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Abstract
Canola Brassica napus.) is the major oilseed crop in Canada. Aftérextraction the

proteinrich seed meal (around 40% protein) serves as a nutritious feedstock for amdtis
protein fraction has potential for human consumption. However, excess fiber in the seed meal
(about 33%) can reduce the efficiency of digestioanimals Thereforejt would be beneficial
to partialy reallocae seed carbon from cellulose, thejoracomponent of seed fibre, to storage
protein biosynthesis without penalizing the seed oil coni@rgngineeringdf multiple genes in
thesepathways However directscreeningf differentgenestackingcombinationsn canolais
time and labor intense: This work aimedo find promising gene combinationstire model
plantArabidopsisthalianaL. (henceforthArabidopsi3 to accelerate the genetic work needed to
effectively manipulate seed carbon in canola.

Thescreeningorocessequires lipid analysief a large number of seed samphath
direct transmethylain, followed by analysisviith GC-FID. In Chapter 2, | optimized thiab
protocol of direct transmethylation and thgtimizedmethod reduced the reaction time from
overnight to no more than 2 houes well ageplaced the expensive commercerathanolic HCI
with selfprepared2% HSQyin methanol.

A threepronged strategy was used to find the best gene combinations: Eysekid
RNAi-downregulationof ArabidopsisSCELLULOSE SYNTHASE(AtCESAJ to partially
reduce seed cellulos2) overexpression d8. napusDIACYLGLYCEROL ACYLTRANSFERASE
1 (BnDGAT), and its performaneenhanced variants, to restore the seed oil coraadt3)
overexpression of several protein biosynthesiated genes frorArabidopsisto determine
whether seed carbon reallocation is effective for increasing seed protein cOniepitevious
work has successfullygenerated heterozygodsabidopsiswith AICESA down-regulationand

overexpression dnDGAT1and its performaneenhanced variants.



In this thesis projectye generated homozygous linegth AtCESAIRNAI and
BnDGAT2OE and measurethe seed cellulosejl, and protein contentileallineswith equal
or increased ajlequal or increased proteamd reduced cellulose were chosen for further study
Subsequentlyyve overexpressefrabidopsisamino acid permeask(AtAAP1) alanine
aminotransferasé (AtALALAAT1)andasparagine synthase(AtASN) in those lines,
respectively. Overexpression AfAAP] AtALAAT] andAtASN1in the AtCESAIRNAI/
BnDGAT21OE background successfully increased the seed protein content beyond
overexpression of proteirelated genes alone (o to+2.7%), as wellas reduced the seed
cellulose byan average a21%. Importantly, the seed lipid contemtereincreasedlightly in
theselines relative to the empty vector (EV) controls, though this finding did not reach statistical
significancefor the lines with ovengoression oAtALAAT1andAtASN1 There were several
modest changes in the fatty acid composition, most notably a reduced proportion of 18:3 in all
lines withBnDGAT®OE.

The plant phenotype analysis fousmmeevidence indicating increased seggeld, with a
few small changes ih00 seed size, and seed weight in the carbon reallocated lines. No obvious
or severe phenotypic abnormalities were reported during the growth of the transgenic lines,
although some differences were detected in the seeelily growth assays, such as reduced
hypocotyl length, root length, fresh seedling wejgimtd germination difference®@verall, the
seed carbon reallocation strategy away from cellulose biosynthesis and towards lipid and protein
biosynthesiss successil, with the AtCESAIRNAI/BNnDGATXOE/AtAAPXOE stacking

approach yielding the most positive seed composition outcouezall



Preface
Guanqun Gavin) Chen conceptualized and designed the project. Gavin Chen, Kethmi

Jayawardhane, Limin Wu and | designed the experiments described herein. The Plant Lipid
Biotechnologylab provided existing research materials and data. | designed the peitted

gene @erexpression vectors, performed all biomolecule/molecular analyses (except amino acids,
performed by Lisa Nikolai), optimized the oil transmethylation protocol, girengenerations

of plants, and collected plant morphology/development data. Most litfiettature review

section has been accepted for publication as a bookeclnap e nRecentlAdvances in the
Biosynthesis and Metabolic Engineering of Storage Lipids and Proteins indcSedelgnational
Materials from Lipids & ProteinsBandara N and Wih A (eds.), Royal Society of Chemistry
(forthcoming).The experiments described in Chapter 2 were conceived by Kallum McDonald &
Gavin Chenthe manuscript wasdited by Yang Xu, andas submittedo theJournal of the
American Oil Chemists Socidiyurrently under reviewy, and Gapter 3 will be submitted in the

near future.



Acknowledgements
| want to extenamny sincere gratitude to the many people who made my research

possible. First, to Gavin Chen, my mentor who provided me encouragement and a{pg@®rtun
that added value to my graduate school experience, and for his financial support. Second, |
appreciate the support from my supervisory committee member Stacy Singer, particularly
regarding the editing of the book chapter. Thank you to Kethmi Jayharsedind Limin Wu,

who were instrumental in providing essential information, suggestions, and guidance across
many experiments. | also am grateful for the lab technicians and support staff that made all my
work possible (Bin Shan, Lisa Nikolai, Kelvin LieKelley Dunfield, Shay Missiaen, Andrea
Botero, Urmila BasuSolomiya Kucharyshyn, Brock Maspand my graduate colleagues (Qiong
Xiao, Xiaoyu Wang, Mianmia@hu, Siyu Wang, Juli Wang, Elias Rietzschel, Duncan
Giebelhaus, Hannah Lantz) fproviding a functional atmosphere for me to thrive in. Lastly, |
want to thank all the scholarship providers that helped me afford my eduaadicorsference

trips, particularly the Alberta Canola Produc€@mmission.



Table of Contents

F 0111 = T PP PP PP PP PP ii
PIEIACE ...t e e n e iv
F N [0 1V =T Lo = 0 =T ] £ v
TaDIE Of CONENTS. ... e e e e et e e e s s rmm e e e e e e e e nnneees Vi
LISt Of TABIES ...t e e e e e X
LIS Of FIQUIES....ceieeeeeeeeee s e e e e e e e eeema s s e e e e e e e e e e e e e e eessaeanssaeeaeaeaeaeeeesnsnnenes Xii
1 Chapter 1 Thesis Introduction and Literature ReVIEW...........ccceeeeeeiiieeeiiiiieeeeeeeeeeeeee, 1
11 Introduction and Research ODJECHVES............ouiiiiiiiiiic e 1
1.2 LITEIratUIE REVIEW. ... .eeiiieiiiiiiee ettt e ek e et et s e e e e e 7
1.2.1  Seed Lipid BiOSYNINESIS. ......iiiiiiiiiii ittt ettt e eenr e e s 7
1.2.1.1  De novo Fatty Acid Biosynthesis & Acyl EitiNg..........cccovviiiiiiiiecceiiniiiieeeeeiieee e

1.2.1.2  TAG BioSYNthesiS & STOrage.......uuuuuiiiiiii it ieeee et e e e e e e e e e eeaeeennes 11

1.2.1.3 Regulation of Lipid BIOSYNTNESIS......ciiiiiieeiiiiieeeeeee s ee e e 13

1.214 Highlights in Seed Oil ENQGINEEIING .........cciiiiiieiieereeie e eeeee e e e 17

1.2.2 Seed Storage Protein BioSYNthesSIS. ... ... 24
1.2.2.1  Regulation of Seed Storage Protein BioSYNthesIS..........cccooiiiiiieciiie e 25

1.2.2.2  Amino Acid Transporters & Seed Storage Protein Accumulation..............cceeeveeeceeennns 27

1.2.2.3  Highlights in Seed Storagerotein ENGIiNEering..............uueeeeiiiiiiieeciiiiiiiiieieieeee e 28

1.2.3 Seed CellulosSe BIiOSYNINESIS.....ccoiiiiieiee et 30

2 Chapter 2 Optimization of the Direct Transmethylation Procedure for Plant Lipid Analysis

35

2.1 P 0153 1 = (o] AT 35

Vi



2.2

2.3
231
2.3.2
2.3.3
234

2.3.5

24
24.1
242
243

244

2.5

(010 8 1o 170 ] o U 35

Materials & METhOUS.........coiiiiiiiii e 37
L o Y o (T = 1P PP PRSI 37
[T = Tox = Va1 431 1) = oo PP 38
Traditional Lipid Extraction & Transmethylation................ooooiiiiee e 39
FAME ANAIYSIS WIth GC.....uiiiiiiiiiiiiiiiies et reee e e e e 39
StAtIStICAI ANAIYSIS. ..ottt e e 40

Results of Lipid Extraction OptimIZation............c..uvveriiiiiieeneeee e e e 40
Optimization of direct transmethylation fArabidopSiSSEEUS.........cvviiiiiieiiiiiiieeeee e 40
Optimization of direct methylation for seed and leaf samples...........ccccovvviiieeeiiicciiiiiiiieeeee, 42
Verification of optimized direct transmethylation by traditional methads.............c.ccoceeeneee 43
Comparison of the use of glass versus plastic wares in lipid analysis.............ccccccoeeeeeeennn. 44

(00] 0 [od 1157 o] o I T T TP PO PPPRPPPPPPPPPY - ¥ 4

3 Chapter 3 Manipulation of Carbon FlowAmabidopsisseeds from Cellulose Synthesis

Towards Storage Oil and Protein SYyNtheSIS........ccoooiiiiiiiiieeei e 49
3.1 Y 015 1 V! PP PPPPPPR 49
3.2 [ o [N Lot i o] o NPT PP PPP PP PPPP 50
3.3 Materials & MELNOUS..........uueiiiiiiie e 53

3.3.1  Plant Growth CONITIONS. .......ccciiiiiiiiiie e ireer e reee e e e e e e e rmeee s nnrnreeee e 53
3.3.2  Zygosity Screening on AntibiotiSelective Plates.............uuuiiiiiiiiiiieeeiiiiiieieeeie e 53
3.3.3 Seed Oil & Fatty Acid QUaNTIfiCAtION.............eviiiiiiii e 54
3.3.4 Crude Seed Protein QUantifiCation...............uuuiuiiiiceeiiii e eeeeeeer e e e e e aneeans 55
3.3.5 Crystalline Cellulose QUANLIfICAION. ...........uuuiiiiiiiiii et e e e 55
3.3.6  Vector Design & Cloning of Protein Overexpression GENES..........cccuuvvirrieerneiaeniiinieeneeeeneen 56

3.3.6.1  RNA Extraction & CDNA SYNINESIS........cuuuiiiiiiiiiiieceeee e 56

vii



3.3.6.2  Sequence Identification of Protein BiosyntheRiated Genes...........ccccceevvviiireniieeend 56

3.3.6.3  Amplification of AtAAPL, AtALAATL, & ATASNL .....iiiiiiiiiiiiiiee e a7

3.3.6.4  Cloning of AtAAP1, AtALAAT1, AtASN1, and AtUmamiT18 into pBinGlyRed and

1311 RT3 = L= To I o] =TS g 1o =SSP 57
3.3.6.5 Colony PCR and Sequence VerifiCation...........cccuuuuirriimeeiniiiiiniinnieeeeeeeesseesssnnnssnnnneees 58
3.3.6.6 Preparing Competent Agrobacterium tumefaciens Cells through Electroporation........ 59
3.3.6.7  Arabidopsis TransforMation............c.coiiiiiiiiieeriee e e s eeeee 60
3.3.7 Selection of TAtAAP] AtALAAT1 AtASN1 and AtUmamiT18Transformants using dsRed Marker
61
3.3.8  Seed Weight & SIZ€ ANAIYSIS..........cveeiiiiiiie e e e et e e eeer e e et e e e e e e anaeaaeaaeaas 61
3.3.9 Morphological & Histochemical Phenotype ASSAYS..........cceeiiiiieeieceeiiii e eeceeeeevevv s seenenenn 62
3.3.9.1  Seed Coat PermMeability............oouuiiiiiiiieiiiee e 62
3.3.9.2  Seed GermiNAON TESL.......uiiiiiiiiiiii ettt e e et e e e semme e e e eeees 62
3.3.9.3  Seedling ROOL LENQIN......cci i eer e e 62
3.3.9.4  Seedling HypoCOtYl LENGLh........vviieii e e eeee e 63
3.3.95 Fresh Seedling WeIghL ..o ree e 63
3.3.10 AmiNo Acid QUANTIfICALION..........cei i eee e e e e e e e e e e eeare e e e 63
3.3.11 StAtIStICAI ANAIYSIS....eeeeiieei ittt rmnee e e e annd 64
3.4 RESUILS ...ttt e e e e e e ettt ener e et e e e e e e e eenn s 64
3.4.1 Seed Oil Quantification of JAtCESAIRNAI/BNDGATIOE lINES......uvvviiieiiiieiiiiiiiieeeee e, 65
3.4.2 Seed Lipid Analysis of FJAICESAIRNAI/BNDGATLOE lINES.......c.vvveeieiiiiiiiiieeieee e a7
3.4.3 Crystalline Cellulose Quantification o BRtCESAIRNAI/BNDGATLXOE lines.........cccccvvvvvvvnnnene. 71
3.4.4 Combined Data and Selection of AtACESAIRNAI/BNDGATEOE lines.........cccvvvvvveiiiiivinenenn /2
3.45 Seed Size & 10Geed Weight of JAICESAIRNAI/BNDGATIOE lines.......ccccocvvevvvvivivveceen 14
3.4.6 dsRed Fluorescent Screening QfTFaNSfOrMAaNTS............uuuuiiiiiiiiiiiaiiiiiiiie e 76
3.4.7 Seed Lipid Analysis of FJAICESAIRNAI/BNDGAT1OE/Protein Gen®E lines..............cc........ 8
3.4.8 Crude Seed Protein Quantification af AtCESAIRNAI/BNDGATXOE/Protein Gen®E lines....83
3.4.9 Crystalline Cellulose Quantification o AtCESAIRNAI/BnDGATXOE/Protein Gen®E lines..87

viii



3.4.10

Yield, Seed Size & 10&eed Weight of FJAICESAIRNAI/BNnDGATLXOE/Protein Gen®E lines

88

3.4.11 Seed Coat Permeability............uiviiiii i 94
3.4.12 Seedling Fresh WeIght...... ... e e rmr e e e e e e e e 95
3.4.13 Seedling HYPOoCOtYl LENGIN......uuviiiieiee e 96
3.4.14 GErmMINAtION RATE. .....iiiiiii et e et eeeeenaneae b e b e e e e e eeees 97
3.4.15 Seedling ROOL LENGIN........uiiiiiii et ee b e s Q9
3.4.16 Plant Growth & DeVEIOPMENT..........uiiiiiiiiii ittt 101

3.5 D 1Yol B 7] o]« N PP PPURPTP 102

4  Chapter 4 Conclusions & Future DIreClions...............uuuuuiiiccsreeeiriiiiiiisiee e e e e eeeanns 113



List of Tables

Table 1.2 Recent genetic manipulations of SSP content in plant.seeds................ccceevnne. 5
Table 1.1 Recent genetic manipulations of oil content and FA composition in plant seeils
Table 3.4.1 Seed fatty acid composition e AICESAIRNAI/BNDGAT1OE lines 67
Table 3.4.2 Seed fatty acid composition @/ AICESAIRNAI/BNDGATXOE lines................ 70
Table 3.4.3 Seed fatty acid composition @ AICESAIRNAI/BNnDGATXOE/AtAAP1OE lines

Table 3.4.4 Seed fatty acid composition @ AICESAIRNAI/BNDGATXOE/AtALAATIOE

.................................................................................................................................. 82
Table 3.4.6 Seed Amino Acid Composition af AtCESAIRNAI/BNnDGAT1OE lines with
AtAAPLIOE, AtALAATZEOE, OrAtASNIOE ... oo 86
Table S1. Fatty acid percent masfadbidopsisseeds transmethylated at 80°C in 3M
methanolic HCI at different incubation lengths 162
Table S2. Fatty acid percent masadbidopsisseeds transmethylated at 95°C in 3M
MELNANOIC HCL .. ..ot e e 163
Table S 3. Fatty acid percent mas#\adbidopsisseeds transmethylated at 95°C in 2%
MENANONC HS QU .....eiiiiiiiiiii e 164
Table S4. Fatty acid percent masfaddbidopsisseeds transmethylated at 95°C in 5%
MENANONC HS QU .....oiiiiiiiiieii et e 165
Table S5. Fatty acid percent masfadbidopsisseeds transmethylated at 110°C in 2%
MENANONC HS QU .....oiiiiiiiiieii et e 166



Table S6. Fatty acigercent mass of Alfalfa leaves transmethylated at 95°C in 2% methanolic

Table S7. Fattycid percent mass of CanoBréssica napusseeds transmethylated at 95°C in
2% MEthANONC BBQU. .....co e 168
Table S8. Fatty acid percent mas€afragana arborescerseeds transmethylated at 95°C in 2%
MELNANONC HSQU .....eiiiiiiiieie e 169
Table S9. Fatty acid percent mass of Flarim usitatissimuinseeds transmethylated at 95°C

iN 2970 MethanoliCc HSOus.........oiiiiiiiii e 170
Table S10. Fatty acid percent mass of Proso Mitah{cummiliaceun) seeds transmethylated
at 95°C in 2% mMethanoliCaB Oy .........oviiiiiiii e 171
Table S11. Fatty acid percanass of Apple of PeriNjcandra physalodgseeds
transmethylated at 95°C in 2% methanoliSBY.............cccvvveeeiiiiiiime e 172
Table S12. Fatty acid percent mass of Poapaver somniferujrseeds transmethylated at
95°C iN 2% MEthaNOlIC B Q0 ....ccoviiiiiiiie e 173
Table S13. Fatty acid percent mass of Sea Bucktitippophae rhamnoidéseeds
transmethylated at 95°C in 2% methanolkSBY.............ccvvveiiiiiiiiiime e 174
Table S14. Fatty acid percent mass of Carfalabidopsis Flax, Apple of Peru, and Proso millet
seeds analyzed by both thatimized Direct Methylation (DM) method and the H&tadin
(R T L= 1 0o ST 175
Table S15. Promoter, dsRed, and Kanamycin Nucleotide Sequences for pBin Mectord 76
Table S16. Primers for PCR AmplificationAft A ARtLAL AATTA XNt Uma mw iTtl8

vecodwer | aps fdorr ehca neodl orgeyc.a.mb.i..n.a.t..i.a.n...178

Xi



List of Figures
Figure 1.2.1 Overview of FA and TAG Biosynthesis Pathways in Plant Seeds.............. 22
Figure 1.2.2 Overview of Lipid Biosynthesis Regulation in Plant Seeds......................... 23
Figure 1.2.3 Overview of Storage Protein Biosynthesis Regulation in Plant.Seeds........ 30
Figure 1.2.4 Scheme of Cellulose Biosynthesis by the Cellulose Synthase Complex....33
Figure 2.4.1 Effect of different direct transmethylation conditions on the lipid analysis of
ArabDIdOPSISSEEUS ... .t ittt ————— 45
Figure 2.4.2 Lipid analysis of various plant species with direct transmethylatian...........46

Figure 2.4.3 Comparison of the optimized direct methylation method to the classicét dttina

Figure 2.4.4 Evaluation of glass versus plastic consumable in lipid analysiglirsirtg
traNSMELNYIALION. ... e e e e e e e e e e e e e e e eaaaees 47
Figure 3.4.1 Seed lipid content of heterozygopAICESAIRNAI/BNDGATXOE lines......... 66
Figure 3.4.2 Seed lipid content of homozygoa&AICESAIRNAI/BNDGATIOE lines........... 68
Figure 3.4.3 Seed lipid content in AtCESA1RNAI lines with Overexpression &Vildtype &
Enhanced Variants BNDGATL........ooiiiiiiiiiiie e iicee e 69
Figure 3.4.4 Crude seed protein conteri@hozygous T7AtCESAIRNAI/BNDGATXOE lines
Figure 3.4.5 Celluloséderived acidinsoluble gleose content of homozygous AtCESAL
RNAI/BNDGATZIOE lINES... .ottt ereei s e e e e e e e e e e e eeanees 72
Figure 3.4.6 Combined crude seed protein (CSP), total lipid content (TLC), and cellulose (acid
insoluble glucose, Al Glucosepntents of EV control ands ARtCESAIRNAI/BNnDGAT:

(O] S [T a1 TR 73

Xii



Figure 3.4.7 Average sesite (unf) of EV control and T AtCESAIRNAI/BnDGAT1OE seeds
Figure 3.4.8 100 seeueight of EV control and FJAtCESAIRNAI/BNnDGAT®OE seeds......76
Figure 3.4.9 Screening tfansformed seeds using dsRed fluorescence marker............... 17
Figure 3.4.10 Seed lipid content of AtCESAIRNAI/BnDGATXOE/AtAAPLOE lines......... 78
Figure 3.4.11 Seed lipid content of AtCESAIRNAI/BnDGATXOE/AtALAATIOE lines....80
Figure 3.4.12 Seed lipid content of AtCESAIRNAI/BnDGATXOE/AtASN1OE lines......... 82

Figure 3.4.13 Crude seed protein contentpAICESAIRNAI/BNDGATXOE/AtAAPLOE lines

Figure 3.4.16 Acidnsoluble glucose contents of 3eeds with and withotCESAIRNA. ... 87
Figure 3.4.17 Seed yield (mg), 286ed weight (mghnd seed sizantn?) of T3 AICESA1
RNAI/BNDGATIOE/ATAAPLOE lINES.....cciieiiiiiiiiiiiiee e ettt e e e e e e e e e e emnnnan e 89
Figure 3.4.18 Seeyleld (mg), 106seed weight (mg), and seed simenf) of T3 AtCESA1
RNAI/BNDGATIOE/AtALAATIOE lINES....uuutiiiiiiiiiiiiiiiii ettt 91
Figure 3.4.19 Seed yield (mg), 266ed weight (mg), and seed sizenf) of T3 AtCESA1
RNAI/BNDGATIXOE/ATASNIOE lINES......ccvviiiiiiiiiiiiei s e e ennena s 93
Figure 3.4.20 Permeability of EV control angd AtCESAIRNAI seeds to tetrazolium salt...94
Figure 3.4.21 Seedling fresh weight of empty vector control a@dGESAIRNAI/BNnDGAT1

(@] = 2 {o] (= AN CT=1 8 T =l [ g (oI T T TP PP 95

Xiii



Figure 3.4.22 Hypocotyl length of etiolated empty vector control aritTESA1
RNAI/BNDGATXOE/Protein GEer®E lINES........ccoooiiiiiiiiiieiice e 96

Figure 3.4.23 Percent germination of EV control anCESA-RNAI/BNnDGAT1OE/Protein
GENEOE lINES ...t err e 98

Figure 3.4.24 Delayed germination is AtACESAIRNAI/BnDGAT1OE/Protein Gen®E seeds

Figure 3.4.25 Average root lengths (mm) of EV control andtCESAIRNAI/BNnDGAT:
OE/Protein GErOE lINES........oiiiiiiiiiiii et 100
Figure 3.4.26 Representative seedling growth of EV control addJESAIRNAI/BNnDGAT:
OE/Protein GErOE lINES........ooiiiiiiiiiiii e 101
Figure 3.4.27 Representative growth of EV control apAtCESAIRNAI/BNDGAT:
OE/Protein GErOE lINES........oiiiiiiiiiiii et 102
Figure S1. Schematic vector mapsAAAPL AtALAAT1 AtASN1 & AtUmamiT18

overexpression constructs in pBinGlyRed and pBinGly35S plasmids 180

Xiv



Abbreviations

AA

AAD

ACBP

ACCase

ACP

BADC

BCCP

CESA

CPT

CSC

DAG

DGAT

ER

EV

FA

FAD

FAE

FAME

FAS

FAT

FAX

GC-FID

amino acid

acylACP desaturase
acyCoA binding protein
acetytcoA carboxylase

acyl carrier protein

biotin attachment domain containing
biotin carboxyl carrier protein
cellulose synthase
CDP-cholinediacylglycerolcholinephosphotransferase
cellulose synthaseomplex
sn1,2-diacylglycerol
diacylglycerol acyltransferase
endoplasmic reticulum

empty vector

fatty acid

fatty acid desaturase

fatty acid elongase

fatty acid methyl ester

fatty acid synthase

acyFACP thioesterase

fatty acid export

gas chromatographyith flame ionization deteot

XV



GC-MS gas chromatographsnass spectrometry

GPAT snglycerol3-phosphate acyltransferase
G3P snglycerol3-phosphate

KAS 3-ketoacytACP synthases

LACS long-chain acyiCoA synthetase

LEC leafy cotyledon transcription factor

LPA lysophasphatidic acid

LPAAT lysophosphatidic acid acyltransferase
LPC lysophosphatidylcholine

LPCAT lysophosphatidyhcyCoA acyltransferase
OB oil body

geneOE geneoverexpression

PA phosphatidic acid

PAP phosphatidic acid phosphatase

PC phosphatidylcholine

PCR polymerase chain reaction

PDAT phospholipid:diacylglycerol acyltransferase
PDC pyruvate @hydrogenase complex

PDCT phosphatidylcholingliacylglycerolcholinephosphotransferase
PL phospholipase

PM plasma membrane

PSV protein storage vacuoles

RNAI ribonucleic acid interference

XVi



SSP

TAG

TF

VLCFA

WRI

seed storage protein
triacylglycerol
transcription factor
very-long-chain fatty acid

WRINKLED

XVii



1 Chapter 1 Thesis Introduction and Literature Review

1.1 Introduction and Research Objectives

Vegetableoils (mainly triacylglycerols (TAGSs)) are highly valued products globally, with
uses in nutrition, biofuel, and beyond. Oilseed crops, such as cBnatsica napus.),
produce substantial amounts of oil in their seeddde energyGlobal brces, such as
population growth and climate change, have been driving increases in demand for vegetable oils,
with a concomitant rise in research interest into enhancing plant oil production. Many studies
have employed genetic engineering to improve sdemntents and alter their fatty acid (FA)

compositions (see section 1.1.1.4).

After seed oil extraction, the seed mealdrgduct, which consists primarily of protein
and fiber, still possesses value as a feed component for livestock and aquacatiata.seed
meal leftover from lipid extraction is often used for this purp®se. major components of
blackseeded canol@he dominant cultivar in Canadade oil, protein, and fiber (roughly 45%,
20%, and 10%, respectively) (Slominski & Campbell, 130minski et al., 2012; Anwar et al.,
2015; Wanasundara et al., 2016; Canola Council of Canada, 20tt@ughseedprotein has
valuable applications, the excess of fiber (especially cellulose, lignin, and cettlasdid anti
nutritive substances) itenola seed meal can inhibit digestion in some animals, thereby limiting
the nutritional value of the meal (Bell, 1984; Annison & Choct, 1991; Slominski et al., 1994;
Jiang & Deyholos, 2010; Wickramasuriya et al., 201%tlal., 201B; OpazeNavarrete eal.,
2019; Lannuzel et al., 20p2Zomparing and improving the digestibility of seed meal for animal
diets, especially the effect of fiber on protein digestibility, is an active area of study (Zdunczyk et
al., 2013; Anwar et al., 2015; Joehnke et al.,.82@lhomodi et al., 2022; reviewed in Paula et

al., 2019, and Lannuzel et al., 2022). It has also been shown that increased nutritional value can



be achieved in yellovseeded canola cultivars with reduced fiber content or through dehulling of
seeds from lick-seeded canola cultivavghich possesthick seed coat (Bell, 1984; Slominski et
al., 1994; Slominski, 1997; Matthaus, 1998; Slominski et al., 2GL@)hermore, the desirable
amino acid (AA) profile and high protein digestibility of canola meal suggaestential use of
canola protein for human consumption (Anwar et al., 2015). Taken togethef, interestto
improve oil and protein contesimultaneouslydr increase protein content withqagnalizing

oil content) andlecrease cellulose content in oilseed crops such as canola.

Once fertilized by pollinationplant seedandergo development by establishing a viable
embryo as well as accumulating sufficient levels of various nutrients (especially a lipids,
proteins, starch, and free sugars) to support the growth of the embryo upon gerniéikio&
Young, 2013Baud et al., 2008 5ugars produced by photosynthesis provide the carbon source
for the biosynthesis ahajorbiomolecules, including cell watlolysaccharidesstarch FAs for
storage lipids, anéAs for storage proteinfAngelesN¥héz & Tiessen, 2031 Baud et al., 2008
These storage substances typically accumulate within the cotyledons of the embryo, such as in
canolaandArabidopsis(Murphy etal., 1989 Mansfield & Briarty, 1992)orwithin the
endosperm, such as in comwheat, andice (Lopes & Larkins1993. In canola and\rabidopsis
seed lipid and protein biosynthesis primarily occur in the mid to late stagesojo growth
anddevelopment, with lipid accumulation increasing and peaking somewhat earlier than protein
(Baud et al., 2008; Murphy & Cummins, 198Sged carbon partitiong is important to the
synthesis of storage compounds within seeds and varies greatly between plantdpeereing
on the genetics involved and the strength of carbon ,sfites leading to biosynthetic tradés
between lipids, proteins, and cahlydratesCarbon partitioning can be drasticaltgpactedoy

the given geneticgor examplethe seeds oArabidopsidec2 mutantsexperienced precipitous



declines in protein and lipid contentvhile sucrose and starch contents incredsaohatically
(AngelesNYhéz & Tiessen2011).Relationships of carbon competitibavebeen described
between carbohydrate and lipid biosynthesis in both leg(8wgy et al., 2014) and
Arabidopsig(Focks & Benning, 19985hi et al., 2012L.i et al., 2018; Liu et al., 2022), as well
as betweeseedipid and protein biosynthes{&atepaMupondwa et al., 2008§ambhampati et
al., 2020. These findingsuggesthat the allocation of carbon resources within sézdst

fixed, which raises the possibility of lilgerately manipulating the flow of resources within crop

seeds to obtain superior nutritional and economic value.

While in general there is a traadf betweenoil and protein contenigs seedsincluding
canola and yellow mustafGrami et al., 197;7/KatepaMupondwa et al., 200%nd soybean
(Kambhampati et al., 202Qrevious research has suggested that skeahd protein contents
may be increased simultaneouslyfdaytially reallocating metabolic resources away from seed
fiber biosynthesis (Jiang &eyholos, 2010; Slominski et al., 2012; Opdtavarrete et al.,

2019; Jayawardhane et al., 20ZNus, there is an opportunity foanolagenetic engineering to
contribute to research @uding value to seed meal by increasing the protein content (without
reducing the oil content) and improving the digestibility of the meal by partially reducing the
fiber content (Liet al., 201B; Jayawardhane et al. 2028)everthelessnanipulation okeed
carbon partitioning as strategy for improving the nutritional and economic value of seeds by
targeting fiber, lipid, and protein content simultaneously has not yet been attempted through
genetic engineering. In addition, it would be reasonableléatsarget genes based on our
knowledge of theelevantbiosynthetigpathways and test their performancehafastgrowing
modelplant specigsArabidopsis beforeemployingthe strategyo improve canolathrough

biotechnology.



Plant storage lipid bigmthesis consists of two main biosynthetic pathways: assembly of
carbon units into FAs and assembly of FAs into TAG (Fig. 1). Once FAs are synthesized in the
plastids and exported, they are primarily channeled into TAG through the gigegholsphate
(G3P pathway, also known as the Kennedy Pathway. Diacylglycerol acyltransf@sd)
catalyzethefinal and committed step in the Kennedy pathway, and has ala@limented and
outsized role in seed oil biosynthesis. Overexpreq€i@) of DGATY, as well & improving
DGAT enzymatigperformanceis effective at increasing lipid accumulation (reviewed in Xu et

al., 201& and Chen et al., 2022).

Seed storage proteins (SSPs) serve as a form of nitrogen storage for germinating
seedlings. AAs are the building blocks of proteins, and they must be channeled into developing
seeds for SSP biosynthesis. A myriad of genes invalvéd\ synthesis, transpgrand
transcriptional regulation of SSP genes contribute to the level of protein accumulation in seeds
(see section 1.1.2pDverexpression of several AA transport and biosyntiretagded genes has
been demonstrated to increase SSP content (RolletscBgkl2fe 2020; Zhou 2009; see Table
1.2); in particular AtAAP1, AtALAAT1 andAtASNlappear to have high potential for enhancing
seed protein accumulation. In additigtUmamiT18&as beeshownto contribute tahe flow of
AAs into theseed during embrydevelopment (Ladwig et al., 2012), though its potential for

enhancing SSP accumulation through overexpression has not been studied.

Cellulose is a carbohydrate polymer and a major source of fiber in plant tissues as it
comprises a large proportion of ptacell walls (Wilson et al., 2021). There are several known
genes encoding the CESA complex which synthesizes cell wall cellulose, and previous research
has implicatedAtCESAlas a promising target for manipulating cellulose biosynthesis

(Beeckman et al2002; Burn et al., 2002; Jayawardhane et al., 2020; see section3ek@).



specific ribonucleic acid interference (RNAf)ediated dowsregulation ofAtCESAln

Arabidopsishas been shown to slightly reduce the seed cellulose content, without causing maj
phenotypic abnormalities. Partial dowegulation of seed cellulose led to a small increase in

seed protein content, but the seed oil content declined slightly (Jayawardhane et al., 2020). Thus,
downregulation ofAtCESAlappears to be a promising stiant partially reducing the fiber

content of oilseeds and improving their nutritive properties. In addition, since DGATL1 has an
important role in TAG biosynthesis, its overexpression may offer a promising avenue for

counteracting the small negative effeat AtCESAldownregulationon seed lipid

accumulation.

Table 11 Recent genetic manipulations ofeed storage proteircontent in plant seeds

Target Pathway or

Transformation

Phenotypic

Species Gene Expression Mechanism Method Outcome Reference
Arabidopsis thaliana | OsASN1 ZmUBI promoter OE  AA Biosynthesis A. tum y SSPs Lee et al., 2020
Arabidopsis thaliana | SAT1 OE (bum_il_e sheath AA Biosynthesis A. tum y SSPs Xiang et al., 2018
cell-specific)
Arabidopsisthaliana IbEXP1 OE Cell Wall Development A. tum y SSPs Bae et al., 2014
Arabidopsis thaliana | FAX1 Seedspecific OE FA Transport A. tum y SSP, Tian et al., 2018
Arabidopsis thaliana | FAX2 Seedspecific OE FA Transport A.tum(CRISPR) § SSP, Tian et al., 2019
Arabidopsis thaliana | GmLEC2a OE Transcription A. tum y SSPs, Manan et al., 2017
Arabidopsis thaliana | TTG1 Knockout mutant Transcription T-DNA insertion y SSPs Chen et al., 2015
Arabidopsis thaliana | RGL3 OE Transcription A. tum y SSPs Hu et al., 2021
Glycine max AAP6a OE (35S) AA Transport A. tum y SSPs, Liu et al., 2020
Oryza sativa AAP6a OE (35S) AA Transport A. tum y SSPs Peng et al., 2014
. OE (zZmUBI1 ! ) N
Oryza sativa OsRAG2 promoter) SSPBiosynthesis A. tum y SSPs Zhou et al., 2017
Oryza sativa GZF1 RNAI (seedspecific) Transcription A. tum y SSPs Chen et al., 2014
. OE (ZmuBI1 . - .
Oryza sativa NF-CY12 promoter ) Transcription A. tum y SSPs Xiong et al., 2019
Pisum sativum PsAAP1(3a) OE AA Transport A. tum y SSPs Grant et al., 2021
Pisum sativum PsAAP1 Phloemspecific OE AA Transport A. tum y SSPs Zhang et al., 2015
Pisum sativum PsAAP1 Phloemspecific OE AA Transport A. tum y SSPs, ;Oei(;hhk & Tegeder,
- . Endospernspecific Particle o
Triticum aestivum TaAAP13 OE AA Transport bombardment y SSPs Wan et al., 2021
-, . . . Particle o
Triticum aestivum TuSPR RNAI Transcription y SSPs Shen et al., 2021
bombardment
Triticum aestivum ODORANT1 RNAI Transcription Particle y SSPs Luo et al., 2021
P bombardment y "




Thehypothesiof this project is that RNAI downegulation of seed cellulosAtCESAL
RNAI) biosynthesis will liberate carbon resources that can then be drawn into lipid biosynthesis
through overexpression of selected genes in lipid and protein biosynthesis addwene
regulationin cellulose synthesis. The overall research objeddite@ test the combination of
AtCESAIRNAI, overexpression dnDGAT1,and overexpression of genes associated with SSP
biosynthesis genea{AAPL AtALALAAT1 AtASN1 AtUmamiT18 in Arabidopsisseeds, with
the aim of finding the best combination for furthevestigation in canola and other oilseed
crops. In addition, this project involves analyzing the ligitla large number oirabidopsis
seed samples with direct methylation followed by quantification withFEL; but existing seed
lipid analysis methodsra time consuming. Therefore, it is necessary to generate a robust and

faster seed lipid analysis method for the overall research objective.
The specific research objectives are:

(1) optimize the plant lipid analysis method, which will be used to analyz&rt#i®dopsisseeds

generated in the following research objectives.

(2) generate homozygous lines wAKCESAIRNAI andBnDGATXOE and choose thmaost

promising lines.

(3) overexpres targeted proteihiosynthesigelatedgenes AtAAP1 AtALALAAT1 AtASN1 and
AtUmamiT18 in these lines to test the functions of the gene combinations on seed cellulose,

lipid, and protein content.

(4) generate homozygous linesth AtCESAIRNAI/BNnDGATXOE, andoverexpress onef the
protein biosynthesiselated gene® test the functions of the gene combinations on seed

cellulose, lipid, and protein content.



1.2 Literature Review

This literature review section covers seed lipid biosynth{egigthesis of FAs, TAG
assembly, genetic engineering of plant lipids, plant lipid analysis methods), seed protein
biosynthesis (seed storage proteins, regulation of storage protein synthesis, genetic engineering
of seed protein), and cellulose biosynthésipes of cellulose synthases and their effects on seed

composition).

1.2.1 Seed Lipid Biosynthesis
1.2.1.1 De novoFatty Acid Biosynthesis & Acyl Editing

The major biosynthetic processes involved in the accumulation of seed storage oil are
FA synthesis and TA@ssembly (depicted in Figurell. Seed FAs are first synthesized in
plastids, followed by transport to the endoplasmic reticulum (ER) for acyl editing and TAG
synthess (Ohlrogge et al., 1979; Thelen & Ohlrogge, 2082)ditionally, regulatory factors
often play diverse and important roles in mediating storage lipid biosynthesis, especially
transcription factors (ThgKong et al., 2028).

Thede novosynthesis of FAs involves the consumption of the carbon substrate-acetyl
coenzyme ACoA), which is thebuilding block of acyl chains. In order to supply the plastid
with carbon substrates for FA synthesis, pyruvate transporters such as bile acid:sodium
symporter family protein 2 (BASS2) facilitate the entry of pyruvate into the gldste et al.,
2017) Once imported, FA synthesis begins through the conversion of pyruvate te@goAtily
the pyruvate dehydrogenase complex (PD@illiams & Randall, 1979)AcetylCoA then acts

as the substrate for acetybA carboxylase (ACCase) which catalyzes the caiwerof acety



CoA to malonylCoA (Konishi et al., 1996; Ke et al., 2000)his is considerethefirst step in
FA synthesis because this reaction commits a€&ty to acyl chain assemb{yhelen &
Ohlrogge, 2002)

Subsequently, acyCoA molecules are joed to acyl carrier proteins (ACPs) for further
extensim (Baud et al., 2008From this point, the acyl chain is assembled through a series of
reactions catalyzed by ketoacyl synthases (KAS family members) in a process known as
condensation, which elongathe ACPbound acyl chai (Brown et al., 2006; Yang et al., 2016)
KAS Il catalyzes the first elongation reaction between mal&@/P and acetylCoA to produce
a 4carbon acyyACP, which is extended by@arbon subunits ViKAS | catalysis until a 16:0
ACP is assembtke(Baud et al., 2008; Dehesh et al., 20@1yycle of condensation, reduction,
dehydration and a second reduction take place to @addidn increments. This 16KCP can
either be lysed by a®ACP thioesterase B (fatty acid thioesterase B, FATB), liberating 16:0
from the ACP, or catalyzed BYAS Il to produce 18:ACP(Salas & Ohlrogge, 2002The
18:0-ACP can either be cleaved BATB to produce free 18:0 or the acyl chain can be
converted to 18-ACP, which is catalyzed by steara@bA-desaturase (SADpalas &
Ohlrogge, 2002; Shanklin & Somalie, 1991) Alternatively, 16:0 and 18:6ACP can undergo
desaturation to 16:Dr 18:2ACP by acy{ACP desaturases (AAD§Shanklin & Somerville,
1991; Browse & Somerville, 1991; Bryant et al., 204&)yl-ACP thioesterase A (fatty acid
thioesterase AFATA) can then hydrolyze the 18ACP to yield free 18:{Salas & Ohlrogge,
2002) The thioesterasmediated cleavage of acyl chains from ACPs is essential for providing
free FAs that can then be shuttled and processed for downstream pathways, inpa&i{sula

synthesis.



Fatty acid exporter (FAX) members, including FAX1 and FAX2, are FA transporters that
provide an important contribution to the export of lipids from the plastid and positively impact
seed oil accumulatiofLi et al., 201B; Li et al., 2020 Tian et al., 2018; Tian et al., 2019he
free FAs are then metabolically activated through linkage to CoA bydbamp acyi{CoA
synthetased ACSs) (AznarMoreno et al., 2018; Shockey et al., 206AX and LACS
members likely play important roles aeyl shuttling mechanisms through plastid membranes
and enabling the accumulation of a€dAs in the cytosol, which is a necessary precondition for
acyl editing and TAG syntheg§ian et al., 2019)Multiple FAX homologs have been reported
in the model fant Arabidopsis and their precise functions require further exploration. Studies of
LACS homologs from a diversity of plant species have revealed that these enzymes are essential
for acyl chain activation and acyl trafficking between organelles (em. ftastid to ER), and
also play a role in seed oil accumulation and FA compodiibeng et al., 2018; Wang et al.,
2021; Jessen et al., 2015; Ding et al., 2020; Xu et al.,B)08gher plants generally possess
several LACS homologs exhibitiragrtain levels of functional redundancy, as well as a diversity
of effects on lipid metabolism, and their precise functions in seed oil accumulation and FA
composition remain to be investigated furtfissen et al., 2015; Zhabal., 2018; Zhao et
al.,2021)

The synthesized ac@@oAs persist in the cytosol and can be used in the biosynthesis of
acyl lipids on the ER. AcyCoA binding proteins (ACBPSs) bind to ag@bAs and enable the
maintenance of an ac@oA pool, and thus play an intermediary rivldipid biosynthesigXiao
& Chye, 2011; Guo et al., 20B9. The transportation of acfloA to the ER for acyl editing and
TAG assembly may be facilitated by acyl transpoli@rs et al., 2018). ABCA9 has been

identified as one such transporter andsvity contributes substantially to seed oil



accumulation, though other unknown HRalized acyiCoA importers may also contribute to
the transport proceKim et al., 2013; Cai et al., 2021)

Acyl chains can be further modified (also knowraaglediting) to increase their
diversity, and subsequently the FA profile of the seed oil, with desaturation and elongation being
the two main modification reactio(Stymne & Stobart, 1984pesaturation occurs on
phosphatidylcholine (PC), and the syrgiseof 18:2PC and 18:3°C from 18:1PC catalyzed by
fatty acid desaturase 2 and 3 (FAD2 and FAD3), respectively, are two common reactions in plant
seedgOkuley et al., 1994; Arondel etal.,1992) The Landdés cyeatylton s ¢ omp
and reacylation between lysophosphatidylcholine (LPC) and phosphatidylcholine (PC) and
plays an important role in the exchange of adins between the PC pool and aCglA pool,
where lysophosphatidyl;ac@oA acyltransferasd.PCAT), phospholipase A and aefZioA
synthase catalyze the reactions. Elongation catalyzed by fatty acid elongase (FAE) on the ER is
the key step in producing very long ch&fs (VLCFA, with 20C or more), which includes a
sequence of condensation, reduction, dehydration and a secondomducitth as with fatty
acid synthase in the plastfRossak et al., 2001however, thd-A elongation reaction is
different fromde novadrA synthesis in several ways, such as the reaction positions (ER vs.
plastid) and source of@arbon units (malonyCoA vs. malonydfACP). While desaturation and
elongation are the main derivationsF#s, other modification reactions can also take place.
These further enzymatic reactions may give rise to the synthesis of uRAsualich as
ricinoleic acid through the hydxylation of 18:31PC(Moreau & Stumpf, 1981; van de Loo et al.,
1995; Bates & Browse, 2012n addition, it should be noted that although the desaturation and

elongation of acythains on the ER are pivotal for seed oil formation, desaturation also occurs in
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the plastid catalyzed yAD4 through FAD7, and the activity of these enzymes is inapbrh

lipid biosynthesigBrowse & Sumerville, 1991; Gutt et al., 2016)

1.2.1.2 TAG Biosynthesis & Storage

Acyl-CoA can serve as an acyl donor for three acyltransferase reactions producing TAG
in theKennedy pathwayKennedy & Weiss, 1956; Weiss et al., 1968B)ycerot3-phosphate
acyltransferase (GPAT) catalyzes the first attachment of an acyl chain to the glycerol backbone,
thereby converting glycerd-phosphate (G3P) to lysophosphatidic acid (LPA) and ultimately
promoting oil accumulatio@ain et al., 200; Singer et al., 2016; Bai et al., 2021; reviewed in
Jayawardhane et al., 2018he glycerol backbone in LPA is then acylated again, this time by
lysophosphatidic acid acyltransferase (LPAAT), yielding phosphatidic acid({(R8%ner et al.,
1995) The hosphate group is then cleaved from PA through the catalytic activity of
phosphatidic acid phosphatase (PAP), which generates diacylglycerol (Dakagmura et al.,
2009) Finally, the third and final acylation is catalyzed by diacylglycerol acyltransferas
(DGAT), resulting in the production of TAG. As the enzyme catalyzing the last committed step
in acytCoA dependent TAG biosynthesis, DGAT has been studied extensively for decades
(reviewed in Xu et al., 2018nd Chen et al., 2022An alternative TAG bisynthetic pathway
involves the enzyme phospholipid:diacylglycerol acyltransferase (PDAT), which transfers an
acyl group from PC to DAG to yield TAGu et al., 2018; Banas et al., 2014; Stahl et al., 2004)
The relative contribution of DGAT and PDAT to TAGrmation may differ depending on the
plant specie§Zhang et al., 2009)

Other reactions also contribute to the Kennedy pathway for TAG biosynthesis. Since PC

is a major substrate for aegtliting, the entry and exit #fAsinto PC and crosstalk betwetre
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PC pool and DAG/TAG are important in determining FA composition. €bB#ine:DAG
cholinephosphotransferageRT) and PC:DAG cholinephosphotransferaBBCT) facilitate
interconversion between DAG and P&lack et al., 1983; Slack et al., 1985; Lulet2009)
This interconversion allows DAG to be derived from the PC pool through the activity of PAP in
combination with either phospholipase C (PLC) or phospholipase D (fNd¥ptna et al.,
2000; Lee et al., 2011M is wellestablished that these dynamic reactions are important in the
biosynthesis of seed oils with various FA profiles in different plant species.

TAGs accumulate inil bodies OBs) in the cytosol and serve as a major energy source
for seedling growtlfYatsu& Jacks, 1972; Tzen, 2012; Gu et al., 2000Bs are storage
organelles for TAG, consisting of a sindéyered phospholipid membrane, and are synthesized
at the ER(Yatsu & Jacks, 1972; Tzen, 2012; F\@jyssling et al., 1963; Chen et al., 2019).
Several teosin proteins are found in abundance in OB membranes, contributing to their stability
and facilitating the separation of OBs from the @Ren 2012; Huang 1992; Jolivet et al., 2004;
Huang et al., 201 7pleosins are important for proper oil accumulatma the expression of
OLEOSINgenes is promoted by several major transcription fa¢kons et al., 2014; Manan et
al., 2017) Other OB membrane proteins, such as caleosin (CLO1) and steroleosin (HSD1), also
contribute to OB stability and are important fong-term seed oil stabilitfJolivet et al., 2004;
reviewed in Tzen, 2012Recent studies have revealed that OB biogenesis also involves other
enzymes such as Ga&ssociated protein (LDAP) LDARteracting protein (LDIP) and SEIPIN
proteins inArabidopss, and the mechanisms underlying OB formation may involve different
sets of OBpackaging proteins in different spec{®yc et al., 2021; Coulon et al., 2020; Greer et
al., 2020; reviewed ihapman et al., 201However, manyDLEOSINand other OBelated

genes remain uncharacterized and further research is war(Zhtedyet al., 2019.).
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1.2.1.3 Regulation of Lipid Biosynthesis

During seed development and the accumulation of seed oil, the expression of lipid
biosynthesis genas subjected to regulation by a variety of mechanisms (Fih@jeBecause of
its involvement irthecrucial step in FA synthesiaCCases an importantarget for regulation.
The biotin carboxyl carrier protein (BCCP) subunid@@Cases a known target fdpiotin
attachment domain containinBADC) proteins, which are negative regulator\@fCase
activity (Liu et al., 2018,; Salie et al., 2016 ACCaseactivity can also be regulated bgrboxyl
transferase interacto€Tl) 1, CTI2, and CTI3which are plastid envelope proteins that dock
ACCaseat the plastid membrane, reducing its actiyitijkovics et al., 2020)The flow of
carbon into FA synthss is thereby reduced through the inhibitiolA@fCase mediated by CTls
However, knockout otheseCTI genes inArabidopsisdid not affect the quantity of seed oll
(Nikovics et al., 202)) which may imply that other unidentified regulatory factors avelired
and warrants further research.

Regulating the expression of lipidlated genes is necessary to coordinate the
development of the seed as well as the synthesis and sequestration of TAG for BEkshgee
manifold influential roles in mediatingpid biosynthesis in seeds. Since the discovery of the
WRINKLED1(WRI] TF, which is one of the most important regulatory factors in lipid
biosynthesis, there has been extensive study of the roles and interactions of TFs in the regulation
of lipid biosynttesis regulatiorfFocks & Benning, 1998; Kong et al., 2020 WRI1 is known to
promote the expression of more than twenty lipid biosynthretased genes, includir@CCP2
(which encodes a subunit of ACCas&l;P1, andKASI(Liu et al., 2019; Maeo et al., 2009)

Lossof-functionwril mutants consequently accumulate ug@®o less seed oil, illustrating the
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substantial importance of WRI in storage lipid biosynth@sieks & Benning 1998)The
diverse interactions and regulatory targets involving WRI1 have been recently re(@ngdet
al., 2019)

WRI1 was recently fountb promote the expression of negative regulators of FA
synthesis, such &ADC1/2/3 WRI1 binds directly taBADC promoters and drives their
expression, providing a fireining mechanism of FA synthesis that allows cells to achieve lipid
homeostasis by pnootingBADC expression and inhibitingCCase activityLiu et al., 2019)
While the recruitment of RNA polymerase to lipid biosynthesis genes is necessaryidRkhe
mediated promotion of transcription, the relationship between RNA polymera¥éRiidvas
unknown until the recent discovery of the Mediator complex subunit 15 (MED15). MED15 was
shown to act in concert witWRI1 to deliver RNA polymerase to the promoters of genes
involved in lipid biosynthesis pathways and to positively contribute to seadaimulation
(Kim et al., 2018).

Several preand postranscriptional regulatory factors have been identified that influence
WRI1 itself, includingLEC1, LEC2, FUS3, 143-3, BPMs, and KIN10/SnRK1lgading to
downstream effects on the expression obakynthesis gend&ong et al., 2028). TFs such as
MYB89 and TCP4 have also been shown to directly rephdkLexpression, leading to reduced
expression obil biosynthesis genes and consequently seed oil accumulktog et al.,

202@B; Li etal., 201A). There are also pestanslational regulatory mechanisms for WRI1. For
example, 143-3 proteins are regulatory proteins capable of binding to and stabilizing
phosphorylate®VRI1, thus reducingVRI1 degradation, promoting the expression of lipid
biosynthesis genes, and enhancing seed oil synifikasig & Ma, 2018; Ma et al., 2016Jhe

TF DRBEL, from the DREB family, was also recently identified as a direct positive regulator of
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major lipid TFs such a&/RI1, ABI3, and ABISllustrating the comigxity of interactions
between transcriptional regulators that modulate lipid biosyr#tigbanget al., 201€).

Several other TFs contribute to the regulation of lipid biosynthesis gene expression and
seed oil accumulation. For example, mahyB -class T have also been found to play roles in
lipid biosynthesis; in particulaMYB96 strongly impacts seed oil accumulation by driving the
expression oDGATL andPDATY, which are the main enzymes involveddmnovoand derived
TAG synthesis, respective(j.ee et al., 2015)On the other hand/YB5 functions as part of a
transcription activation complex that stimulates the expressi@iLafwhich encodes a known
repressor of seed oil synthe@zheng et al., 2021MYBS5 is negatively regulated byYB
Interactng Factor A(MIF1), which binds to and targek4YB5 for degradation, thereby reducing
the GL2mediated repression of oil synthesis. Similarly, MYB73 promotes oil biosynthesis by
decreasing the expression of-mducingGL2 (Liu et al., 2014)Some MYB TIs also have
specific impacts on FA composition, suchv¥B115 andMYB118, which stimulate the
synthesis of unsaturated FAs in the seed by promoting the transcription of two acyl desaturation
genesAAD2andAAD3(TroncosePonce et al., 2016)

Several TF$rom the TZF family have been shown to strongly promote the expression of
lipid-related genes and promote oil synthesis. ZF392 forms a regulatory mechanism with two
other TFs, ZF351 and NFA, to promote oil accumulation by driving the expression of key
genes involved in FA synthesiBCCP2 KASIII), TAG synthesisGATY), TAG storage
(OLEQOY), and transcriptional regulation of lipid gen®¢KI1) (Lu et al., 2021)However,
further research is needed to characterize the roles of other TZF faemipers in modulating

oil biosynthesis.

15



AIL7, a TF in the AIL/PLT subfamily, appears to have a broad influence on seed oll
content and FA composition through the transcriptional regulation of a multitude of genes
involved in lipid biosynthesis, includingAsynthesis KASI, ACCase, AOPacytCoA
activation LACS9, TAG synthesisl(PAAT, PDAY, acyl editing FAD3, FAE1, KC§ and OB
formation OLEOJ) (Singer et al., 2021 Further characterization is needed to discern precisely
how AIL7 modulates the exprasn of these downstream lipid biosynthesis genes. In addition,
other AIL subfamily genes may also contribute to the regulation of lipid biosynthesis, as the up
regulation ofAIL5 andAIL6 has been observed Arabidopsisseedlings following the induced
over-expression oFUS3 which encodes a TA®nhancing TRZhanget al., 2018.).

Furthermore, several TFs have roles in repressing the expression of genes in oil
biosynthesis pathways. For example, numerous TFs from the WRKY family, including WRKY2,
WRKY6, and WRKY40, are known negative regulators of lipid biosynthesis that inhibit the
transcription of lipidpromoting genes such ¥$RI11andABI5 (Song et al., 2020; Yeap et al.,

2017) Similarly, the KIN10 kinasealsoknown as SnRK1) negatively regulai&kI1 and

DGAT1 through phosphorylation, resulting in reduced expression of lipid biosynthesis genes and
diminished TAG synthesiZhai et al., 2017; Caldo et al., 2018he regulation of lipid

biosynthesis can also occur at the epigenetic level. One sudatoegtiactor, GCN5,

deactivates several lipigtlated genes (particularijAD3) through histone acetylation, thereby
reducing desaturation of 18:2 to 18:3 and modifying the FA composition of theis@athnget

al., 201@0).

The research described here illustrates the substantial progress that has been made in
terms of characterizing the major TFs and regulatory mechanisms involved in seed lipid

biosynthesis. However, the regulation of lipid biosynthesis by TFs is complerguides a
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substantial amount of further exploration. For example, a recent transcriptomic study in canola
has identified a vast network of TFs that are putatively involved in seed oil accumulation that
have yet to be properly characterized and situatddmiranscriptional regulation networks of

lipid biosynthesigRajavel et al., 2021)

1.2.1.4 Highlights in Seed Oil Engineering

Much of the research on seed oil engineering is focused on increasing seed oil
accumulatioror altering the properties of the seed oil by changing the FA composition. Since
many studies have investigated the genetic engineering of seed oil biosynthésigewe
highlighted a limited selection of recent and promising examples in this chapter (also see Table

1.1). In addition, the genetic engineering of seed oil content and FA composition specifically

through CRISPR/Cas9 has been recently reviewed elsey@doedi et al., 2020)

Table 12 Recent genetic manipulations of oil content anéhtty acid composition in plant

seeds
Species Gene Expression ‘I'\;Iaergﬁ;risartrr{nway or Lr:tr;]sggrmation glafggggic Reference
A. thaliana, C. sativa | ZmLEC1 Seedspecific OE Transcription A. tum y oil Zhu et al., 2018
A. thaliana, Z. mays | ZmSAD1 Seedspecific OE FA desaturation ﬁb%’grg;rgﬁlte Yy PUFAs Du et al., 2016
Arabidopsis thaliana | AAD2, AAD3, MYB115  Seedspecific OE FA desaturation A. tum y o meFAa Ettaki et al., 2018
Arabidopsis thaliana | CnFATB3 Seedspecific OE FA desaturation A. tum y MCFAs & Yuan et al., 2017
Arabidopsis thaliana | VfFAD2, VIDGAT2 OE FA desaturation, Kennedy A. tum ¥ oil, 18:3, 20:3 Chen et al., 2015
Arabidopsis thaliana | MCAMT Seedspecific OE FA synthesis A. tum y oil Jung et al., 2019
Arabidopsis thaliana | SsDGAT2 OE Kennedy A. tum gy 18:1, Z Warg et al., 20168
Arabidopsis thaliana Q::I?:)GGAATI}Z RCFAH12, OE & mutation Kennedy A. tum Yy unusual van Erp et al., 2015
Arabidopsis thaliana | Seipinl, RcFAH12 Seedspecific OE OBs, FA hydroxylation A. tum y HFAs Lunn et al., 2018
Arabidopsis thaliana | GmPLDy OE PC Exchange A. tum y oil y L Baietal., 2020
Arabidopsis thaliana | AtPDAT OE PC Exchange A. tum y oil Banas et al., 2014
Arabidopsis thaliana | BASS2 Seedspecific OE Pyruvate Transport A. tum y oil Lee et al., 2017
Arabidopsis thaliana | AIL7 Seedspecific OE Transcription A. tum SFAO LCFAZ Singer et al., 2021
Arabidopsis thaliana | SPATULA OE Transcription A. tum gy oil Z S Liuetal, 2017
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Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arachis hypogea

B. napus, N.
benthamiana

Brassica juncea
Brassica napus
Brassica napus
Brassica napus
Brassica napus
Brassica napus
Brassica napus
Camelina sativa
Camelina sativa
Camelina sativa
Camelina sativa
Camelina sativa
Camelina sativa
Camelina sativa
Camelina sativa
Carthamus tinctorius

Crambeabyssinica

Glycine max

Glycine max

Glycine max
Glycine max
Glycine max
Gossypium hirsutum
Gossypium hirsutum
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Sincede novdFA synthesis and acyl editing are essential components of seed oil content
andFA profiles, numerous genes involved in these processes have been engineered in recent
studies. For example, the transport of carbon substrates into the plastid in prepar&ifon f
synthesis is an essential process but has lacked research atidripiastidiocalized
transporter BASS2yhich facilitates the import of pyruvate to supply the carbon substrate for
FA synthesis, has been found to increase oil accumulation when overexpreSsdadopsis
seedgLee et al., 2017)Several proteins involved in the FA synthesis pathway haweakn
identified as promising targets for seed oil engineering. The overexpression of genes encoding
ACCase subunits leads to an increase in seed oil content, as ddewtiregulationand/or
knockout of severdBADC genes (which encode ACCaspressa) (Salie et al., 2016; Cui et
al., 2017; Keereetaweep et al., 20I8)e engineering of FA synthesis can also be used to
modify the types of FA that are synthesized. The overexpression of dedAfaBimemberdas
been demonstrated to increase the propastdf short and medium chain FAs, while
overexpression dfACS increased the abundance of long chain FAs at the expense of medium
chain FAs(Wang et al., 2021; Yuan et al., 2017; Kim et al., 20TGe overexpression 6{AD2
or SAD1has been shown to irease levels of unsaturated H&hen et al., 2015; Du et al.,

2016)

Lipid transporters have also been the subjects of genetic engineering. For example,
overexpression AABCAO9resulted in a substantial increase in seed TAG cofi@mtet al.,

2013) Notably, overexpression of eithEAX1or FAX2greatly increased seed oil content while
simultaneously increasing seed protein content, with no impact on the FA comp@sdioet

al., 2018; Tian et al., 2019)he simultaneous overexpressiorFaiX/ABCA9was shown to
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substantially increase seed oil content, likely by enhancing the shuttling of lipids out of the
plastid (FAX1) and into the ER (ABCA9) for TAG synthefai et al., 2021)

Much research has investigated enzymes in the Kennedy pathwihgfq@otential in
seed lipid engineering. For instantde overexpression of LPAATS results in increased seed oil
content and increased unsaturated FA levels, likely by elevating several lipid biosynthesis
pathwaygqChen et al., 2015; Liu et al., 201%uthermore, as the main enzyme responsible for
synthesizing TAG in the final steyf the Kennedy pathway, DGAT is an obvious and well
established candidate for genetic engineering of se€dadib et al., 2001; Taylor et al., 2009;
van Erp et al., 2014; Pgret al., 2016; Wang et al., 201@o-expression of DGAT with other
genes has also been used to increase seed oil content. For example, the combination of seed
specific overexpression of yed3PD1to increase availability of the G3P backbone substrate
with overexpression @GAT1to increase TAG synthesis led to increases in both seed oil
content and seed yie(€hhikara et al., 2018 50me DGATs may also be promising for
modifying the seed FA composition; for example, the overexpressi@bD@AT2increased the
proportion of 18:1 at the expense of 18/ang et al., 2018). DGAT continues to be a key
target for increasing seed oil ttugh augmenting TAG synthegreviewed in Xu et al., 2018.

Studies have also aimed to improve seed oil content by targeting proteins involved in
TAG storage organelles. OLEOL is the major protein in the membranes of oil bodies and its
overexpression iseeds increasdtie expression of several lipid biosynthesitated genes,
includingDGATY, leading to increased seed oil accumulation, despite reduced QR sarey et
al., 2019\; Lu et al., 2018)Overexpression of several oleosins frBrassica napug. (OLEL
OLEZ2 andOLE4)increased the seed oil content, 18:2 content, and OBGIEn et al., 2019)

Altering the expression @LEOSINgenesnay increase the rate of budding of OBs from the ER
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andresulsin smaller OBs, which may prove to be a limgt factor in using oleosins to engineer
higher oil conten{Song et al., 2018). This occurrence may be related to tPINfamily,
which localize to EROB junctions and are involved in determining OB g$i2ai et al., 2015)
For example, werexpressionf SEIPINlincreases OB size and seed oil accumulation, while
SEIPIN1downregulationreduced OB size and oil content. Thus, there may be potential in
combining overexpression of both seipins atebsins to determine whether the number and size
of OBs can be increased simultaneously to achieve an additive effect on seed oil accumulation.
TFs also hold an abundance of potential for seed oil engine@/Rtj. is a key target for
genetic engineering because of its central regulatory role in oil biosyntivesson et al., 2017,
Ye et al., 2018)Overexpression aiVRI1has been shown to ireaseheexpression oPDC and
ACCasewhich are responsible for the initial channeling of carbon into FA synthesis, resulting in
greater seed oil accumulati¢An & Suh, 2015)Protecting postranslational WRI1 from
degradation may also be a viable giggtto engineer seed oil, as demonstrated by the increased
oil accumulation achieved by overexpression of @-Biprotein(Ma et al., 2016)
The metabolic engineering of genes in other pathways may also affect lipid biosynthesis.
For example, a gene witio obvious role in storage lipid biosynthesisalcone synthasg€HS),
was recently found to influence seed oil pathways. OverexpressidSfevealed the
upregulation of several genes involved in seed maturation and FA synthesis, resulting in changes
in the FA composition that increased the abundance of unsaturated FAs, especially 18:3, in the
seed oil(Peng et al., 2021Yhis reveals a previously unknown effect®ySon lipid
biosynthesis, although further exploration is needed to clarify the meamamvolved and

determine the potential f@HSin seed oil engineering.
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Figure 1.21 Overview of FA and TAG Biosynthesis Pathways in Plant Seeds

The fundamental proteins and chemicals involved in seed lipid biosynthesis, as well as recent
discoveries and other key members with potential for seed oil engineering are included here.
This figure is not a comprehensive rendering of all lipid biosynthesis enzymes and pathways.
Made using Biorender.com. Abbreviations: BASS2, bile acid:sodium symporter family protein
2; PDC, pyruvate dehydrogenase complex; BADC (1/2/3), biotin/lipoy| attachmenaticlo
containing (1/2/3); CTI (1/2/3), carboxyltransferase interactor (1/2/3); ACCase,-G@catyl
carboxylase; Mal, malonyl; ACP, acyl carrier protein; KAS, ketoacyl synthase; AAD (2/3), acyl
acyl carrier protein desaturase (2/3); FAD (4/5/6/7/8), fatty desaturase (4/5/6/7/8); FAT

(A/B), fatty acid thioesterase (A/B); SAD, stear@gyl| carrier protein desaturase; FA, fatty

acid; FAX, fatty acid exporter; LACS, long chain a€HA synthetase; ACBP, ac@loA

binding protein; ABCA, ATRbinding cassette AGPAT, glyceroi3-phosphate acyltransferase;
LPA, lysophosphatidic acid; LPAAT, lysophosphatidic acid acyltransferase; PA, phosphatidic
acid; PAP, phosphatidic acid phosphatase; DAG, diacylglycerol; DGAT, diacylglycerol
acyltransferase; TAG, triacylglycdr@.DAP, lipid dropletassociated protein; LDIP, LDAP
interacting protein; PDAT, phospholipid:diacylglycerol acyltransferase; PDCT,
phosphatidylcholine:diacylglycerol cholinephosphotransferase; CPT; CDP
choline:diacylglycerol cholinephosphotransferase; RIB(C), phospholipase (A/B/C); PC,
phosphatidylcholine; LPCAT, lysophosphatidylcholine acyltransferase; LPC,
lysophosphatidylcholine; PUFA, polyunsaturated fatty acid; FAE, fatty acid elongase.

22



degradation

cQ /
MYIEQ
‘ ABI DREB
o @

1
@\, -.
expressmn of lipid B

\-«! biosynthesis genes ',__@@

Q" @/, M?.@ @@
- i
seed
oil

Figure 1.22 Overview of Lipid Biosynthesis Regulation in Plant Seeds

The fundamental regulatory and transcription factors involved in seed lipid biosynthesis, as well
as recent discoveries and other key members with potential for seed oil engineering are included
here. This figure is not a comprehensive rendering of all regulators and transcription factors in
lipid biosynthesis. Made using Biorender.com. Abbreviations: TT (2/8), transparent testa (2/8);
LEC (1/2), leafy cotyledon (1/2); FUS3, FUSCAS; NHA/A3/C2), nuclear factor of the Y box
(A/A3/C2); BPM, BTB/POZMATH 1; SnRK1, sucrose néermentingl-related kinase 1,

TCP4, TCP family transcription factor 4; BADC (1/2/3), biotin/lipoyl attachment domain
containing (1/2/3); CTI (1/2/3), carboxyltransferase irtgra(1/2/3); DREBL, dehydratien
responsive elemedtitinding protein L; MED15, MEDIATOR 15; MYB (5/73/89/96/115/118),

MYB -family domain protein (5/73/89/96/115/118); WRKY (2/6/40), WRifamily

transcription factor; ABI, abscisic acid insensitive; MIF1, nzinic finger 1; TTG1, transparent
testa glabra 1; GL (2/3), glabra (2/3); AIL7, ainteguméikiaa7; DOF (4/11), DNA binding with

one finger (4/11); SPT, SPATULA; GCN5, general control nonderepressible 5; PLD,
phospholipase D; FAE1, fatty acid elongas€AD (2/3), fatty acid desaturase (2/3); PDAT,
phospholipid;diacylglyerol acyltransferase; DGATL, diacylglycerol acyltransferase 1; KAS,
ketoacyl synthase; BCCP, biotin carboxyl carrier protein; LPAAT, lysophosphatidic acid
acyltransferase; ACCase, aceGdA carboxylase; AAD (2/3), acydcyl carrier protein

desaturase (2/3); FAB2, fatty acid biosynthesis 2.
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1.2.2 Seed Storage Protein Biosynthesis

SSPs allow for the lonterm storage of nitrogen to supply seedling growth and
accumulate during the lagtagef seed developme(Goldberg et al., 1994; Herman &

Larkins, 1999) Upon germination, they are broken down into AAs that supply protein
biosynthesis for seedling gromtRujiwara et al., 2002; Thompson, 2018F5Ps also contribute

to seed longevity by skliding the seed from oxidative damage, thereby slowing the pace of seed
deterioration, and are important for proper germinafidguyen et al., 2015; Kwak et al., 2019)
The stability of SSPs themselves can be enhanced through sumoylation by S1Z1, which po
translationally modifies SSPs to improve their longegiwak et al., 2019)

SSP biosynthesis, as distinct from AA biosynthesis, differs substantially from lipid
biosynthesis in that it does not consist of sequential enzatadyzedeactions with chemical
intermediates. Rather, SSP genes that have been transcribed into mMRNA are then translated by
ER-localized ribosomes into proteins, followed by folding, processing, and traifsigomhan &
Larkins, 1999; Boston et al., 1998\ter the transport and processing of SSPs, they accumulate
within protein storage vacuol€BSV)for storaggChrispeels et al., 1991As with most cellular
functions, there is extensive transcriptional regulation of genes encoding SSPs, AA transporters,
and oher associated proteifBujiwara et al., 2002)This chapter does not cover the pathways of
AA biosynthesis and instead focuses on factors that affect the accumulation of SSPs (especially
TFs).

The two main storage protein classeérabidopsisandB. napusare 12S globulins
(cruciferin, CRU) and 2S albumins (napins, NAR)jiwara et al., 2002Many other major
SSPs exist and are often named after the species in which they are abundant, such as glycinin in

Glycine maxsoybean), and zeins #ea maygcorn) (Fujiwara et al., 2002; Li et al., 20A8
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Xiong et al., 2019)SSPs are typically multimeric assemblies of identical or related proteins; in
Arabidopsis napins are encoded by a fimeember gene familyAt2S1At2S5 while cruciferins

are encoded byfir genesAtCRA1/CRU1AtCRAZ2 AtCRB/CRU2andAtCRC/CRU3 In

legumes such as faba beafic{a fabal.) and peaRisum sativuni..), the main SSPs are vicilins
and legumingThompson et al., 2018; Warsame et al., 2018)

Several studies have demonstratet SSP composition has remarkable plasticity
because knocking out one or more S$ieoding genes typically results in negligible or small
impacts on the overall SSP contélnyzenga et al., 2019; Rolletschek et al., 20203tead of
reducing overall SSP content, the knockout@wvn-regulationof genes encoding SSPs
including even the most important SSPs, leads to large compensatory shifts in the abundance of
other SSP$Schmidt et al., 2011; Kawakatsu et al., 2010; fhetral., 201%\; Zheng et al.,

2019) The redistributions in SSP composition reported in these studies are typically
accompanied by changes in the AA and FA profiles as well. These studies demonstrate the
impressive plasticity afnaturing seeds with knockdns or knockouts of major SSPs to adjust

their proteomes and provide insights for engineering seed proteins.

1.2.2.1 Regulation of Seed Storage Protein Biosynthesis

The expression of SSéhcodinggenes is regulated by many TFs (Figh3), but a
select sebf TFs play an outsized role in seed maturation, development, and accumulation of
storage compound3hompson, 2018; Baumlein et al., 1994; Fatihi et al., 20li&@se include
master TFs such as ABI3, ABI5, FUS3, LEC1, and LEC2, which are essential for SSP
accumulatior(Fujiwara et al., 2002; Baumlein et al., 1994; Reidt et al., 2008 expression of

many SSP genes is directly promoted by these mastdiThBmpson, 2018Ezcurra et al.,
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1999; Kroj et al., 2003; Lara et al., 2003; Monke et al., 2004lBok et al., 2006; Sun et al.,

2017. There is also regulatory interaction between these master TFs, with LEC1 able to directly
promote the expression BtJS3andABI3, which has a positive effect on expression of SSP

genes as well as overall sgaotein conten{Kagaya et al., 2005 he transcriptiofpromoting

action of ABI3 can be enhanced through synergistic interaction with the regulatory protein

RGL3, thereby augmenting SSP gene expression and seed protein accurgtilagoal.,

2021) FUS3can contribute to seed protein content through indirect means, such as by repressing
the expression oFTG], a repressor of genes encoding napin, thereby supporting seed protein
accumulatior(Chen et al., 2015)There is partial functional redundancy beén these key TFs,
making it challenging to precisely define the extent of their roles and targets.

In addition to the key TFs discussed above, many other TFs are also known to affect SSP
gene expression and seed protein cor{teatek et al., 2018MYC2, MYC3, and MYC4 are
negative regulators of cruciferin synthesis but positively regulate napin synthesis, with a net
negative effect on seed protein cont@ao et al., 2016Another negative regulator, GZF1
directly represses expression of the SSP @#nB-1 and attenuates seed protein con{@ften
et al., 2014)A pair of TFs, RISBZ1 and RPBF, have been shown to function in tandem to
synergistically promote SSP accumulation, specifically globulins and prol@fansamoto et
al., 2006; Kawakatsu et.aP009) NFYC12 directly promotes expression®51;3 which is
involved in AA synthesis and subsequently increases seed protein dotbemf et al., 2019)

Some TFs have broad, negative effects on SSP gene expression, such as fiaenM)YB-
ORDORANT1 and the NAGfamily member TuSPR, both of which attenuate seed protein

levels. Other NAC TFs such as NAC019, NAC20, NAC26, NAC128, and NAC130 have been
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shown to foster SSP accumulation by promoting the expression of severah&®ihg genes
(Luo et al, 2021; Shen et al., 2021; Wang et al., 2020; Zlerag., 2018; Gao et al., 2021)

The expression of zeiencoding genes is regulated by several major TFs including O2,
PBF, OHP1, and OHP2, all of which positively influence the zein content in'¥aad €t al.,
2016; Zhanget al., 201B). Both bZIP22 and MADSA47 can interact with other major zein
promoting TFs such as PBF1, OHP1, and OHP2 to stimulate SSP gene expression and
biosynthesis (Li et al., 2028 Qiao et al., 2016). ABI9 was found to beasitive regulator of
seed protein accumulation by promoting the expression of severak®®#l TFs, including
02, PBF1, NAC128, NAC130, 011, and VP1 (Zheng et al., 2019; Yang et al., 2021). The
transcriptional regulation of zeins in corn has been ticdascribed in a detailed review (Li &

Song, 2020).

1.2.2.2 Amino Acid Transporters & Seed Storage Protein Accumulation

SSP biosynthesis requires an adequate supply of AA substrates and is therefore
dependent on the translocation of these molecules througilibem to developing seeds
(Fujiwara et al., 2002; Frommer et al., 1993; Yang et al., 2@2®}ransport proteins are
involved in the movement of AAs through the plant body and supply them to the seeds for SSP
synthesigYang et al., 2020)Amino acid pemeases (AAPs) are important ledigtance
transporters of AAs throughout the plant, including #meshoot and souret-sink transport as
well as between tissues and between organdkBlandAAP8are known to be highly
expressed in seeds and theimdtion is essential for providing AAs during seed development for
SSP accumulatiofGacek et al., 2018; Miranda et al., 2001; Sanders et al., 2009; Weigelt et al.,

2008; Grant et al., 2021 owever, loss of AAP8 function does not eliminate sotwesink AA
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transport and seed protein does not decrease, implying compensatory function by yet
unidentified transporter&'ang et al., 2020; Santiago & Tegeder, 20B8veral AA transporters
such as OMT, AAP2, AAP6, and CAT®6 are all known to provide importamttiboitions in AA
transport to developing seeds and increasing seed protein d@eerk et al., 2018; Yang et

al., 2020; Grant et al., 2021; Riebeseel et al., 2009; Schmidt et al., 2007; Peng et al., 2014; Liu et
al., 2020) Another class of AA transpiars called, UmamiTs, are known to play important roles

in supplying AAs to developing seefuller et al., 2015)Several of these transporters, such as
UmamiT18, have been shown to be important in supplying AAs to developing embryos and that
single kno&out mutants for these genes produce substantially smaller seeds with reduced AA
content(Ladwig et al., 2012; Muller et al., 2013)owever, loss of function of some transporters
(e.g., UmamiT24 and UmamiT25) does not reduce AA content or seed protiEntaguon

maturity, suggesting some level of redundancy within the UmamiT transporter {(8edgard

et al., 2018)Although the importance of these UmamiT members in AA transport and seed
development has been partially explored, the potential for using them in engirieenicrggase

SSP content has not yet been explored.

1.2.2.3 Highlights in Seed Storage Protein Engineéng

Much of the research on SSP biosynthesis pathways is focused on the regulation of SSP
gene expression (summarized in Tah. Transcriptional regulators are obvious targets for
seed protein engineering; for example, overexpression of major TFasLER?2 ABI19, and
FUS3have been shown to increase SSP gene expression and seed protein content while
knockdown of the expression GRDORANTBaNdSPR(SSRrepressing TFs) enhanced seed

protein accumulatioManan et al., 2017; Sun et al., 2017; Lualet1863; Shen et al., 2021,
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Yang et al., 2021)The transport and synthesis of AAs have also been explored for increasing
seed protein content through genetic interventions. For example, the overexpression of the AA
synthesizing genes (e.\SNJ or AA transporters (e.gAAP1, AAPG AAT) improved nitrogen
use efficiency and led to concomitant increases in seed protein c(ifeagtet al., 2014; Liu et
al., 2020; Lee et al., 2020; Perchlik & Tegeder, 2017; Zhou et al., .ZD&3e studies
demonstratehtat the synthesis and movement of AAs is a promising area for enhancing seed
protein levels. A unique approach to enhance SSP content is through overexpreRaiG2 @in
amylase/trypsin inhibitor, which caused an increase in SSP accumulation, alth®ugh th
mechanisms involved are uncléZhou et al., 2017)

As mentioned previously, the overexpression of the lipid transpéifetd andFAX2
greatly increases seed oil content while simultaneously increasing seed protein(dasuestt
al., 2018; Tian et al., 2019)his is an unusual outcome given that seed oil and protein
accumulation are typically negatively correlated due to the conagpetit their biosynthesis
pathways for resources, indicating that FAX transporters may be promising targets for
simultaneouslyengineering increased storage oil and protein content in f€aadai et al., 2016

& references therein)
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Figure 1.23 Overview of Storage Protein Biosynthesis Regulation in Plant Seeds

The fundamental regulatory and transcription factors involved in seed protein biosynthesis, as
well as recent discoveries and other key memberspaiténtial for seed protein engineering are
included here. This figure is not a comprehensive rendering of all regulators and transcription
factors in seed protein biosynthesis. Made using Biorender.com. Abbreviations: ABI (3/5/9),
abscisic acid insensi®v(3/5/9); FUS3, FUSCAS; LEC (1/2), leafy cotyledon (1/2); NAC
(19/20/26/128/130), NAGamily transcription factor (19/20/26/128/130); N¥C12, nuclear

factor of the Y box C12; GS1,3, glutamine synthase 1;3; SPR, storage protein repressor; VP1,
viviparousl; O (2/11), opaque (2/11); OHP (1/2), O2 heterodimerizing protein (1/2); bZIP22,
basic leucine zipper transcription factor 22; PBF, prolabaix binding factor; MADS47,
MADS-box transcription factor 47; MYC (2/3/4), M¥-€amily basic helixloop-helix

tranription factor (2/3/4); GZF1, GDNF inducible zinc finger protein 1; RISBZ1, rice seed b
Zipper 1; RPBF, rice prolamihox binding factor; ROM1, regulator of MAT1; SIZ1, E3 SUMO
ligase SIZ1; RAG2, rice albumin gene 2; RGL3, R4 protein 3; SPA, storag&otein

activator; TTG1, transparent testa glabra 1.
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CSC, cellulose synthase compl&OR, KORRIGAN; CSI1, cellulose synthase interacting 1;
CC, companions of cellulose synthase; UDP, uridine diphosphate
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2 Chapter 2 Optimization of the Direct Transmethylation Procedure for Plant Lipid
Analysis

2.1 Abstract

Measuring acyl lipid content and fatty acid composition is important in plant lipid
research, and direct transmethylation followed by analysis®@H-1D has been broadly used in
various studies. However, many existing protocols are-tiomsuming and labentensive, and
the long reaction time under high temperature may artificially change fatty acid compositions of
the samples. In this study, wetimpized the direct transmethylation method for seed and leaf
samples with a wide range of sizes, oil contents and fatty acid profiles, which can be completed
in 2 hours. We also demonstrated that commercial disposable pipet tips, as well as polypropylene
tubes under certain conditions, could be reliably used to replace glass tubes, Pasteur pipettes, and
rubber bulbs to improve efficiency. Taken together, this optimized and generalized method could
be used as a reliable and less tiared labotintensive apmach to analyze acyl lipid content and

fatty acid profile of plant samples.

2.2 Introduction
Vegetableoils have diverse applications in food, feed, biofuel, and oleochemical
industry. Accurate measurement of acyl lipid content and fatty acid (FA) composition is
frequently carried out with GEID or GGMS, which have been broadly used in plant lipid
biology, oil crop breeding, food science and other studiesAflery et al, 2019; Li et al, 2006;
Ma et al, 2020; Xu et al, 2021). Prior to GC analysis, lipids can be extracted from plant seeds and
other tissues using homogenization and large amounts of orgareats, then converted to
volatile derivatives such as fatty acid methyl esters (FAMESs). Some commonly used methods for

oil extraction and derivatization, however, are tioomsuming, labemtensive, and produce
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unnecessary organic chemical waste (Hartino n & -ERaiish 1985Y. Alternatively, direct
transmethylation, which skips thediousstep of lipid extraction, has been used to prepare
FAMEs from plant samples for GC analysis (Li et al, 2006; Ma et al, 2020).

For direct transmethylation, the emtef oil recovery from a sample is determined by the
degree to which oil interacts witlmacid catalyst and is converted to FAMEs (Ma et al, 2020).
Several factors such as reaction temperature, time and catalysts could influence the rate of
solvent peneation, transmethylation, and the rate of oil recovery from a sample. High
temperature is generally used in the direct transmethylation process but the reaction time under
high temperature should be considered. It should be long enough for all lipidstisgiples to
be fully converted to FAMES, but extended exposure of samples to high temperatures may
artificially change their fatty acid composition (Kail et al, 2012; Ma et al, 2020). Acid catalysts
such as hydrochloric acid (HCI) or sulfuric acicc@@s) are broadly used in direct
transmethylation, and the choice of acid catalyst should also be considered in analysis. While
methanolic hydrochloride is commonly used, its lab preparation by bubbling gaseous hydrogen
chloride in methanol is a procedure lwfiotential danger and the commercial product is
expensive (Hardouin and Lemaitre, 2020). Methanol witkb26sulfuric acid (HSQy) has been
demonstrated as an effective alternative (Li et al, 2006; Ma et al, 2020).

Moreover, antioxidants such as butgldthydroxytoluene (BHT) may also be used to
reduce oxidative damage during the transmethylation reaction (Ma et al., 2020), and physical
breaking down of plant tissue can be used to facilitate transmethylation of lipids for analysis
(Har ri ngt eEmans&l9&x) However, although direct transmethylation provides a
rapid approach for lipid analysis, its application is currently restricted to small seeds such as

ArabidopsigLi et al, 2006; Ma et al, 2020), likely because of the limited penetration of
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methanolic acid into large and hard plant tissues (e.g., whole canola seeds). It would be
interesting to optimize and generalize a rapid and reliable direct transmethylation protocol for a
diverse set of seeds and other plant tissues. In addition, the tonvaripid analysis methods

is to use glassware including glass tubes and borosilicate pipets rather than disposable plastics
due to the risk of introducing plastiterived contamination into the samples, especially with the

use of DMSO and chlorofornW(atson et al, 2009), potentially resulting in unwanted peaks in

the GC chromatograms, which makes the lipid analysis process cumbersome and time
consuming. It would be interesting to test if disposable plastic tubes and tips can be used in direct
methylaton, especially when we do not use solvents such as DMSO or chloroform.

The aim of this study, therefore, is to establish a reliable and generalized direct
transmethylation method for seeds and plant tissues with a large range of oil contents and fatty
acid compositions by optimizing the reaction time, temperature, chemicals and consumables. Our
results indicated that crushed plant samples from various species can be effectively
transmethylated with 2%430Q, within two hours at 9%, andcommercial disposable pipet tips,
as well as polypropylene tubes under certain conditions, could be reliably used to replace glass
tubes, Pasteur pipesteand rubber bulbs in the optimized protocol to improve efficiency and

reduce workload.

2.3 Materials & Methods

2.3.1 Plant Materials
Arabidopsigthaliana (accession Colombi@) seed, flaxl(inum usitasissimujrseed,
Proso millet Panicum miliaceumseed, canolaBfassica napusseed, poppyRapaver

somniferunv ar . A Doubl e Re doNicansra ghyalodefsequ,/Hedgeo f Per u
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Caraganaaragana arborescehseed, and alfalfaedicago sativashoot tissue were used in

the current study. All mature seeds were air dried under room temperature for two weeks, while
the alfalfa tissue samples were freeze drietistared at80°C until further analysis. For the

plastic materials used for comparison with the conventional glassware, polypropylene P1000
pipet tips (F1000B 1 mL blue pipet tips, Axygen, USA) and 15 mL centrifuge tubes (Basix

centrifuge tube, 15 mL,igher Scientific, USA) were used.

2.3.2 Direct Transmethylation

IntactArabidopsisseeds were used in direct transmethylation because the thin seed coat
of the tiny seeds iV not affect lipid analysis (Li et al, 2006). All other plant samples were
vigorously ground using a mortar and pestle for up to one minute until the material was crushed
to evenly small pieces. For direct transmethylation, approximateB0I@ig ofeachsampé
were added to a 15ml glass or plastic tube with screw cap with ~100 ug of triheptadecanoin
(17:0 triacylglycerol) as the internal standa
and 2 mL of methanolic acid [3M methanolic HCI (Sigidrich, USA), freshy prepared 5%
H>SQw in methanol, or fredip prepared 2% ESQs in methanol, respectively]. After the lids were
securely tightened, the samples were gently mixed, briefly centrifuged and incubated at 80°C,
95°C, or 110°C for 45 minutes to 16 hourspesdively, in an oven (Fisherbrand Isotemp Oven,
Fisher Scientific, USA). After the transmethylation reaction, the tubes were taken out of the oven
andcooldown to room temperature, and 2 mL 0.9% NaCl solution and 2 mL hexane were added
to the tube, mixednd centrifuged (1000 rpm, 1 min) for the extraction of FAMESs. Finally, 1 mL

of the upper phase (hexane with FAME) was transferred to a GC vial for analysis with GC/FID.
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2.3.3 Traditional Lipid Extraction & Transmethylation

To compare the efficiency of diretansmethylation with transmethylation of extracted
lipid from plant samples, lipids were extracted with the classical-Radin method and then
used in transmethylation (Hara & Radin, 1978). Briefly, the ground plant samples underwent
lipaseinactivaton using isopropanol at 80°C, followed by homogenization for 30 seconds in 7:2
(v/v) hexanelisopropanol. Each tube was vortexed and centrifuged with 2 mL of 3.3% aqueous
NaSOQy and the upper phase was carefully transferred to a new tube and dried uirdgea n
stream. The total lipid extracts were then transmethylated in 1.5 mL of,3% kh methanol at

95°C for 1 hour, followed by FAME extraction with hexane as described above.

2.3.4 FAME Analysis with GC

The FAMEs were analyzed on &ID (7890A GCSystem, Agilent Technologies)
equippedwithaD2 3 capillary column (30 m I 250 &em I
10:1 split mode as described in our previous study (Jayawardhane et al., 2020). The temperature
program was as follows: 165 °C for 4npramping from 165 to 180 °C in 5 min, then 180 to
230 °C in 5 min. Peaks were identified by comparing the retention times to a GLL 421
standard series (NGhek Prep, MN, USA). Lipid content was calculated upon the known
content of internal standardsC-MS (5977A MSD, Agilent Technologies) with the same

column and temperature program was used for the double confirmation of FAME peaks and for

analysis of the other peaks.
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2.3.5 Statistical Analysis

All statistical analyssfor Chapter St u d etest,odesvay ANOVA and Kruskai
Walllis) were conducted in RStudio (4.1.2), with incubation length (time) asdbpendent
variable and total lipid content/FA content as the dependent variables. All figuregemerated

in Microsoft Excel (Version 164 21101001).

2.4 Results of Lipid Extraction Optimization
2.4.1 Optimization of direct transmethylation for Arabidopsisseeds

We sought to optimize the transmethylation incubation length, temperature, and acid
catalyst (methanolic HCI versiiSQy) to determine the ideal conditions for plant lipid analysis.
Low (80°C), medium (95°C), and high (110°C) temperatures were chosen within the range of
those used in existing publications, and int@bidopsisseeds were used as the plant material
in thisoptimization. Reaction temperatures (80°C and 95°C) and incubation lengths (1, 1.25, 1.5,
2, 3, 4 hours and overnight) were tested. With 3M methanolic HCI, total lipid content plateaus
after 34 hours at 80°C (Fi®2.4.1A) and after 1.5 to 2 hours at 95(€lg. 2.4.1B), respectively.
The results suggested that increasing the incubation temperature increased the rate of lipid
extraction, which was consistent with a recent study (Ma et al., 2020). The FA composition was
not notably affected by the increasea@action temperature from 80°C to 95°C (Table S1, S2).
Moreover, there was no significant difference between the total lipid contents in the samples
subjected to a single hexane extraction versus double hexane extracti@¥(E/), which is
consistentvith previous studies (Li et al, 2006; Ma et al, 2020). Single hexane extraction could

substantially reduce sample handling time, especially when handling a large number of samples,
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reduce the amount of hexane waste, and reduce the need for hexanetienajoorancentrate
the sample.

Two common catalysts used in lipid transmethylation are methanolic acids such as HCI
and BSQ;. Since the commercial 3M methanolic HCI is exceedingly cosgychose to
compare the efficacy of frelshprepared methanolid>SQs (2% and 5%, respectively) with 3M
methanolic HCI for the transmethylation reaction at 95°C. The results indtbated
transmethylationvascomplete within 2 hours and there were essentially no differences in the
total lipid content and FA compositidetweerthe three acid catalysts (Fg4.1C,2.1D; Table
S3, S4).

Since increasing the transmethylation reaction temperature increases the rate of lipid
conversionan incubation temperature b10°C was also tested on whéleabidopsisseeds to
compae with 80C and 98C. This incubation temperature saw the fastest rate of
transmethylation reported for whodgabidopsisseed, with complete lipid extraction after only
50 minutes (Fig2.4.1E) and comparable FA composition to the other methods (TakEbB1
and a previous study (Jayawardhane et al, 2020). However, it should be noted that the FA
composition was slightly affected by the 110°C reaction temperature over time; in the period
between 50 to 120 minutes, there were small but statistically sigmifileclines in the
proportion of 18:2, and 18:3, while 20:1 increased (Table S5). These changes were potentially
due to increased oxidation of the polyunsaturated FAs (18:2 and 18:3) at high temperature
(110°C) over time. However, no degradation prodactSA isomers were detected in &LS
analysis comparingrabidopsisseed lipids extracted using 95°C versus 110°C (data not shown),
which may suggest that oxidation produatslost to the aqueous layer during FAME

purification. Therefore, the 110°C tremethylation temperature enables the fastest extraction
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and conversion of lipids from wholerabidopsisseed (50 minutes), but longer incubation

lengths beyond 50 minutes at 110°C should be avoided as they may lead to some lipid oxidation
and slightly alteed FA composition. Taken together, 2% methanol8® demonstrates high

efficacy for the transmethylation reaction of whalabidopsisseeds, with either 95°C or 110°C

as suitable reaction temperaturi@scausencubationlengthslonger than 110°C mayacse

changes ifFA composition, we selected 95°C in further studies.

2.4.2 Optimization of direct methylation for seed and leaf samples
With the chosen temperature and acid catalyst As#ibidopsisseeds, we further
optimized the direct transmethylation method with several plant species with a wide range of
lipid contents and FA compositions, including established oilseed crops (canola, flax), the forage
crop alfalfa, as well as emerging and undsearched species (Apple of Peru, Caragana, poppy,
sea buckthorn, and Proso millet). Based on the optimization of direct transmethylation for
Arabidopsisseeds, the following conditiofis2% methanolic HSQs, 95°C incubation
temperature, and grinding ofreples with mortar and pestlevere used to determine the
optimal incubation length. As shown in Fig42, all reactions completed within 2 hours,
wherebythe optimal incubation lengths varied between species from 45 minutes to 2 hours.
Minimal to no chages were detected for FAs in each species across incubation lengths (Tables
S6-:S13) and the values were generally comparable to those reported in previous studies (Ghazani
et al, 2014; Liang et al, 2010; Ozbek & Ergonul, 2020; Pali & Mehta, 2014; WijeXoaln
2020), suggesting that 95°C was suitable for these plant samples with various FA compositions.
For species that showed no differences in total lipid content between time points, the lipid

extraction likely went to completion before the earligsietipoint. These findings suggest that
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the unique properties of each plant tissue being analyzed, such as the cell walls and seed coats,
may play a significant role in determining the efficiency by which this analysis method extracts
lipids from a given tisue. This suggests that protocol adjustments may be appropriate depending
on the species being studied and that simply replicating methods used on other plant species may
not always be suitable for complete lipid extraction. In addition, the results aj& & (Fig.

2.4.2C) and Apple of Peru (Fig.22F) indicate that the optimization approach described in this
paper can work well in rapid and robust lipid analysis of new or ustdelied species with

diverse FA profiles.

2.4.3 Verification of optimized direct transmethylation by traditional methods

Although direct methylation has been used and published for many years, there is still
value in comparing the results of the optimized method to a traditional lipid extraction method.
To evaluate the efficacy dfi¢ optimized direct methylation method, the classical {Radin
method (Hara & Radin, 1978) was performed on caaiahidopsis flax, Apple of Peru, and
Proso millet seeds. As shown in F&#.3, the total lipid contents were completely equivalent
between the traditional method and the optimized direct methylation method, and only marginal
differences were observed in the FA compositions (Table S14). Thus, the direct methylation
methodstudied in this work is as effective as the wedtablished Har&adin method. Since
total lipid analysis via the measuanentof FAME with GC/FID ha been proven to yield
comparable determinations of total fat content to those achieved with conventional gravimetric
methods such as Soxhlet and baen used in many studies (for a review, see Srigley and

Mossoba, 2016), we did not further compare the method with gravimetric methods.
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2.4.4 Comparison of the use of glass versus plasticares in lipid analysis

Use of disposable laboratory plastiaterials such as tubes would be more convenient
and, in the case of pipet tips, improve accuracy and ease of handlingssadinapigh plastic
materialsare generally avoided in lipid analysis protocols. Since the direct methylation and
FAME extraction proes®&s donot use DMSO or chloroform, we evaluated whether using plastic
materials introduces contamination into samples for GC analysis. We compared glass tubes
versus 15ml polypropylene tubes for direct transmethylation and hexane extraction. Although
plastic tubesloresult in some small contaminating peaks in-K4S, they did not interfere with
identification and quantification of the FAME peaks frémabidopsis(Fig. 2.4.4). The use of
polypropylene P1000 pipet tips for the hexane extraction did motlute unwanted peaks in
chromatograms from both GKS (Fig.2.4.4) and GCFID (data not shown). Thus, the use of
plastic, rather than glass, tubes may be appropriate for GC analyses involving regular FAMEs
(16:0 and longer FAs) from plant samples. The garable results might be partially due to the
improved quality of disposable laboratory plastic tubes and pipet, and the use of disposable
plastic consumables could substantially reduce time and labor associated with lipid analysis with

GC-FID.
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Figure 2.4.1 Effect of different direct transmethylation conditions on the lipid analysis of
Arabidopsisseeds

Error bars represent standard errors of replicate3-%). Letters represent significance
categories ashwere calculated using oweay ANOVA and the KruskaWallis test ON,
overnight; 1hx: single hexane extraction; 2hx, 2x hexane extraction.
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Figure 2.4.4 Evaluation of glass versus plastic consumable in lipid analysis using direct
transmethylation

Representative GE®IS chromatograms were selected and overlayed for each treatment.
2.5 Conclusions

In summary this studyoptimized thedirect transmethylation method for rapid analysis of

lipid content and FA composition from various plant samples. The combination of 2%
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methanolic HSQy, 95°C transmethylation incubation temperature, grinding of dry plant matter
with amortar and pestlencubation lengths of at most 2 hours, and one round of hexane
extraction illustrates improvements over several reported plant lipid analysis methods while
continuing to deliver reliable and replicable data. We also provide evidence that current high
qguality commercial plastic wares, such as polypropylene tubes and pipet tips, are generally
compatible with glassware in the process. These improvements to lipid analysis methods will
allow researchers to save time, reduce the labor and effort required, arel cekdmical waste
compared to many reported methods and contribute more consistency to plant lipid analysis

methods going forward.

Supplemental Tables

Tables Si1S14 containing the FA data can be found at the end of the document.
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3 Chapter 3 Manipulation of Carbon Flow in Arabidopsisseeddrom Cellulose Synthesis

Towards StorageOil and Protein Synthesis

3.1 Abstract

Oil and protein are thievo most importanstoragecomponents in canokeedsbut the
tradeoff relationship of storage lipid and protein biosynth@sesents a challenging obstacle to
simultaneously increasy both componentd/ie are interested in redirecticgrbon resources
from cellulose (the major component of seed $)datvards proteirand oilbiosynthesidy
manipulating multiplegenes; howevedirecty testing different gene combinations in canola is
difficult, time-consuming, anthbourintensive In this work,we genetically engineered
Arabidopsisto testseveral gene combinations for their ability to reallocate casbibimthe
ultimate objectiveof finding the bestpproackor further evaluation in canola. Based on
previous results, we partially reduced seed cellulossebgspecific RNArdown-regulaton of
AtCESAland maintainedr slightly increased oil content lmverexpression dnDGAT1 and
its performanceenhanced variantand obtained homozygous lines. Subsequeselgral
protein biosynthesiselated genesA(AAP1 AtALAAT] andAtASN) wereoverexpressenh
those linesrespectivelyThecombinations oAtCESAIRNAI/BNnDGAT1OE/AtAAPEOE and
AtCESAIRNAI/BNnDGAT1IOE/AtALAATXOE were the most successfulrastoing theseed
lipid contens andincreasng theprotein contenfup to 2.7%)while cellulose decreasedith
only minor phenotypic changes during germination and early seedling gidvetbefindings
illustrate the potential for carbon reallocation to enhance the nutritional and economic value of

oilseed cropsind thes gene combinations could be further evaluated in canola
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3.2 Introduction

Plantproduced storage lipidepresent a valuable commodity globadlyd have diverse
applicationdor industrial, food, and biofuel purpos&ilseed crops, such as canagnthesie
oil in their seedsis a form of energy storageemand for vegetable oils is expected to continue
to increase, driven by factors like glolpalpulation growth and climate chandpe addition,
plants are an increasingly appealing sourcefotein,such as for the emerging plamsed
meat marketAccordingly,there isagrowingresearch interes enhancingstorage molecule

synthesis in plants.

Canolaseed meal consists primarily of protein and fiaedis a valuabldeed
component foanimals.Although canolaseed proteiis nutritionally desirablethe excess of
fiber (primarily cellulose)n themeal carreduce the efficiencgf digestion in animal, which
limits overall nutritional valu¢Annison & Choct, 1991; Slominski et al., 1994; Jiang &
Deyholos, 2010; Wickramasuriya et al., 200fazeNavarrete et al., 20)9Reduced meal fiber
content has been linked to greadagestibility in yellow-seedd canola cultivars witlower seed
fiber content or through dehulling blaskeded canolavhich possess cellulosieh seed coat
(Bell, 1984; Slominski et al., 1994; Slominski, 1997; Matthaus, 1998; Slominski et al., 2012).
Thus, it may prove valuable oilseed cropso decrease seed cellulose content, thereby
liberating resources that could be redirected to increaseobhathd protein contest
simultaneously oincrease protein content withawducingthe oil content

Sugarglerived fromphotosynthesiserve ashe carbon source for the biosynthesis of
majorstorage molecule$ncludingstarch, TAGs, and storage prote{AsmgelesNYhéz &
Tiessen, 2011; Baud et al., 2008) canola and\rabidopsis these storage substances

accumulate whin the cotyledons of the embrgoiring mid to late embryo development
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(Murphy et al., 1989Murphy & Cummins, 1989ansfield & Briarty, 1992Baud et al., 2008).
Seed carbon partitionirgffects thesynthesis of storagaibstanceand depends on genetic
factors as well astrength of carbon sinks, ofteesulting intradeoffs between lipid, protein,

and carbohydratBiosynthesisThis biosynthetic competition for carbon between carbohydrates,
lipids, and protein has been described in many spéeeks& Benning, 1998; Shi et al., 2012;

Li et al., 2018B; Liu et al., 202XKatepaMupondwa et al., 2005; Kambhampati et al., 2020).
Thereforethe deliberate manipulain of carbonflow within seedsvould alter the composition

of storage substances to enhatmeenutritional and economic value of the seeds.

Although there is generally tradeoff betweeripid and protein contents plants such
ascanola and yellow mustard (Grami et al., 1977; Katdp@ondwa et al., 2005previous
work has proposed thatedlipid and protein contentould beincreased simultaneously by
reallocatingcarbon away fronseed fiber biosynthesis (Jiang & Deyholos, 2010; Slominski et al.,
2012; OpazeNavarrete et al., 2019; Jayawardhane et al., 2@&)eticengineeringresents a
meango attempt nutritional enhancementsgfed meal by increasing the protein content
without reducing théipid contentand partially reducing theeedfiber content (Li et al., 2017;

Jayawardhane et al. 2020).

Plant storage lipid biosynthesis consists of two main biosynthetic pathways: assembly of
carbon units into FAs and assembly of k&® TAG (summarized irFig. 1.2.1).
Overexpression (OE) ®GATY, which encodes the major synthesizing enzyme in the core TAG
biosynthesis pathways effective at increasing lipid accumulation (reviewed in Xu et al., 2018A

and Chen et al., 2022).

Many genes influence the synthesisS$ andcontribute tahe protein content of seeds

(summarized in Fig. 2.2) Several genes have been shown to increase SSP accumulation
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through overexpressiqiRolletschek 2005; Lee 2020; Zhou 2009; see Table Ed?)ths work,
we have selecteftAAP]1 AtALAAT] andAtASN1io evaluate their effects on SSP content in a
carbon reallocated background. Another gg&&mamiT18may have potentidbr enhancing

SSP accumulation through overexpresdiahhas not ydbeen studid.

Cellulose isamajor source of fiber as it comprises a large proportion of plant cell walls
and is synthesized by the CSC and previous Wwassuggested thaatCESAlis apromising
target foralteringcellulosesynthesigBeeckman et al., 2002; Burn et al., 2002; Jayawardhane et
al., 2020; see section 1.1.3he dwnregulation ofAtCESAlthrough seedpecific RNAihas
been shown to slightly reduce the seed cellulose content, without causing major phenotypic
abnormalitis, along withslightly increasedgrotein contentbut slightly decreased lipid content
(Jayawardhane et al., 2020). ThagCESAldownregulation may serve as a starting péamt
reducingseed fiber contergndcould be combined with overexpression ofdipnd protein

biosynthesigelated genes to improve the seed nutritional composition

Thehypothesiof thiswork is thatdownregulation of seed cellulosAtCESAIRNAI)
biosynthesis wilfeduce consumption of carbon resources, which can then bectedinto
lipid and protein biosynthesi8Ve evaluated this hypothesis by combirsiGESAIRNAI,
overexpression dnDGAT1,and overexpression of genes associated with SSP biosynthesis

genes AtAAP] AtALALAAT1andAtASN) in Arabidopsisseeds

Theresults indicated thaksdcellulose content wasuccessfully reduced21%) in
AtCESAIRNAI/BNDGAT1IOE homozygouseedsin line with aprevious study oAtCESA1
RNAI alone(Jayawardhane et al., 202@ndlipid content wasestoredback to wildtype le\els.
Overexpression cAtAAP1 AtALALAAT] or AtASN1in Arabidopsidines with seed carbon

reallocation AtCESAIRNAI andBnDGAT1OE) experiencedargerincreases in protein content
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(+1.6%) than overexpression AfAAP1 AtALALAAT] or AtASN1lalonein theCol-0

background.

The stackedjenetic engineering approagdlscribed herappears to be an effective
strategy for improving the nutritional propertiesAshbidopsisseeds. Th&tCESA1
RNAI/BnDGATXOE backgrounanay serve as a useful screening platfémncharacterizing
candidate gendaavolved inseed proteimiosynthesistherebyaccelerating the fundamental
genetic research neededdrppbreedersThe gene combinations identified iriglworkcan be
further tested in canola, which megntributeto the development of nutritionally enhanced
canola seeds with increased protein and reduced &ibdrtherefordenefit farmersthe animal

feed marketand the planbasedroteinindustry.

3.3 Materials & Methods
3.3.1 Plant Growth Conditions

Arabi ecpsiype -CCo(@aribsieaeds were i mbi b3d at 41
days pri orpdtot ismBgushmegMixe(rSun Gro Horticulture, MA, Y1 ant s
were grown from groowtnly omavmb ars datn 22U0C wi th a
day/ 6h night?and gh3PI|i &mewse/sigtByeidms @md str ays, wi
transparent plasti@Grawasupgplfemenhedfwirsh Nekk

fertPl| ameluRt s Gm.goe@M,] yCafter appearance of t

3.3.2 Zygosity Screening on AntibioticSelective Plates
Seeds were subjected to surface sterilization using 70% ethanol and 30% bleach/Triton

X-100 solution followed by 2 days of imbibition argtratificationat 4°C.Plants were grown for
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2 weeks under fluorescent grow lights at 25°C on MS plates containengse, ME®uffer, and
antibiotics:25 ug/ml kanamyciand 50 ug/ml timentifMurashige & Skoog, 198 Nauerby et
al., 1997) Non-segregant seedlings from heterozygous lines were characterized by growth

retardation and chlorosis

3.3.3 Seed Oil& Fatty Acid Quantification

Lipid content and FA composition éfrabidopsisseeds were determined, in triplicate,
using GCFID with the optimized method generated in chapté&phroximatelyl0 mg of seed
wasplacedinto Teflon screwcap glass tubes with 1@0of 1 mg/ml 17:0 heptadecanoin as the
internal standard. The seed tipiwere derivatized to FAMES using 2%S@; in methanol
(prepared from 985% HSQs, Fisher Chemical, MA, USA) at 95°C for 2 hours. Samples were
subsequently cooleat 4°C for 5 minutes, followed bghe addition of 1.7 ml of 0.9% aqueous
NacCl. A single heane extraction was performedpuarify the FAMES, which were then
analyzed using a GEID (7890A GC System, Agilent Technologies, CA, USA) with a 10:1 split
ratio and Xl injection volume. FAME separation was performed in aZBcapillary column
B0mx250 em I 0.25 e&m, Agi,hsehe tarridr gas.Tmedempepiure s ) u's
program was as follows: 165 °C for 4 minutes, ramping from 165 to 180 °C in 5 minutes, then
180 to 230 °C in 5 minutes. Peaks were identified by comparing the retentestd a GLC
421-A standard series (NGhek Prep, MN, USA). GBS (5977A MSD, Agilent Technologies)

was used teonfirmthe identity of the FAME peaks.
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3.3.4 Crude Seed ProteinQuantification

The crude seed protein content was determimnettiplicate, usinghe Dumas
combustion method of nitrogen analysis (Sader et al., 2004; Watson & Galliher, Z8®%ged
nitrogen content was estimatesing 27 mg of dry seed sample and a FLASH 2000 Organic
Elemental Analyze(ThermoFisherMissisawa, ON, Canada).hecrude seegrotein was then
calculatedusing the standarcbnversion factor of 6.2%9¢nes 194) and bbacco 2.51%

nitrogen)wasused ashe calibration standafdECO, St. Joseph, MI, US)

3.3.5 Cirystalline Cellulose Quantification

The crystalline cellulose content of seeds was measured by determining the acid insoluble
glucose content using a modified Updegraff method with slight modifications (Updegraff, 1969;
Griffiths et al.2014).At least 20mg of sed were ground in liquid nitrogen using a mortar and
pestle washed with 70% ethanol, and drigb0°C overnightThe dry weights of the
homogenized seeds were recorded and samples were treated with 2 ml of Updegraff reagent
(consisting of 8:1:2 v/viacdic acid:nitric acid:water Samples weréhenvortexedand
incubated at 100°C for lokr, with brief vortexing after 20 minute$he samples were then
centrifugedat 13,000 rpm fo2 minutesand theresulting pellets were washedcewith distilled
water, thentwice with acetone, anéft to dry overnight room temperatureSamples were then
treated with 1 ml 72%1,SQy, vortexed andincubated at room temperature for 90 utes,
followed bycentrifugation at13,000 rpm for2 minutes Thesamplesverethenused to create
10x dilution aliquots with water andeasured using a colorimetric method (Foster &(4l0).
Briefly, 70e I o f di | u toebinedvahm4d!| & | waod f rZnsgml vy prepar e

anthroné72% HSQy in each well, all conducted in a 4°C roolhe anthrone mixtures were
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then incubated for 30 mirlesat 80 °C and absorbance was reconggidga 620 nmwavelength
in a spectrophotometeptate reade(Synergy H4 Hybrideader, Biotek Instruments, Winooski,
USA). A standard curve was prepared from a serial dilutidbrglucose, andhe totalcellulose

derived glucoseontentsvere calculated per weight of dry seed mass.

3.3.6 Vector Design & Cloning of Protin Overexpression Genes
3.3.6.1 RNA Extraction & cDNA Synthesis

RNA was extracted from approximately 80 mg of siliques (harvested and ste8@d@)
using the RNeasy Plant Mini Kit following the protocol (Qiagen). A TURBO Dixg% kit
(Invitrogen) was used to remove DNA from the RNA samples. RNA concentration was
measured using a NanoDrop Spectrophotometer (Thermo Fisher Scientific)stFarstt cCDNA
was synthesized frormpproximately200 ng RNA with the SuperScript IV FirStrand cDNA

Synthesis Reaction kit. The cDNA product was frozei2@tC for later use.

3.3.6.2 Sajuence ldentification of Protein BiosynthesisRelated Genes
Protein bkiedsaytretdh egseinses Ahabi awepsegdeasséded

Ther abi dopsr smati on RuetstopusrAreawdo)rR) Fobur genes

selected for overampnesscodApaedmbansndadi gn:
ami notr a(Ad fAdrAadsEep alr agi n €AtsA/SIN 1 s sienlul yai cpil des
move 1 ntra;mrds p@rttUema nliThk8 corresponding c¢cDNA seq
extracted and used in the desi-dnrealtt overexpre

recombination in Sna®$)ene (version 6.1.2) (Fi
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3.3.6.3 Amplification of AtAAP1, AtALAAT1, & AtASN1

The c¢cDNA sequences were purchaBkre pmomyotneh,
dsRed, ange eksamanayncciensONMA beqlueuncBri mefablwver 815
designed to amplify the tar gleath | gte nBessb nfgr om t he
pbymerase chain reaction (PCR). Overhangs wer
homoldaogyected recombination with tlhret eBnalGl yRe
forward and reverse primers wdrMfabalehb®1lédesi gne
foll owing PCR componemnt sof'vedl6xcombhtchednohufte
lel OEMLIONTPEeImi axxihM 58 @,Cl8l. 5SeacaMofod®@ard and r eve
pri melrsof 1t empl ast eopl dami dned Pwé, Aarradee Badbe r .
Touddbwn PCR was used to identify the optimal
The thermocycler (Veriti, Applied Biosystems,
denaturation 95AC f or9 55AQnidneuntaetsu,r atth et BfGo rc y3cOl
annealing for 30 seconds, 72AC extension for

mi nut es. Sampl2e0sA Gveurnet islt ofruerdt haetr use.

3.3.6.4 Cloning of AtAAP1, AtALAAT1, AtASN1, and AtUmamiT18into pBinGlyRed and

pBin35SRed plasmids.

The pBin pkasmpigwsi d€ved eby the | aboratory of
of Nehrnaclan (Nguyen et al ., 2015; Huai et al
introduced i ntomalhdeg ypelcatsentdi drselcwin®@lifm@aEX pmess | |
Cloning Kit (Vazyme Biot-dche€beldd wasombedat ool

into the vectors. The foll owingelreaftctbxnCEIloImp
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buf febaf, I[3i near ickaendp lvieccam r(,de-plendi ng on the con
supply &g oawfndDeApf Exnase enzyene, wanher ntuc |l 2als i
reacti on elo.l ulnee orfealcdt i on t ubest wemrmodyhelnen n(cV
Ther mal Cycler, Applied Biosystems, MA, US) f .
t hen combi gledofwictohmpleQtOem@ Il IDH5and i ncubated on
The mi xtureswasketdennhaabh2AGrwakactly 45 seco
ice for Themimmuxtes.e was9Gdpplfeme queadpivBt mé di o
a shaker at 37AC f&r WwWehéut hefhepetitansior medu
l i qui d LB preadtieudgg,/omd n’d0anamyci n agar plates. Th
ups-dden and incubated overnight at 37AC.

The -spedi fic overexpr essiroenl aotfe d hgee nperso tvea sn
the Glycinin promot enr, x\phieAstesU nosmay alGlo8dg ti ivtewnt ibwe
Caul i fl ower( QoM\&DiSc pYiormos er. The Glycinin prom
promoter silenci ngAtaCsE-&APei Baxrpdc ACEEE icoars soeft ttelse we

dri vespseseeflic Napin and Phaseolin promoters.

3.3.6.5 Colony PCR and Sequence Verification

To confirm successflt. coliandAgrobacteriuntransformants, colony PCR was
performed, and plasmid DNA was extracted for sequence verification. Briefly, a pipet tip was
used to lightly touch a single colony and then dipped intel &) water. The mixture was
incubated at L for 5 minutes in a thermocycler (Veriti Thermal Cycler, Applied Biosystems,
MA, US) to lyse the cells and release the plasmids. The following reaction mix components were

then combined: 2| of heatlysed colony solution (plasmid template DNA)lead of 10 uM
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forward and reverse primers, §Dof DreamTaq master mix (Thermo Fisher Scientific), asdl 6

of nucleasdree water. The thermocycler program was as follows:i t i al denat ur at i ¢
mi nutes, then 35 cycl ensutoef, 9650AM0C daennnaetaul riantgi ofno r
extension for 2 minutes, and a 72AC final e xt
analyzed by agarose gel el ectrophoresis and a
mi ni mum of t was cafderendeeasc hwecroenst ruct . Pl asmid D

positive col 8angegaedcseagt for

3.3.6.6 Preparing CompetentAgrobacterium tumefacien€ells through Electroporation
Electrocompetent cells were prepared ugiggobacterium tumefaans (henceforth

AgrobacteriumstrainGVv3103 (Jayawardhane et al., 202@8robacteriumwere cultured

overnight in 15ml of liquid LB broth with 50eg/ml kanamycin, 5@ g/ml rifampicin, and 30

€g/ml gentamycin with shaking at 225 rpm at 28A@er culturing, 1ml wascombined with60

ml of liquid LB with the same antibiotics for2 hoursuntil an OD600 of around O\was

achieved The cells were then pelleted, the pellet was washed with \aatkgliquots were

prepared in 50% glycerol for lortgrm storage aB0°C. Electroporation was then used to

transform theAgrobacteriumwith the overexpression vectqisamanToth et al., 2018

Agrobacteriumaliquots(50 l) were thawed on ice, then combd with 12 ¢l of overexpression

vector(amounting to about 100 ng DNAAfter adding 2&| of the mixture into icecold Gene

Pulser cuvettes (0.2cm diameter) (Btad), the cells were electroporatédyfobacterium

setting, 1.8V for 1 second) usindvacroPulser Electroporator (BiBad). T he el ectr opor at

cells were then incubated at 225 r pmoegmnd 28UC

kanamycin, 5&g/ml rifampicin, and 3@g/ml gentamycin T h e t rAgmr sofbcarcmhesd i um
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cultures werel } hem pBaaegdr50gdgndkamamycit, 6Ay/mlai ni n g
rifampicin, and 3&g/ml gentamycirat 2 8 f Agrobagterigimransformants were

confirmedby PCR, gel electrophoresis, asglquencing as described in sect83.6.5.

3.3.6.7 ArabidopsisTransformation

The overexpression vector ssAWErEesSAilnt roduced
RNABN DGAOEATr abi po pwtisnggt dlea erteedriiaumed f | or al di
transfor maf€li mng med mobadd e oI, dbr§ Bedfb,a ctoemrtiau mi ng
the overexpression vectors were cultured in 5
5&g/ ml rifampicin, 30 Og/ml gentamycin) and i
Agraocht ec ulutmur es were pelleted by centrifugatio
wer sursggpended in 100 ml of 5% sucrose solution
Arabi dopsiosescences (7 plants peYy &araf 650l pl a
di pped into the sol6ult isoenc ofnodrs a(p2p0Or osxei cnoantdesl yf o2r0
gradually added for each pot unti/l 60 seconds
pl ants were covered wartthagps vabsaenicg hcto vtea smaainndt abi
humi dity and | ow |Iight. After this, the plant
previously deseds bwelre Tlhh&er fested upon maturati

Empty vectors with the dsRed fluoredcence

Ar abi dowkiech served as the EV Control pl ants |
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3.3.7 Selectonof TAt AARIL AL A AT A S ahd AtUmamiT18 Transformants

using dsRed Marker

The floratdipped T plants were grown to maturity and theseeds were harvested once
dry. The dsRed fluorescence marker was used to screen the seeds for successful transformants.
To detect the fluorescence, a dark room was used to shneem laser (595nm) on the seeds,
contrasted against a white paper backdrop. When viewed through red glasses, successful
transformants appeared as brightly glowing red seeds and were carefully isolated from the non

glowing, nontransformed seeds.

3.3.8 Seed Weight& Size Analysis

For seed weight analysigpproximatelyl00-200 seeds were spread on a white paper
background and photographed. The seeds were then weighed on an analytic bE3410deS
NewClassic MS, Mettler Toledo, Switzerlgn@he images were then imported into ImageJ
(Github.ImageJ.JS v0.5.5) and the Arza Particles function was used to count the individual
seeds.

For seed size analysepproximately60-100 seeds were spread on a white background
and photographedsing a mounted camera connected to a dissecting microdeapa MZ
Microscope, LeicdMicrosystems, GermanyThe images were then imported into ImageJ
(Github.ImageJ.JS v0.5.5) and the Analyze Particles function was used to count the individual
seedsThe 2dimensional surface area (&nof the seeds was calculated using the pixel count fo

each seed.
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3.3.9 Morphological & Histochemical Phenotype Assays

3.3.9.1 SeedCoat Permeability

Seed coat permeability was analyzed whth tetrazolium penetration assay as described
in previous methods (Vishwanath et al., 2014), with slight modificatim&e independentsT
AtCESAIRNAI/BnDGAT1IOE/Protein Gen®E andEV controls lines were imbibed in a 1%
(w/v) aqueous solution of tetralzum violet in the dark at 30°(prepared from 2,3;&iphenyt
tetrazolium chloride) (SigmaAldrich, MO, US) Three technical replicates were used per

independent transgenic liead staining was evaluated at three points: 24, 43, and 48 hours.

3.3.9.2 SeedGermination Test

The germination rate was evaluated using a simplified version of existing standard
methods (Zhong et al., 201&erminationwas evaluated by placing at least 30 suHstegilized
seeds on hakétrength MS agar plates, in triplicagend grown under fluorescegrtow lights at
23°Cfor 7 days.Three independents AtCESAIRNAI/BNDGAT1OE/Protein Gen®E and EV
controls lines were evaluated, in triplicaBermination was defined as emergence of the radicle
through the seed co@eedsvere imbibed and subjected to 2 days of cold stratification at 4°C in

the dark.

3.3.9.3 SeedlingRoot Length

Seedling root growth was evaluated on agar plates (Corrales et al., 2014; Jayawardhane et
al., 2020). Surfacsterilized seeds were carefully placed in a straight line on antifieg¢half
strength MS agar square plates (95 mm x 95 mm) and grownalgrtiader fluorescent grow

lights at 23°C for 12 days. Seeds were imbibed and subjected to 2 days of cold stratification at
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4°C in the dark. For each line, 3 biological replicates mssessedvith at least 10 seeds per

plate, in triplicate.

3.3.9.4 SeedlingHypocotyl L ength

The seeds and plates for tigpocotyl elongatiormssay were prepared in the same
manner as the seedling root length assdter cold stratification, the seeds were given 2 hours
of exposure to fluorescent growth lights to synchronize germination. The plates were then
covered in tin foil, covered by a black plastic bag, and stowed in a dark cabinet at room
temperature for @ays.Three independentz AtCESAIRNAI/BNDGAT1OE/Protein Gen®E

and EV controls lines were evaluated, in triplicate.

3.3.9.5 Fresh Seedling Weight

Fresh seedling weight was evaluated by imbibing seeds for 2 days at 4°C, then
transferred to potting sojSunsline Mix 4, Sun Gro Horticulture, MA, USh 8x4 traysn a
greenhouse with standard light and temperature conditions. Transparent plastic covers were
placed over the trays and plants were grown for 12 days after germirssemniings were then
carefully removed from the soil, washed, and fresh weights meoededThree independent

lineseachwere evaluated, using 3 seedlings per line.

3.3.10 Amino Acid Quantification
Around 50 mg of seeds (pooled across several independent transgenic lines to ensure
enough sample mass) were used for AA hydrolysis and HPLC analysis. The seeds were put into

plastic 2 ml screwcap tubes with 1.5 ml of aqueous 6M HCI (prepared from-38% HCI,
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Fisher Chemical, MA, USA). After brief vortexing, the samples were incubated at 110°C for 24
hours. After about 30 minutes into the incubation, the lids wetiglieened, and the samples

were briefly vortexed. The samples were then analyzed usiAgitent 120 HPLC System

using a Supelcosil L&8 column (150 mm x 4.6 mm,e3n diameter). Solvent A was 0.1 M Na
acetate buffer and Solvent B was methanol. Gradient elution was used with a flow rate of 1.1 ml
minute and the fluorescence detector usedit@ion wavelength 340 nm, emission wavelength
450 nm). Thestandard used w&gma Amino Acid Standard P/N AASBmI| , -wi t h o
Aminobutyric Acid (BABA) as the internal standard and ellagic acid (EA) as the backup internal

standard.

3.3.11 Statistical Analysis

Thetwo-tailedS t u d etest was usdfbr all comparisons afneans between EV
control and F AtCESAIRNAI/BnDGAT+OE/Protein Gen®E lines withPO 0. 05 as t he
significance thresholdn Chapter 3, all figures were generated and statisticdyses (onevay

ANOVA and Tukey testyvereperformedn Microsoft Excel (Version 16.54, 21101001).

3.4 Results

TheArabidopsidines with seegspecific or constitutive overexpressionAitJmamiT18
have been excluded from the Results and Discussion sections as they require additional study
and functional characterization, with potential for publication as an independent study in the

future.
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3.4.1 Seed Oil Quantification of T. AtCESALRNAI/BnDGAT1-OE lines

Preliminary seed lipid content dagenerated previously in our lab, wased to select
severall, AtCESAIRNAI/BNDGATZXOE lines from thddAS 17, 19, and 20 lineagegth
potentially increased lipid conteinpublished)The DAS 17 lineage overexpressed wildtype
BnDGAT1 while DAS 19 and 20 overexpresgeetformance enhanc&hDGAT lvariants
previously identified in yeast (variants S112R and L441P, respectively) (Chen et a)., 2017
These heterozygous lines werearglyzel to identify increases in lipid content using G(D.
As shown in Fig. 3.1, eight out of ten lines had significantly higher seed lipid content«(36.1
37.3%) while the remaining 2 lines were comparable to the EV controls (about 34.9%). There
were no cleadifferences in contribution to seed lipid content between the rAtiEAT land
the two performancenhanced variants. The lines with significantly increased lipid content were

selected and grown to the generation.
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Figure 3.4.1 Seed lipid content of heterozygous ZAtCESALRNAI/BNnDGAT1-OE lines
Averages are shown for 8 independent EV control and 10 experimentalLimesames
starting with 17, 19, and 20 refer to the WT13R, and L441BnDGATL variants respectively
Three technical replicates were carried out for each line and bars denote standard error.
Significant differences are designated by asteriBk@(05 = *,P .01 = **, P (M.00F ***),

In addition to the seed lipid content, the E@mposition was also evaluated in the T
AtCESAIRNAI/BNnDGAT1OE lines.Statistically significant but minor changes were detected in
the proportions of most FAs between the EV cordral T, AtCESAIRNAI/BnDGATXOE
lines, as well as between tBaDGAT lvariants(Table3.4.1). The greatest changes were in the
major ArabidopsisFAs, with increase@18:1D*and C18:D'¢S(combined ad8:1)in both
S112R and L441PBnDGAT1OE (0.90% and 0.84%gespectively)increasedC18:2D°¢s:12¢is
(18:2) in all experimental linefrom 0.98% to 1.32%)ecrease@18:3D°¢s:12¢is.15¢i{1 8:3)in alll

transgenidines from 1.73% to 3.90%)ynd increase@20:1D'°S in all experimental lines
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(from 0.97% to 113%) Regarding the saturated FAs, bah6:0(16:0)and C18:(0(18:0)very
slightly increased0.14-0.49% and 0.1-D.61%, respectivelyifn all transgenic lines, whil€20:0
(20:0)decreasedlightly (0.120.16%) Smallchanges weralsoobserved in the remaining

minor FAs.Themost substantial shifth seed FA composition was the decline in 18:3, especially

in lines overexpressing tiBNnDGAT lvarians.

Table 3.4.1 Seed fatty acidcomposition of T AtCESAL-RNAI/BnDGAT1-OE lines

AtCESA1 AtCESA1

AtCESAIRNAI/WT - RNAI/S112R RNAI/L441P-
Fatty BnDGAT1OE BnDGAT1OE BnDGAT1OE
acid  EV Control (DAS 17) (DAS 19) (DAS 20)
C16:0 7.44 (+0.18) 7.58 (+0.19)-* 7.93 (£0.11)%* 7.69 (+0.25)**
C16:1  0.26 (+0.01) 0.28 (+0.02)-** 0.28 (+0.00)-*** 0.28 (+0.02)*
C18:0  3.27 (+0.09) 3.44 (+0.15)-** 3.88 (+0.03)-*** 3.73 (x0.27)*
C18:1 16.50 (+0.60)  16.72 (+0.71) 17.41 (+0.08)-*** 17.34 (£0.45)*
C18:2 28.24 (+0.52)  29.22 (+0.43)-*** 30.52 (+0.26)-*** 29.56 (+1.05)%*
C18:3 17.76 (+0.29)  16.03 (+0.47)RF** 13.86 (+0.16)R* 14.97 (x1.89@™
C20:0  2.37 (+0.08) 2.21 (+0.12)@r 2.22 (+0.02)* 2.25 (+0.16*
C20:1  20.48 (+1.61)  21.58 (+0.82)*** 21.61 (+0.23)* 21.45 (x0.87)-*
C20:2 1.77 (+0.04) 1.44 (+0.15)@r** 1.15 (+0.02)@r** 1.34 (0.26)**
C22:1  1.91 (+0.07) 1.50 (+0.38)Rr* 1.13 (+0.03)Rr** 1.39 (+0.35

Average percentages (%) are shown for EV control, DAS 17, DAS 19, and DAS 20 lines with 8,
5, 2, and 3 independent biological replicates each, respectivalge technical replicates were
carried out for each line and significant differences are designated by asteri@es = *,P O

0.01 =**, P M.001= ***). The direction of thelifference (increase or decrease) is indicated

with arrows G or ®). (£SD).

3.4.2 SeedLipid Analysisof T3 AtCESALRNAI/BnDGAT1-OE lines
Using kanamycin screenirgtotal of 45homozygous FAtICESAIRNAI/BNnDGAT10OE
lines were identified from 163 lines, and their seed oil content and fatty acid composition were

analyzed with GE&ID. On average, thesIAtCESAIRNAI/BnDGAT1OE lines hacdcomparable

seed lipid conten35.72%)relativeto the EV control$34.98% (Fig. 3.4.2). Among the
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transgenic lines, there weBdines each with significant increag@s3.1%)and decreasd&-
5%)in lipid content In general, theeed lipid content of thenes from the DAS 19 lineage
(overexpressing the S112R varianBofDGAT 1) were slightly lowel(34.10%)than the EV
controls, while lines from the DAS 20 linea@erexpressing the L441P variantBADGAT)

were relatively highe(36.49%)
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% % % %k

1
T

n.s.

(L]

koK * KKK
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Figure 3.4.2 Seed lipid content of homozygous TAtCESAL-RNAI/BNnDGAT1-OE lines
Averages are shown fd7 independenEV control ands, 9, 5, 4, 4, and AtCESA1
RNAI/BNnDGAT2OE biological replicatesrespectivelyLine names starting witl7, 19, and 20
refer to the WT, S112R, and L44BADGATL variants respectivelyThree technical replicates
were carried out for eadhiological replicateand bars denote standard error. Significant
differences are designated by asterisks.(= not significant? .05 = *,P .0001= ****),

Seed Lipid Content (% w/w)
w W W W W w W
- N W

w
o

N
©0

EV Control 17-4 17-9 19-1 20-2 20-3

T3z AtCESA1-RNAi/BnDGAT1-OE Line Name

The effects of th&nDGAT lvariants on seed lipid accumulation were compared.
Overexpression of thBnDGAT1S11R variant didnotincrease lipid content beyond the WT
BnDGATI1(Fig. 3.4.3. In contrast, th&nDGAT1L441ROE exerted a small but significant
increase in seed lipid content (about 2%) beyond thedBADGAT1 Further experiments

excluded the S112R variant but analysis of the L441P variant continued.
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Figure 3.4.3 Seed lipid content in B AtCESAIRNAI lines with overexpression ofwildtype

& enhancedvariants of BhDGAT1

Averages are shown for independent control and two BnDGAT1 variant lines, with 17, 4, and 14
biological replicates eachespectively. Three technical replicates were carried out for each line
and bars denote standard error. Significant differences are designated by astsrisksdt
significant,PO0.0001= ****),

Statistically significant but minor changes were det@ah the proportions of most FAs
between the EV controlsTAtCESAIRNAI/BNnDGATXOE lines, as well as between the
BnDGAT lvariants. Since S112BnDGAT lvariant didnotresult in higher oil content, their
fatty acid compositions were not analyzed in defdie greatest changes were in the major
ArabidopsisFAs, with increased 18:2 (0.9832%), decreased 18:3 (1:239%), and increased
20:1 (0.971.10%) in allBnDGATXOE lines (Table.4.2. Very slight increases were also noted

in 16:0 and 18:0 in the tnggenic lines, as well as small changes in the minor FAs.
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Table 3.4.2 Seed fatty acid composition of TAtCESAL-RNAI/BnDGAT1-OE lines

Fatty AtCESAIRNAI/WT - AtCESA1IRNAI/L441P-
acid EV Control BnDGAT1-OE BnDGAT1-OE
Cl6:0 7.44 (x0.18 7.58 (x0.19)-* 7.69 (x0.25)-**
Cl6:1 0.2 (x0.01) 0.28 (x0.02)—-** 0.28 (x0.02)-*
C18:.0 3.27 (x0.09 3.44 (£0.15)—*** 3.73 (£0.27)~***
C18:1 16.50 (x0.60 16.72 (x0.71) 17.34 (£0.45)-***
C18:2 28.24 (052 29.22 (2£0.43)—*** 29.56 (x1.05)-**
C18:3 17.76 (x0.29 16.03 (x0.47)®@** 1497 (x1.89)®*
C20:0 2.37 (x0.08 2.21 (x0.12)®@** 2.25 (x0.16)®*
C20:1 20.48 (+0.26 21.58 (£0.82—*** 21.45 (+0.87)-**
C20:2 1.77 (x0.049) 1.44 (x0.15®** 1.34 (x0.26)®**
C22:1 191 (x0.07) 1.50 (x0.38)®** 1.39 (x0.35®*

Average percentages (%) are shown for EV contropRtCESAIRNAI/WT-BnDGAT1OE, and
T3z AtCESAIRNAI/L441P-BnDGATOE lines with 8, 5, and 3 independent biological replicates
eachespectivelyThree technical replicates were carried out for each line and significant
differences are designated by asterisRs®.05 = *, P .01 = **, P (».001= ***). The
direction of the difference (increase or decrease) is indicatecawdtvs ¢ or ®).

The lines with equal or increased oil were used for analysis of CSP with EV as the
control. Several lines exhibited significantly higher CSP-BL5P6) while only a few lines had

slightly lower CSP (0.-1.8%) (Fig.3.4.4). Overall, theaverage percent CSP of theAtiCESA1

RNAI/BnDGATIOE lines was nearly significantly higher than the EV controls.
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Figure 3.4.4 Crude seed protein content of homozygoussIAtCESALRNAI/BnDGAT1-OE

lines

Averages are shown for 9 EV control and 25 experimental limes.names starting with 17, 19,
and 20 refer to the WT, S112R, and LAAKMDGATL variants respectivelyThree technical
replicates were carried out for each line and bars denote standard error. Significant differences
are designated by asterisis @.05 = ¥).

3.4.3 Crystalline Cellulose Quantification of Ts AACESAXRNAI/BNnDGAT1-OE lines

A selection ofineswith equal or increased seed lipid and protein content were then
advanced forelative changes icellulosederived acidinsoluble glucose analysi§heeight
lines analyzed hasignificantly lower seed cellulose contéh@-30%)than theEV controls (Fig.

3.4.5 andwereadvanced for further analysis.
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Figure 3.4.5 Cellulosederived acid-insoluble glucose content of homozygouss AtCESAZ-
RNAI/BNnDGAT1-OE lines

Averages are shown for 10 EV control anse®ectedAtCESAIRNAI/BNnDGATIOE linesas a
percentage of the EV controlsne names starting with 17, 19, and 20 refer to the WT, S112R,
and L441BnDGATL variants, respectivelyhree technical replicates were carried out for each
line and bars denote standard error. Significant differences are designated by aBt€Bsbs €

* P @.01 =* P @.001= **),

3.4.4 Combined Data and Selection of TAICESALRNAI/BNnDGAT1-OE lines

The seed lipid, protein, and cellulose data were assembled for the 8 redllckde
lines for further analysis. Lipid and protein contents of all lines were equal or increased
compared to the EV controls (Fig4.6). DAS 174.10 and 268.20 were seleet for
transformation with protetnelated gene overexpression constructs as they represent lineages
possessing the witype BnDGAT1 (DAS 17) and the L441P performance enhanced BnDGAT1
variant (DAS 20), as well as for their seed compositions. Theserte®Wwere selected because

their CSP contents are equivalent to the EV controls, allowing evaluation of the effectiveness of
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proteinrelated gene overexpression on CSP, they possessed equal or increased seed lipid

contents relative to the EV controls, ahdy both had significantly reduced seed cellulose (Fig.

3.7).
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Figure 3.4.6 Combined crude seed protein (CSP, total lipid content (TLC), and cellulose
(acid-insoluble glucose, Al Glucose) contents of EV control ands AtCESAL
RNAI/BnDGAT1-OE lines

Averages are shown on a mass/mass basis for independent control and transgewitHite

and 8 biological replicates of each, respectiveige names starting with 17, 19, and 20 refer to
the WT, S112R, and L441BhDGATL variants, respectivelylhree technical replicates were
carried out for protein and lipid content for each lwwvkijle two replicates were conducted for
cellulose content. Bars denote standard error. Significant differences are indicated by asterisks
(P M.05=* P M.01 =* P M.001= ***),
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3.4.5 Seed Size & 105eed Weight of B AtCESALRNAI/BNnDGAT1-OE lines

The T3 AtCESAIRNAI/BnDGATIOE lines with equal or increased seed lipid content,
equal or increased seed protein, and reduced seed cellulosenageel and processed in
ImageJfor seed size and weight analysifie average-dimensional size of thesAtCESAL
RNAiI/BnDGAT1OE seedsvassignificantly greater than thevEcontrols byabout 10,000 uf)
representing a 7.5% increase (Rgt.7). This increased seed size was mirrored in the 100 seed
weight, with the averagesRtCESAIRNAI/BnDGATTOE 100seedweight increasing by
nearly 0.3 mdor 129 above the EV controld-(g. 3.4.8). Regrettably overall seed yield data
was not collected before seed mass was consumed by the lipid, protein, and cellulosg analys

thereforeaccurate seed yield data is noagable for this generation.
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Figure 3.4.7 Average seed size (uf) of EV control and T3 AtCESALRNAI/BnDGAT1-OE

seeds
Averages are shown fa independent control aritransgenics lines. Badenote standard

error. Significant differences are designated by astersk®.01 = **, P .00 ***).
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Figure 3.4.8 100 seed weight of EV control and FAtCESAIRNAI/BNnDGAT1-OE seeds
Averages are shown fdOindependent control argitransgenics lines. Bars denote standard
error. Significant differences are designated by asted3K®.00E ***).

3.4.6 dsRed Fluorescent Screening df 1 Transformants

TheT: seed withAtAAPXOE, AtALAATLIOE, & AtASN1OE were harvested and
screened using the dsRed marker. Theekds were characterized by a scattering of distinct,
brightly glowing (transformed) seeds amongst manyglowing, untransformed seeds (Fig.
3.4.9 ai & bi). The dsRed Tseeds were carefully isolated and grown to thgeheration. Non
dsRed Tt seeds lacked the red fluorescence phenotype3(&i§ aii & bii). T> seeds produced
from a heterozygous parent produced 75% glowing and 25%lo@nng progeny (Fig. 18, aiii
& biii). Heterozygous 7 linesthat possesseaahly a single insertion of the transgene were
advanced to thezlgeneration. ¥seeds produced from homozygous, sifigertion lines

produced 100% glowing progeny (F&)4.9 aiv & biv). This dsRed fluorescensereening
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method was used to evaluate the transgene status of each line in every generation after the floral
dip transformation. dsRed fluorescence can alternatively be visualized by the ChemiDoc MP
Imaging System (Bidrad), allowing differentiation of hmozygous, heterozygous, and non

segregant lines (Fi@.4.9 ci-cviii).

Figure 3.4.9 Screening of transformed seeds using dsRed fluorescence marker
Representative color and grayscale imageseefls from &1 line (ai & bi), anonsegregant line
(aii & bii), a heterozygous lin@iii & biii ) ahomozygoudine (aiv & biv) using a 595 nm gen
laser while viewing through relénsed glasseélternative method of dsRed detection using
ChemiDoc MP Imaging System (BRad) with blue and refilters (590 nm and 602 nm
respectively) (c). Norsegregant lines (ci, cii, & cv), heterozygous lines gciv), and
homozygous lines (cvi, cvii, & cviii)Panel ¢ credit: Dr. Limin WDepartment of AFNS,
Faculty of ALES,University of Alberta, Edmonton, Alberta.
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3.4.7 SeedLipid Analysisof T3 AtCESALRNAI/BNnDGAT1-OE/Protein GeneOE lines

The seedipid content data of thesTines was organized into the following groups: EV
controls, single protetnelated geneAtAAP1 AtALAATI or AtASN) overexpressing lines, and
carbonreallocated linesAtCESAIRNAI/BNnDGATXOE background with\tAAP1 AtALAAT]
or AtASNloverexpression).

Overexpression ohAtAAPlalone resultedni reducedseed lipid accumulation4.8%)
compared to the EV controlehile AtCESAIRNAI/BnDGATXOE/AtAAP1XOE saw an increase
in seed lipidcontent(+1.7) (Fig.3.4.10. When comparindAtAAPEOE alone with thé&tCESA1
RNAI/BnDGATXOE/AtAAPLOE lines, there was a substantial increase in seed lipid content

(6.5%).

Total Lipid Content (% wiw)
9
&

EV Control AtAAP1-OE AICESAT-RNAIWT-BnDGAT1-OE/AtAAPT-OE  AtCESA1-RNAI/L441P-BnDGAT1-OE/IAtAAP1-0E

Figure 3.4.10 Seed lipid content of B AtCESAL:RNAI/BNnDGAT1-OE/AtAAP1-OE lines
Averages are shown f&V control AtAAPLTOE, andtwo AtCESAIRNAI/BnDGATIAtAAPL

OE groupswith 9,5, 7, and4 independenbiological replicates each, respectively. Three
technical replicates were carried out for each line and bars denote standard error. Significant
differencesare indicated by different letters as determined by the Tukeyates0(05).
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Several differencein seed FA composition were observed between the three groups.
There was a small but significantnease (1.6%) id8:1 in the L441MBnDGATOE lines, a
substantial increag®-5.5%)in 18:2 in allBnhDGATXOE lines, a decreag#.4-4.3%)in 18:3
(especially pronounced in the L44BADGATXOE lines), and a decrea9%)in 20:1 in all
BnDGATZOE lines(Table3.4.3). Significant but minor changes were detected in almost all

remainingFA comparisos.

Table 3.4.3 Seedfatty acid composition of Ts AtCESAL-RNAI/BnDGAT1-OE/AtAAP1-OE
lines

Fatty AICESAIRNAI/WT-BNDGATE  AtCESAIRNAI/L441P-
acid EV Control OE/AtAAPLOE BnDGATLOE/AtAAPLOE
C16:0 814 (x047) 8.33 (+0.44) 9.31 (£0.56) ~***
C16:1 022 (+0.05) 060 (£0.15) —*+* 075 (£0.20) —*+*
C18:0  2.81 (021 2.78 (+0.26) 3.00 (+0.31) —*
C18:1  18.41 (+1.0) 18.76 (+0.76) 19.96 (+0.80) —***
C18:2  32.99 (+0.27) 38.00 (+1.36) —*** 38.54 (+1.66) —***
C18:3  18.61 (+1.32 17.25 (£1.13 @+ 14.36 (£1.34 @+
C20:0  1.34 (x0.20) 0.87 (+0.19) @+ 0.84 (+0.13) @
C20:1  15.42 (+0.1.6)) 12,52 (+1.43 @+ 12.45 (+1.70 @+
C20:2  1.17 (x0.22 0.70 (+0.20 @ 0.60 (+0.15) @
C22:1  0.89 (+0.16) 0.18 (+0.05) @+ 0.20 (+0.07) @

Average percentages (%) are shown for EV controRtCESAIRNAI/WT-BNnDGAT1
OE/AtAAPLOE lines, and FJAtCESAIRNAI/L441P-BNnDGATXOE/AtAAPLOE lines with 9,
7, and 4 independent biological replicates each, respectiMaige technical replicates were
carried out for each line and significant differences are designated by asteri@es = *,P O

0.001=***). The direction of the difference (increase or decrease) is indicated with arrows (
®).

Overexpression AAtALAAT1did not impact seed lipid accumulaticelative to the EV

controls nor was there any effect causedMZESAIRNAI/BNDGATIOE/AtALAATEOE (Fig.
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3.4.11). There was also no significant difference in lipid content when compatkigAATXIOE

alone wth theAtCESAIRNAI/BNnDGATXOE/AtALAATTOE lines.
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Figure 3.4.11 Seed lipid content of B AtCESALRNAI/BnDGAT1-OE/AtALAAT1-OE lines
Averages are shown f&V control AtALAATXOE, andtwo AtCESAIRNAI/BNnDGAT:
OE/AtALAATXOE groupswith 9,10, 8, and5 independenbiological replicates each,

respectively. Three technical replicates were carried out for each line and bars denote standard
error.Significant differencesre indicated by different Iefts as determined by the Tukey test (
=0.05).

Althoughtheseed lipid content was not impacted, there were sesigraficant shifts in
FA composition inthe AtCESAIRNAI/BNnDGATIOE/AtALAATOE lines.There was a
significant decrease (3%) in 18:1thre WT-BnDGATOE lines, a decrease in 18:3 in all
BnDGATZOE lines,and a sizeable increase in 20: RIBNDGAT1OE lines (Table3.4.4).
Several significant differences were observed in the proportions of the remaining FAs, though

these were generally mino



Table 3.4.4 Seed fatty acid composition of TAICESALRNAI/BnDGAT1-OE/AtALAAT1-
OE lines

AtCESAIRNAI/WT - AtCESAIRNAI/L441P-

BnDGATL BrnDGATE
Fatty acid EV Control OE/AtALAATL-OE OE/AtALAATL-OE
C16:0 8.14 (+0.47) 8.41 (+0.22)-* 7.67 (x0.13)@**
c16:1 0.22 (+0.05) 0.29 (+0.07%* 026 (+0.02)-**
C18:0 2.81 (0.21) 3.21 (£0.09%**  2.69 (+0.14)
c18:1 18.41 (+1.01) 15.36 (+0.76)®** 18.62 (+0.41)
C18:2 32.99 (+0.27) 33.41 (+0.71) 32.2 (+0.49@*
C18:3 18.61 (+1.32) 16.95 (+0.860**  16.83 (+0.82@"**
C20:0 1.34 (+0.20) 1.16 (0.12*  1.27 (x0.12)
C20:1 15.42 (+0.1.61) 19.96 (£0.83)-***  18.52 (+0.55-***
C20:2 1.17 (x0.22) 0.74 (x0.07®**  1.07 (+0.06)®
c22:1 0.89 (+0.16) 0.50 (+0.07®"**  0.84 (+0.08)

Average percentages (%) are shown for EV controRtCESAIRNAI/WT-BNnDGAT1
OE/AtALAATIOE lines, and TAtCESAIRNAI/L441P-BnDGATXOE/AtALAATZOE lines
with 9, 8, and 5 independent biological replicates each, respeciivee technical replicates
were carried out for each line and significant differences are designated by asfefBIG5E
* P @M.01 =*, P M.001=***). The direction of the difference (increase or decrease) is
indicated with arrows~ or ®).

There were no significant differences between seed lipid contents of the EV controls, T

AtASNZIOE lines, and FJAtCESAIRNAI/BNnDGATIOE/AtASN1OE lines (Fig3.4.12.
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Figure 3.4.12 Seed lipid content of B AtCESALRNAI/BnDGAT1-OE/AtASN1-OE lines
Averages are shown for EV contréitASN1OE, andtwo AtCESAIRNAI/BNDGAT
OE/AtASN1OE groupswith 9, 6,4, and9 independent biological replicates each, respectively.
Three technical replicates were carried out for each line and bars denote standard error.
Significant differencesare indicated by different letteas determined by the Tukey teat%

0.05).

Although seed lipid content was not impacted, there were several significant shifts in FA
composition in theAtCESAIRNAI/BNnDGATXOE/AtASNIOE lines.There was a decrease (
1.9%) in 18:1 in the wildtypBnDGAT1OE lines but an increase (+1.6%) in thl1P>
BnDGATZOE lines, an increase (+129%) in 18:2 in aIBhDGATXOE lines, a decrease(3
6.5%) in 18:3 alBnDGATXOE lines (especially in the L44IBhDGATXOE lines),and an
increase (+242.8%) in 20:1 in alBnhDGATZXOE lines(Table3.4.5). Seveal significant
differences were observed in the proportions of the remaining FAs, though these were generally

minor.

Table 3.45 Seed fatty acid composition of TAtCESALRNAI/BNnDGAT1-OE/AtASN1-OE
lines

AtCESAIRNAI/WT - AtCESAIRNAI/L441P-
BNnDGATLOE/AtASNI  BnDGATIOE/AtASNL
Fatty acid EV Control OE OE
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C16:0 8.14 (+0.47) 8.45 (+0.37) 8.26 (+0.17)

C16:1 0.22 (+0.05) 0.26 (+0.17) 0.27 (+0.11)

C18:0 2.81 (+0.21) 331 (+0.54)-* 3.74 (+0.20)-**
c18:1 18.41 (+1.01) 16.50 (£1.35®*  20.00 (+0.78)-***
C18:2 32.99 (x0.27) 34.85 (+2.239-** 3592 (+1.19-***
c18:3 18.61 (+1.32) 1627 (+2.30®*  12.09 (+0.77)@**
C20:0 1.34 (20.20) 0.99 (x0.14)®** 103 (+0.11)@"**
C20:1 15.42 (+1.61) 18.21 (£3.26-*  17.97 (£0.93)—**
C20:2 1.17 (x0.22) 070 (+0.10®@**  0.50 (+0.06)@+**
c22:1 0.89 (0.16) 047 (+0.18®* 023 (+0.05)@+*

Average percentages (%) are shown for EV controRtCESAIRNAI/WT-BNnDGAT1
OE/AtASN1OE lines, and FAtCESAIRNAI/L441P-BnDGATXOE/AtASN1OE lines with 9, 4,
and 8 independent biological replicates each, respectilieige technical replicates were
carried out for each line and significant differences are designated by ast&igB96 =*, P O
0.01 =*, P @.001= ***). The direction of the difference (increase or decrease) is indicated
with arrows ¢ or ®).

3.4.8 Crude Seed Protein Quantification of B AtICESALRNAI/BNnDGAT1-OE/Protein
GeneOE lines
Overexpression oAtAAP1lalone increased the CSP by 1.4% compared to the EV
controls, whileAtCESAIRNAI/BNnDGAT1OE/AtAAPLOE yielded an increase of 2.3% (Fig.
3.4.13. When comparind\tAAPEOE alone tcAtCESAIRNAI/BNnDGATIOE/AtAAPLXOE,

there wasmall but insignificant increase CSP.

Crude Seed Protein (% wiw)

EV Control AtAAP1-OE AtCESAT-RNAIWT-BnDGAT1-OE/AtAAPT-OE AtCESA1-RNAINL441P-BnDGAT1-OE/AtAAP1-OE

Figure 3.413 Crude seed protein content of T AtCESAX-RNAI/BnDGAT1-OE/AtAAP1-OE
lines
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Averages are shown f&V control AtAAPEOE, andwo AtCESAIRNAI/BNnDGATZ:
OE/AtAAPEOE groupswith 9, 5, 6, and5 independent biological replicates each, respectively
Three technical replicates were carried out for each line and bars denote standard error.

Significant differencesare indicated by different letters as determined by the Tukeyatest (
0.05).

Overexpression AAtALAAT lalone increased the CSP @@% compared to the EV
controls, whileAtCESAIRNAI/BNnDGAT1OE/AtALAATIOE yielded an increase of62 (Fig.
3.4.14). When comparin\tALAATXOE alone tAAtCESAIRNAI/BNDGAT1OE/AtALAATE

OE, there wag.7%increase in CSP

Crude Seed Protein (% wiw)

EV Control AtALAAT1-OE AICESA1-RNAIWT-BnDGAT1-OE/AtALAATT-OE AtCESAT-RNAI/L441P-BnDGAT1-OE/AtALAATT-OE

Figure 3.4.14 Crude seed protein content of T AtCESATRNAI/BNDGAT1-OE/AtALAAT1-
OE lines

Averages are shown for EV contréltALAATXOE, andwo AtCESAIRNAI/BNnDGAT:
OE/AtALAATXOE groupswith 9, 9, 8, and5 independent biological replicates each,
respectively Three technical replicates were carried out for each line and bars denote standard

error.Significant differencesre indicated by different letters dstermined by the Tukey test (
=0.05).

Overexpression cAtASNlalonedecreasethe CSP byl.26 compared to the EV
controls, whileAtCESAIRNAI/BNnDGAT1XOE/AtASN1OE yielded asmallincrease 00.6%

(Fig. 3.4.15. When comparin\tASN1OE alone tAAtCESAIRNAI/BNnDGATXOE/AtASNL

OE, there was 8% increase in CSP.
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Figure 3.4.15 Crude seed protein content of T AtCESAZ-RNAI/BnDGAT1-OE/AtASN1-OE
lines

Averages are shown for EV contréltASNL-OE, andwo AtCESAIRNAI/BNnDGAT
OE/AtASNL-OE groupswith 9, 6, 4, and7 independent biological replicates each, respectively
Three technical replicates were carried out for each line and bars denote standard erro

Significant differencesare indicated by different letters as determined by the Tukeyatest (
0.05).

Becausehelipid, protein, and cellulose analyses consumed much of the seed from the T
lines,pooling of seed betweendependentransformantsvith the same genetics wesquiredto
ensure enough seed mass for at lasereplicates peconstructfor AA analysis by HPLCFor
example, seed was pooled together from fifteen different EV control lines, then split into ten
technical eplicatesAdditionally, for the transgenic lines, seeds were pooled from both single
proteinrelated gene overexpression lines the respective counterpartAtCtESA1
RNAI/BnDGATZXOE backgroundDue to an inability to chromatographically distinguish the
signals for methionine and valine, they are represented as a single combined value.

Overall, there were almost no significant differences in the AA composition between
transgenic and EV control lines (Tald4.6). Thefew differenceghat did reach statistical

significance were minor, with the most notable being a 0.88% reduction in threonine in lines
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with AtALAAT loverexpression. There weme significant differences in AA composition

betweemAtASN1OE lines and the EV controls

Table 3.4.6 Seedamino acid composition of T3 AtCESALRNAI/BnDGAT1-OE lines with
AtAAP1-OE, AtALAAT1-OE, or AtASN1-OE

Amino Acid EV Controls AtAAP1-OE AtALAAT1-OE AtASN1-OE
Aspartate 7.18 (x0.08) 7.32 (+0.11)-* 7.44 (x0.46 7.91 (x0.70)
Glutamate 15.24 (£0.3) 14.97 (+0.55 15.13 (+0.46) 14.8 (+0.67)
Serine 6.68 (£t0.1§  6.53 (+0.16) 6.62 (+0.21) 6.61 (+0.24)
Histidine 223 (¥0.10) 2.08 (x0.09)® 2.2 (0.18) 2.12 (+0.1))
Glycine 1210 (+0.25) 11.91 (+0.26 11.94 (+0.28) 12.00 (+0.43)
Threonine 5.8 (x0.60) 541 (x0.4) 4.97 (+0.23)®@* 5.58 (x0.52
Arginine 5.72 (0.36) 560 (+0.29 529 (x0.33®  5.49 (x0.29
Alanine 7.63 (+0.28  7.51 (+0.19) 7.3 (+0.25 760 (+0.26)
Tyrosine 1.64 (x0.17) 1.89 (x0.12)-* 1.86 (x0.21)-*  1.73 (¥0.3H
Met/Val 3.63 (+0.33  3.62 (+0.12 3.2 (+0.45 3.66 (+0.18)
Phenda 3.8 (+0.20 3.8 (+0.12) 3.78 (£0.21) 3.% (+0.15
Isoleucine 4.5 (+0.53)  4.27 (+0.14 3.59 (+0.78) 4.30 (+0.19
Leucine 7.2 (£0.35)  7.17 (+0.21) 6.87 (+0.39 7.14 (+0.24)
Lysine 16.66 (+3.07) 17.80 (+2.27) 19.71 (+2.83) 16.% (+2.98)

Values represent average percentages (%) and are shown for pooled samples consisting of seeds
from EV control AtAAPLTOE, AtALAATXOE, andAtASN1OE lines (both single gene

overexpression and in tAeCESAIRNAI/BNnDGATXOE backgroundyvith 10, 5, 6, and 6

replicates each, respectively. Pooling of seed between biological replicates was required to

obtain sufficient sample mass for the analysis. Values for methionine and valine are combined
due to chromatographic inability to separate tihio signalsSignificant differences are
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designated by asterisk®(®.05 = *, P @.01 = **, P M.001= ***). The direction of the
difference (increase or decrease) is indicated with arrewus ®).

3.4.9 Cirystalline Cellulose Quantification of Ts AtCESALRNAI/BnDGAT1-OE/Protein
GeneOE lines.
To evaluate the seed cellulose content, the lines were organized into two groups: a non
AtCESAIRNAI group consisting of EV control and all single proteshated gene
overexpression lines, andMCESAIRNAI group consisting of al\tCESAIRNAI/BNnDGAT:
OE/Protein Gen®E lines. The cellulosderived acidinsoluble glucose analysis found that the
average cellulose contentalf lines withAtCESAIRNAI was reduced by 9.8g9/mg ¢20.8%)

compared to the neAtCESAXRNAI lines (Fig. 3.4.16).
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Figure 3.4.16 Acid-insoluble glucose contents of aseeds with and withoutAtCESALRNAI

EV control, AtAAPLTOE, AtALAAT1IOE, andAtASN1OE are shown in gray whiletCESA1
RNAI/BnDGATXOE/Protein GendE lines are inwhite. A total of24 and 34 independent
biological replicates were used for the MICESAIRNAI andAtCESAIRNAI groups,
respectivelyThree technical replicates were carried out for each line and bars denote standard
error. Significant differences are designated by asteriBk@(05 = *, P .01 = **, P @.00E

***)
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3.4.10Yield, Seed Size & 1065eed Weight of 8 AtCESALRNAI/BNnDGAT1-OE/Protein
GeneOE lines
The total mass of seed produced per plant (yield) was recorded after harvesting, followed
by seed size and 100 seed weight analys$isre was high variability observed in the yield data
between plants, likely resultingoim a combination of factors such as natural plasglant
variation, static cling that caused some seeds to stick to the pollination tubes, and premature
silique dehiscence.
Among thelines withAtAAPLOE alone there wasncreased seed yie(@26%)
conmpared to the EV controls, though this finding did not quite reach statistical significance (Fig.
3.4.17A). There washowevera significant increase in yield47%)for the AtCESA1
RNAI/L441PBnDGATXOE/AtAAPLOE lines There was a small decreasehe 100 seed
weightfor the AtCESAIRNAI/L441RBnDGATIOE/AtAAPEOE seedqFig. 3.4.17B) The
seed size decreasslightly in all the transgenic seelistno comparisons reachsthtistical

significance(Fig. 3.4.17C)
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Figure 3.4.17 Seed yield (mg), 108eed weight (mg), and seed sizem?) of Tz AtCESAL
RNAI/BnDGAT1-OE/AtAAP1-OE lines

Averages are displayed for EV contratAAP1OE, andAtCESAIRNAI/BNDGAT:

OE/AtAAPLOE lines with9, 5, and 10 biological replicates ea¥leld represents the total mass

of seed produced and collectiedm a single mature planthe 100seed weights and seed sizes
have been multiplied by 50 and divided by 1000, respectively, to accomendidplay on a

single yaxis.Bars denote standard error and significant differences are designated by asterisks
(P M.05 =* P M.01 = *¥).
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Seed yield increasdny 26% in the lines witlAtALAAT2OE alonecompared to the EV
controlsbut was not statistically significant, whereas SEESAIRNAI/BNDGAT1
OE/AtALAATXOE lines saw a significant yield increasenefirly 6046 (Fig.3.4.18A). No
significant differences were found between the 100 seed weighteeddiges in any of the

comparisongFig. 3.4.18Band Q.
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Figure 3.4.18 Seed yield (mg), 10&eed weight (mg), and seed sizemi?) of T3 AtCESAL
RNAI/BnDGAT1-OE/AtALAAT1-OE lines

Averages are displayed for EV contrAtALAAT1OE, andAtCESAIRNAI/BNDGAT1
OE/AtALAATIOE lines with 99, and 2 biological replicates each. Yield represents the total

mass of seed produced and collected from a single mature plant. FeeelD@eightand seed

sizes have been multiplied by 50 and divided by 1000, respectively, to accommodate display on
a single yaxis. Bars denote standard error and significant differences are designated by asterisks
(P M.05 =*P M.01 = *¥).
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Seed yield increased fatl threegroups withAtASN1OE, though only increaseas
statisticallysignificantonly in theAtCESA1IRNAI/L441P-BnDGAT1OE backgroundFig.
3.4.197). The 100 seed weighaind seed sizes of tA¢dASN1IOE alone and\tCESA1
RNAI/WT-BNnDGAT1IOE/AtASN1OE lines slightly decreased compared to the contifadgigh

this was only significant for the latter comparigéig. 3.4.19B & C).
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Figure 3.4.19 Seed yield (mg), 10&eed weight (mg)and seed sizenfm?) of T3 AtCESAL
RNAI/BnDGAT1-OE/AtASN1-OE lines

Averages are displayed for EV contrAtASN1OE, andAtCESAIRNAI/BNnDGATZ1

OE/AtASNZ2OE lines with 96, and 11 biological replicates each. Yield represents the total mass
of seed produced and collected from a single mature plant. Thee®@0veights and seed sizes
have been multiplied by 50 and divided by 1000, respectively, to accommodate display on a
single yaxis. Bars denote standard error and significant differences are designated by asterisks
(P .05 =%*).
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3.4.11 Seed Coat Permeability

A tetrazolium violet uptake assay was performed to evaluate the permeability of the
seedslincubation of the seeds in the tethazm violet solution revealed that violet coloration
was generally increased in thees withAtCESAIRNAI (Fig. 3.4.2B) compared to the EV
controls (Fig.3.4.204). The EV control seeds exhibited a small amount of violet coloration
mostly restricted to the micropylar region, whergmsseedsvith AtCESA1RNAI/exhibited
substantially greater violet coloration, with tilye often spreadhg throughout the seed body
(Fig. 3.4.20. Limited violet coloration appeared after 24 hours of imbibition in the dye solution,
with modestly discernable differences between the control and transgenics lines (data now

shown); by 44 hours, clear differences in dye permeation betweerothgsgvere observed.

Figure 3.4.20 Permeability of EV control and T3 AtCESALIRNAI seeds to tetrazolium salt
EV control (A) andseedswith AtCESA1-RNAI (B) were imbibed in a 1% (w/v) aqueous
solution of tetrazolium violet and imaged under a dissecting microscope after 44 hours.
Representative photos are shown. Scale bar = 1.5mm.
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3.4.12 Seedling Fresh Weight

EV ControlandAtCESAIRNAI/BNDGAT1OE/Protein Gen®E seeds were grown to
evaluate differences in seedling fresh weight. After 12 days of growth, the average fresh weight
of thetransgenic carbon reallocateeedlings was smalléirom 10-60%) than the averageV

control seedling fresh weight (Fig.4.21).
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Fresh Seedling Weight (mg)
(-]

Figure 3.4.21 Seedling fresh weight of empty vector control and FAtCESAL
RNAI/BNnDGAT1-OE/Protein GeneOE lines

Plants wergrown on potting soil under fluorescent grow lights at 22°C for 12 days after
germination. Averages are shown for 5 and 14 independent control and transgenic lines,
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respectively, with B biological replicates each. Bars denote standard error. Significant
differences are designated by asterisRs®.05 = *, P .01 = **, P (.00 ***),

3.4.13 Seedling Hypocotyl Length
The hypocotyl lengthof EV control andAtCESAIRNAI/BNnDGATXOE/Protein Gene
OE lines were assessed by growing seeds vertically orpkges in the dark. After 6 days of
etiolation,the averagéypocotyl lengthsveresubstantiallyshorter (4.5 mm 0126%) than the
EV controlsfor several transgenic lin€Big. 3.4.22). The reduced hypocotyl length phenotype
was mildest in the lines witAtAAPXOE. Interestingly severalAtCESAIRNAI/BNDGAT:
OE/Protein Gen®E lines exhibitedarge toextremereductions irgermination undethedark
grown condition, a phenomenon that was not observed in the germination, root length, and fresh

seedling weight experiments, all of which were performed under light conditions.
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Figure 3.4.22 Hypocotyl length of etiolated empty vector control and B AtCESAL
RNAI/BnDGAT1-OE/Protein GeneOE lines
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Seeds were imbibed for 2 days at 4°C, followed by 2 hours under fluorescent grow lights to
synchronize germination. Plates were then wrapped in tinfoil anddpla@edark cabinet at

22°C for 6 days to allow etiolation. Averages are shown for 3 and 9 independent control and
transgenic lines, respectively, with82biological replicates each. Bars denote standard error.
Significant differences are designated biedsks (P .05 = *, P .01 = **, P .00 ***),

3.4.14 Germination Rate

A germination testvas performed to determine whether there were differences in seed
viability between the EV control arAtCESAIRNAI/BNnDGATXOE/Protein Gen®E lines.
Slightly reduced germination was observed inAt@ESAIRNAI/BnDGATXOE/AtAAP1OE
(approximately-7%) andAtCESAIRNAI/BNnDGATIOE/AtALAATXOE (@pproximately-12%)
lines compared to the EV controls (F8$#.23. There waslso sreduction in germination in the
AtCESAIRNAI/L441RPBnDGATIOE/AtASN1OE lines though no negative effect was

observed in thé&tCESAIRNAI/WT-BnDGATXOE/AtASN1OE seeds (Fig. 3.4.23).
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Figure 3.4.23 Percent germination of EV control and Ts AtCESAX-RNAI/BNnDGAT1-
OE/Protein GeneOE lines
Approximately 90vere usedor each lineand grown for 6 days under fluorescent lights at 25°C.

During the germination tests, somewhat delayed germination was reported in most of the
AtCESAIRNAI/BNDGAT1OE/Protein Gen®E lines. In general, germination and initial
sedlling growth appeared about2ldays slower than the EV controls. This can be observed in
the reduced emergence, expansion, and greening of the cotyledons in the transgenic lines (Fig.

3.4.24B) relative to theEV controls (Fig.3.4.24A).
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Figure 3.4.24 Delayed germination in Ts AtCESALRNAI/BnDGAT1-OE/Protein GeneOE

seeds
EV control seedlings (a) and representative AtCERANIAI/BNDGAT1-OE/Protein Gen®E
seeds. Scale barepresents 5 mm.

3.4.15 Seedling Root Length

The root lengths of EV control aldCESAIRNAI/BNnDGAT1OE/Protein Gen®E
lines were assessed by growing seeds vertically on agar plates under grolRbghtsngths
were recorded after 6, 8, and 10 days ofsghounder light conditionsThe root lengths of the
AtCESAIRNAI/BnDGATIOE/AtAAPLOE lineswereslightly shortetthan the EV controlsnly
after10 days (Fig3.4.25 3.4.26a,3.4.260). There weranore severeeductions in root lengths in
both theAtCESAIRNAI/BNnDGATIOE/AtASN1IOE andAtCESAIRNAI/BNnDGAT
OE/AtALAATZXOE lines at all three timepoints, though gieenotype wamostsevere in the
AtCESAIRNAI/BNnDGAT1IOE/AtASN1OE linesat all timepointgFig. 3.4.25, 3.4.2&,

3.4.281).
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Figure 3.4.25 Average root lengths (mm) of EV control and B AtCESALRNAI/BnDGAT1-
OE/Protein GeneOE lines

About10-12 seeds were used from each line, in triplicate, and guowtar fluorescent lights at
25°C. Root lengths were measured at 6, 8, and 10 days after the stratification trézdinsent.
denote standard error. Significant differences are designated by asteri@keq = *, P .01
=** P @.001=**),
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Figure 3.4.26 Representative seedling growth of EV control and FAtCESAL
RNAI/BnDGAT1-OE/Protein GeneOE lines

EV control seedlings (aptCESAIRNAI/BNDGATIOE/AtAAPEOE (b),AtCESA1
RNAI/BnDGATXOE/AtASN1OE (c), andAtCESAIRNAI/BNDGAT1OE/AtALAATXOE (d).

10-12 seeds were used from each line, in triplicate, and grown under fluorescent lights at 25°C.
Scale bars represent 1 cm.

3.4.16 Plant Growth & Development
Despite some phenotypic differences in MIEESAIRNAI/BNnDGATXOE/Protein
GeneOE lines during early seedling growth, these differences did not seem to carry through into
later development. During the growth of thegEneration, no clear differences egest in terms
of themature rosettes, flowering timiaflorescencéneight,inflorescencdranching, flower and

siligue morphology, pigmentatipand no other phenotypic abnormalities wanserveddata
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not shown) Representative seedling growth for theATCESAIRNAI/BNnDGAT 1OE/Protein

GeneOE plants is shown in FiguBe4.27.

Figure 3.4.27 Representative growth of EV control and B AtCESALRNAI/BNnDGAT1-
OE/Protein GeneOE lines

EV control seedlings (aptAAPLOE (b),AtCESAIRNAI/WT-BnDGAT1OE/AtAAPL-OE (c),
andAtCESAIRNAI/L441RBnDGAT1IOE/AtAAPL-OE (d) AtALAATIOE (e),AtCESA1
RNAI/WT-BnDGATXOE/AtALAATOE (f), andAtCESAIRNAI/L441P-BNnDGAT®
OE/AtALAATZOE (g),AtASN1OE (h),AtCESAIRNAI/WT-BnDGAT1OE/AtASN1OE (i),
andAtCESAIRNAI/L441P-BnDGATTOE/ AtASN1OE (j). 32 plants from eactitom each line
were grown in a growth cabinet under standard conditions (22°C/18°C, 16hr light/18hr dark)

3.5 Discussion

Theleftover meal from oilseeds provisla valuable feed source for animals, especially
those with high protein conteniBhere has been increased research interest in recent years to
reduce the fiber content of canola meal to enhance the digestibility séedeprotein for nen
ruminant animalsas well as increathe amount of seed protein its@fansen et al., 2017; Tan
et al., 2011)Thereis competition for carbon resources between biosynthetic pathways for
cellulose, storage lipids, and storage praté@mseedsambhampati et al., 2020; Li et al.,

2018B; Liu et al., 2022 though the relationships between these pathaegsot well
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