA2-2 strains at various
high temperatures for the initial temperature screen (scale bars: 10um)

54.1.1.2  Observation of Glucose Consumption, Biomass and Fatty Acid Profiles at
Different High Temperatures

It was observed that at 28°C and 30°C, 100% of the glucose was consumed. Glucose
consumption decreased significantly at day 3 and eventually all glucose was consumed by
day 8. At 32°C, glucose was barely consumed until day 7, and later only 5 g L' was
consumed at the end point, reaching a consumption of 14.3%. There was neither growth
nor glucose depletion in the experiments at 35°C and 38°C. The growth phase was

different at 32 °C compared to 28°C or 30°C due to incomplete glucose consumption.
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There was no significant difference in the results obtained at 28°C and 30°C, with around
22 g L' of biomass, 23% of total oil and 23% of ARA in TFA. At 32 °C, only 2.97 g L’!
of biomass, 10.8% of total oil and 13% of ARA accumulated; in the early growth phase,
more SFA than PUFA was formed, so the accumulation of C16:0 palmitic and C18:1 oleic
was higher than ARA (Figure 5.20). To conclude, the condition at 32°C had a stronger
inhibitory effect on wild-type MA2-2 growth, which can be used the stress factor

throughout the adaption.

40

30

0il %
Biomass (g/L)

ALET28T ALET30T ALET32TC

Figure 5.20: Fatty acid profile of MA2-2 strain growing at 28°C, 30°C and 32°C. The
percentage of total oil within the biomass is given by the number at each column, aligning
to the y-axis on the left side. Biomass production in g L is indicated by a black line
overlaid on the % TFA bar, aligning to the y-axis on the right side. The pie chart represents
the fatty acid profile with the % contribution of most abundant fatty acids to the TFA by a
different colour, C16: 0 (blue); C18: 0 (purple); C18: 1 (red); C18: 2 (green) and ARA (C20:
4) (light blue).

54.1.1.3  High temperature ALE attempt at 32°C
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When ALE was started by transferring 10% of the liquid culture in shake flasks at
32°C, the mycelia grew relatively fast within 24 hours. Previously, temperature screening
was done by inoculating mycelia from PDA plates (Section 5.4.1.1), so fewer cells were
introduced into the medium which would have introduced less mycelia, and may have
enhanced temperature sensitivity and decreased thermotolerance. However, the starting
point for ALE was the addition of 10% liquid culture, which may have caused
inconsistencies in cell concentrations. At higher cell concentrations, the temperature of
32°C appeared to be less inhibitory for the early generation. The first attempt of high
temperature ALE was terminated after the first cycle at 32°C, because the initial growth of

liquid cultures at this temperature indicated that there would be insufficient inhibition.

5.4.1.2 Second High-Temperature Screen and ALE Attempt 2
54.1.2.1 Observation of Cell Morphology at Different High Temperatures

The initial temperature screening (Section 5.4.1.1) enabled the appropriate range of
stress temperatures used for ALE to be determined. However, when ALE started (Section
5.4.1.1.3), the different inoculation cultures caused inconsistencies in cell concentration,
making them tolerate temperature differently. To better understand thermotolerance during
the adaptive strategy, a second temperature screen was conducted to study inhibitory
effects at different temperatures while maintaining consistency in the inoculation culture.

From the first temperature screening, the glucose consumption decreased from 14.2%
to 0% between 32°C to above 35°C. It was worth trying to see how cell growth would be
affected at temperatures of 32°C, 34°C and 36°C. The 34°C temperature was between 32°C
and 35°C, and also appeared in the high-temperature ALE experiment for DHA production
study by Hu et al. (2021) who used 34.5°C as the stress. In addition, 36°C was between
35°C and 38°C, filling the previous gap in temperature screening. The second temperature
screen followed the ALE protocol of adding 10% liquid cultures at different temperatures,

which were initially derived from seed cultures grown at the control temperature. Since the
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biomass, glucose consumption and fatty acids were studied in a previous temperature
screen, the second screen lasted only 72 hours and was used for daily monitoring of cell

growth (Figure 5.21).

Wild type WI-MA2-2
32°C 34°C 36°C

24 h -

48 h —

72h 7

Figure 5.21: Growth performance of wild-type MA2-2 strains at temperatures 32°C, 34°C
and 36°C within 72 h in flask assays for the second temperature screen

As shown in Figure 5.21, the mycelia grew well within 24 h at 32°C, similar to the
first attempt of ALE. In contrast, mycelium growth was much slower at 34°C and 36°C,
especially at 36°C where there was hardly any growth. At 34°C, a few mycelia formed
biomass rings at the edge of the flask after 72 h, indicated that 34°C can be expected to

have a high inhibitory effect and was therefore selected as the new stress temperature.

5.4.1.2.2  High temperature ALE attempt at 34°C
As shown in Figure 5.22, when the second high temperature ALE started at 34°C, cell
growth was clearly observed at the end of the first cycle, i.e. biomass rings and more

mycelium growth. However, from the beginning of the second ALE cycle, the mycelium

101



prolonged its growth, so that a few mycelia grew after the second cycle. In the subsequent
cycles, as no new mycelium formed, the original ALE parental strain was gradually reduced
and the concentration of cells in each culture decreased until the mycelium shrank and was

considered dead at the end of cycle 5.

ALE1OH

ALE 1 48H

ALE 5 48H S

Figure 5.22: Adaptive evolution of cell performance at 34°C for the first 5 cycles, and ALE
terminated at cycle 5

5.4.1.3 Third High-Temperature Screen and ALE Attempt 3

The second temperature screen (Section 5.4.1.2) used a more consistent inoculant
culture and its results showed that the thermotolerance of mycelia gradually decreases as
ALE progresses through more generations, which suggests a greater temperature
sensitivity when exposed to high temperatures for longer periods of time. The original
hypothesis with high temperature ALE was that cell growth would be greatly affected by
high temperatures from the outset, and over time, evolved strains could eventually
overcome growth at such stressful temperatures. However, after five cycles of ALE at 34°C,

it was seen that the early evolved strains were extremely sensitive to high temperatures.

102



Since their former parental strains struggled in growth, their subsequent daughter cells
resembled their parental cells and developed unhealthy growth in later generations. The
stress temperature of 34°C was too inhibitory for the formation of new, healthy daughter
cells, and eventually all the cells died.

To further select the stress temperature that both inhibited normal cell growth and
allowed the cells to still survive, a third temperature screening was conducted by
comparing the cell growth in different high temperature ALEs in parallel. Previous
screening indicated normal growth at 32°C and a strong inhibition at 34°C, thus the re-
screening occurred at temperatures 32°C, 32.5°C and 33°C, and lasted for 10 days for the
first five ALE cycles with culture transferred simultaneously for the three temperatures.
The results are shown in Figure 5.23 and indicate that the first two cycles were less
inhibited at temperatures of 32°C and 32.5°C, but were more inhibited and grew slowly at
33°C. No significant differences between the three temperatures were observed at 100x
magnification, and germinated branches filled with spores could be easily observed.
However, cell growth ceased at all conditions starting from ALE cycle 3, especially at 33°C
when there was almost no growth. At 33°C, the microstructure appeared to be disrupted,
as most of the swirling branches were separated and also filled with large cell membrane
vesicles rather than spores. The sporangial stage was greatly affected and hardly any
individual spores were observed floating in the background. The mycelium shrank and
decreased in size and was considered dead after the third cycle at 33°C. Cell growth was
slightly better at 32°C because there were fewer vesicles in the microstructure than at
32.5°C, as well as more mycelium growth at 32°C. Although cell growth was much slower
at 32.5°C, there was still mycelia surviving at the end of the fifth cycle. Therefore, a

temperature of 32.5°C was selected for subsequent ALE generations (Figures 5.23).
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Figure 5.23: Growth performance and microscope pictures of MA2-2 adaptive strains for the first 5 ALE cycles, at temperatures 32°C,

32.5°C and 33°C for the third temperature screen (scale bars: 10um)
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5.4.2 High Temperature ALE at 32.5°C - Observation of Cell Performance during
Adaptation

Subsequent adaptive evolution experiments continued at 32.5°C starting from cycle 5
and lasted for a period of 90 days. The evolved strains were recorded as ALES, ALE10 for
every 5 cycles until ALE45 was used as the end point, and each cycle lasted 48 h as the
default setting for recovery. Results illustrating the cell performance are shown in Figure
5.24.

The evolved strains of early adaptations struggled to grow at high temperatures,
especially in the first 10 cycles, with very little and extremely slow growth. At the end of
each cycle, not many seeds were ready for passage. The mycelia exhibited a pellet-shaped
morphology in the early stages, indicating nutrients were not easily absorbed from the
medium. In addition, the pellet shapes in different sizes formed extremely heterogeneous
cultures, making passage difficult. When passing from ALE10 to ALE15, the mycelia
tended to gradually adapt to 32.5°C as more filamentous forms were observed, which
allowed for faster cell growth. A clear observation showed that on approaching ALEIS,
more mycelia germinated into hyphae and the culture became more homogeneous and
could be passed on more easily. The first 15 cycles were defined as the high temperature
adaptive period, in which the strain was greatly inhibited by high temperatures in the early
stages, and with successive passes to ALEILS, cell performance became normal growth
(Figure 5.24).

From ALE16 to ALE30, cell growth returned to normal, and more mycelia and faster
growth was achieved within 48 hours. Up to this point, 10% of the cultures contained more
seeds than in the first 15 cycles. To enhance the stress on cell growth, the passage culture
was reduced to introduce fewer parental cells in the new cycle by gradually reducing the
culture from 10% to 2.6% culture at the end of the final ALE30. Consequently, the strain
was able to grow with fewer seeds in each cycle (Figure 5.24).

In order to keep increasing the pressure on cell growth, the recovery period was
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shortened in the last 15 cycles. The strain was successfully grown in 48 hours with only
2.6% of the culture introduced at 32.5°C at the end of ALE30. Subsequent cultures were
maintained at 3% of the culture passaged to the next generation, and the culture time was
gradually reduced from 48 hours to a final 24 hours at ALE45. Initially, the adapted strain
exhibited inhibited growth for a shorter period of time. However, as the incubation time
was shortened from 48 to 40, 36 and finally 24 hours, the endpoint of the evolved strain
ALE4S5 exhibited faster growth within 24 hours. In conclusion, visual observations of cell
performance during adaptation suggested that the endpoint evolved strain ALE45 exhibits

rapid growth in a shorter inoculation time (Figure 5.24).

ALES 48H

ALE10 48H C

ALE1S5 48H

* Slower growth
* Lighter biomass ring PHASE 1: ALE 0— 15:
* 10% sced passage High-Temp adaptation period

+ Faster growth

* Thick biomass ring PHASE 2: ALE 15 - 30:
E.n‘a‘l.)lcfl 2.6% seed Stress increased by passaging
passase less seed

ALE30 48H Faster growth within
24H

* Thick biomass ring

PHASE 3: ALE 30 — 45:
Stress increased by
shortening the subculture
period

Figure 5.24: Adaptive laboratory evolution of cell performance at 32.5°C

5.4.3  ALE Characteristic Results after Adaptation

In order to obtain the most promising adapted strains as well as to test the sensitivity
of the strain to temperature, the fermentation characteristics were compared between the
starting strain and adapted strains every 5 cycles, namely ALES, ALE10, ALE1S till
ALE45. Fermentation periods were determined by the time of glucose exhaustion or the

end of 12 days (288 h). The characteristics experiment was intended to explore the cell
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performance of the adaptive strains at normal conditions. To maintain consistency
throughout the experiment, experiments were carried out in 250 mL shake flasks at 28°C
and 32.5°C. The culture was inoculated by adding mycelia covered agar from PDA plates,
which was passaged from -80°C glycerol stocks. A comprehensive analysis included
biomass DCW (g L), total 0il%, ARA%, ARA concentration (mg L!) and ARA
productivity (g L'd!) and fermentation periods (h) were discussed and compared in both

temperatures.

5.4.3.1 Fermentation of the Adaptive Strains at High Temperature 32.5°C

The fermentation of the adapted strains was similar to the experiments performed for
the initial temperature screening, that had inoculated mycelia grown on PDA plates. The
introduction of fewer mycelium in the culture broth was supposed to improve the
sensitivity to temperature. Consequently, pellet-like morphology was formed during the
fermentation at 32.5°C, and their entangled large pellets prevented the mycelium from
absorbing major nutrients for cell growth and lipid accumulation. This resulted in most
adapted strains (including wild-type (WT)) being slowly depleted of glucose by the end of
288 hours. Most of them only depleted 5 — 10 g L' glucose at the end point; However,
subsequent evolved strains gradually depleted more glucose, until ALE45 was capable of
consuming all glucose to 0 g L™! at 264 h (Figure 5.25). This indicated that the evolved
strain exhibited better glucose uptake performance as well as faster growth rate, suggesting
that adaptive strains had a more vigorous metabolism, resulting in higher growth rates and

glucose consumption rates (Hu et al., 2021).
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Figure 5.25: Glucose depletion (g L) of MA2-2 starting strain and ALE adapted strains
grown at high temperature (32.5°C) in every 5 ALE cycles

In terms of biomass, cell growth showed an increasing trend from ALES to ALE4S5,
ranging from 3.51 + 0.32 to 17.8 + 0.36 g L'! compared to 8.98 + 3.01 g L"! for the wild
type (WT). The strain exhibited a struggling growth period, especially for the first 15 cycles,
with growth below 4.93 + 4.33 g L' at ALE15. In the following cycles, DCW gradually
increased, eventually reaching 17.8 £ 0.36 g L', a 1-fold increase compared to WT,
indicating that the strain started to adapt to high temperatures (Figure 5.26 A and Table
5.14).

In terms of fatty acid contribution, all these evolved strains were rich in C16 and C18
fatty acids. The main lipids included myristic acid (C14: 0), C16: 0, stearic acid (C18: 0),
C18: 1, C18: 2, linolenic acid (C18: 3), eicosatrienoic acid (C20: 3), ARA (C20: 4) and
tetracosanoic acid (C24: 0) (Yao et al., 2019). At 32.5°C, C18:1 was the most abundant
fatty acid, accounting for about 30% of the total fatty acids, followed by ARA (C20:4) at
about 18% and C16:0 at about 16%. However, there were no significant differences in the
different adaptations (Figure 5.26A and Table 5.14). High temperatures only increased the
synthesis of saturated fatty acids, but the fatty acid structure was consistent throughout the

adaptation.
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Lipid accumulation increased during the adaptations. The original strain accumulated
11.9 £ 1.11% of total oil in biomass, and adapted strains increased from 15.2 + 0.96% in
ALES to 22.4 + 2.34% in ALEA45, indicating a 0.9-fold increase in total oil rate (Figure
5.26 A and Table 5.14). Lipid accumulation was mainly based on carbon sources. Glucose
depletion is a key factor in determining whether the strain can take up carbon sources for
growth and lipid accumulation (Cao et al., 2015; A. Singh & Ward, 1997). The
aforementioned glucose consumption indicated the evolved strains were able to deplete
glucose by the end of fermentation, which also contributed to the accumulation of more
lipids.

ARA concentrations were mainly based on biomass, oil % and ARA%. Therefore,
ARA concentration was expected to increase with increasing above mentioned factors;
from 97.5 £ 10.7 mg L' in ALES to 759 + 96.6 mg L' in ALE45, which was a 3.5-fold
increase compared to 170 = 30.0 mg L' in WT (Figure 5.26 B and Table 5.14). Considering
the fermentation period, the final ARA productivity of ALE45 was 0.052 +0.009 g L'd!,
which was a 4.2-fold increase compared to 0.01 = 0.002 g L'd"! of WT (Table 5.14).

The final evolved strain still exhibited a pellet-like morphology similar to the mycelial
morphology at high temperatures in the first round of temperature screening, when
inoculated from the plates. Remarkably, cell performance of the evolved strain at 32.5°C
was comparable to that of the WT strain at 28°C in the first round of temperature screening.
After 45 cycles of long-term high temperature acclimation, it was shown that the evolved

strain exhibited better cellular performance in terms of cell growth and lipid accumulation.
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Figure 5.26: Fatty acid profile A) in w/w %; and B) in mg L' of MA2-2 starting strain and
ALE adapted strains grown at high temperature (32.5°C) in every 5 ALE cycles. The
stacked bar for each strain represents the fatty acid profile with the % contribution and
concentration mg L' of each individual fatty acid to the TFAs indicated by a different
colour (see legend). The chain length of the fatty acids increases from bottom to top of the
bar graphs, likewise with saturated to unsaturated. ARA (20:4 n-6) is denoted in pink and
labelled in both figures. Biomass production in g L! is indicated by a white line overlaid
on the % TFA bar, aligning to the y-axis on the right side. The percentage and amounts (mg

L!) of total oil within the biomass is given by the number at the top of each bar.
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5.4.3.2 Fermentation of the Adaptive Strains at Normal Temperature 28°C

Mycelial morphology was different from that at 32.5°C, and a more dispersed or
filamentous morphology was observed in all strains grown at 28°C. The dispersed
mycelium absorbed nutrient sources more readily than the granular mycelium and therefore
consumed glucose more rapidly. In particular, evolved strains exhibited faster glucose
consumption, ranging from 144 + 1.73 h in ALES to 136 £ 1.15 h in ALE15, which was
approximately 40 h faster compared to 176 £ 0.58 h in WT. However, the glucose
consumption was not a linear increasing trend, but a hyperbolic trend. Glucose
consumption was completed at 144+1.73 h in ALES, then decreased to 104+0.58 hours in
ALE3S5, and then increased slightly to 136+1.15 h at the endpoint (Figure 5.27). This may

indicate the adaption to control temperature varied in evolved strains.
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Figure 5.27: Glucose depletion (g L") of MA2-2 starting strain and ALE adapted strains
grown at control temperature (28°C) in every 5 ALE cycles
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Biomass, 0i1l1% and ARA% remained high during acclimation, but there were no
significant differences among all strains. The performance of all strains, including WT,
was about 21 g L' of DCW, 32% total oil in biomass and 31% ARA in TFA, indicating
that the genotypes of all strains should be similar and not altered or destroyed by high
temperature incubation (Figure 5.28 A and Table 5.14). The MA2-2 evolved strain
maintained a high performance comparable to WT, but with a shorter fermentation time
under normal conditions, unlike the investigation of Hu et al. (2021) on high temperature
ALE for DHA-producing strains, where they had a shorter fermentation time and 59.65%
higher biomass than the original strain, but their TFA% decreased by 23.32%.

ARA concentration remained consistent for all strains, reaching around 2324 mg L!
(Figure 5.28 B and Table 5.14). However, the final ARA productivity was different due to
the variation in fermentation time, initially increasing from 0.417 £ 0.12 g L''d"" in ALES
t0 0.538 £0.08 g L'!d"! in ALE35 and slightly decreasing to 0.421 +0.04 g L''d"! in ALE45,
which was still 27.6% higher than of the original strain of 0.330 + 0.04 g L'd"! (Table
5.14). In conclusion, cell performance of the adapted strains was comparable to that of the

original strains, but their shorter fermentation time resulted in higher ARA productivity.
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Figure 5.28: Fatty acid profile A) in w/w %; and B) in mg L' of MA2-2 starting strain and
ALE adapted strains grown at control temperature (28°C) in every 5 ALE cycles. The
stacked bar for each strain represents the fatty acid profile with the % contribution and

concentration mg L' of each individual fatty acid to the TFAs indicated by a different

colour (see legend). The chain length of the fatty acids increases from bottom to top of the
bar graphs, likewise with saturated to unsaturated. ARA (20:4 n-6) is denoted in pink and

labelled in both figures. Biomass production in g L! is indicated by a white line overlaid

on the % TFA bar, aligning to the y-axis on the right side. The percentage and amounts (mg

L) of total oil within the biomass is given by the number at the top of each bar.
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5.4.3.3 Temperature sensitivity of the starting and adaptive strains

To compare the sensitivity of the strains to temperature at 28°C to 32.5°C, the rates of
reduction in the performance of biomass DCW (g L), total 0il%, ARA%, ARA
concentration (mg L") and ARA yield (g L'd"!) were compared and formula was shown
in Eq. 9. The smaller the rate of reduction (%), the smaller the effect of temperature on this
performance. As shown in the Table 5.15, the indices AALES, AALE1O... until AALE45
was the change extent per 5 adaptation cycles.

When the temperature increased from control at 28°C to 32.5°C, the reduction rate of
DCW decreased from 83.6% for ALES to 17.2% for ALE45, a 0.7-fold reduction compared
to 57.6% for WT. Similar observations were found in 0i1% and ARA%, where the reduction
rate decreased from 52.7% and 47.0% in ALES to 32.5% and 39.7% in ALE45, a 0.47-fold
and 0.29-fold decrease compared to 60.9% and 55.8% in WT, respectively (Table 5.15).
Thereby, smaller reduction rates in endpoint evolved strains indicated that long-term
adaptation could reduce the sensitivity of cell growth, lipid accumulation and ARA
synthesis to temperature.

The starting strain showed high temperature sensitivity to cell growth, lipid
accumulation and ARA synthesis, and its ARA final concentration (mg L!) reached only
170 £ 30.0 g L' at 32.5°C, thus its reduction rate reached 92.9% at 2411 + 166 mg L' at
control temperature. Since the temperature sensitivity was much slower in the endpoint
evolved strain, its ARA concentration reached 759 + 96.6 mg L' at 32.5°C, compared to
2237 +203 mg L' at 28°C, and its reduction rate reached 66.1% (Table 5.15).

In addition, ARA productivity (g L'd") also relied on fermentation time. As discussed
earlier, fermentation of final evolved strain was around 40 h faster than starting strain at
normal condition, thus a lower temperature sensitive can be expected. Starting strain
obtained 0.01 + 0.002 g L''d"! at high temperature, compared to 0.330 + 0.04 g L''d"! at
normal temperature, reached a 92.9% reduction rate. In contact to evolved strain, ALE45

had a 0.052 = 0.009 g L'd"! at 32.5°C, an 87.6% reduction ratio was achieved compared
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to 0.421 + 0.04 g L''d"! at 28°C (Table 5.15). Overall, the temperature sensitivity of ARA
concentration and final productivity of the evolved strain reduced 28.9% and 9.7%
compared to the starting strain. These results showed that the evolved strain successfully

enhanced the thermotolerance for cell growth, lipid and ARA accumulation.
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Table 5.14: Difference of fermentation performance between the original strain and adaptive strains under 28°C and 32.5 °C

28°C 32.5°C
ARA ARA ARA
DCW Fermentation DCW ARA conc. Fermentation
TFA % ARA % concentration  productivity TFA% ARA % productivity
(gL™h period (h) (gL™h (mg L") period (h)
(mg L) (gL'd) (gL'd"

WT 21.2+0.32 30.4+0.99 37.3£1.61 2411£166 0.330+0.04 176+0.58 8.98+3.01 11.941.11 16.5+0.87 170+30.0 0.01+0.002 288+0.00
Aa B A A A A B B A B B A

ALES 21.4+0.81 32.0+0.80 34.5+0.79 2367+96.1 0.417+0.12 144+1.73 3.51£0.32 15.2+0.96 18.3+£2.30 97.5£10.7 0.008+0.001 288+0.00
A AB AB A A AB B AB A B B A

ALE10  22.3+0.70 32.1£1.03 32.1+£2.02 2288+60.5 0.452+0.13 120+1.73 3.81+1.60 14.4£3.15 18.3+0.71 108+64.0 0.015+0.02 288+0.00
A AB B A A AB B AB A B AB A

ALEI1S 22.2+0.28 32.7+0.93 31.1+£1.36 2252+70.4 0.489+0.07 112+0.58 4.93+4.33 14.7£1.82 20.2+£3.14 166169 0.014+0.01 288+0.00
A AB B A A B B AB A B AB A

ALE20  21.8+0.24 33.0+0.81 32.2+2.56 23144203 0.463+0.04 120+0.00 9.56+6.32 11.7£3.89 17.74£2.52 2474268 0.021+0.02 288+0.00
A AB B A A AB AB B A AB AB A

ALE25  22.2+1.12 33.0+1.20 32.5+0.19 2375+161 0.518+0.10 112+0.58 6.29+2.39 10.0+1.69 15.6+1.46 98.8+44.7 0.008+0.004 288+0.00
A AB B A A B B B A B B A

ALE30  22.2+0.72 33.7+1.84 30.7+0.77 2294+492.0 0.496+0.05 1124+0.58 11.34£5.52 15.0+£7.93 18.7+4.76 427+501 0.041+0.05 272+1.15
A A B A A B AB AB A AB AB A

ALE35  22.2+0.55 33.4+0.59 31.1£1.52 2304+£120 0.538+0.08 104+0.58 16.1£2.63 16.1£3.67 17.7+0.70 476+195 0.040+0.02 288+0.00
A AB B A A B A AB A AB AB A

ALE40  21.240.50  33.6+0.17 33.7+0.54 2400+88.1 0.454+0.06 128+0.58 16.6+£1.02  20.0+2.80  20.440.81 683+162 0.059+0.02 280+0.58
A A AB A A AB A AB A AB AB A

ALE45 21.5+0.67 33.2+1.27 31.5+£2.54 22374203 0.421+0.04 128+1.15 17.8+0.36 22.4+2.34 19.0+0.38 759+96.6 0.052+0.009 264+0.00
A A B A A AB A A A A A A

2 Experimental results in Mean + SD, n = 3. Letters refer to significant terms comparison by Tukey ANOVA analysis within 95% confidence interval.
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Table 5.15: Difference of temperature sensitivity between the original strain and adaptive
strains under 28°C and 32.5 °C

temp ARA ARA production( ARA
T ion(m:
Sensitivity DCW (gL!)  Oil (w/w %) production(mg production
: (wWiw %) L)
ratio (g/L/d)
AWT?
(28~32.5°C) 57.6% 60.9% 55.8% 92.9% 97.0%
AALES
(28~32.5°C) 83.6% 52.5% 47.0% 95.9% 98.1%
AALE10
(28~32.5°C) 82.9% 55.1% 43.0% 95.3% 96.7%
AALE1S
(28~32.5°C) 77.8% 55.0% 35.0% 92.6% 97.1%
AALE20
(28~32.5°C) 56.1% 64.5% 45.3% 89.3% 95.5%,
AALE25
(28~32.5°C) 71.6% 69.7% 52.0% 95.8% 98.4%,
AALE30
(28~32.5°C) 49.1% 55.5% 39.1% 81.4% 91.7%
AALE35
(28~32.5°C) 27.5% 51.8% 43.1% 79.3% 92.6%
AALE40
(28~32.5°C) 21.7% 40.8% 39.5% 71.5% 87.0%
AALE45
(28~32.5°C) 17.2% 32.5% 39.7% 66.1% 87.6%
® The reduction ratio is calculated A(T,g~Ts3,5) = X32X5—2;X23

5.4.3.4 Comparison in modified media, ALE 15, 30, 45 vs. WT

An additional experiment was performed regarding the comparison of evolved strains
in a final modified fermentation medium at room temperature, to investigate if lipid and
ARA accumulation could be improved in the media-experiments as in the MA2-2 wild
type. The difference between the ALE working medium and the final modified medium

was the combination of nitrogen sources, i.e., a combination of organic and inorganic
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nitrogen sources was added to the modified medium. The nitrogen mixture design showed
that the lipid and ARA content of the MA2-2 strain could be increased to more than 30%
and 35%, respectively. However, as shown in the data for the evolved strains at normal
temperature, 0il% and ARA% reached more than 30% in all strains, while ARA% remained
stable at around 31% (Figure 5.28 A). This experiment was to explore if the evolved strain
could still be improved under modified medium. Evolved strains in every 15 adaption
cycles, namely ALE15, ALE30, ALE45 were compared to the starting strain.

As shown in the table, no significant differences were found between all strains in
terms of the most abundant fatty acid profile as well as cell growth, lipid content and ARA
concentration, except for ARA content which increased to more than 35% in all strains.
The most abundant fatty acid was classified as ARA (C20:4) with more than 35%, followed
by C16:0 with about 14%, C18:0, C18:1 and C18:2 with about 8-10%, and C18:3 and
C24:0 in TFA with about 3-4% (Table 5.16). The results showed that the modified medium
seemed to have less of an effect on cell growth and lipid accumulation, but slightly

increased the synthetic content of ARA by more than 35% of the adaptation strain.
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Table 5.16: Biomass and fatty acid of the original strains and adaptive strains in every 15 ALE cycles

Cell dry
C20:4 . . ARA
Cl16:0 C18:0 C18:1 C18:2 Cl18:3 C20:3 C24:0 weight Lipid % .
production(g/L)
g/L

14.0+£1.46 9.45+1.04 9.07£0.96 9.10£0.09 4.98+0.19 5.62+0.32 38.0+3.64 3.43+£0.22 21.2+0.80 30.7+0.62 2467+121

WT Aa A A A A A A A A A A
13.442.25 9.50+0.27 8.81£1.23 8.75£0.40 4.90+0.48 5.77+0.77 38.8+1.76 3.59+0.08 20.7+0.14 30.7+1.07 2649+61.3

ALEILS A A A A A A A A A A A
15.741.80 10.4+1.24 7.96+0.86 8.86+0.47 4.60+0.25 6.59+0.37 36.3+3.86 3.43+0.43 21.1+0.79 34.4+0.71 2624+214

ALE30 A A A A A A A A A A A
ALE4S 15.542.98 10.8+0.61 8.51+0.45 8.84+£0.60 4.63+0.43 6.91+0.58 35.2+2.32 3.35£0.29 21.4+0.60 34.3+1.15 2581+192

A

A

A

A

A

A

A

A

A

A

2 Experimental results in Mean = SD, n = 3. Letters refer to significant terms comparison by Tukey ANOVA analysis within 95% confidence interval.
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5.5 Summary of ARA productivities

In addition to the percent (%) and concentration (g L!) of ARA, the volumetric
productivity (g L''d"") of ARA is also a measure of fermentation performance. In this study,
ARA productivity (g L''d™!) is calculated by dividing the ARA concentration (g L) by the
fermentation time (d). ARA productivities are shown and compared in Table 5.17.

The original medium only contained the main carbon and nitrogen source at original
C:N ratio, and normally grew for 11 days to reach the ARA concentration of 0.45 g L™,
and the ARA produtctivity was around 0.041 g L"'d"!. After micronutrients were optimized
and added in the basal medium to form a blend for mineral sources by PB and RSM designs
(section 5.1), the ARA concentration increased to around 0.744 g L', after 5-day
incubation, thus ARA productivity reached 0.149 g L''d"!, which was a significant 63.7%
increased compared to the original performance. When C:N was adjusted to a ratio of 15
(section 5.2.1), after 7 days fermentation, ARA concentration was around 1.48 g L' and
productivity was around 0.211 g L''d"!, corresponding to a 4.15-fold increase compared to
original medium. When nitrogen sources were combined and modified (section 5.2.3), after
8 days fermentation, ARA concentration was around 2.1 —2.5 g L, and ARA productivity
was around 0.284 g L'd"!, leading to a significant 5.9-fold increase over the original
performance.

In UV mutagenesis (section 5.3), the best performing mutant M 13 retained an ARA
concentration of 2.8 g L', and ARA productivity was around 0.327 g L''d"! after 8 days
incubation, which resulted in a 7.0-fold and 0.15-fold increase in comparison to the original
medium and wild-type final modified medium, respectively. After high-temperature ALE
(section 5.4), when final adapted strain ALE 45 grew at normal temperature, its
fermentation time reduced to around 5.3 days, and its ARA concentration was around 2.24
g L', and ARA productivity was around 0.421 g L''d"!, leading to a significant 9.3-fold
and 0.48-fold increase over original medium and wild-type final modified medium,

respectively.
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Table 5.17: Summary Table of ARA productivities (g L''d!)
Exp # Ingredients ARA productivity (g L'd")

Glucose 20 g L', yeast .
Original 0.041 +0.008*
extract 11 g L'

Glucose 20 g L', yeast
extract 11 g L', KH,PO4
PB/RSM 5.023 g L', MgS04.7H,0 0.149 + 0.006°
0.796 g L' and CaCl,.2H>0
0318 gL’
glucose 41.25 g L', yeast
extract 11 g L', KH,PO4
C:N ratio 5.023 g L', MgS04.7H,0 0.211 +0.023€
0.796 g L' and CaCl,.2H>0
0318 g L

glucose 41.25 g L', yeast
extract 7 g L', NaNOs 2.429
g L', KH,PO,4 5.023 g L, 0.284 + 0.013B
MgS04.7H:0 0.796 g L' and
CaCl,.2H,0 0.318 g !

Nitrogen design

(Final modified)

glucose 41.25 g L', yeast
extract 7 g L', NaNOs 2.429
UV mutagenesis — M13 g L', KH,PO,4 5.023 g L, 0.327 £ 0.0128
MgS04.7H20 0.796 g L' and
CaCl,.2H,0 0.318 g !

glucose 41.25 g L', yeast
extract 11 g L, KH2PO4
High-temp ALE — ALE45  5.023 g L', MgSO4.7H,0 0.421 + 0.0374
0.796 g L' and CaCl,.2H»0
0318 g L

 Experimental results in Mean + SD, n = 3.

Letters refer to significant terms comparison by Tukey ANOVA analysis within 95% confidence
interval.
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Chapter 6: Discussion

6.1 Micronutrient Studies

In PB screening, the most common minerals named KH>PO4, MgSO4 and CaCl, had
a significant positive effect on more than one response variables and were selected for RSM
optimization. Various studies suggested that a combination containing certain amounts of
potassium, phosphorus, magnesium, calcium supplementation was effective for M. alpina
growth and ARA synthesis (Chen et al., 1997; Higashiyama et al., 1998b; Totani et al.,
2002; Nisha et al., 2011; Liu et al., 2012; Sun et al., 2015; Leth & McDonald, 2017).

Other ingredients in the PB design, including NaCl, MgCl,, sodium citrate, trace
elements and vitamins, showed negative effects on multiple responses, inhibiting cell
growth or suppressing lipid accumulation. The results from the current work showing the
negative effects of NaCl are consistent with the results of Chen et al. (2022), indicating
that no significant improvement was found with the addition of sea salt or NaCl in various
Mortierella strains (Chen et al., 2022). The addition of excess NaCl revealed the possibility
of inhibiting ARA production (Higashiyama et al., 1998a). Higashiyama et al. (1998b)
studied the effect of adding sodium sulphate, CaCl,, and MgCl, and found that these did
not improve the production of ARA, but resulted in a pellet shape that hindered the
absorption of nutrients to accumulate lipids. Citrate has an important role in the metabolism
of mammalian cells. After its synthesis in mitochondria by citrate synthase from acetyl
CoA, it is part of the tricarboxylic acid cycle and may affect fatty acid synthesis (Iacobazzi
& Infantino, 2014). However, the addition of sodium citrate has been found to negatively
affect total lipids, indicating that its high concentration can inhibit fatty acid synthesis in
this work.

In this study, the effect of metal ions was investigated by using a combination trace
element solution patented by Mara. This trace element solution contained manganese, zinc,

cobalt, copper, nickel and iron ions. Although Hansson & Dostalek (1998) showed that
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copper and zinc ions had a positive effect on lipid accumulation, the current study indicated
that the mixed solution had a negative effect on all response variables, suggesting that
higher ARA yields were obtained in the absence of metal ions, which was consistent with
studies by other researchers (Liao et al., 2007; Sun et al., 2015).

Zeng et al (2012) optimized vitamin B-group ingredients supplementation. The mixed
B-group vitamins (shown in Table 4.1) increased ARA up to 10.0 g L', which was 1.7
times higher than the control group. The rationale was that B-group vitamins can act as
cofactors for key enzymes involved in ARA biosynthesis or form precursors for NADPH
and acetyl CoA, which are essential for ARA synthesis (Zeng et al., 2012). However, after
adding the exact amounts in the current study, all responses were negatively affected by
PB results compared to their studies, suggesting that metabolic activity can vary from strain
to strain. For MA2-2, vitamins negatively affected ARA production.

In this study, at higher concentrations of KH2POs in the first RSM (Section 5.1.2),
biomass increased while total oil increased slowly, and ARA percentage decreased.
Increasing the amount of KH2POj in the medium led to an increase in the production of
fungal cell weight and cell growth. This can be attributed to phosphorus being an essential
element required for the formation of cell membranes (Totani et al., 2002; Leth &
McDonald, 2017). KH2PO4 also provided the nitrogen flux essential for a high biomass
buildup thus improving cell growth (Nisha et al., 2011). However, a different outcome was
observed in a study by Markou et al. (2012), where a decrease in both biomass and lipid
yield was observed in all Mucoromycota fungi when grown in the presence of a high
concentration of inorganic phosphorus source. Similarly, Nisha et al. (2011) reported lower
levels of biomass, lipids, and ARA, as phosphorus could not accelerate the production of
total lipids that occur in nitrogen-depleted media. In that case, higher levels of KH>PO4
may have had an inhibitory effect on ARA because higher KH2PO4 resulted in a differential
increment in cell division and a subsequent reduction in the rate of lipid synthesis. In

addition, KH2PO4 can provide buffering capacity in the growth media (Chen et al., 1997),
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which can stabilize the growth medium and reduce the inhibition of lipid and ARA fatty
acid formation (Dzurendova et al., 2020). In the second RSM (Section 5.1.3), the final
concentration of 5.023 g L' KH2PO4 preserved higher cell dry weight but reduced the
inhibitory effect on ARA accumulation.

In terms of MgSO4 and CaCly, the first RSM indicated that moderate to higher
concentrations could increase both biomass and ARA percentage, while lower
concentrations favored lipid production. The optimized condition predicted by the model
was achieved when both salts were increased to the highest edge points. However, the
experimental results for model validation had large a deviation in comparison to predicted
models. In order to verify the predictions made in the first design, a second RSM was
conducted at even higher concentration ranges. Eventually, the second RSM showed that
higher lipid and ARA production can be achieved at lower levels of MgSO4 and CaCl..
As discussed by Hansson & Dostalek (1988), small amounts of these ions are usually
required for cell growth and enzyme activity, and low amounts of magnesium and calcium
are desirable for lipid and ARA production (Higashiyama et al., 1998a; Sun et al., 2015).
In their study, Totani et al. (2002) used media containing 0.5 g L' of MgSO4and 0.75 g L~
! of CaCl,, which resulted in the highest DCW of 18.7 g L' and high yields of ARA (Totani
et al., 2002). This was similar to the present study, where the final modified medium
contained 0.796 g L™! of MgSO4 and 0.318 g L'! of CaCl,. Experimental validation of the
optimal conditions showed much lower deviation when compared to the first RSM
validation, indicating that the modified concentrations are more suitable for further ARA
production.

From experiments conducted to validate the optimal conditions obtained in the first
RSM, it was seen that the higher concentrations of KH>PO4, MgSO4 and CaCl, were
chemically active and prone to interacting with each other. For instance, magnesium
phosphate or magnesium ammonium phosphate are fairly insoluble and could precipitate.

Additionally, high concentrations of MgSO4 may react with reagents such as NaOH to form
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magnesium hydroxide, a white precipitate that would affect the consistency of the media
pH (Leth & McDonald, 2017). The validation results using lower concentrations of mineral
salts in the second RSM indicated better stability, with the reduced possibility of unwanted
reactions and precipitation.

It was also observed that the addition of minerals salts altered the mycelial morphology
from a smooth pellet shape to hairy pellet or dispersed filaments. The addition of KH2PO4
has been associated with filamentous growth (Higashiyama et al., 1998b) and calcium ions
with inducing mycelial aggregation and pellet formation (Braun, 1991). Researchers have
reported that mycelia from either fluffy-pellet and dispersed filaments can exhibit high
biosynthetic activity, causing rapid glucose consumption and high enzyme production, to

bring higher cell growth rate and lipid production (Teng et al., 2009).

6.2 Macronutrient Studies
6.2.1 Discussion on Carbon Sources and C:N Relations

In the present work, glucose was used as the sole carbon source for M. alpina
MAZ2-2 strain. Based on the research by Lu et al. (2011), an optimal C:N ratio of 15-20 was
reported for ARA production in a culture of M. alpina CBS 754.68. When the C:N ratio
was higher than 20, cell growth was inhibited, and ARA decreased due to nitrogen
limitation. An optimal C:N ratio between 15-20 was also reported by other researchers
(Higashiyama et al., 2002; Mamani et al., 2019). The C:N ratio in present work was
originally around 7.2 when glucose was at 20 g L' and yeast extract at 11 g L', The C:N
ratios of 10, 15 and 20 were compared by increasing the carbon source or decreasing the
nitrogen source while keeping another source fixed. In comparison to previous work, two
strategies were performed by the study of Koike et al. (2001) by studying how consumed
C:N ratios affected ARA production, while this is the study to use both strategies to

examine how initial C:N ratios affect ARA performance.
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The results from this work showed that lipid content increased with rising C:N ratio,
similar to that reported in other studies (Hansson & Dostalek, 1988; Cao et al., 2015; Sun
et al., 2015; Malaiwong et al., 2016). Interestingly, the growth rate of lipids showed a
slightly greater improvement when the nitrogen level was reduced at a C:N ratio of 20,
resulting in a total lipid content of 33%. In comparison, a 28% lipid content was achieved
with an increase in carbon source. This result indicated at a higher carbon source and lower
nitrogen source were suitable for lipid accumulation (Sun et al., 2015; Malaiwong et al.,
2016).

On the other hand, there was a significant difference in biomass when comparing the
two approaches for modifying the C:N ratios. When yeast extract reduced from 11 g L to
4 g L' and glucose was fixed at 20 g L' (C:N ratio increased from 7.2, 10, 15 and 20), the
biomass was decreased from 14.6 g L™! (control) to a final 8.8 g L. A low nitrogen content
has been reported as being unfavorable for cell growth and results in a low level of ARA
production (Zhu et al., 2003). With lower nitrogen concentrations, nitrogen starvation
would have occurred earlier, resulted in rapid glucose depletion and ultimately led to lower
biomass. This was not ideal for ARA production since the low biomass and high lipid
content did not improve ARA productivity. To achieve a higher ARA yield, a greater
biomass concentration is required, which can only be achieved by increasing the nitrogen
source (Higashiyama et al., 1998b). However, when glucose increased from 20 g L™! to 55
g L! and yeast extract was fixed at 11 g L' (C:N ratio increased from 7.2, 10, 15 and 20)
the biomass was improved to a final 24.6 g L'!. The rise in glucose concentration resulted
in an increase in lipid content in the dry biomass, suggesting that higher levels of glucose
are advantageous for lipid synthesis in this fungus (Lu et al., 2011; Cao et al., 2015; Singh
etal., 2017).

Other researchers have noted that high glucose concentrations above 100 g L 'can
inhibit the growth and suppress lipid accumulation of M. alpina, and reported an optimal

glucose concentration range of 20 - 40 g L' (Ji et al., 2014). In the current study, the glucose
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concentration is maintained within this safe range. According to the study from Koike et
al. (2001), cell growth and lipid production increased in proportion to the initial
concentrations of carbon and nitrogen sources until the carbon and nitrogen sources were
120 and 40 g L', respectively. Above this concentration, ARA production decreased due
to high osmotic pressure and viscosity. In the present study, the optimal concentrations of
carbon and nitrogen were lower than the upper limits used in the study by Koike et al.
(2001) in order to obtain a high biomass and high lipid content.

In terms of the synthesis of ARA in TFA, the present work showed that the C:N ratio
had no effect on the accumulation of ARA. This contradicts the results of Koike et al. (2001)
and Cao et al. (2015). These two studies showed differences in the contribution of ARA at
different C:N ratios. In the study by Cao et al. (2015), the ARA content in total fatty acids
was found to decrease with increasing substrate concentration and DCW. Koike and
colleagues (2001) investigated different consumed C:N ratios by adjusting glucose and
soybean meal. In their study they found that for a fixed amount of the carbon source, the
ARA concentration increased with increasing amounts of nitrogen sources; for a fixed
amount of the nitrogen source, ARA concentrations increased with decreasing amounts of
carbon sources. These results may have been due to the fact that their study used relatively
higher concentrations of carbon and nitrogen sources to adjust the C:N ratio, which could
have resulted in a higher level of metabolic activity and ARA synthesis.

To summarize, the findings of this study were consistent with those of Higashiyama
et al. (2002) in demonstrating that an excess of nitrogen source increased biomass yield,
which was dependent on nitrogen concentration. Additionally, the presence of a higher C:N
ratio in the carbon source resulted in an increase in TFA yield while maintaining a constant

ARA percent in TFA.

6.2.2  Discussion on Nitrogen Sources

In this study, potential organic and inorganic nitrogen sources were initially screened,
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and minimal amounts of yeast extract were added to compensate for growth performance.
NaNOs, MSG, (NH4)2SO4, yeast extract, peptone and urea were examined in this study,
although, urea and (NH4)2SO4 were excluded from further consideration due to their poor
performance during screening.

The combination of (NH4)2SO4 resulted in the lowest biomass (2.0 g L") and a lengthy
lag phrase. In addition, the degree of unsaturation of fatty acids was significantly lower
compared to other nitrogen sources, leading to the lowest ARA% of 7.45% (Table 5.7).
The poor cell performance observed in this study was consistent with the findings of Lu et
al. (2011), who reported that ammonia salts have negative effects on DCW and ARA
percentage. The main reason for the poor performance of (NH4)>SO4 may be its poor pH
buffering capacity. In this study, the final pH measured at harvest was lower than 3 when
using ammonia salt. This was because poorly buffered media containing ammonium salts
tend to become more acidic during growth (Papagianni, 2004). In the case of ammonium
sulfate, the ammonium ions [NH4] * are oxidized to yield nitrate [NO3] ~ ions (Fageria et
al., 2010). Assimilation of ammonia is associated with release of [H] " cations, resulting in
acidification of the medium (Patrovsky et al., 2019). Generally, M. alpina is strongly
inhibited when pH is lower than 3 or higher than 8 (Mironov et al., 2018; Patrovsky et al.,
2019). Therefore, (NH4)2SO4 was not a suitable nitrogen source for ARA production in the
present work.

When urea was used as a nitrogen source, it resulted in low biomass (9.3 g L), low
lipid content (9.7%), and low ARA percentage (14.9%) as shown in Table 5.7, which led
to the second-lowest ARA concentration (134.4 mg L") among the tested nitrogen sources.
Therefore, urea acted as one of the poorest nitrogen sources. This result was also consistent
with various studies (Obukowicz et al., 1998; Nisha, 2009; Nisha & Venkateswaran, 2011;
Sun et al., 2015), this may due to urea acting as an inhibitor for delta 5 desaturase, a key
enzyme that catalyzes the conversion of dihomo-y-linolenic acid to ARA (Obukowicz et

al., 1998; Nisha & Venkateswaran, 2011). In addition, urea contained minimal metal ions
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or other essential nutrients for cell growth (Sun et al., 2015). Urea also had a slightly lower
final pH to around 4 after the mycelia were harvested. However, the magnitude of the pH
decrease was greater with ammonium sulfate than urea (Fageria et al., 2010).

Yeast extract is an excellent nitrogen source for the abundant growth of fungi due to
the presence of metal ions and micronutrients that are essential for microbial growth (Yuan
et al., 2002; Nisha, 2009; Nisha & Venkateswaran, 2011; Ling et al., 2016). Organic yeast
extracts can be used as a source of nitrogen and phosphorus for oleaginous fungi (Chang
et al., 2021). In addition to important growth factors, high concentrations of yeast extract
alone can provide sufficient nitrogen, magnesium and sulfur to promote the growth of M.
alpina and its ARA production (Chen et al., 1997). According to the study by Lu et al.
(2011), yeast extract alone resulted in higher biomass compared to other organic or
inorganic nitrogen sources.

Peptone for some Mortierella strains-enhanced mycelial growth was also found to
improve ARA production. It has been shown to reduce the lag phase prior to growth and
promote metabolite production in submerged cultures (Nisha, 2009; Nisha &
Venkateswaran, 2011). The current study showed a significant increase in total lipids up to
30% when the cultivation media contained peptone combined with a very small amount of
yeast extract (Table 5.7), consistent with the results of (Nisha & Venkateswaran, 2011;
Fang et al., 2018). Although total nitrogen was kept constant in each experiment within
this study, the complex nitrogen source may have been able to provide more essential
elements for lipid accumulation (Fang et al., 2018).

As anitrogen source, glutamate plays an important role in nitrogen metabolism and is
required as an essential precursor for protein and nucleotide synthesis, and a substrate for
energy metabolism (Wice et al., 1981). Moreover, glutamate enables activation of acetyl-
CoA carboxylase, used for fatty acid synthesis (Kowluru et al., 2001). The results from the
present work showed no difference in biomass and 0il% from cultivation media with

glutamate compared to the control, while ARA content was lower (17.6%). This result is
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contrary to the findings reported by Lan and colleagues (2002), who noted that biomass
and ARA production were higher in cultures containing glutamate than in control cultures,
and both reached a maximum of 25 g L™! and 1.4 g L', respectively, after 7 days (Lan et
al., 2002). Other studies have shown that glutamate addition improved the activity of
glucose-6-phosphate dehydrogenase, a key enzyme for the formation of NADPH to form
more PUFA (Hao et al., 2015; Mhlongo et al., 2021), though this was not observed in the
current study.

When NaNOs was used as the main nitrogen source, lower biomass (8.6 g L) and
higher lipid (29.1%) production were achieved (Table 5.7). Lu et al. (2011) reported that
the use of NaNOs as the only source of nitrogen could result in a desirable level of
unsaturation. If NaNO; was used, the resulting pH increased or remained constant due to
consumption of [H] * during nitrate assimilation (Patrovsky et al., 2019).

A mixture design approach was used in this study to investigate the synergistic effects
of combining complex nitrogen sources, where different proportions of yeast extract,
peptone, MSG, and NaNO; were added while the total nitrogen amount was fixed.
Surprisingly, the study found that the accumulation of total lipids and the activity of
desaturated fatty acids were significantly increased when complex nitrogen sources
comprised mostly of organic nitrogen and minimal inorganic nitrogen sources were used.
Combining yeast extract and NaNOs; was found to be effective in promoting lipid
accumulation and ARA percentage, with values reaching 35% and 42%, respectively.
Previous studies suggested that NaNO; was a favorable nitrogen source for ARA
accumulation by M. alpina, with moderate to high ARA values delivered (Lu et al., 2011;
Rayaroth et al., 2021). Zhu et al. (2003) also noted that combining NaNO3 with organic
nitrogen sources was more effective than using yeast extract alone in enhancing cell growth
and ARA production. To reduce nitrogen costs, Chen et al. (1997) recommended the use
of cheaper and simpler nitrogen sources for microbial lipid accumulation. NaNOs3 has been

suggested as a better nitrogen source when combined with organic nitrogen for enhancing
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lipid content, ARA percentage, and reducing nitrogen costs.

To summarize, this study found that significant improvements in biomass DCW, lipid
content, and ARA percentage were achieved by optimizing the C:N ratio to 15, increasing
glucose to 41.25 g L*!, and using a combined nitrogen source of 7 g L'! yeast extract and
2.429 g L' NaNOs, while keeping the total nitrogen amount at 1.1 g L', This resulted in
an increase in ARA productivity of over 2.1 g L', which was a 3.7-fold increase compared

to the original performance.

6.2.3 Comparison to Other Statistical Optimization Studies on ARA Producers

A comparison of this work with other statistical optimization studies on ARA
production by fermentation is given in Table 6.1. The table shows results from submerged
and solid-state fermentation.

Cheng et al. (1997) found that ARA production by M. alpina Wuji-H4 increased to
3.85 g L' after RSM was used to determine the optimal concentration of soluble starch
being 99.7 g L'!, yeast extract being 12.6 g L'! and KH,PO4 being 3.0 g L. Jin et al. (2009)
used traditional mycelium aging technology with RSM optimization for M. alpina ME-1,
and achieved a maximum ARA yield of 19.02 g L', which was 1.55 times higher than that
of traditional aging technology, at a temperature 13.7°C, ethanol 42.44 g L!, and potassium
nitrate 2.62 g L. Rocky-Salimi et al. (2011) used PB and RSM to improve the ARA
production from M. alpina CBS754.68, where the results indicated that conducting the
fermentation with glucose 50 g L™!, yeast extract 14 g L', temperature 22°C, and agitation
rate of 180 rpm would increase the ARA production to 6.22 g L', Nisha et al. (2011)
improved the ARA production by M. alpina CBS754.68 using RSM, with four independent
variables selected (glucose, corn solids, KH>PO4 and potassium nitrate) and the optimal
conditions resulted in a maximum production of ARA of 1.39 g L! and biomass of 12.49
g L. Samadlouie et al. (2012) improved the ARA production from M. alpina CBS754.68

to 5.64 g L' using RSM, with the results indicating that glucose and soybean were the
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major impact factors with optimal concentrations at 50.35 g L' and 18.30 g L,
respectively (Samadlouie et al., 2012).

Saelao et al. (2011) used PB and RSM to optimize biomass and ARA production in
Aureispira maritima shake-flask cultures, where tryptone and culture temperature had a
significant effect on biomass production, and pH and agitation rate had a significant effect
on ARA production. The validity of the optimum conditions was verified by separate
experiments in which biomass and ARA yield were increased 4.02-fold (2.05 g L") and
3.59-fold (21.50 mg g'). Malaiwong et al. (2016) used PB and RSM to maximize biomass
and ARA for M. alpina PRAO7-10. The optimal values for the temperature, % v/v, glucose
concentration and soy isolate concentration were 25.06°C, 14.16%, 6.67% and 0.48%,
respectively, the maximum DCW and ARA production were 52.64 g L' and 6.76 g L',
respectively. In the study by Goyzueta-Mamani et al. (2021), wastes from the potato chip
industry were used as a carbon source to develop an economical culture medium for the
production of ARA by M. alpina CBS 528.72. A synthetic culture medium was optimized
using PB and RSM and was able to achieve 24 g L'! of DCW, 45% of lipids and 40% of
ARA 1n lipids (Goyzueta-Mamani et al., 2021).

Kavitha et al. (2016) used RSM for optimizing ARA and eicosapentaenoic acid (EPA)
production from a red marine microalgae Porphyridium purpureum. Results indicated that
maximum biomass 0.95 g L was achieved at the concentrations of sodium chloride 14.89
g L' magnesium sulfate 3.93 g L' and sodium nitrate 0.96 g L™! and potassium dihydrogen
phosphate 0.09 g L. The maximum total lipid 17.9 % and EPA 34.6 % content was at the
concentrations of sodium chloride 29.98 g L', magnesium sulfate 9.34 g L' and NaNOs
1.86 g L' (Kavitha et al., 2016). Antimanon et al. (2018) also reported that ARA improved
after optimizing cultivation medium and parameters of solid-state fermentation by
Mortierella sp. Validation of the regression equation was conducted using the optimal
conditions of initial moisture content 60%, culture temperature 25°C and inoculum size 10%

(v/w). The experimental result showed that 46.72 + 2.54 mg g dry fermented mass of
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ARA. Asadi et al. (2018) investigated simultaneous production of ARA and EPA by M.
alpina CBS 528.72 in solid-state fermentation. Date waste and soybean meal served as
carbon and nitrogen sources, respectively. By using PB and RSM, the optimal parameters
were determined as substrate initial moisture content 70-75%, linseed oil 10% w/w and
nitrogen 4% w/w, substrate particle size 1.2-1.7 mm and seed age 96 h resulting in ARA
and EPA production of 14.37 + 0.06 and 11.35 + 0.09 mg g!, respectively (Asadi et al.,
2018). Finally, Ghobadi et al. (2022) used PB to determine that sunflower oil cake was
the best out of four oil cakes for improving ARA production from M. alpina CBS 754.68,
in a solid-sate fermentation. The optimal fermentation time, temperature, and substrate
particle size from RSM was 8.75 days, 18.5°C, and 1.3 mm—1.7 mm, respectively. Under
these conditions, the actual ARA yield, determined in evaluation tests was 4.48 = 0.16 mg

g! (Ghobadi et al., 2022).
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Table 6.1: Comparison of statistical optimization studies on ARA production.

. Fermentation . .
Mortierella Species fime d DCW g L' Oil% ARA% ARA yield g L' or mg g’! Reference
ime
M. alpina MA2-2 (current study) 30-35 2-25gL?!
C/N 15, RSM & Mixture optimized 7-9 17-21 (~6.4gL'in 30-36 Or
my study) (~127 mg g'! in my study)
M. alpina Wuji-H4 5 3.85 Chen et al., 1997
M. alpina ME-1 (5 L fermenter) 5.6 19.02 Jin et al., 2009
M. alpina CBS 754.68 8 6.22 Rocky-Salimi et al., 2011
M. alpina CBS 528.72 7 12.49 587 gL! 1.39 Nisha et al., 2011
M. alpina CBS754.68 10 5.64 Samadlouie et al., 2012
A. maritima TISTR 1715 3 2.05%0.06 21.540.25 mg g*! Saelao et al., 2011
M. alpina PRAO7-10 10 52.64 6.76 Malaiwong et al., 2016
M. alpina CBS 528.72 Goyzueta-Mamani et al.,
7 20 40 35
2021
Porphyridium purpureum 28 0.95 17.9 Kavitha et al., 2016
Mortierella sp. 9 46.72 +£2.54 mg g’! Antimanon et al., 2018
M. alpina CBS 528.72 6 1437+ 0.06 mg g’! Asadi et al., 2018
M. alpina CBS 754.68 9 10.13£0.26 mg g’! Ghobadi et al., 2022
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6.3 Random UV Mutagenesis Coupled with High-Throughput Screening

This study used UV radiation as a physical method for random mutagenesis followed
by a cerulenin-TTC based mutant screening assay. In the present work, M. alpina MA2-2
strains died after prolonged exposure to UV radiation at different exposure times. Cell
viability was greatly affected by exposure to UV, even for short periods of time. This is
similar to what was found in the study by Beacham et al. (2005) as M. alpina is a non-
phototrophic organism and therefore less likely to be adapted to high levels of natural UV
exposure for long periods of time. In the present work, after screening for fungal growth at
different concentrations of cerulenin supplemented in agar medium, a final concentration
of 1 uM was selected which agreed with the results of Yao et al. (2019). In addition, the
PDA medium was supplemented with different concentrations of TTC and a red color was
observed for some colonies at 1.5 mM, which was selected as the optimal concentration
for mutant screening, in line with Yao et al. (2019). When cerulenin was supplemented, it
was observed that there was a synergistic effect which helped to maintain the desired
strains visually.

After UV mutagenesis coupled with cerulenin and TTC screening, 39 fast-growing,
red-stained mutants were isolated and their fatty acid profiles were measured. Five of the
mutants showed more than 40% contribution of ARA, while M9 and M13 retained more
than 40% of ARA after replicate experiments. However, no significant improvement was
found compared to wild type MA2-2. Mutants M9 and M13 maintained beneficial
phenotypes that were similar to the wild type, whereas most of the other strains exhibited
either neutral or negative traits. For most mutants, high biomass and total oil content were
still retained, but ARA accumulation was lower, which can be explained by the fact that
TTC reflected the overall desaturase activity in M. alpina, and not just the activity of key
fatty acid desaturases taking part in ARA biosynthesis (such as A9, A12, A6 and A5 fatty
acid desaturase) (Li et al., 2015).
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A possible reason for not finding significant improvements in mutants from the present
study was that only one round of UV mutagenesis was applied, and this may have induced
fewer mutagenic effects, compared to other physical mutagenesis methods such as gamma
rays, X-rays or heavy-ion beams. For instance, heavy-ion beam utilizes heavier charged
particles, which lead to higher mutation rates and a wider spectrum of mutations due to
their high linear energy transfer (Arora et al., 2020). Zheng et al. (2021) also state that
most physical mutagenesis methods can be rapid and easy to carry out, however,
nonbeneficial mutations are generated frequently (Zheng et al., 2021). Conventional
mutagenic strategies are random and the probability of finding desirable mutants is
minimal (Muthuraj et al., 2019). For further developing mutagenesis on M. alpina. Multiple
rounds of mutagenesis or a combined physical and chemical mutagenesis can enhance the
mutational effects as well as expand genetic diversity.

Other studies have successfully produced higher FA synthesis activity in M. alpina
strains by using combined physical and chemical mutagenesis, including heavy-ion and 5-
flurouracil, coupled with screenings using triclosan and octyl gallate. For example, in the
study by Zhang et al. (2018), the best mutant achieved an ARA yield of 5.26 g L', which
was 3.24 times higher than that of the wild-type strain. In another study, when atmospheric
and room temperature plasma mutagenesis combined with diethyl sulfate and TTC were
used for M. alpina, the ARA yield of the isolated mutant strain was 5.09 g L', an increase
of 40.61% over the original strain (3.62 g L) and the relative content of ARA increased
from 38.99% to 45.64%. (Li et al., 2015). After UV radiation-mediated mutagenesis
followed by screening with iodine vapor staining, starchless mutants of Tetradesmus
obliquus were isolated with a 41% increment in TFA productivity (de Jaeger et al., 2014).
Moreover, Sarayloo et al. (2018) used a combination of UV radiation and EMS to mutate
Chlorella. vulgaris and its isolated mutants exhibited a 67% increase in lipid content and a
35% increase in biomass than those of the wild-type (Sarayloo et al., 2018). These findings

revealed that the use of different combinations of classical mutagenesis resulted in efficient
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performance for M. alpina and other microorganisms. Although no improvement was
found using a single round of UV mutagenesis in M. alpina MA2-2, this strategy was fast

and efficient for isolating mutants with deleterious effects.

6.4 High-Temperature ALE

6.4.1  Discussion of High-Temperature ALE Experiments for the MA2-2 strain

High temperature was used as a stressor to induce evolutionary adaptation in the M.
alpina MA2-2 strain. The adaptation process firstly involved three temperature screenings
to identify the optimal temperature range. The first two screenings used different
inoculation methods, resulting in varying cell densities and performance in high
temperatures. The sample inoculated with fewer cells exhibited strongly inhibited growth
at 32°C, while normal growth was observed in cultures with more cells. However, the
culture was unable to grow at temperatures above 35°C during the temperature screenings,
which agreed with the findings by Chen et al. (1997) that M. alpina Wuji-H4 isolate could
barely grow at 36°C (1997). Although the wild-type MA2-2 strain was capable of growing
at temperatures below 35°C, the adapted strains showed inhibition above 33°C during long-
term high temperature adaptation. Therefore, a temperature of 32.5°C was chosen for the
long-term adaptive evolution.

After the adaption, MA2-2 evolved strains in every 5 ALE cycles were compared to
starting strain at normal temperature (28°C) and stress inducer (32.5°C). At 32.5°C, the
evolved strain ALE45 successfully depleted glucose while other strains were struggled to
absorb nutrients, indicating the evolved strain exhibited better glucose uptake performance.
As well, the biomass of DCW, total 0i1% and ARA yield gradually improved up to 4 times
in comparison to the starting strain. These results agreed with what was reported by Peng

et al. (2010), that a relatively high culture temperature was favorable for glucose
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consumption. The evolution of the cell dry weight showed that a higher initial growth rate
was achieved at higher temperatures. This means that maximal biomass was reached in a
shorter amount of time at higher temperatures, where it is likely that the faster metabolism
rate at higher temperatures promoted rapid cell division, leading to shorter lag growth
phases (Shinmen et al., 1989; Singh & Ward, 1997; Cao et al., 2015). At 28°C, no distinct
difference was found between biomass, total 0il% and ARA production. This may be due
to the fact that cells grown in the laboratory may be evolutionarily limited and have lower
genetic variation due to smaller population sizes, which may prevent or delay the isolation
of mutants with the desired phenotype (Trovao et al., 2022). However, the fermentation
time was faster in adapted strain, reaching up to 40 h faster than starting strain.

The overall ARA productivity (g L''d"") of adapted strain was 27.6% higher than the
starting strain, and the synthesis of total oil and ARA increased to around 32% and 31%
throughout all conditions, respectively. This was in contrast with the findings by Hansson
& Dostalek (1988), where there was a tendency for the composition of unsaturated fatty
acids to increase in cells containing low amounts of lipids, and the degree of unsaturation
to decrease with increasing lipid content. PUFA synthesis of ARA did not seem to affect
the accumulation of total lipids. There was no opposite trend for total lipids and ARA,
while they both showed a high percentage of accumulation. However, more ARA
accumulated in total lipids at normal temperatures, with more than 30%, compared to about
18-20% ARA synthesis at 32.5°C. This suggested that lower temperatures increased the
unsaturation of fatty acids, as this was essential for cells to maintain membrane fluidity
(Shinmen et al., 1989; Singh & Ward, 1997; Cao et al., 2015). At a temperature of 32.5°C,
oleic acid (C18:1) made up the largest proportion of fatty acids, whereas it decreased at
normal temperatures. According to Hu et al. (2021), increasing the cultivation temperature
resulted in an increase in the percentage of saturated fatty acids but a decrease in the
percentage of PUFAs. After long-term adaptation at higher temperatures, the percentages

of fatty acid profiles tended to change in the opposite direction compared to normal
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conditions (2021).

An interesting phenomenon was that the cell growth did not increase linearly but
followed a hyperbolic trend. i.e. the growth rate increased considerably until reaching the
ALE35 cycle and then gradually decreased near the end point. This is similar to the study
by Daskalaki et al. (2019) where the lipid accumulation capacity of Y. lipolytica decreased
early in evolution compared to the starting strain. Subsequently, oily strains dominated,
resulting in populations able to accumulate large amounts of lipids (Daskalaki et al., 2019).
To adapt to abiotic stressors, such as high temperature, strains can alter their biochemical
composition, leading to stress-induced accumulation of storage molecules, such as lipids
(Arora et al., 2022). In this process, cells undergo acclimation to restore cellular
homeostasis, and supra-optimal temperatures cause imbalances in cellular metabolism,
which ultimately result in reduced growth and productivity. Acclimation helps to achieve
a more stable cellular state, but growth is still impeded when non-optimal growth
conditions are maintained (Barten et al., 2022).

The adapted strain ALE45 decreased temperature sensitivity among all response
variables. When the temperature increased from the control at 28°C to 32.5°C, the
reduction rate of the temperature sensitivities between starting strain and final evolved
strain of DCW, total 011%, ARA% reduced 2.35, 0.87 and 0.41-fold, respectively. Overall,
the temperature sensitivity of ARA concentration and final productivity of the evolved
strain reduced 28.9% and 9.7% compared to starting strain. The modified strain
significantly improved temperature tolerance and shortened fermentation time, thus

avoiding energy consumption and saving more fermentation costs.

6.4.2  High Temperature Strategies on Various Microorganisms
Moreover, more studies have been conducted on strategies to improve the heat
resistance of microorganisms. A high temperature ALE was carried out for DHA producer,

Schizochytrium sp.; after long-temperature adaption at 34°C, the evolved strain improved
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thermotolerance, as well as improved lipid and DHA concentration at 34°C which reached
4.31 and 4.33 times higher than the starting strain (Hu et al., 2021). After transcriptomic
and lipidomic studies regarding response mechanism of Schizochytrium sp. to temperature
stress, it was found that high temperature stress accumulated more phosphatidyl glycerol,
diglyceride and fatty acids while low temperatures resulted in the synthesis of more shorter
monounsaturated fatty acids and phosphatidylethanolamine (Hu et al., 2022). Barten et al.
(2022) performed high temperature ALE to increase the maximum temperature of already
thermotolerant microalgae Picochlorum sp., which resulted in an increase of 1.5°C in
thermotolerance so that its upper temperature boundary was up to 49°C (2022).

The effects of day- and night-time temperature on Haematococcus pluvialis were
studied, and the results indicated that raising the daytime or night temperature could
stimulate night accumulation of astaxanthin until reaching a temperature of up to 28°C;
The net biomass and astaxanthin yields increased 5 and 2.9-fold when the culture
temperature was 28°C (Wan et al, 2014). Directed laboratory evolution
in Symbiodinium has been proposed as a strategy to enhance coral halobiont thermal
tolerance. Selected cells showed superior photophysiological performance and growth rate
at 31°C (Chakravarti et al., 2017). The capacity for adaptation to warming in the marine
diatom Thalassiosira pseudonana.c was shown in its ability to survive at a severe 32°C
(Schaum et al., 2018).

A two-prong strategy of random mutagenesis and adaptive laboratory evolution was
performed for robust thermotolerant strains of Nannochloropsis oculata. The best mutants
increased productivity at 35°C. Biomass and lipid productivity were 1.43-fold and 2.24-
fold higher, respectively, than wild type at 25°C (Arora et al., 2022). Kluyveromyces
marxianus JKHS, a thermotolerant ethanologenic yeast implanted high temperature ALE
for improving cellulosic bioethanol production. The improved strain showed 3.3-fold
higher specific growth rate, 56% reduced lag phase and 80% enhanced fermentation

efficiency at 42°C (Hemansi et al., 2022). A green marine microalgae Tetraselmis sp.
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compared growth performance of UV mutants at a slightly high temperature 31°C, where
the mutant showed an accelerated growth (Lo et al., 2022).

A high temperature ALE was applied to the lactic acid bacteria Streptococcus
thermophilus at 60°C to enhance thermotolerance for adapting manufacturing processes,
such as pasteurization. Increased heat tolerance of ALE strains showed higher survival rate
during long-term storage at sub-zero temperatures as well as the adaptation to upper
thermal threshold. Also fatty acid analysis indicated that saturated fatty acid ratio was
higher than for the wild-type strain (Min et al., 2019). Tisochrysis lutea was used to
increase the thermal stress of 12 isolates for 6 months. Two of them survived, indicating a
doubling of the improvement in lipid content (Gachelin et al., 2021).

In conclusion, employing high-temperature ALE can enhance thermotolerance of
industrial microorganisms against different environmental stresses, leading to reduced
energy consumption and fermentation costs. The development of high-temperature
strategies for producing ARA, an omega-6 fatty acid, was successful, and the ALE-evolved
strain demonstrated improved temperature sensitivity while maintaining high cell

performance and ARA production.

6.4.3  Other ALE Strategies on Various Microorganisms

In addition to temperature adaptation, various ALE strategies, including environmental
or nutritional stress, have been explored for microalgae as producers of fatty acids,
particularly omega-3 fatty acids. One factor ALE has been extensively studied for
various microorganisms. The yeast Saccharomyces cerevisiae was used to study salt stress
tolerance, because it contained several highly conserved pathways that mediate the salt
stress response. All evolved strains had faster growth rate in high salt conditions than their
ancestor (Dhar et al., 2011). A freshwater microalga Parachlorella sp. went through a high
salt ALE. After eight consecutive ALE cycles, microalgal growth rate was remarkably

increased to close to that of the culture without salt stress. Furthermore, FA content in
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microalga was improved from 7.5% to 25% (Kim et al., 2021). A high oxygen ALE was
applied to improve the production capacity of Schizochytrium sp. Endpoint strains
improved 32.4% of CDW compared to starting strain. But slight lipid accumulation
impairment was observed (Sun et al., 2016).

Later, two-stage ALE was developed to compensate for the performance degradation
caused by single-stress ALE. A two-stage ALE strategy was applied to the thraustochytrid
Aurantiochytrium sp., a DHA producer. Heavy-ion irradiation technique was first used
before the ALE to increase the genetic diversity of strains, and low temperature
supplemented with Acetyl CoA Carboxylase inhibitor were employed in enhancing the
DHA production. The end-point strain with a DHA content 51% higher than that of the
parental strain was obtained (Wang et al., 2021). A low temperature and high salinity was
applied to improve the production capacity of Schizochytrium sp as a DHA producer.
Low-temperature conditions were used to improve the DHA content, and high salinity was
applied to stimulate lipid accumulation and enhance the antioxidative defense systems (Sun
et al., 2018). A low temperature and oxygen ALE was developed to improve the exergy
efficiencies of DHA. The adapted microalgal strain improved biomass yield which had the
most important effect on enhancing the exergy efficiencies of DHA and yield (Ren et al.,
2020).

Nutritional stress was also applied for ALE to improve the molecular mechanism of
lipidome. Nutrient-limiting medium was used as stress inducer for Y. /ipolytica, aimed to
improve lipid accumulation. The evolved strain was able to accumulate 44% of lipid, which
was 30% higher than that of the starting strain under nutrient-limiting medium (Daskalaki
et al, 2019). High glucose concentration was supplemented to DHA strain
Crypthecodinium cohnii for 260 ALE cycles. The glucose-tolerant strain showed that

DHA -rich lipids increase by 15.49% at 45 g L™! glucose concentrations (Li et al., 2017).

142



6.4.4  Challenges and Current Phase of ALE on Filamentous Fungi

ALE technology is still plagued by a number of challenges. Firstly, the creation of
large mutant libraries and the necessity for large-scale screening of the necessary
evolutionary bodies pose difficulties. Secondly, due to cell division, effective genes can
disappear. Lastly, ALE experiments require a significant amount of time, and the endpoint
is entirely at the discretion of the researcher (Wang et al., 2021). Experimental evolution
studies often define a generation as a single cell division, which enables them to achieve
thousands of generations quickly in laboratory conditions (Fisher & Lang, 2016).
Filamentous fungi have cytoplasm filled with multiple nuclei, even in asexual spores, and
there is no uninucleate stage in the life cycle. Such characteristics complicates the
development of high-producing industrial strains, for instance, by mutagenesis and
selection (Streekstra, 2010). One reason why adaptive evolution has not been applied to
filamentous fungi is because of their multi-cellular characteristics. However, many fungal
species have simple and rapid life cycles that can produce hundreds to thousands of
generations over a relatively short period of time. Therefore, experimental evolution in
fungi has the potential to provide a more comprehensive understanding of the evolutionary
process (Fisher & Lang, 2016).

This study was the first to use microbial evolution adaptation to improve oleaginous
filamentous fungi, specifically M. alpina MA2-2. High temperature was used as the stress
inducer for the ALE. One challenge with adapting filamentous fungi was that the whole
population was studied rather than individual cells, making it difficult to select specific
genes. However, this ALE provided a good starting point for exploring the fitness of the
entire population within the evolved strain. The results showed a clear improvement,
indicating the successful application of adaptation to filamentous fungi and an

improvement in thermotolerance of the evolved strain.

6.5 Summary of ARA productivities
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Section 5.5 summarizes the ARA productivities for each part of this study, and Table

6.2 summarizes the ARA productivities for different literature including this study. By

comparison with other work, the ARA productivity of the MA2-2 adapted strain ALE45

was able to approach extensively studied or scaled up ARA producing strains when grown

in optimized fermentation media, indicating the potential of MA2-2 strain for further

research aimed at commercialization and industrialization.

Table 6.2: Literature Summary of ARA productivities (g L' d!)

Fermentati L
Mortierella alpina i ARA productivity
. on ARA yield g L! Reference
Strains i gLd!
time d
MAZ2-2 Current study-
5-7 2-25 0.421
ALEA45
Wuji-H4 5 3.85 0.77 Chen et al., 1997
ME-1 5.6 19.02 3.40 Jin et al., 2009
CBS 754.68 8 6.22 0.78 Rocky-Salimi et al., 2011
CBS 528.72 7 1.39 0.20 Nisha et al., 2011
CBS754.68 10 5.64 0.564 Samadlouie et al., 2012
A. maritima TISTR Saelao et al., 2011
3 21.5+0.25mg g'!
1715
PRAO7-10 10 6.76 0.676 Malaiwong et al., 2016
ATC3222 11 11 1 Singh & Ward, 1997
ME-1 7 9.2 1.3 Peng et al., 2010
1S-4 Higashiyama et al,
10 13 1.3
1998a
1S-4 Higashiyama et al.,
8 3 0.4 sy
1998b
LU166 5 6.2 1.24 Ling et al., 2016
Mortierella sp. 9 46.72 +2.54 mg g’! Antimanon et al., 2018
CBS 528.72 6 14.37 +0.06 mg g'! Asadi etal., 2018
CBS 754.68 9 10.13£0.26 mg g! Ghobeadi et al., 2022
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Chapter 7:  Conclusions and Recommendations

7.1 Conclusions

The overall goal of this research was to explore a new isolated filamentous fungus that
has high potential for ARA production, an omega-6 fatty acid supplemented in infant
formula. The main focus of the project was first to develop a medium using multiple
statistical optimization strategies that focused on increasing multiple responses regarding
increased ARA production in terms of biomass cell weight, percentage of total lipids in the
biomass, percentage of ARA accumulated in the lipids, and ARA production; followed by
a second part based on MA2-2 strain improvement, including random mutagenesis with
screening methods and microbial evolution experiments to obtain beneficial mutants with
better cell growth, high lipid and ARA accumulation, and better environmental adaptability,
resulting in a robust strain capable of increasing ARA production.

Through this work, the following results have been achieved in relation to the specific
objectives:
1. The final modified media for the strain MA2-2 consisted of glucose 41.25 g L'!, yeast
extract 7 g L', NaNO; 2.429 g L', KH,PO4 5.023 g L', MgS04.7H20 0.796 g L! and
CaCl2.2H20 0.318 g L. The modified media resulted in biomass DCW, TFA% or Oil%,
ARA content, concentration and productivities of 19 —22 g L', 30 — 35 %, 33 — 42%, 2.1
—~2.5gL", and 0.284 g L' d"!, respectively. Compared to the original medium containing
20 g L' of glucose and 11 g L' of yeast extract, responses variables of biomass, Oil%,
ARA content, concentration and ARA productivity reached 10 — 12 g L', 16 — 18 %, 25 —
27.5%, 0.45 g L', and around 0.041 g L' d”!, respectively; and therefore cell performance
was improved by at least 0.9, 0.875, 0.32, 3.7 and 5.9 times, respectively. In addition, the

final performance in modified medium reached the project targets.
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2. UV mutagenesis coupled with a FAs inhibitor (cerulenin) and staining reagent (TTC)
was developed for random mutagenesis. Among them, 39 relatively large colonies were
pre-screened and evaluated FAMEs results. Five of them, namely M9, M10, M13, M14
and M27 had comparable biomass and lipid percent, but retained more than 40% of ARA.
After replicating the experiment in triplicate, M9 and M 13 retained ARA by more than 40%
with minimal variation. However, no mutant exhibited a significantly better phenotype in
comparison to the wild type.

3. High-temperature ALE was performed on wild-type MA2-2 at high temperature
inducer of 32.5°C for up to 90 days acclimation, for a total of 45 ALE cycles. The evolved
strain ALE45 was able to grow at high temperature of 32.5°C for 24 hours. ARA final
productivity in ALE45 retained around 0.421 g L' d"! which was 27.6% higher than of the
original strain of 0.330 £ 0.04 g L' d"!. Temperature sensitivity of ALE45 was dramatically

lower than original strain, indicating the thermotolerance of evolved strain was improved.

7.2 Recommendations

1. Plackett-Burman screening can be an effective way to screen various factors in a
limited number of experiments, but the interaction term is always negligible. It is
recommended that the one factor at a time approach be used to investigate each mineral
and possible interactions. A mixture design could also be an optimal choice to screen
various minerals in a limited number of runs where their interaction terms can be
adequately detected.

2. Predictions of the two rounds of RSMs were still relatively poor in relation to the
experimental data. The main problem was the choice of level, which chose a wider range
domain, making it less predictable in quadratic polynomial order. To overcome this
problem, narrowing the range could be an optimal choice to detect a more accurate model.

3. Although the random mutagenesis scheme was effective for the MA2-2 strain, no
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significant improvement was found. More rounds of mutagenesis or a combination of
different mutagenesis strategies could be used to expand more phenotypes.

4. ALE has been successfully studied on the filamentous fungus MA2-2. More ALE
strategies such as single rounds or combined ALE can be designed for this type of strain in
the future.

5. The strain could undergo bioreactor fermentation to test the feasibility of scaling up

with the potential aim of commercializing and industrializing this ARA strain producer.
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Appendix A: Supplementary Figures
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Figure A.1: (A, C, E) Normal probability plot of the residuals for significant response variables: A) Biomass DCW (g L!); C) TFA or
total oil content w/w% in biomass; E) ARA w/w% in TFA. (B, D, F) Residual plots for residual versus fit for significant response
variables: B) Biomass DCW (g L!); D) TFA or total oil content w/w% in biomass; F) ARA w/w% in TFA.



Analysis of Variance

Source DF SeqSS AdjSS AdjMS F-Value P-Value

Model 9 53053.3 53053.3 5894.8 427 0.021
Linear 3 242248 256825 8560.8 6.19 0.014
KH2PO4 1 7446.6 8904.3 89043 6.44 0.032
MgS0O4 1 4973 4973 4973 0.36 0.563
CaCl2 1 16280.9 16280.9 16280.9 11.78 0.007
Square 3 16508.3 16508.3 5502.8 3.98 0.047
KH2PO4*KH2PO4 1 186.6 8.2 8.2 0.01 0.940
MgS04*MgS04 1 18345 3553.3 35533 2.57 0.143
CaCl2*CaCl2 1 14487.1 14487.1 14487.1 10.48 0.010
2-Way Interaction 3 12320.2 12320.2 4106.7 2.97 0.089
KH2PO4*MgSO4 1 9131.1 9131.1 9131.1 6.61 0.030
KH2PO4*CaCl2 1 19042 1904.2 1904.2 1.38 0.271
MgS04*CaCl2 1 12849 12849 12849 0.93 0.360

Error 9 12438.8 12438.8 1382.1
Lack-of-Fit 4 86323 86323 2158.1 2.83 0.142
Pure Error 5 3806.5 3806.5 761.3

Total 18 65492.1

Figure A.2: ANOVA analysis for quadratic model of ARA concentration when removing the outlier (run no. # 9) in the 2"¢ RSM design.

The figure was sourced from Minitab software.
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Figure A.3: (A and C)

Normal probability plot of the residuals for significant response variables: A) Total oil content w/w%; C) ARA

concentration (mg L!). (B and D) Residual plots for residual versus fit for significant response variables: B) Total oil content w/w%;
D) ARA concentration (mg L™).
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Figure A.4: (A, C, E) Normal probability plot of the residuals for significant response variables: A) Biomass DCW (g L™!); C) ARA w/w%
in TFA; E) ARA concentration (mg L™). (B, D, F) Residual plots for residual versus fit for significant response variables: B) Biomass
DCW (g L!); D) ARA w/w% in TFA; F) ARA concentration (mg L™).
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Figure A.5: Response trace plot (Cox direction) of four nitrogen sources. A) in response to biomass DCW (g L!'); B) ARA w/w% in
TFA; C) ARA concentration (mg L)



Appendix B: Supplementary Tables

Table B.1: Experimental design for screening nitrogen sources using mixture design, and the experimental values of the responses

(biomass, oil content and ARA content and concentration) of M. alpina MA2-2

StdOrder ~ Yeast Extract Peptone NaNOs3 MSG Biomass ° Oil % ARA% ARA

1 11 (100)* 0 0 0 23.0+1.71¢ 31.0 £ 1.38 309+1.2 2213.6 + 348
2 0 10.58(100) 0 0 20.2 £0.45 34.3+0.46 32.0+0.62 2212.2+35.6
3 0 0 6.68(100) 0 2.8 +1.39 33.8£2.57 19.0 £2.06 174.4 £ 83.2
4 0 0 0 13.27(100) 49+ 147 29.4+1.35 20.3+1.01 298.0+116

5 5.5(50) 5.29(50) 0 0 21.0+£0.35 31.5+1.47 31.9+1.85 2109.6 + 186
6 5.5(50) 0 3.34(50) 0 17.9+0.79 355+0.44 35.8+0.03 22773+ 127
7 5.5(50) 0 0 6.63(50) 21.0+0.31 322+1.11 30.6 £1.31 2070.3 £ 190
8 0 5.29(50) 3.34(50) 0 18.5+0.15 33.0+24 272+0.4 1661.1 +82.4
9 0 5.29(50) 0 6.63(50) 152+ 0.64 23.9+2.64 27.9+10.6 1417.5 + 640
10 0 0 3.34(50) 6.63(50) 42+34 24.6 +3.27 18.7+0.76 197.6 £ 173
11 3.67(33.3) 3.53(33.3) 2.23(33.3) 0 19.1+0.34 28.6+2.07 30.6£0.17 1671.3 £ 160
12 3.67(33.3) 3.53(33.3) 0 4.42(33.3) 20.6 £0.45 33.6+0.23 27.8+0.93 1920.5+ 354
13 3.67(33.3) 0 2.23(33.3) 4.42(33.3) 18.3+0.94 38.8+1.46 309+1.6 2196.0 + 143
14 0 3.53(33.3) 2.23(33.3) 4.42(33.3) 16.8 £2.73 342+3.14 23.7+0.01 1369.2 + 345
15 2.75(25) 2.64(25) 1.67(25) 3.32(25) 19.9 £0.07 31.2+0.92 28.6+3.1 1785.0 £ 252
16 6.88(62.5) 1.32(12.5) 0.835(12.5) 1.66(12.5) 18.8 34.9 36.5 2400.5

17 1.38(12.5) 6.61(62.5) 0.835(12.5) 1.66(12.5) 16.7+1.42 19.5+491 23.6+1.11 771.6 £222
18 1.38(12.5) 1.32(12.5) 4.17(62.5) 1.66(12.5) 12.3+0.44 15.6£0.16 2551+04 488.94 + 15
19 1.38(12.5) 1.32(12.5) 0.835(12.5) 8.29(62.5) 12.8£2.58 31.6 £3.5 16.2 £0.33 666.48 219

2 Uncoded variable with the total N source maintained at 1.1 g L', with 100 % Ratio of components (%); ¢ Mean + Standard Deviation (SD), n = 2

b Represents mean of the responses for biomass DCW production (g L), Oil content (%), ARA content (%) and ARA production (mg L)
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Table B.2: Plackett-Burman design table.

No. X2 Xa X3 X4 Xs Xe X5 Xs DCW P TFA % © ARA %4 ARA ¢
75 0 2.7 0 0 0 24 10

1 13.52+0.52f  17.15+0.05 19.58+1.45 454.4+46
I G I R IR IR G
7.5 15 0 0.5 0 0 0 10

2 11.74+£0.09 1423+0.10 2586=+0.18 4323+1.8
H ®H G GO Q) Q) )
0 15 2.7 0 54 0 0 0

3 7.50 £0.01 11.80+£0.70 21.64+021 191.6+19.7
5 ®H ®H G ® G Q) Q)
75 0 2.7 0.5 0 2 0 0

4 1472+021 1649+0.17 3131+1.03 760.3+26
(GO H B O GV N O] Q)
7.5 15 0 0.5 54 0 24 0

5 14.87+0.54 16.08+0.28 24.52+0.48 586.1+2.8
®H ®H G H B G (G O]
7.5 15 2.7 0 54 2 0 10

6 1410+ 1.51 14.13+0.16 19.75+0.47 393.5+47
®H H O G ®H H G G
0 15 2.7 0.5 0 2 24 0

7 14.62+059 13.14+049 2147+1.32 4122+30
G H H H 06 " 0O
0 0 2.7 0.5 5.4 0 24 10

8 12.09+0.34 1242+0.05 23.05+3.80 3452+26
(OO ®H H O G "
0 0 0 0.5 5.4 2 0 10

9 13.40+0.88 14.00+0.51 23.07+5.25 433.5+109
(OO ) ®H H B G )
75 0 0 0 5.4 2 24 0

10 11.09+032 12.11+0.31 21.21+0.65 285.1+24
® Q) ) ®H H B G
0 15 0 0 0 2 24 10

11 3.61+£0.11 8.10 £1.48 2124 +£1.06 62.5+27
OGN O] -) -) " H W
0 0 0 0 0 0 0 0

12 9.81 £0.66 18.17£0.25 22.33+3.50 396.4+38
(OO ) ) ) Q) Q) Q)

2 X, =KHyPO4 (g L); Xo =NaCl (g L™); X5 =MgS04.7H,0 (g L); X4 = CaClo.2H:0 (g L); X5 =
MgCl,.6H,0 (g L!); X6 = Sodium Citrate (g L!); X7 = Trace Mineral Solution (TMS) (mL L™); Xs
= Vitamin Solution (mL L)
b Represents mean of the responses for biomass DCW production (g L) based on duplicate

experiments.
¢ Represents mean of the responses for oil TFA content (%) based on duplicate experiments.

4 Represents mean of the responses for ARA content (%) based on duplicate experiments.

¢ Represents mean of the responses for ARA production (mg L) based on duplicate experiments.

f Mean + Standard Deviation (SD), n = 2.
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Table B.3: Central composite design in uncoded and coded units (parentheses), and the experimental values of the responses (biomass,

oil content and ARA content and concentration) for M. alpina MA2-2 in the 1% RSM design

No. KH,PO4 (g L) MgS04.7H:0 (g L")  CaClo.2H20 (g L) Biomass g L' # 0il % © ARA% 4 ARAmgL'e
1 0.5 (-1) 0.5 (-1) 0.05 (-1) 142+0.16° 18.3+0.22 27.56 +0.07 713.6+18.4
2 7.5 (+1) 0.5 (-1) 0.05 (-1) 15.6 £0.27 17.6 £0.92 21.60+0.77 593.2+41.9
3 0.5 (-1) 5(+1) 0.05 (-1) 12.4 £ 0.40 13.9 +1.37 31.56 +2.11 548.5+107.6
4 7.5 (+1) 5(+1) 0.05 (-1) 14.7+0.24 17.0 £ 0.80 22.13+0.29 553.6 £ 42.1
5 0.5 (-1) 0.5 (-1) 2(+1) 13.6 £0.63 13.0£0.11 27.67 +8.94 486.1 +131.6
6 7.5 (+1) 0.5(-1) 2 (+1) 17.0 £0.08 13.7+0.85 22.94 +0.47 534.7+£46.7
7 0.5 (-1) 5(+1) 2 (+1) 13.4£0.12 129+0.53 3723+ 1.60 646.6 + 4.39
8 7.5 (+1) 5(+1) 2 (+1) 157+ 1.11 16.0 £0.85 31.14+£1.94 780.5 £ 62.2
9 0 (-1.683) 2.75 (0) 1.025 (0) 13.9 £0.94 13.6 £0.49 27.75 +2.80 5248 +1.24
10 9.886 (+1.683) 2.75 (0) 1.025 (0) 17.3+£0.02 16.1+0.12 26.35+0.67 73424253
11 4(0) 0 (-1.683) 1.025 (0) 14.6£0.23 157+1.53 23.02+4.41 530.1 +143.9
12 4(0) 6.534 (+1.683) 1.025 (0) 17.3+£0.08 13.0 £ 0.66 22.86 +0.40 515.1+£32.8
13 4(0) 2.75 (0) 0 (-1.683) 13.1 15.6 19.76 402.4
14 4(0) 2.75 (0) 2.665 (+1.683) 152+0.19 14.8 +0.66 30.73+0.23 689.4+27.4
15 4(0) 2.75 (0) 1.025 (0) 168+0.14 15.8 +0.02 2471037 658.0 £5.07
16 4(0) 2.75 (0) 1.025 (0) 16.8 +0.42 158 +0.75 27.09 +3.06 715.7 £96.8
17 4(0) 2.75 (0) 1.025 (0) 16.5+0.97 13.4+1.76 2451 £4.63 544.9 + 141.4
18 4(0) 2.75 (0) 1.025 (0) 17.1£0.13 154 +0.63 23.85+0.23 627.4+27.1
19 4(0) 2.75 (0) 1.025 (0) 16.9+0.13 15.4 +0.49 23.02+0.21 598.4 + 8.82
20 4(0) 2.75 (0) 1.025 (0) 16.8+0.11 15.2 +0.68 23.61 +1.64 604.7 + 65.0

2 Represents mean of the responses for biomass DCW production (g L'"); TFA or Oil content (%); ARA content (%) and ARA production (mg L)

based on duplicate experiments.  ®* Mean + SD, n=2
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Table B.4: Central composite design in uncoded and coded units (parentheses), and the experimental values of the responses (biomass,

oil content and ARA content and concentration) of M. alpina MA2-2 in the 2" RSM design

No. KHPO4 (gL')  MgSO4.7H,0 (g L") CaCl,.2H,0 (gL') Biomass g L!'*? Oil % ARA% ARA mg L!
1 1(-1) 2.5 (1) 1(-1) 16.6 % 0.0° 12.45+ 0.0 20.58 = 0.0 425.47+0.0
2 4 (+1) 2.5 (1) 1(-1) 1531405 13.42 4 0.0 3121 £2.72 642.20 +77.2
3 1(-1) 7.5 (+1) 1(-1) 15.56 % 1.3 12.55+ 0.6 26.68 = 1.90 51939 £29.9
4 4 (+1) 7.5 (+1) 1(-1) 16.78 4 0.3 12.76 % 0.0 2422 + 421 518.19 £ 83.0
5 1(-1) 2.5 (-1) 3 (+1) 12.90 + 0.5 12.53£0.1 23.83+0.21 385.26 % 14.6
6 4 (+1) 2.5 (1) 3 (+1) 15.69+ 1.0 13.08+0.8 2234 +2.08 457.49 + 41.2
7 1(-1) 7.5 (+1) 3 (+1) 15.08+ 0.2 1132403 2621+0.13 447.08 = 4.20
8 4 (+1) 7.5 (+1) 3 (+1) 1543+ 0.6 1179+ 1.4 25.44+7.75 466.96 = 176
9 0 (-1.683) 5 (0) 2 (0) 534+1.1 9.80 + 0.8 18.53 + 1.62 99.04 + 36.5
10 5.023 (+1.683) 5(0) 2 (0) 1534+023 11.60 + 0.5 2520+7.17 444.62 + 982
11 2.5 (0) 0.796 (-1.683) 2(0) 14.60 + 0.1 11.98+0.8 25.07+0.29 438.44+25.6
12 2.5 (0) 9.204 (+1.683) 2 (0) 15.33+0.7 1159+ 0.3 26.16 + 9.33 462.95+ 158
13 2.5 (0) 5(0) 0.318 (-1.683) 1513403 1478 £0.6 23.85+ 137 533.69 + 44.2
14 2.5 (0) 5(0) 3.682 (+1.683) 14.98+0.1 11.81+08 25.99 + 1.44 460.51+52.5
15 2.5 (0) 5(0) 2(0) 14.93 + 0.0 1059+ 0.3 28.68 + 0.96 453.67+25.9
16 2.5 (0) 5(0) 2(0) 15.08+0.1 11.47+0.4 22,08+ 1.42 382.29 +35.7
17 2.5 (0) 5(0) 2(0) 14.62+ 0.6 12.19+0.1 23.16+2.07 411,99+ 152
18 2.5 (0) 5(0) 2(0) 14.85+0.1 10.90 £ 0.2 27.60 + 1.35 44627+ 15.5
19 2.5(0) 5(0) 2 (0) 14.84 £ 0.0 10.95+£0.2 24.83 £3.35 404.06 £ 62.9
20 2.5 (0) 5(0) 2(0) 14.88 + 0.4 11.05+0.2 26.54 % 0.70 436.74+29.9

2 Represents mean of the responses for biomass DCW production (g L"); TFA or Oil content (%); ARA content (%) and ARA production (mg L)
based on duplicate experiments.

>Mean+ SD,n=2
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