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Abstract 

 Canola (Brassica napus L.) is the major oilseed crop in Canada. After oil extraction, the 

protein-rich seed meal (around 40% protein) serves as a nutritious feedstock for animals and the 

protein fraction has potential for human consumption. However, excess fiber in the seed meal 

(about 33%) can reduce the efficiency of digestion in animals. Therefore, it would be beneficial 

to partially reallocate seed carbon from cellulose, the major component of seed fibre, to storage 

protein biosynthesis without penalizing the seed oil content via engineering of multiple genes in 

these pathways. However, direct screening of different gene stacking combinations in canola is 

time and labor intensive. This work aimed to find promising gene combinations in the model 

plant Arabidopsis thaliana L. (henceforth Arabidopsis) to accelerate the genetic work needed to 

effectively manipulate seed carbon in canola.  

The screening process requires lipid analysis of a large number of seed samples with 

direct transmethylation, followed by analysis with GC-FID. In Chapter 2, I optimized the lab 

protocol of direct transmethylation and the optimized method reduced the reaction time from 

overnight to no more than 2 hours, as well as replaced the expensive commercial methanolic HCl 

with self-prepared 2% H2SO4 in methanol.  

A three-pronged strategy was used to find the best gene combinations: 1) seed-specific 

RNAi-down-regulation of Arabidopsis CELLULOSE SYNTHASE 1 (AtCESA1) to partially 

reduce seed cellulose, 2) overexpression of B. napus DIACYLGLYCEROL ACYLTRANSFERASE 

1 (BnDGAT1), and its performance-enhanced variants, to restore the seed oil content, and 3) 

overexpression of several protein biosynthesis-related genes from Arabidopsis to determine 

whether seed carbon reallocation is effective for increasing seed protein content. Our previous 

work has successfully generated heterozygous Arabidopsis with AtCESA1 down-regulation and 

overexpression of BnDGAT1 and its performance-enhanced variants.  
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In this thesis project, we generated homozygous lines with AtCESA1-RNAi and 

BnDGAT1-OE and measured the seed cellulose, oil, and protein contents. Ideal lines with equal 

or increased oil, equal or increased protein, and reduced cellulose were chosen for further study. 

Subsequently, we overexpressed Arabidopsis amino acid permease 1 (AtAAP1), alanine 

aminotransferase 1 (AtALALAAT1) and asparagine synthase 1 (AtASN1) in those lines, 

respectively. Overexpression of AtAAP1, AtALAAT1, and AtASN1 in the AtCESA1-RNAi/ 

BnDGAT1-OE background successfully increased the seed protein content beyond 

overexpression of protein-related genes alone (by up to +2.7%), as well as reduced the seed 

cellulose by an average of 21%. Importantly, the seed lipid contents were increased slightly in 

these lines relative to the empty vector (EV) controls, though this finding did not reach statistical 

significance for the lines with overexpression of AtALAAT1 and AtASN1. There were several 

modest changes in the fatty acid composition, most notably a reduced proportion of 18:3 in all 

lines with BnDGAT1-OE.  

 The plant phenotype analysis found some evidence indicating increased seed yield, with a 

few small changes in 100 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 seedling early growth assays, such as reduced 

hypocotyl length, root length, fresh seedling weight, and germination differences. Overall, the 

seed carbon reallocation strategy away from cellulose biosynthesis and towards lipid and protein 

biosynthesis is successful, with the AtCESA1-RNAi/BnDGAT1-OE/AtAAP1-OE stacking 

approach yielding the most positive seed composition outcomes overall. 
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1 Chapter 1 Thesis Introduction and Literature Review 

1.1 Introduction and Research Objectives 

 Vegetable oils (mainly triacylglycerols (TAGs)) are highly valued products globally, with 

uses in nutrition, biofuel, and beyond. Oilseed crops, such as canola (Brassica napus L.), 

produce substantial amounts of oil in their seeds to store energy. Global forces, 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 seed oil contents and alter their fatty acid (FA) 

compositions (see section 1.1.1.4).  

 After seed oil extraction, the seed meal by-product, which consists primarily of protein 

and fiber, still possesses value as a feed component for livestock and aquaculture. Canola seed 

meal leftover from lipid extraction is often used for this purpose. The major components of 

black-seeded canola (the dominant cultivar in Canada) are oil, protein, and fiber (roughly 45%, 

20%, and 10%, respectively) (Slominski & Campbell, 1990; Slominski et al., 2012; Anwar et al., 

2015; Wanasundara et al., 2016; Canola Council of Canada, 2019). Although seed protein has 

valuable applications, the excess of fiber (especially cellulose, lignin, and cell wall-related anti-

nutritive substances) in canola 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., 2015; Li et al., 2017B; Opazo-Navarrete et al., 

2019; Lannuzel et al., 2022). Comparing 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., 2018; Alhomodi et al., 2022; reviewed in Paula et 

al., 2019, and Lannuzel et al., 2022). It has also been shown that increased nutritional value can 
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be achieved in yellow-seeded canola cultivars with reduced fiber content or through dehulling of 

seeds from black-seeded canola cultivars which possess thick seed coat (Bell, 1984; Slominski et 

al., 1994; Slominski, 1997; Matthaus, 1998; Slominski et al., 2012). Furthermore, the desirable 

amino acid (AA) profile and high protein digestibility of canola meal suggests potential use of 

canola protein for human consumption (Anwar et al., 2015). Taken together, it is of interest to 

improve oil and protein content simultaneously (or increase protein content without penalizing 

oil content) and decrease cellulose content in oilseed crops such as canola.  

 Once fertilized by pollination, plant seeds undergo 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 germination (Allen & 

Young, 2013; Baud et al., 2008). Sugars produced by photosynthesis provide the carbon source 

for the biosynthesis of major biomolecules, including cell wall polysaccharides, starch, FAs for 

storage lipids, and AAs for storage proteins (Angeles-N¼néz & Tiessen, 2011; Baud et al., 2008). 

These storage substances typically accumulate within the cotyledons of the embryo, such as in 

canola and Arabidopsis (Murphy et al., 1989; Mansfield & Briarty, 1992), or within the 

endosperm, such as in corn, wheat, and rice (Lopes & Larkins, 1993). In canola and Arabidopsis, 

seed lipid and protein biosynthesis primarily occur in the mid to late stages of embryo growth 

and development, with lipid accumulation increasing and peaking somewhat earlier than protein 

(Baud et al., 2008; Murphy & Cummins, 1989). Seed carbon partitioning is important to the 

synthesis of storage compounds within seeds and varies greatly between plant species, depending 

on the genetics involved and the strength of carbon sinks, often leading to biosynthetic trade-offs 

between lipids, proteins, and carbohydrates. Carbon partitioning can be drastically impacted by 

the given genetics; for example, the seeds of Arabidopsis lec2 mutants experienced precipitous 
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declines in protein and lipid contents, while sucrose and starch contents increased dramatically 

(Angeles-N¼néz & Tiessen, 2011). Relationships of carbon competition have been described 

between carbohydrate and lipid biosynthesis in both legumes (Song et al., 2017A) and 

Arabidopsis (Focks & Benning, 1998; Shi et al., 2012; Li et al., 2018B; Liu et al., 2022), as well 

as between seed lipid and protein biosynthesis (Katepa-Mupondwa et al., 2005; Kambhampati et 

al., 2020). These findings suggest that the allocation of carbon resources within seeds is not 

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

seeds to obtain superior nutritional and economic value. 

 While in general there is a trade-off between oil and protein contents in seeds, including 

canola and yellow mustard (Grami et al., 1977; Katepa-Mupondwa et al., 2005) and soybean 

(Kambhampati et al., 2020), previous research has suggested that seed oil and protein contents 

may be increased simultaneously by partially reallocating metabolic resources away from seed 

fiber biosynthesis (Jiang & Deyholos, 2010; Slominski et al., 2012; Opazo-Navarrete et al., 

2019; Jayawardhane et al., 2020). Thus, there is an opportunity for canola genetic engineering to 

contribute to research on adding 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 (Li et al., 2017B; Jayawardhane et al. 2020). Nevertheless, manipulation of seed 

carbon partitioning as a 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 reasonable to select target genes based on our 

knowledge of the relevant biosynthetic pathways and test their performance in the fast-growing 

model plant species, Arabidopsis, before employing the strategy to improve canola through 

biotechnology. 
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 Plant storage lipid biosynthesis 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 glycerol-3-phosphate 

(G3P) pathway, also known as the Kennedy Pathway. Diacylglycerol acyltransferase (DGAT) 

catalyzes the final and committed step in the Kennedy pathway, and has a well-documented and 

outsized role in seed oil biosynthesis. Overexpression (OE) of DGAT1, as well as improving 

DGAT enzymatic performance, is effective at increasing lipid accumulation (reviewed in Xu et 

al., 2018A 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 involved in AA synthesis, transport, and 

transcriptional regulation of SSP genes contribute to the level of protein accumulation in seeds 

(see section 1.1.2). Overexpression of several AA transport and biosynthesis-related genes has 

been demonstrated to increase SSP content (Rolletschek 2005; Lee 2020; Zhou 2009; see Table 

1.2); in particular, AtAAP1, AtALAAT1, and AtASN1 appear to have high potential for enhancing 

seed protein accumulation. In addition, AtUmamiT18 has been shown to contribute to the flow of 

AAs into the seed during embryo development (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 plant cell walls (Wilson et al., 2021). There are several known 

genes encoding the CESA complex which synthesizes cell wall cellulose, and previous research 

has implicated AtCESA1 as a promising target for manipulating cellulose biosynthesis 

(Beeckman et al., 2002; Burn et al., 2002; Jayawardhane et al., 2020; see section 1.1.3). Seed-
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specific ribonucleic acid interference (RNAi)-mediated down-regulation of AtCESA1 in 

Arabidopsis has been shown to slightly reduce the seed cellulose content, without causing major 

phenotypic abnormalities. Partial down-regulation of seed cellulose led to a small increase in 

seed protein content, but the seed oil content declined slightly (Jayawardhane et al., 2020). Thus, 

down-regulation of AtCESA1 appears to be a promising start for partially reducing the fiber 

content of oilseeds and improving their nutritive properties. In addition, since DGAT1 has an 

important role in TAG biosynthesis, its overexpression may offer a promising avenue for 

counter-acting the small negative effect of AtCESA1 down-regulation on seed lipid 

accumulation. 

Table 1.1 Recent genetic manipulations of seed storage protein content in plant seeds 

Species Gene Expression 
Target Pathway or 

Mechanism 

Transformation 

Method 

Phenotypic 

Outcome 
Reference 

Arabidopsis thaliana OsASN1 ZmUBI promoter OE AA Biosynthesis A. tum ŷ SSPs Lee et al., 2020 

Arabidopsis thaliana SAT1 
OE (bundle sheath 

cell-specific) 
AA Biosynthesis A. tum ŷ SSPs Xiang et al., 2018 

Arabidopsis thaliana IbEXP1 OE Cell Wall Development A. tum ŷ SSPs Bae et al., 2014 

Arabidopsis thaliana FAX1 Seed-specific OE FA Transport A. tum ŷ SSP, ŷ oil Tian et al., 2018 

Arabidopsis thaliana FAX2 Seed-specific OE FA Transport A. tum (CRISPR) ŷ SSP, ŷ oil Tian et al., 2019 

Arabidopsis thaliana GmLEC2a OE Transcription A. tum ŷ SSPs, ŷ oil Manan et al., 2017 

Arabidopsis thaliana TTG1 Knockout mutant Transcription T-DNA insertion ŷ SSPs Chen et al., 2015 

Arabidopsis thaliana RGL3 OE Transcription A. tum ŷ SSPs Hu et al., 2021 

Glycine max AAP6a OE (35S) AA Transport A. tum ŷ SSPs, ŷ NUE Liu et al., 2020 

Oryza sativa AAP6a OE (35S) AA Transport A. tum ŷ SSPs Peng et al., 2014 

Oryza sativa OsRAG2 
OE (ZmUBI1 

promoter) 
SSP Biosynthesis A. tum ŷ SSPs Zhou et al., 2017 

Oryza sativa GZF1 RNAi (seed-specific) Transcription A. tum ŷ SSPs Chen et al., 2014 

Oryza sativa NF-CY12 
OE (ZmUBI1 

promoter ) 
Transcription A. tum ŷ SSPs Xiong et al., 2019 

Pisum sativum PsAAP1(3a) OE AA Transport A. tum ŷ SSPs Grant et al., 2021 

Pisum sativum PsAAP1 Phloem-specific OE AA Transport A. tum ŷ SSPs Zhang et al., 2015A 

Pisum sativum PsAAP1 Phloem-specific OE AA Transport A. tum ŷ SSPs, ŷ NUE 
Perchlik & Tegeder, 

2017 

Triticum aestivum TaAAP13 
Endosperm-specific 

OE 
AA Transport 

Particle 

bombardment 
ŷ SSPs Wan et al., 2021 

Triticum aestivum TuSPR RNAi Transcription 
Particle 

bombardment 
ŷ SSPs Shen et al., 2021 

Triticum aestivum  ODORANT1 RNAi Transcription 
Particle 

bombardment 
ŷ SSPs Luo et al., 2021 
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 The hypothesis of this project is that RNAi down-regulation of seed cellulose (AtCESA1-

RNAi) biosynthesis will liberate carbon resources that can then be drawn into lipid biosynthesis 

through overexpression of selected genes in lipid and protein biosynthesis and gene down-

regulation in cellulose synthesis. The overall research objective is to test the combination of 

AtCESA1-RNAi, overexpression of BnDGAT1, and overexpression of genes associated with SSP 

biosynthesis genes (AtAAP1, AtALALAAT1, AtASN1, AtUmamiT18) in Arabidopsis seeds, with 

the aim of finding the best combination for further investigation in canola and other oilseed 

crops. In addition, this project involves analyzing the lipids of a large number of Arabidopsis 

seed samples with direct methylation followed by quantification with GC-FID, but existing seed 

lipid analysis methods are 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 analyze the Arabidopsis seeds 

generated in the following research objectives. 

(2) generate homozygous lines with AtCESA1-RNAi and BnDGAT1-OE and choose the most 

promising lines. 

(3) overexpress targeted protein biosynthesis-related genes (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 lines with AtCESA1-RNAi/BnDGAT1-OE, and overexpress one of the 

protein biosynthesis-related genes to test the functions of the gene combinations on seed 

cellulose, lipid, and protein content. 
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1.2 Literature Review 

 This literature review section covers seed lipid biosynthesis (synthesis 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 biosynthesis (types of cellulose synthases and their effects on seed 

composition). 

 

1.2.1 Seed Lipid Biosynthesis 

1.2.1.1 De novo Fatty Acid Biosynthesis & Acyl Editing 

  The major biosynthetic processes involved in the accumulation of seed storage oil are 

FA synthesis and TAG assembly (depicted in Figure 1.1). Seed FAs are first synthesized in 

plastids, followed by transport to the endoplasmic reticulum (ER) for acyl editing and TAG 

synthesis (Ohlrogge et al., 1979; Thelen & Ohlrogge, 2002). Additionally, regulatory factors 

often play diverse and important roles in mediating storage lipid biosynthesis, especially 

transcription factors (TFs) (Kong et al., 2020A).   

 The de novo synthesis of FAs involves the consumption of the carbon substrate acetyl-

coenzyme A (CoA), which is the building 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 plastid (Lee et al., 

2017). Once imported, FA synthesis begins through the conversion of pyruvate to acetyl-CoA by 

the pyruvate dehydrogenase complex (PDC) (Williams & Randall, 1979). Acetyl-CoA then acts 

as the substrate for acetyl-CoA carboxylase (ACCase) which catalyzes the conversion of acetyl-
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CoA to malonyl-CoA (Konishi et al., 1996; Ke et al., 2000). This is considered the first step in 

FA synthesis because this reaction commits acetyl-CoA to acyl chain assembly (Thelen & 

Ohlrogge, 2002).  

Subsequently, acyl-CoA molecules are joined to acyl carrier proteins (ACPs) for further 

extension (Baud et al., 2008). From 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 elongate the ACP-bound acyl chain (Brown et al., 2006; Yang et al., 2016). 

KAS III  catalyzes the first elongation reaction between malonyl-ACP and acetyl-CoA to produce 

a 4-carbon acyl-ACP, which is extended by 2-carbon subunits via KAS I catalysis until a 16:0-

ACP is assembled (Baud et al., 2008; Dehesh et al., 2001). A cycle of condensation, reduction, 

dehydration and a second reduction take place to add 2-carbon increments. This 16:0-ACP can 

either be lysed by acyl-ACP thioesterase B (fatty acid thioesterase B, FATB), liberating 16:0 

from the ACP, or catalyzed by KAS II to produce 18:0-ACP (Salas & Ohlrogge, 2002). The 

18:0-ACP can either be cleaved by FATB to produce free 18:0 or the acyl chain can be 

converted to 18:1-ACP, which is catalyzed by stearoyl-CoA-desaturase (SAD) (Salas & 

Ohlrogge, 2002; Shanklin & Somerville, 1991). Alternatively, 16:0- and 18:0-ACP can undergo 

desaturation to 16:1- or 18:1-ACP by acyl-ACP desaturases (AADs) (Shanklin & Somerville, 

1991; Browse & Somerville, 1991; Bryant et al., 2016). Acyl-ACP thioesterase A (fatty acid 

thioesterase A, FATA) can then hydrolyze the 18:1-ACP to yield free 18:1 (Salas & Ohlrogge, 

2002). The thioesterase-mediated cleavage of acyl chains from ACPs is essential for providing 

free FAs that can then be shuttled and processed for downstream pathways, in particular TAG 

synthesis.  
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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 accumulation (Li  et al., 2015B; Li et al., 2020; Tian et al., 2018; Tian et al., 2019). The 

free FAs are then metabolically activated through linkage to CoA by long-chain acyl-CoA 

synthetases (LACSs) (Aznar-Moreno et al., 2018; Shockey et al., 2002). FAX and LACS 

members likely play important roles in acyl shuttling mechanisms through plastid membranes 

and enabling the accumulation of acyl-CoAs in the cytosol, which is a necessary precondition for 

acyl editing and TAG synthesis (Tian et al., 2019). Multiple FAX homologs have been reported 

in the model plant 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 (e.g. from plastid to ER), and 

also play a role in seed oil accumulation and FA composition (Zheng et al., 2018; Wang et al., 

2021; Jessen et al., 2015; Ding et al., 2020; Xu et al., 2018B). Higher plants generally possess 

several LACS homologs exhibiting certain 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 further (Jessen et al., 2015; Zhao et al., 2019B; Zhao et 

al., 2021).   

 The synthesized acyl-CoAs persist in the cytosol and can be used in the biosynthesis of 

acyl lipids on the ER. Acyl-CoA binding proteins (ACBPs) bind to acyl-CoAs and enable the 

maintenance of an acyl-CoA pool, and thus play an intermediary role in lipid biosynthesis (Xiao 

& Chye, 2011; Guo et al., 2019B). The transportation of acyl-CoA to the ER for acyl editing and 

TAG assembly may be facilitated by acyl transporters (Guo et al., 2019B). ABCA9 has been 

identified as one such transporter and its activity contributes substantially to seed oil 
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accumulation, though other unknown ER-localized acyl-CoA importers may also contribute to 

the transport process Kim et al., 2013; Cai et al., 2021). 

Acyl chains can be further modified (also known as acyl-editing) to increase their 

diversity, and subsequently the FA profile of the seed oil, with desaturation and elongation being 

the two main modification reactions (Stymne & Stobart, 1984). Desaturation occurs on 

phosphatidylcholine (PC), and the synthesis of 18:2-PC and 18:3-PC from 18:1-PC catalyzed by 

fatty acid desaturase 2 and 3 (FAD2 and FAD3), respectively, are two common reactions in plant 

seeds (Okuley et al., 1994; Arondel et al., 1992). The Landôs cycle is comprised of de-acylation 

and re-acylation between lysophosphatidylcholine (LPC) and phosphatidylcholine (PC) and 

plays an important role in the exchange of acyl-chains between the PC pool and acyl-CoA pool, 

where lysophosphatidyl;acyl-CoA acyltransferase (LPCAT), phospholipase A and acyl-CoA 

synthase catalyze the reactions. Elongation catalyzed by fatty acid elongase (FAE) on the ER is 

the key step in producing very long chain FAs (VLCFA, with 20C or more), which includes a 

sequence of condensation, reduction, dehydration and a second reduction, much as with fatty 

acid synthase in the plastid (Rossak et al., 2001). However, the FA elongation reaction is 

different from de novo FA synthesis in several ways, such as the reaction positions (ER vs. 

plastid) and source of 2-carbon units (malonyl-CoA vs. malonyl-ACP). While desaturation and 

elongation are the main derivations of FAs, other modification reactions can also take place. 

These further enzymatic reactions may give rise to the synthesis of unusual FAs, such as 

ricinoleic acid through the hydroxylation of 18:1-PC (Moreau & Stumpf, 1981; van de Loo et al., 

1995; Bates & Browse, 2012). In addition, it should be noted that although the desaturation and 

elongation of acyl-chains on the ER are pivotal for seed oil formation, desaturation also occurs in 
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the plastid catalyzed by FAD4 through FAD7, and the activity of these enzymes is important in 

lipid biosynthesis (Browse & 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 the Kennedy pathway (Kennedy & Weiss, 1956; Weiss et al., 1960). Glycerol-3-phosphate 

acyltransferase (GPAT) catalyzes the first attachment of an acyl chain to the glycerol backbone, 

thereby converting glycerol-3-phosphate (G3P) to lysophosphatidic acid (LPA) and ultimately 

promoting oil accumulation (Jain et al., 2000; Singer et al., 2016; Bai et al., 2021; reviewed in 

Jayawardhane et al., 2018). The glycerol backbone in LPA is then acylated again, this time by 

lysophosphatidic acid acyltransferase (LPAAT), yielding phosphatidic acid (PA) (Lassner et al., 

1995). The phosphate group is then cleaved from PA through the catalytic activity of 

phosphatidic acid phosphatase (PAP), which generates diacylglycerol (DAG) (Nakamura et al., 

2009). Finally, the third and final acylation is catalyzed by diacylglycerol acyltransferase 

(DGAT), resulting in the production of TAG. As the enzyme catalyzing the last committed step 

in acyl-CoA dependent TAG biosynthesis, DGAT has been studied extensively for decades 

(reviewed in Xu et al., 2018 and Chen et al., 2022). An alternative TAG biosynthetic pathway 

involves the enzyme phospholipid:diacylglycerol acyltransferase (PDAT), which transfers an 

acyl group from PC to DAG to yield TAG (Xu et al., 2018; Banas et al., 2014; Stahl et al., 2004). 

The relative contribution of DGAT and PDAT to TAG formation may differ depending on the 

plant species (Zhang et al., 2009). 

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

is a major substrate for acyl-editing, the entry and exit of FAs into PC and crosstalk between the 
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PC pool and DAG/TAG are important in determining FA composition. CDP-choline:DAG 

cholinephosphotransferase (CPT) and PC:DAG cholinephosphotransferase (PDCT) facilitate 

interconversion between DAG and PC (Slack et al., 1983; Slack et al., 1985; Lu et al., 2009). 

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 (PLD) (Novotna et al., 

2000; Lee et al., 2011). It is well-established that these dynamic reactions are important in the 

biosynthesis of seed oils with various FA profiles in different plant species.  

 TAGs accumulate in oil bodies (OBs) in the cytosol and serve as a major energy source 

for seedling growth (Yatsu & Jacks, 1972; Tzen, 2012; Gu et al., 2017). OBs are storage 

organelles for TAG, consisting of a single-layered phospholipid membrane, and are synthesized 

at the ER (Yatsu & Jacks, 1972; Tzen, 2012; Frey-Wyssling et al., 1963; Chen et al., 2019). 

Several oleosin proteins are found in abundance in OB membranes, contributing to their stability 

and facilitating the separation of OBs from the ER (Tzen 2012; Huang 1992; Jolivet et al., 2004; 

Huang et al., 2017) Oleosins are important for proper oil accumulation and the expression of 

OLEOSIN genes is promoted by several major transcription factors (Kim 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 for long-term seed oil stability (Jolivet et al., 2004; 

reviewed in Tzen, 2012). Recent studies have revealed that OB biogenesis also involves other 

enzymes such as OB-associated protein (LDAP) LDAP-interacting protein (LDIP) and SEIPIN 

proteins in Arabidopsis, and the mechanisms underlying OB formation may involve different 

sets of OB-packaging proteins in different species (Pyc et al., 2021; Coulon et al., 2020; Greer et 

al., 2020; reviewed in Chapman et al., 2019). However, many OLEOSIN and other OB-related 

genes remain uncharacterized and further research is warranted (Zhang et al., 2019A). 
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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 genes is subjected to regulation by a variety of mechanisms (Figure 1.2). Because of 

its involvement in the crucial step in FA synthesis, ACCase is an important target for regulation. 

The biotin carboxyl carrier protein (BCCP) subunit of ACCase is a known target for biotin 

attachment domain containing (BADC) proteins, which are negative regulators of ACCase 

activity (Liu et al., 2019A; Salie et al., 2016). ACCase activity can also be regulated by carboxyl 

transferase interactor (CTI) 1, CTI2, and CTI3, which are plastid envelope proteins that dock 

ACCase at the plastid membrane, reducing its activity (Nikovics et al., 2020). The flow of 

carbon into FA synthesis is thereby reduced through the inhibition of ACCase mediated by CTIs. 

However, knockout of these CTI genes in Arabidopsis did not affect the quantity of seed oil 

(Nikovics et al., 2020), which may imply that other unidentified regulatory factors are involved 

and warrants further research. 

 Regulating the expression of lipid-related genes is necessary to coordinate the 

development of the seed as well as the synthesis and sequestration of TAG for storage. TFs have 

manifold influential roles in mediating lipid biosynthesis in seeds. Since the discovery of the 

WRINKLED1 (WRI1) 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 biosynthesis regulation (Focks & Benning, 1998; Kong et al., 2020A). WRI1 is known to 

promote the expression of more than twenty lipid biosynthesis-related genes, including BCCP2 

(which encodes a subunit of ACCase), ACP1, and KASI (Liu et al., 2019; Maeo et al., 2009). 

Loss-of-function wri1 mutants consequently accumulate up to 80% less seed oil, illustrating the 
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substantial importance of WRI in storage lipid biosynthesis (Focks & Benning 1998). The 

diverse interactions and regulatory targets involving WRI1 have been recently reviewed (Kong et 

al., 2019). 

WRI1 was recently found to promote the expression of negative regulators of FA 

synthesis, such as BADC1/2/3. WRI1 binds directly to BADC promoters and drives their 

expression, providing a fine-tuning mechanism of FA synthesis that allows cells to achieve lipid 

homeostasis by promoting BADC expression and inhibiting ACCase activity (Liu et al., 2019). 

While the recruitment of RNA polymerase to lipid biosynthesis genes is necessary for the WRI1-

mediated promotion of transcription, the relationship between RNA polymerase and WRI1 was 

unknown until the recent discovery of the Mediator complex subunit 15 (MED15). MED15 was 

shown to act in concert with WRI1 to deliver RNA polymerase to the promoters of genes 

involved in lipid biosynthesis pathways and to positively contribute to seed oil accumulation 

(Kim et al., 2016B).  

Several pre- and post-transcriptional regulatory factors have been identified that influence 

WRI1 itself, including LEC1, LEC2, FUS3, 14-3-3, BPMs, and KIN10/SnRK1, leading to 

downstream effects on the expression of oil biosynthesis genes (Kong et al., 2020A). TFs such as 

MYB89 and TCP4 have also been shown to directly repress WRI1 expression, leading to reduced 

expression of oil biosynthesis genes and consequently seed oil accumulation (Kong et al., 

2020B; Li et al., 2017A). There are also post-translational regulatory mechanisms for WRI1. For 

example, 14-3-3 proteins are regulatory proteins capable of binding to and stabilizing 

phosphorylated WRI1, thus reducing WRI1 degradation, promoting the expression of lipid 

biosynthesis genes, and enhancing seed oil synthesis (Kong & Ma, 2018; Ma et al., 2016). The 

TF DRBEL, from the DREB family, was also recently identified as a direct positive regulator of 
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major lipid TFs such as WRI1, ABI3, and ABI5, illustrating the complexity of interactions 

between transcriptional regulators that modulate lipid biosynthesis (Zhang et al., 2016C). 

Several other TFs contribute to the regulation of lipid biosynthesis gene expression and 

seed oil accumulation. For example, many MYB-class TFs have also been found to play roles in 

lipid biosynthesis; in particular, MYB96 strongly impacts seed oil accumulation by driving the 

expression of DGAT1 and PDAT1, which are the main enzymes involved in de novo and derived 

TAG synthesis, respectively (Lee et al., 2015). On the other hand, MYB5 functions as part of a 

transcription activation complex that stimulates the expression of GL2, which encodes a known 

repressor of seed oil synthesis (Cheng et al., 2021). MYB5 is negatively regulated by MYB 

Interacting Factor 1 (MIF1), which binds to and targets MYB5 for degradation, thereby reducing 

the GL2-mediated repression of oil synthesis. Similarly, MYB73 promotes oil biosynthesis by 

decreasing the expression of oil-reducing GL2 (Liu et al., 2014). Some MYB TFs also have 

specific impacts on FA composition, such as MYB115 and MYB118, which stimulate the 

synthesis of unsaturated FAs in the seed by promoting the transcription of two acyl desaturation 

genes, AAD2 and AAD3 (Troncoso-Ponce et al., 2016).  

Several TFs from 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 NF-YA, to promote oil accumulation by driving the expression of key 

genes involved in FA synthesis (BCCP2, KASIII), TAG synthesis (DGAT1), TAG storage 

(OLEO1), and transcriptional regulation of lipid genes (WRI1) (Lu et al., 2021). However, 

further research is needed to characterize the roles of other TZF family members in modulating 

oil biosynthesis. 
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AIL7, a TF in the AIL/PLT subfamily, appears to have a broad influence on seed oil 

content and FA composition through the transcriptional regulation of a multitude of genes 

involved in lipid biosynthesis, including FA synthesis (KASI, ACCase, ACP), acyl-CoA 

activation (LACS9), TAG synthesis (LPAAT, PDAT), acyl editing (FAD3, FAE1, KCS), and OB 

formation (OLEO1) (Singer et al., 2021). Further characterization is needed to discern precisely 

how AIL7 modulates the expression 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 of AIL5 and AIL6 has been observed in Arabidopsis seedlings following the induced 

over-expression of FUS3, which encodes a TAG-enhancing TF (Zhang et al., 2016A). 

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 lipid-promoting genes such as WRI1 and ABI5 (Song et al., 2020; Yeap et al., 

2017). Similarly, the KIN10 kinase (also known as SnRK1) negatively regulates WRI1 and 

DGAT1 through phosphorylation, resulting in reduced expression of lipid biosynthesis genes and 

diminished TAG synthesis (Zhai et al., 2017; Caldo et al., 2018). The regulation of lipid 

biosynthesis can also occur at the epigenetic level. One such regulatory factor, GCN5, 

deactivates several lipid-related genes (particularly FAD3) through histone acetylation, thereby 

reducing desaturation of 18:2 to 18:3 and modifying the FA composition of the seed oil (Wang et 

al., 2016A).   

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 complex and requires 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 situated within transcriptional regulation networks of 

lipid biosynthesis (Rajavel 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 

accumulation or altering the properties of the seed oil by changing the FA composition. Since 

many studies have investigated the genetic engineering of seed oil biosynthesis, we have 

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 elsewhere (Subedi et al., 2020). 

Table 1.2 Recent genetic manipulations of oil content and fatty acid composition in plant 

seeds 

Species Gene Expression 
Target Pathway or 

Mechanism 

Transformation 

Method 

Phenotypic 

Outcome 
Reference 

A. thaliana, C. sativa ZmLEC1 Seed-specific OE Transcription A. tum ŷ oil Zhu et al., 2018 

A. thaliana, Z. mays ZmSAD1 Seed-specific OE FA desaturation 
A. tum, particle 

bombardment 
ŷ PUFAs Du et al., 2016 

Arabidopsis thaliana AAD2, AAD3, MYB115 Seed-specific OE FA desaturation A. tum ŷ omega-7 FAs Ettaki et al., 2018 

Arabidopsis thaliana CnFATB3 Seed-specific OE FA desaturation A. tum ŷ MCFAs & LCFAs Yuan et al., 2017 

Arabidopsis thaliana VfFAD2, VfDGAT2 OE FA desaturation, Kennedy A. tum ŷ oil, 18:3, 20:3 Chen et al., 2015 

Arabidopsis thaliana MCAMT Seed-specific OE FA synthesis A. tum ŷ oil Jung et al., 2019 

Arabidopsis thaliana SsDGAT2 OE Kennedy A. tum ŷ 18:1, Ź 18:3 Wang et al., 2016B 

Arabidopsis thaliana 
AtDGAT1, RcFAH12, 

RcDGAT2 
OE & mutation Kennedy A. tum ŷ unusual Fas van Erp et al., 2015 

Arabidopsis thaliana Seipin1, RcFAH12 Seed-specific OE OBs, FA hydroxylation A. tum ŷ HFAs Lunn et al., 2018 

Arabidopsis thaliana GmPLDy OE PC Exchange A. tum ŷ oil, ŷ LCFA Bai et al., 2020 

Arabidopsis thaliana AtPDAT OE PC Exchange A. tum ŷ oil Banas et al., 2014 

Arabidopsis thaliana BASS2 Seed-specific OE Pyruvate Transport A. tum ŷ oil Lee et al., 2017 

Arabidopsis thaliana AIL7 Seed-specific OE Transcription A. tum 
Ź oil, Ź LCFA, ŷ 

UFA 
Singer et al., 2021 

Arabidopsis thaliana SPATULA OE Transcription A. tum ŷ oil, Ź SSP Liu et al., 2017 
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Arabidopsis thaliana DGAT2 Seed-specific OE Kennedy A. tum ŷ PUFA, Ź 18:0 Jin et al., 2017 

Arabidopsis thaliana GmLEC2a Seed-specific OE Transcription A. tum ŷ oil, ŷ SSP Manan et al., 2017 

Arabidopsis thaliana WRI1, DGAT1, SDP1 Seed-specific OE 
Transcription, Kennedy, Lipid 

turnover 
A. tum ŷ oil, Ź seed number van Erp et al., 2014 

Arabidopsis thaliana AtFAX1 Seed-specific OE Transport A. tum ŷ oil, ŷ SSP, ŷ yield Tian et al., 2018 

Arachis hypogea AtLEC1 Seed-specific OE Transcription A. tum 
ŷ oil, modified FA 

profile 
Tang et al., 2018 

B. napus, N. 

benthamiana 

BnGPDH, BnGPAT, 

DGAT, ScGPDH, 

ScLPAAT 

Seed-specific OE Kennedy A. tum ŷ oil Liu et al., 2015 

Brassica juncea AtDGAT1 Seed-specific OE Kennedy A. tum ŷ oil, Ź 18:1 & 18:2 Savadi et al., 2016 

Brassica napus BnFAD2 Gene edited allele FA desaturation 
CRISPR/Cas9, Ag 

tum 
ŷ 18:1, Ź 18:2 Okuzaki et al., 2018 

Brassica napus PgFADX, PgFAD2 Seed-specific OE FA desaturation A. tum 
Punicic acid 

synthesized 
Xu et al., 2020 

Brassica napus BnFATB2, BnSADs 
Seed-specific OE 

& miRNA 
FA desaturation, FA synthesis A. tum ŷ 16:0 & 18:0 Sun et al., 2014 

Brassica napus SsDGAT1 OE Kennedy A. tum ŷ oil Peng et al., 2016 

Brassica napus BnLACS2 OE Kennedy A. tum ŷ oil, Ź protein Ding et al., 2020 

Brassica napus GmDOF4, GmDOF11 OE Transcription, FA desaturation A. tum ŷ 18:1, Ź 18:2 & 18:3 Sun et al., 2018 

Camelina sativa pPLAIIId Seed-specific OE Acyl editing A. tum ŷ oil, Ź seed cellulose Li et al., 2015A 

Camelina sativa 
CpuFATB3, CvFATB1, 

CnLPAAT 
Seed-specific OE FA desaturation, Kennedy A. tum 

ŷ 10:0, 12:0, 14:0, 

16:0 
Kim et al., 2015 

Camelina sativa 
LaKCS, AtKCR, AtHCD, 

AtECR,  
Seed-specific OE FA synthesis A. tum ŷ 24:1 Huai et al., 2015 

Camelina sativa AtDGAT1, ScGPD1 Seed-specific OE Kennedy A. tum ŷ oil & seed weight Chhikara et al., 2018 

Camelina sativa 
DGAT1A, DGAT1B, 

DGAT1C 
Seed-specific OE Kennedy A. tum 

ŷ oil and number of 

cells in seeds 
Kim et al., 2016A 

Camelina sativa AtWRI1 Seed-specific OE Transcription A. tum ŷ oil & seed weight An & Suh, 2015 

Camelina sativa FAX1/ABCA9 OE Transport A. tum ŷ oil & seed weight Cai et al., 2021 

Camelina sativa MYB96A, DGAT1C Seed-specific OE Transcription, Kennedy A. tum ŷ oil Kim et al., 2019 

Carthamus tinctorius FAD2.2, FATB 
Seed-specific 

RNAi 
FA desaturation & synthesis A. tum ŷ 18:1 Wood et al., 2018 

Crambe abyssinica CaFAD2, CaFAE1 
Seed-specific 

RNAi 
FA desaturation & elongation A. tum ŷ 18:1, Ź 22:1 Li et al., 2016 

Glycine max SiDGAT1 OE Kennedy A. tum 

ŷ oil, Ź protein, Ź  

sugars, changed FA 

profile 

Wang et al., 2019 

Glycine max GmDGAT1 variants Seed-specific OE Kennedy 

Recombination 

mediated cassette 

exchange 

ŷ oil, ŷ protein, Ź 

carbohydrates 
Roesler et al., 2016 

Glycine max GmDGAT2A Seed-specific OE Kennedy A. tum ŷ oil, 18:2 Jing et al., 2021 

Glycine max DGAT1A, DGAT1B Seed-specific OE Kennedy A. tum ŷ oil, Ź protein Zhao et al., 2019A 

Glycine max ZF392 OE Transcription A. tum ŷ oil Lu et al., 2021 

Gossypium hirsutum 
GhACCase (BCCP1, 

BC1, CTa2, CTb) 
Seed-specific OE FA synthesis A. tum ŷ oil Cui et al., 2017 

Gossypium hirsutum GhDGAT1 Seed-specific OE Kennedy A. tum 
ŷ oil, Ź protein, ŷ 

16 :0, 18 :0, 18 :1 
Wu et al., 2021 

Gossypium hirsutum GhDOF1 OE Transcription A. tum ŷ oil, Ź seed protein Su et al., 2017 

Jatropha curcas DGAT1, DGAT2 OE Kennedy A. tum 
ŷ oil, 18:2, Ź protein, 

16:0, 18:0, 18:1 
Zhang et al., 2021 

Lepidium campestre AtWRI1, AtHb2, BvHb2 Seed-specific OE Transcription, hemoglobins A. tum ŷ oil Ivarson et al., 2017 

Nicotiana tabacum SiFAD7 OE FA desaturation A. tum ŷ 18:3, Ź 18:2 Bhunia et al., 2016 

Oryza sativa ACBP2 OE Acyl Pool A. tum ŷ oil & LCFAs Guo et al., 2019A 

Vernonia galamensis DGAT1A Seed-specific OE Kennedy 
Particle 

bombardment 
ŷ oil, Ź carbohydrate AL-Amery et al., 2019 
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Since de novo FA synthesis and acyl editing are essential components of seed oil content 

and FA profiles, numerous genes involved in these processes have been engineered in recent 

studies. For example, the transport of carbon substrates into the plastid in preparation for FA 

synthesis is an essential process but has lacked research attention. The plastid-localized 

transporter BASS2, which facilitates the import of pyruvate to supply the carbon substrate for 

FA synthesis, has been found to increase oil accumulation when overexpressed in Arabidopsis 

seeds (Lee et al., 2017). Several proteins involved in the FA synthesis pathway have also been 

identified as promising targets for seed oil engineering. The overexpression of genes encoding 

ACCase subunits leads to an increase in seed oil content, as does the down-regulation and/or 

knockout of several BADC genes (which encode ACCase repressors) (Salie et al., 2016; Cui et 

al., 2017; Keereetaweep et al., 2018). The engineering of FA synthesis can also be used to 

modify the types of FA that are synthesized. The overexpression of certain FATB members has 

been demonstrated to increase the proportions of short and medium chain FAs, while 

overexpression of LACS9 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., 2015). The overexpression of FAD2 

or SAD1 has been shown to increase levels of unsaturated FAs (Chen et al., 2015; Du et al., 

2016). 

Lipid transporters have also been the subjects of genetic engineering. For example, 

overexpression of ABCA9 resulted in a substantial increase in seed TAG content (Kim et al., 

2013). Notably, overexpression of either FAX1 or FAX2 greatly increased seed oil content while 

simultaneously increasing seed protein content, with no impact on the FA composition (Tian et 

al., 2018; Tian et al., 2019). The simultaneous overexpression of FAX1/ABCA9 was 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 synthesis (Cai et al., 2021).  

Much research has investigated enzymes in the Kennedy pathway for their potential in 

seed lipid engineering. For instance, the overexpression of LPAATs results in increased seed oil 

content and increased unsaturated FA levels, likely by elevating several lipid biosynthesis 

pathways (Chen et al., 2015; Liu et al., 2015). Furthermore, as the main enzyme responsible for 

synthesizing TAG in the final step of the Kennedy pathway, DGAT is an obvious and well-

established candidate for genetic engineering of seed oil (Jako et al., 2001; Taylor et al., 2009; 

van Erp et al., 2014; Peng et al., 2016; Wang et al., 2019). Co-expression of DGAT with other 

genes has also been used to increase seed oil content. For example, the combination of seed-

specific overexpression of yeast GPD1 to increase availability of the G3P backbone substrate 

with overexpression of DGAT1 to increase TAG synthesis led to increases in both seed oil 

content and seed yield (Chhikara et al., 2018). Some DGATs may also be promising for 

modifying the seed FA composition; for example, the overexpression of SsDGAT2 increased the 

proportion of 18:1 at the expense of 18:3 (Wang et al., 2016B). DGAT continues to be a key 

target for increasing seed oil through augmenting TAG synthesis (reviewed in Xu et al., 2018A). 

 Studies have also aimed to improve seed oil content by targeting proteins involved in 

TAG storage organelles. OLEO1 is the major protein in the membranes of oil bodies and its 

overexpression in seeds increased the expression of several lipid biosynthesis-related genes, 

including DGAT1, leading to increased seed oil accumulation, despite reduced OB size (Zhang et 

al., 2019A; Lu et al., 2018). Overexpression of several oleosins from Brassica napus L. (OLE1, 

OLE2, and OLE4) increased the seed oil content, 18:2 content, and OB size (Chen et al., 2019). 

Altering the expression of OLEOSIN genes may increase the rate of budding of OBs from the ER 



 21 

and results in smaller OBs, which may prove to be a limiting factor in using oleosins to engineer 

higher oil content (Song et al., 2017B). This occurrence may be related to the SEIPIN family, 

which localize to ER-OB junctions and are involved in determining OB size (Cai et al., 2015). 

For example, overexpression of SEIPIN1 increases OB size and seed oil accumulation, while 

SEIPIN1 down-regulation reduced OB size and oil content. Thus, there may be potential in 

combining overexpression of both seipins and oleosins 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 engineering. WRI1 is a key target for 

genetic engineering because of its central regulatory role in oil biosynthesis (Ivarson et al., 2017; 

Ye et al., 2018). Overexpression of WRI1 has been shown to increase the expression of PDC and 

ACCase, which are responsible for the initial channeling of carbon into FA synthesis, resulting in 

greater seed oil accumulation (An & Suh, 2015). Protecting post-translational WRI1 from 

degradation may also be a viable strategy to engineer seed oil, as demonstrated by the increased 

oil accumulation achieved by overexpression of a 14-3-3 protein (Ma et al., 2016). 

The metabolic engineering of genes in other pathways may also affect lipid biosynthesis. 

For example, a gene with no obvious role in storage lipid biosynthesis, chalcone synthase (CHS), 

was recently found to influence seed oil pathways. Overexpression of CHS revealed 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., 2021). This reveals a previously unknown effect by CHS on lipid 

biosynthesis, although further exploration is needed to clarify the mechanisms involved and 

determine the potential for CHS in seed oil engineering. 
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Figure 1.2.1 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/lipoyl attachment domain 

containing (1/2/3); CTI (1/2/3), carboxyltransferase interactor (1/2/3); ACCase, acetyl-CoA 

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 acid desaturase (4/5/6/7/8); FAT 

(A/B), fatty acid thioesterase (A/B); SAD, stearoyl-acyl carrier protein desaturase; FA, fatty 

acid; FAX, fatty acid exporter; LACS, long chain acyl-CoA synthetase; ACBP, acyl-CoA 

binding protein; ABCA, ATP-binding cassette A; GPAT, glycerol-3-phosphate acyltransferase; 

LPA, lysophosphatidic acid; LPAAT, lysophosphatidic acid acyltransferase; PA, phosphatidic 

acid; PAP, phosphatidic acid phosphatase; DAG, diacylglycerol; DGAT, diacylglycerol 

acyltransferase; TAG, triacylglycerol; LDAP, lipid dropletassociated protein; LDIP, LDAP 

interacting protein; PDAT, phospholipid:diacylglycerol acyltransferase; PDCT, 

phosphatidylcholine:diacylglycerol cholinephosphotransferase; CPT, CDP-

choline:diacylglycerol cholinephosphotransferase; PL (A/B/C), phospholipase (A/B/C); PC, 

phosphatidylcholine; LPCAT, lysophosphatidylcholine acyltransferase; LPC, 

lysophosphatidylcholine; PUFA, polyunsaturated fatty acid; FAE, fatty acid elongase.  
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Figure 1.2.2 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, FUSCA3; NF-Y (A/A3/C2), nuclear factor of the Y box 

(A/A3/C2); BPM, BTB/POZMATH 1; SnRK1, sucrose non-fermenting-1-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 interactor (1/2/3); DREBL, dehydration-

responsive element-binding 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), WRKY-family 

transcription factor; ABI, abscisic acid insensitive; MIF1, mini zinc finger 1; TTG1, transparent 

testa glabra 1; GL (2/3), glabra (2/3); AIL7, aintegumenta-like 7; DOF (4/11), DNA binding with 

one finger (4/11); SPT, SPATULA; GCN5, general control nonderepressible 5; PLD, 

phospholipase D; FAE1, fatty acid elongase 1; FAD (2/3), fatty acid desaturase (2/3); PDAT, 

phospholipid;diacylglyerol acyltransferase; DGAT1, diacylglycerol acyltransferase 1; KAS, 

ketoacyl synthase; BCCP, biotin carboxyl carrier protein; LPAAT, lysophosphatidic acid 

acyltransferase; ACCase, acetyl-CoA carboxylase; AAD (2/3), acyl-acyl 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 long-term storage of nitrogen to supply seedling growth and 

accumulate during the late stages of seed development (Goldberg et al., 1994; Herman & 

Larkins, 1999). Upon germination, they are broken down into AAs that supply protein 

biosynthesis for seedling growth (Fujiwara et al., 2002; Thompson, 2018). SSPs also contribute 

to seed longevity by shielding the seed from oxidative damage, thereby slowing the pace of seed 

deterioration, and are important for proper germination (Nguyen et al., 2015; Kwak et al., 2019). 

The stability of SSPs themselves can be enhanced through sumoylation by SIZ1, which post-

translationally modifies SSPs to improve their longevity (Kwak et al., 2019).  

 SSP biosynthesis, as distinct from AA biosynthesis, differs substantially from lipid 

biosynthesis in that it does not consist of sequential enzyme-catalyzed reactions with chemical 

intermediates. Rather, SSP genes that have been transcribed into mRNA are then translated by 

ER-localized ribosomes into proteins, followed by folding, processing, and transport (Herman & 

Larkins, 1999; Boston et al., 1996). After the transport and processing of SSPs, they accumulate 

within protein storage vacuoles (PSV) for storage (Chrispeels et al., 1991). As with most cellular 

functions, there is extensive transcriptional regulation of genes encoding SSPs, AA transporters, 

and other associated proteins (Fujiwara 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 classes in Arabidopsis and B. napus are 12S globulins 

(cruciferin, CRU) and 2S albumins (napins, NAP) (Fujiwara et al., 2002). Many other major 

SSPs exist and are often named after the species in which they are abundant, such as glycinin in 

Glycine max (soybean), and zeins in Zea mays (corn) (Fujiwara et al., 2002; Li et al., 2018A; 
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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 five-member gene family (At2S1-At2S5) while cruciferins 

are encoded by four genes (AtCRA1/CRU1, AtCRA2, AtCRB/CRU2, and AtCRC/CRU3). In 

legumes such as faba bean (Vicia faba L.) and pea (Pisum sativum L.), the main SSPs are vicilins 

and legumins (Thompson et al., 2018; Warsame et al., 2018). 

 Several studies have demonstrated that SSP composition has remarkable plasticity 

because knocking out one or more SSP-encoding genes typically results in negligible or small 

impacts on the overall SSP content (Lyzenga et al., 2019; Rolletschek et al., 2020). Instead of 

reducing overall SSP content, the knockout or down-regulation of genes encoding SSPs, 

including even the most important SSPs, leads to large compensatory shifts in the abundance of 

other SSPs (Schmidt et al., 2011; Kawakatsu et al., 2010; Zhang et al., 2015A; 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 of maturing seeds with knockdowns 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 SSP-encoding genes is regulated by many TFs (Figure 1.2.3), but a 

select set of TFs play an outsized role in seed maturation, development, and accumulation of 

storage compounds (Thompson, 2018; Baumlein et al., 1994; Fatihi et al., 2016). These include 

master TFs such as ABI3, ABI5, FUS3, LEC1, and LEC2, which are essential for SSP 

accumulation (Fujiwara et al., 2002; Baumlein et al., 1994; Reidt et al., 2000). The expression of 

many SSP genes is directly promoted by these master TFs (Thompson, 2018; Ezcurra et al., 
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1999; Kroj et al., 2003; Lara et al., 2003; Monke et al., 2004; Braybrook et al., 2006; Sun et al., 

2017). There is also regulatory interaction between these master TFs, with LEC1 able to directly 

promote the expression of FUS3 and ABI3, which has a positive effect on expression of SSP 

genes as well as overall seed protein content (Kagaya et al., 2005). The transcription-promoting 

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

RGL3, thereby augmenting SSP gene expression and seed protein accumulation (Hu et al., 

2021). FUS3 can contribute to seed protein content through indirect means, such as by repressing 

the expression of TTG1, a repressor of genes encoding napin, thereby supporting seed protein 

accumulation (Chen et al., 2015). There is partial functional redundancy between 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 content (Gacek et al., 2018). MYC2, MYC3, and MYC4 are 

negative regulators of cruciferin synthesis but positively regulate napin synthesis, with a net 

negative effect on seed protein content (Gao et al., 2016). Another negative regulator, GZF1 

directly represses expression of the SSP gene GluB-1 and attenuates seed protein content (Chen 

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 prolamins (Yamamoto et 

al., 2006; Kawakatsu et al., 2009). NF-YC12 directly promotes expression of GS1;3, which is 

involved in AA synthesis and subsequently increases seed protein content (Xiong et al., 2019). 

Some TFs have broad, negative effects on SSP gene expression, such as the MYB-family TF 

ORDORANT1 and the NAC-family 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 several SSP-encoding genes 

(Luo et al., 2021; Shen et al., 2021; Wang et al., 2020; Zhang et al., 2019B; Gao et al., 2021).   

 The expression of zein-encoding genes is regulated by several major TFs including O2, 

PBF, OHP1, and OHP2, all of which positively influence the zein content in seed (Yang et al., 

2016; Zhang et al., 2015B). Both bZIP22 and MADS47 can interact with other major zein-

promoting TFs such as PBF1, OHP1, and OHP2 to stimulate SSP gene expression and 

biosynthesis (Li et al., 2018A; Qiao et al., 2016). ABI9 was found to be a positive regulator of 

seed protein accumulation by promoting the expression of several SSP-related TFs, including 

O2, PBF1, NAC128, NAC130, O11, and VP1 (Zheng et al., 2019; Yang et al., 2021). The 

transcriptional regulation of zeins in corn has been recently described 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 through the phloem to developing seeds 

(Fujiwara et al., 2002; Frommer et al., 1993; Yang et al., 2020). AA transport proteins are 

involved in the movement of AAs through the plant body and supply them to the seeds for SSP 

synthesis (Yang et al., 2020). Amino acid permeases (AAPs) are important long-distance 

transporters of AAs throughout the plant, including root-to-shoot and source-to-sink transport as 

well as between tissues and between organelles. AAP1 and AAP8 are known to be highly 

expressed in seeds and their function is essential for providing AAs during seed development for 

SSP accumulation (Gacek et al., 2018; Miranda et al., 2001; Sanders et al., 2009; Weigelt et al., 

2008; Grant et al., 2021). However, loss of AAP8 function does not eliminate source-to-sink AA 
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transport and seed protein does not decrease, implying compensatory function by yet-

unidentified transporters (Yang et al., 2020; Santiago & Tegeder, 2016). Several AA transporters 

such as OMT, AAP2, AAP6, and CAT6 are all known to provide important contributions in AA 

transport to developing seeds and increasing seed protein content (Gacek 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 transporters called, UmamiTs, are known to play important roles 

in supplying AAs to developing seeds (Muller 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 knockout mutants for these genes produce substantially smaller seeds with reduced AA 

content (Ladwig et al., 2012; Muller et al., 2015). However, loss of function of some transporters 

(e.g., UmamiT24 and UmamiT25) does not reduce AA content or seed protein content upon 

maturity, suggesting some level of redundancy within the UmamiT transporter family (Besnard 

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 engineering to increase 

SSP content has not yet been explored.  

 

1.2.2.3 Highlights in Seed Storage Protein Engineering 

 Much of the research on SSP biosynthesis pathways is focused on the regulation of SSP 

gene expression (summarized in Table 1.2). Transcriptional regulators are obvious targets for 

seed protein engineering; for example, overexpression of major TFs such as LEC2, ABI19, and 

FUS3 have been shown to increase SSP gene expression and seed protein content while 

knockdown of the expression of ORDORANT1 and SPR (SSP-repressing TFs) enhanced seed 

protein accumulation (Manan et al., 2017; Sun et al., 2017; Luo et al., 1863; 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.g., ASN1) or AA transporters (e.g., AAP1, AAP6, AAT) improved nitrogen 

use efficiency and led to concomitant increases in seed protein content (Peng et al., 2014; Liu et 

al., 2020; Lee et al., 2020; Perchlik & Tegeder, 2017; Zhou et al., 2009). These studies 

demonstrate that the synthesis and movement of AAs is a promising area for enhancing seed 

protein levels. A unique approach to enhance SSP content is through overexpression of RAG2, an 

amylase/trypsin inhibitor, which caused an increase in SSP accumulation, although the 

mechanisms involved are unclear (Zhou et al., 2017). 

 As mentioned previously, the overexpression of the lipid transporters FAX1 and FAX2 

greatly increases seed oil content while simultaneously increasing seed protein content (Tian et 

al., 2018; Tian et al., 2019). This is an unusual outcome given that seed oil and protein 

accumulation are typically negatively correlated due to the competition of their biosynthesis 

pathways for resources, indicating that FAX transporters may be promising targets for 

simultaneously engineering increased storage oil and protein content in seeds (Kanai et al., 2016 

& references therein).  
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Figure 1.2.3 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 members with potential 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 insensitive (3/5/9); FUS3, FUSCA3; LEC (1/2), leafy cotyledon (1/2); NAC 

(19/20/26/128/130), NAC-family transcription factor (19/20/26/128/130); NY-FC12, nuclear 

factor of the Y box C12; GS1;3, glutamine synthase 1;3; SPR, storage protein repressor; VP1, 

viviparous 1; O (2/11), opaque (2/11); OHP (1/2), O2 heterodimerizing protein (1/2); bZIP22, 

basic leucine zipper transcription factor 22; PBF, prolamin-box binding factor; MADS47, 

MADS-box transcription factor 47; MYC (2/3/4), MYC-family basic helix-loop-helix 

transcription factor (2/3/4); GZF1, GDNF inducible zinc finger protein 1; RISBZ1, rice seed b-

Zipper 1; RPBF, rice prolamin-box binding factor; ROM1, regulator of MAT1; SIZ1, E3 SUMO 

ligase SIZ1; RAG2, rice albumin gene 2; RGL3, RGA-like protein 3; SPA, storage protein 

activator; TTG1, transparent testa glabra 1. 

 

1.2.3 Seed Cellulose Biosynthesis 

 Cellulose is a major structural polymer comprising the body of plants and is synthesized 

by large multimeric complexes anchored in the plasma membrane (PM) (Polko et al., 2018; 

Wilson et al., 2021; Fig. 1.2.4). These cellulose-synthesizing structures are referred to as 
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cellulose synthase complexes (CSCs) and are comprised of cellulose synthase (CESA) subunits 

(Paredez et al., 2006; Desprez et al., 2007; Somerville, 2006; Wilson et al., 2021). Once 

synthesized in the ER and exported to the PM, the CSC is moved along microtubule tracks. CSC 

then synthesize cell walls by depositing cellulose microfibrils. Cellulose synthase interacting 1 

(CSI1) was the first protein identified that does not belong to the CESA family but directly 

interacts with CESA1, CESA3, and CESA6 (Gu et al., 2010). Interestingly, the CC members 

CC1 and CC2 are essential for supporting the connection between the CSC and microtubules 

while experiencing stresses such as salt, thereby supporting cell growth and elongation in spite of 

cell stress (Endler et al., 2016). Another key element for proper CSC function and trafficking is 

KORRIGAN (KOR), which directly interacts with the CSC and may serve as a point of 

regulation of cellulose biosynthesis (Vain et al., 2014; Zhang et al., 2016B). Likely, other 

unknown CSC-associated and CSC-regulation factors also contribute to the process, and their 

identification is an active area of study. Together, these proteins contribute to the tethering and 

movement of CSCs and are integral to proper cellulose biosynthesis and cell development. 

 In Arabidopsis, the CESA subunits are encoded by a family of ten genes (AtCESA1-10) 

and provide different contributions to cellulose synthesis depending on the developmental 

timing, tissue type, and whether primary or secondary wall is being synthesized (Persson et al., 

2007; Somerville, 2006; Taylor et al., 2003). Among the ten Arabidopsis CESA members, 

AtCESA1/2/3/5/6/9 have been implicated in primary cell wall synthesis, while AtCESA4/7/8 are 

associated with secondary cell wall synthesis (Persson et al., 2007; Somerville, 2006; Taylor et 

al., 2003). There are various relationships of partial or complete redundancy amongst the various 

CESA members and although all ten AtCESA genes are expressed across Arabidopsis tissues, the 

level of expression varies by tissue and phase of development (Beeckman et al., 2002; Persson et 
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al., 2007; Desprez et al., 2007). Both AtCESA1 and AtCESA3 are likely to be non-redundant in 

cellulose biosynthesis because knock-out mutations for these genes resulted in severe phenotypic 

abnormalities (Beeckman et al., 2002; Persson et al., 2007). The interaction and functional 

overlap of AtCESA members is complex and there remain gaps in the understanding of these 

relationships, as well its involvement in the synthesis and structure of cell walls (Daras et al., 

2021).  

 AtCESA1 has long been understood as an essential contributor to the proper assembly of 

the CSC, cellulose synthesis, and cell development within the embryo (Arioli et al., 1998).  This 

is consistent with later work demonstrating that cell expansion is modulated by proper function 

and regulation of AtCESA1 (Chen et al., 2010). In the embryo, AtCESA2, AtCESA3 and 

AtCESA9 are co-expressed with AtCESA1, though AtCESA1 is especially important in embryo 

cell wall development (Burn et al., 2002). Only these four AtCESA genes have significant 

expression levels in the developing embryos of Arabidopsis, indicating that they may be prime 

targets for modification of seed cellulose biosynthesis (Beeckman et al., 2002; Jayawardhane et 

al., 2020). Little is known about the regulation of AtCESA members, and thereby cellulose 

biosynthesis, although AtCESA1 is regulated by circadian and hormonal mechanisms, often via 

phosphorylation (Chen et al., 2010; Sanchez-Rodriguez et al. 2017; Speicher et al., 2018; 

Lehman & Sanguinet, 2019; Yuan et al., 2019). Recently, seed-specific down-regulation of 

AtCESA1 in Arabidopsis through RNA interference (RNAi) has been shown to partially reduce 

the seed cellulose content without severe phenotypic abnormalities, whereas AtCESA9-RNAi 

down-regulation did not reduce the seed cellulose content (Jayawardhane et al., 2020). The 

AtCESA1-RNAi lines exhibited some compositional changes in the seeds, with protein and lipid 

contents increasing and decreasing slightly, respectively, and no effect on soluble glucose 
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content. This suggests that cellulose biosynthesis affects seed carbon partitioning and may have 

implications for modifying the protein and lipid content of seeds. However, some phenotypic 

effects may be associated with manipulation of seed cellulose biosynthesis. Mutation of 

AtCESA1 and its subsequent impacts on seed cellulose content may affect the rate of germination 

(Zhang et al., 2022), along with slightly delayed germination, reduced seedling root length, and 

reduced hypocotyl length (Jayawardhane et al., 2020; Zhang et al., 2022). Besides these seedling 

phenotype abnormalities, no major growth and development abnormalities were reported in these 

studies. Although monitoring for some negative seedling phenotypes is warranted, taken 

together, the existing literature may suggest that AtCESA1 is the most promising target within 

CSCs for reducing the seed fiber content in crops valued for their seed oil and protein, given the 

lack of redundancy for its function by other AtCESA members in Arabidopsis seeds. 

 

 

Figure 1.2.4 Scheme of Cellulose Biosynthesis by the Cellulose Synthase Complex 
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CSC, cellulose synthase complex; KOR, 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 with GC/FID has been broadly used in 

various studies. However, many existing protocols are time-consuming and labor-intensive, and 

the long reaction time under high temperature may artificially change fatty acid compositions of 

the samples. In this study, we optimized 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 time- and labor-intensive approach to analyze acyl lipid content and 

fatty acid profile of plant samples. 

 

2.2 Introduction  

 Vegetable oils 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 GC-FID or GC-MS, which have been broadly used in plant lipid 

biology, oil crop breeding, food science and other studies (AL-Amery 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 organic solvents, then converted to 

volatile derivatives such as fatty acid methyl esters (FAMEs). Some commonly used methods for 

oil extraction and derivatization, however, are time-consuming, labor-intensive, and produce 
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unnecessary organic chemical waste (Harrington & DôArcy-Evans, 1985). Alternatively, direct 

transmethylation, which skips the tedious step 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 extent of oil recovery from a sample is determined by the 

degree to which oil interacts with an acid 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 penetration, 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 lipids in plant samples 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 (HCl) or sulfuric acid (H2SO4) 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 with potential danger and the commercial product is 

expensive (Hardouin and Lemaitre, 2020). Methanol with 2.5-5% sulfuric acid (H2SO4) has been 

demonstrated as an effective alternative (Li et al, 2006; Ma et al, 2020).  

Moreover, antioxidants such as butylated hydroxytoluene (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 

(Harrington & DôArcy-Evans, 1985). However, although direct transmethylation provides a 

rapid approach for lipid analysis, its application is currently restricted to small seeds such as 

Arabidopsis (Li 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 convention in lipid analysis methods 

is to use glassware including glass tubes and borosilicate pipets rather than disposable plastics 

due to the risk of introducing plastic-derived contamination into the samples, especially with the 

use of DMSO and chloroform (Watson 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 

methylation, 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% H2SO4 within two hours at 95oC, and 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 in the optimized protocol to improve efficiency and 

reduce workload.  

 

2.3 Materials & Methods 

2.3.1 Plant Materials 

 Arabidopsis thaliana (accession Colombia-0) seed, flax (Linum usitasissimum) seed, 

Proso millet (Panicum miliaceum) seed, canola (Brassica napus) seed, poppy (Papaver 

somniferum var. ñDouble Redò) seed, Apple of Peru (Nicandra physalodes) seed, Hedge 
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Caragana (Caragana arborescens) seed, and alfalfa (Medicago sativa) shoot 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 dried and stored at -80°C until further analysis. For the 

plastic materials used for comparison with the conventional glassware, polypropylene P1000 

pipet tips (T-1000-B 1 mL blue pipet tips, Axygen, USA) and 15 mL centrifuge tubes (Basix 

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

 

2.3.2 Direct Transmethylation 

 Intact Arabidopsis seeds were used in direct transmethylation because the thin seed coat 

of the tiny seeds will 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, approximately 10-30 mg of each sample 

were added to a 15ml glass or plastic tube with screw cap with ~100 µg of triheptadecanoin 

(17:0 triacylglycerol) as the internal standard, 25 ɛL of 0.2% methanolic BHT as antioxidant, 

and 2 mL of methanolic acid [3M methanolic HCl (Sigma-Aldrich, USA), freshly prepared 5% 

H2SO4 in methanol, or freshly prepared 2% H2SO4 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 hours, respectively, in an oven (Fisherbrand Isotemp Oven, 

Fisher Scientific, USA). After the transmethylation reaction, the tubes were taken out of the oven 

and cool down to room temperature, and 2 mL 0.9% NaCl solution and 2 mL hexane were added 

to the tube, mixed and centrifuged (1000 rpm, 1 min) for the extraction of FAMEs. 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 direct transmethylation with transmethylation of extracted 

lipid from plant samples, lipids were extracted with the classical Hara-Radin method and then 

used in transmethylation (Hara & Radin, 1978). Briefly, the ground plant samples underwent 

lipase-inactivation using isopropanol at 80°C, followed by homogenization for 30 seconds in 7:2 

(v/v) hexane/isopropanol. Each tube was vortexed and centrifuged with 2 mL of 3.3% aqueous 

Na2SO4 and the upper phase was carefully transferred to a new tube and dried under a nitrogen 

stream. The total lipid extracts were then transmethylated in 1.5 mL of 2% H2SO4 in 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 GC-FID (7890A GC System, Agilent Technologies) 

equipped with a DB-23 capillary column (30 m Ĭ 250 ɛm Ĭ 0.25 ɛm, Agilent Technologies) in a 

10:1 split mode as described in our previous study (Jayawardhane et al., 2020). The temperature 

program was as follows: 165 °C for 4 min, ramping 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 GLC 421-A 

standard series (Nu-Chek Prep, MN, USA). Lipid content was calculated upon the known 

content of internal standards. GC-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 analyses for Chapter 2 (Studentôs t-test, one-way ANOVA and Kruskal-

Wallis) were conducted in RStudio (4.1.2), with incubation length (time) as the independent 

variable and total lipid content/FA content as the dependent variables. All figures were generated 

in Microsoft Excel (Version 16.54, 21101001). 

 

2.4 Results of Lipid Extraction Optimization 

2.4.1 Optimization of direct transmethylation for Arabidopsis seeds 

 We sought to optimize the transmethylation incubation length, temperature, and acid 

catalyst (methanolic HCl versus H2SO4) 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 intact Arabidopsis seeds were used as the plant material 

in this optimization. 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 HCl, total lipid content plateaus 

after 3-4 hours at 80°C (Fig. 2.4.1A) and after 1.5 to 2 hours at 95°C (Fig. 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 increase in reaction 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 extraction (Fig. 2.4.1A), which is 

consistent with 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 hexane evaporation to concentrate 

the sample.  

 Two common catalysts used in lipid transmethylation are methanolic acids such as HCl 

and H2SO4. Since the commercial 3M methanolic HCl is exceedingly costly, we chose to 

compare the efficacy of freshly prepared methanolic H2SO4 (2% and 5%, respectively) with 3M 

methanolic HCl for the transmethylation reaction at 95°C. The results indicated that 

transmethylation was complete within 2 hours and there were essentially no differences in the 

total lipid content and FA composition between the three acid catalysts (Fig. 2.4.1C, 2.1D; Table 

S3, S4).  

Since increasing the transmethylation reaction temperature increases the rate of lipid 

conversion, an incubation temperature of 110°C was also tested on whole Arabidopsis seeds to 

compare with 80oC and 95oC. This incubation temperature saw the fastest rate of 

transmethylation reported for whole Arabidopsis seed, with complete lipid extraction after only 

50 minutes (Fig. 2.4.1E) and comparable FA composition to the other methods (Table S1-S5) 

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 significant declines 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 products or FA isomers were detected in GC-MS 

analysis comparing Arabidopsis seed lipids extracted using 95°C versus 110°C (data not shown), 

which may suggest that oxidation products are lost to the aqueous layer during FAME 

purification. Therefore, the 110°C transmethylation temperature enables the fastest extraction 
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and conversion of lipids from whole Arabidopsis seed (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 altered FA composition. Taken together, 2% methanolic H2SO4 demonstrates high 

efficacy for the transmethylation reaction of whole Arabidopsis seeds, with either 95°C or 110°C 

as suitable reaction temperatures. Because incubation lengths longer than 110°C may cause 

changes in FA 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 with Arabidopsis seeds, 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 under-researched species (Apple of Peru, Caragana, poppy, 

sea buckthorn, and Proso millet). Based on the optimization of direct transmethylation for 

Arabidopsis seeds, the following conditions ï 2% methanolic H2SO4, 95°C incubation 

temperature, and grinding of samples with mortar and pestle ï were used to determine the 

optimal incubation length. As shown in Fig. 2.4.2, all reactions completed within 2 hours, 

whereby the optimal incubation lengths varied between species from 45 minutes to 2 hours. 

Minimal to no changes 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; Wijekoon et al, 

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 earliest time point. 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 tissue. 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 of Caragana (Fig. 

2.4.2C) and Apple of Peru (Fig. 2.4.2F) indicate that the optimization approach described in this 

paper can work well in rapid and robust lipid analysis of new or under-studied 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 of the optimized direct methylation method, the classical Hara-Radin 

method (Hara & Radin, 1978) was performed on canola, Arabidopsis, flax, Apple of Peru, and 

Proso millet seeds. As shown in Fig. 2.4.3, 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 

method studied in this work is as effective as the well-established Hara-Radin method. Since 

total lipid analysis via the measurement of FAME with GC/FID has been proven to yield 

comparable determinations of total fat content to those achieved with conventional gravimetric 

methods such as Soxhlet and has been 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 plastic wares in lipid analysis 

 Use of disposable laboratory plastic materials such as tubes would be more convenient 

and, in the case of pipet tips, improve accuracy and ease of handling samples, though plastic 

materials are generally avoided in lipid analysis protocols. Since the direct methylation and 

FAME extraction processes do not 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 tubes do result in some small contaminating peaks in GC-MS, they did not interfere with 

identification and quantification of the FAME peaks from Arabidopsis (Fig. 2.4.4). The use of 

polypropylene P1000 pipet tips for the hexane extraction did not introduce unwanted peaks in 

chromatograms from both GC-MS (Fig. 2.4.4) and GC-FID (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 comparable 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 

Arabidopsis seeds 

Error bars represent standard errors of replicates (n=3-5). Letters represent significance 

categories and were calculated using one-way ANOVA and the Kruskal-Wallis test. ON, 

overnight; 1hx: single hexane extraction; 2hx, 2x hexane extraction. 
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Figure 2.4.2 Lipid analysis of various plant species with direct transmethylation 

Error bars represent standard errors of replicates (n=3-8). Letters represent significance 

categories and were calculated using one-way ANOVA and the Kruskal-Wallis test.  
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Figure 2.4.3 Comparison of the optimized direct methylation method to the classical Hara-

Radin method 

Error bars represent standard errors of replicates (n=3-5). No significant differences were found 

between the two methods using two-tailed Studentôs t-test. 

 

 

Figure 2.4.4 Evaluation of glass versus plastic consumable in lipid analysis using direct 

transmethylation 

Representative GC-MS chromatograms were selected and overlayed for each treatment. 

 

2.5 Conclusions 

 In summary, this study optimized the direct transmethylation method for rapid analysis of 

lipid content and FA composition from various plant samples. The combination of 2% 
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methanolic H2SO4, 95°C transmethylation incubation temperature, grinding of dry plant matter 

with a mortar and pestle, incubation 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 

quality 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, and reduce chemical waste 

compared to many reported methods and contribute more consistency to plant lipid analysis 

methods going forward. 

 

Supplemental Tables 

Tables S1-S14 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 Arabidopsis seeds from Cellulose Synthesis 

Towards Storage Oil  and Protein Synthesis 

3.1 Abstract 

Oil and protein are the two most important storage components in canola seeds, but the 

trade-off relationship of storage lipid and protein biosynthesis presents a challenging obstacle to 

simultaneously increasing both components. We are interested in redirecting carbon resources 

from cellulose (the major component of seed coats) towards protein and oil biosynthesis by 

manipulating multiple genes; however, directly testing different gene combinations in canola is 

difficult, time-consuming, and labour-intensive. In this work, we genetically engineered 

Arabidopsis to test several gene combinations for their ability to reallocate carbon, with the 

ultimate objective of finding the best approach for further evaluation in canola. Based on 

previous results, we partially reduced seed cellulose by seed-specific RNAi-down-regulation of 

AtCESA1 and maintained or slightly increased oil content by overexpression of BnDGAT1, and 

its performance-enhanced variants, and obtained homozygous lines. Subsequently, several 

protein biosynthesis-related genes (AtAAP1, AtALAAT1, and AtASN1) were overexpressed in 

those lines, respectively. The combinations of AtCESA1-RNAi/BnDGAT1-OE/AtAAP1-OE and 

AtCESA1-RNAi/BnDGAT1-OE/AtALAAT1-OE were the most successful at restoring the seed 

lipid contents and increasing the protein content (up to 2.7%) while cellulose decreased, with 

only minor phenotypic changes during germination and early seedling growth. These findings 

illustrate the potential for carbon reallocation to enhance the nutritional and economic value of 

oilseed crops and these gene combinations could be further evaluated in canola. 
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3.2 Introduction  

 Plant-produced storage lipids represent a valuable commodity globally and have diverse 

applications for industrial, food, and biofuel purposes. Oilseed crops, such as canola, synthesize 

oil in their seeds as a form of energy storage. Demand for vegetable oils is expected to continue 

to increase, driven by factors like global population growth and climate change. In addition, 

plants are an increasingly appealing source for protein, such as for the emerging plant-based 

meat market. Accordingly, there is a growing research interest in enhancing storage molecule 

synthesis in plants.  

 Canola seed meal consists primarily of protein and fiber and is a valuable feed 

component for animals. Although canola seed protein is nutritionally desirable, the excess of 

fiber (primarily cellulose) in the meal can reduce the efficiency of digestion in animals, which 

limits overall nutritional value (Annison & Choct, 1991; Slominski et al., 1994; Jiang & 

Deyholos, 2010; Wickramasuriya et al., 2015; Opazo-Navarrete et al., 2019). Reduced meal fiber 

content has been linked to greater digestibility in yellow-seeded canola cultivars with lower seed 

fiber content or through dehulling black-seeded canola, which possess cellulose-rich seed coats 

(Bell, 1984; Slominski et al., 1994; Slominski, 1997; Matthaus, 1998; Slominski et al., 2012). 

Thus, it may prove valuable in oilseed crops to decrease seed cellulose content, thereby 

liberating resources that could be redirected to increase both oil and protein contents 

simultaneously or increase protein content without reducing the oil content. 

 Sugars derived from photosynthesis serve as the carbon source for the biosynthesis of 

major storage molecules, including starch, TAGs, and storage proteins (Angeles-N¼néz & 

Tiessen, 2011; Baud et al., 2008). In canola and Arabidopsis, these storage substances 

accumulate within the cotyledons of the embryo during mid to late embryo development 
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(Murphy et al., 1989; Murphy & Cummins, 1989; Mansfield & Briarty, 1992; Baud et al., 2008). 

Seed carbon partitioning affects the synthesis of storage substances and depends on genetic 

factors as well as strength of carbon sinks, often resulting in trade-offs between lipid, protein, 

and carbohydrate biosynthesis. This biosynthetic competition for carbon between carbohydrates, 

lipids, and protein has been described in many species (Focks & Benning, 1998; Shi et al., 2012; 

Li et al., 2018B; Liu et al., 2022; Katepa-Mupondwa et al., 2005; Kambhampati et al., 2020). 

Therefore, the deliberate manipulation of carbon flow within seeds would alter the composition 

of storage substances to enhance the nutritional and economic value of the seeds.  

 Although there is generally a trade-off between lipid and protein contents in plants such 

as canola and yellow mustard (Grami et al., 1977; Katepa-Mupondwa et al., 2005), previous 

work has proposed that seed lipid and protein contents could be increased simultaneously by 

reallocating carbon away from seed fiber biosynthesis (Jiang & Deyholos, 2010; Slominski et al., 

2012; Opazo-Navarrete et al., 2019; Jayawardhane et al., 2020). Genetic engineering presents a 

means to attempt nutritional enhancement of seed meal by increasing the protein content, 

without reducing the lipid content, and partially reducing the seed fiber 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 FAs into TAG (summarized in Fig. 1.2.1). 

Overexpression (OE) of DGAT1, which encodes the major synthesizing enzyme in the core TAG 

biosynthesis pathway, is effective at increasing lipid accumulation (reviewed in Xu et al., 2018A 

and Chen et al., 2022). 

 Many genes influence the synthesis of SSPs and contribute to the protein content of seeds 

(summarized in Fig. 1.2.2) Several genes have been shown to increase SSP accumulation 
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through overexpression (Rolletschek 2005; Lee 2020; Zhou 2009; see Table 1.2). For this work, 

we have selected AtAAP1, AtALAAT1, and AtASN1 to evaluate their effects on SSP content in a 

carbon reallocated background. Another gene, AtUmamiT18, may have potential for enhancing 

SSP accumulation through overexpression but has not yet been studied. 

 Cellulose is a major source of fiber as it comprises a large proportion of plant cell walls 

and is synthesized by the CSC and previous work has suggested that AtCESA1 is a promising 

target for altering cellulose synthesis (Beeckman et al., 2002; Burn et al., 2002; Jayawardhane et 

al., 2020; see section 1.1.3). The down-regulation of AtCESA1 through seed-specific RNAi has 

been shown to slightly reduce the seed cellulose content, without causing major phenotypic 

abnormalities, along with slightly increased protein content, but slightly decreased lipid content 

(Jayawardhane et al., 2020). Thus, AtCESA1 down-regulation may serve as a starting point for 

reducing seed fiber content and could be combined with overexpression of lipid and protein 

biosynthesis-related genes to improve the seed nutritional composition.  

 The hypothesis of this work is that down-regulation of seed cellulose (AtCESA1-RNAi) 

biosynthesis will reduce consumption of carbon resources, which can then be redirected into 

lipid and protein biosynthesis. We evaluated this hypothesis by combining AtCESA1-RNAi, 

overexpression of BnDGAT1, and overexpression of genes associated with SSP biosynthesis 

genes (AtAAP1, AtALALAAT1, and AtASN1) in Arabidopsis seeds.  

The results indicated that seed cellulose content was successfully reduced (-21%) in 

AtCESA1-RNAi/BnDGAT1-OE homozygous seeds, in line with a previous study on AtCESA1-

RNAi alone (Jayawardhane et al., 2020), and lipid content was restored back to wild-type levels. 

Overexpression of AtAAP1, AtALALAAT1, or AtASN1 in Arabidopsis lines with seed carbon 

reallocation (AtCESA1-RNAi and BnDGAT1-OE) experienced larger increases in protein content 
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(+1.6%) than overexpression of AtAAP1, AtALALAAT1, or AtASN1 alone in the Col-0 

background. 

The stacked genetic engineering approach described here appears to be an effective 

strategy for improving the nutritional properties of Arabidopsis seeds. The AtCESA1-

RNAi/BnDGAT1-OE background may serve as a useful screening platform for characterizing 

candidate genes involved in seed protein biosynthesis, thereby accelerating the fundamental 

genetic research needed by crop breeders. The gene combinations identified in this work can be 

further tested in canola, which may contribute to the development of nutritionally enhanced 

canola seeds with increased protein and reduced fiber, and therefore benefit farmers, the animal 

feed market, and the plant-based protein industry.  

 

3.3 Materia ls & Methods 

3.3.1 Plant Growth Conditions 

 Arabidopsis ecotype Colombia-0 (Col-0) seeds were imbibed at 4ÜC in the dark for 2-3 

days prior to sowing on potting mix (Sunshine Mix 4, Sun Gro Horticulture, MA, US). Plants 

were grown from sowing onwards in a growth chamber at 22ÜC with a photoperiod of 18h 

day/6h night and 250 Õmol/m2s light intensity. Plants were grown in 8x4 inserts and trays, with 

transparent plastic covers for the first week. Growth was supplemented with N:P:K 20:20:20 

fertilizer (Plant Products Co., ON, Canada) weekly after appearance of the first true leaves. 

 

3.3.2 Zygosity Screening on Antibiotic-Selective Plates 

 Seeds were subjected to surface sterilization using 70% ethanol and 30% bleach/Triton 

X-100 solution, followed by 2 days of imbibition and stratification at 4°C. Plants were grown for 
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2 weeks under fluorescent grow lights at 25°C on MS plates containing sucrose, MES buffer, and 

antibiotics: 25 ug/ml kanamycin and 50 ug/ml timentin (Murashige & Skoog, 1962; 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 of Arabidopsis seeds were determined, in triplicate, 

using GC-FID with the optimized method generated in chapter 2. Approximately 10 mg of seed 

was placed into Teflon screw-cap glass tubes with 100 ɛl of 1 mg/ml 17:0 heptadecanoin as the 

internal standard. The seed lipids were derivatized to FAMEs using 2% H2SO4 in methanol 

(prepared from 95-95% H2SO4, Fisher Chemical, MA, USA) at 95°C for 2 hours. Samples were 

subsequently cooled at 4°C for 5 minutes, followed by the addition of 1.7 ml of 0.9% aqueous 

NaCl. A single hexane extraction was performed to purify the FAMEs, which were then 

analyzed using a GC-FID (7890A GC System, Agilent Technologies, CA, USA) with a 10:1 split 

ratio and 1 ɛl injection volume. FAME separation was performed in a DB-23 capillary column 

(30 m × 250 ɛm Ĭ 0.25 ɛm, Agilent Technologies) using N2 as the carrier gas. The temperature 

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 retention times to a GLC 

421-A standard series (Nu-Chek Prep, MN, USA). GC-MS (5977A MSD, Agilent Technologies) 

was used to confirm the identity of the FAME peaks. 
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3.3.4 Crude Seed Protein Quantification   

 The crude seed protein content was determined, in triplicate, using the Dumas 

combustion method of nitrogen analysis (Sader et al., 2004; Watson & Galliher, 2001). The seed 

nitrogen content was estimated using 2-7 mg of dry seed sample and a FLASH 2000 Organic 

Elemental Analyzer (ThermoFisher, Missisauga, ON, Canada). The crude seed protein was then 

calculated using the standard conversion factor of 6.25 (Jones 1941), and tobacco (2.51% 

nitrogen) was used as the calibration standard (LECO, St. Joseph, MI, US). 

 

3.3.5 Crystalline 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 20 mg of seed were ground in liquid nitrogen using a mortar and 

pestle, washed with 70% ethanol, and dried at 50°C overnight. The dry weights of the 

homogenized seeds were recorded and samples were treated with 2 ml of Updegraff reagent 

(consisting of 8:1:2 v/v/v acetic acid:nitric acid:water). Samples were then vortexed and 

incubated at 100°C for 1 hour, with brief vortexing after 20 minutes. The samples were then 

centrifuged at 13,000 rpm for 2 minutes and the resulting pellets were washed once with distilled 

water, then twice with acetone, and left to dry overnight at room temperature. Samples were then 

treated with 1 ml 72% H2SO4, vortexed, and incubated at room temperature for 90 minutes, 

followed by centrifugation at 13,000 rpm for 2 minutes. The samples were then used to create 

10x dilution aliquots with water and measured using a colorimetric method (Foster et al. 2010). 

Briefly, 70 ɛl of diluted sample was combined with 140 ɛl of freshly prepared 2/mg/ml 

anthrone/72% H2SO4 in each well, all conducted in a 4°C room. The anthrone mixtures were 
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then incubated for 30 minutes at 80 °C and absorbance was recorded using a 620 nm wavelength 

in a spectrophotometer plate reader (Synergy H4 Hybrid reader, Biotek Instruments, Winooski, 

USA). A standard curve was prepared from a serial dilution of D-glucose, and the total cellulose-

derived glucose contents were calculated per weight of dry seed mass. 

 

3.3.6 Vector Design & Cloning of Protein Overexpression Genes 

3.3.6.1 RNA Extraction & cDNA Synthesis 

 RNA was extracted from approximately 80 mg of siliques (harvested and stored at -80°C) 

using the RNeasy Plant Mini Kit following the protocol (Qiagen). A TURBO DNA-free kit 

(Invitrogen) was used to remove DNA from the RNA samples. RNA concentration was 

measured using a NanoDrop Spectrophotometer (Thermo Fisher Scientific). First-strand cDNA 

was synthesized from approximately 200 ng RNA with the SuperScript IV First-Strand cDNA 

Synthesis Reaction kit. The cDNA product was frozen at -20°C for later use.   

 

3.3.6.2 Sequence Identification of Protein Biosynthesis-Related Genes 

 Protein biosynthesis-related genes that are expressed in Arabidopsis were identified using 

The Arabidopsis Information Resource (TAIR) (https://www.Arabidopsis.org). Four genes were 

selected for overexpression vector design: amino acid permease 1 (AtAAP1), alanine 

aminotransferase 1 (AtALAAT1), asparagine synthase 1 (AtASN1), and usually multiple acids 

move in and out transporter 18 (AtUmamiT18). The corresponding cDNA sequences were 

extracted and used in the design of overexpression vectors with homology-directed 

recombination in SnapGene (version 6.1.2) (Fig. S1). 

 

https://www.arabidopsis.org/
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3.3.6.3 Amplification of AtAAP1, AtALAAT1, & AtASN1  

 The cDNA sequences were purchased in synthesized plasmids (GeneArt). The promoter, 

dsRed, and kanamycin-resistance DNA sequences can be found in Table S15. Primers were 

designed to amplify the target genes from the synthesized plasmids (Table S16) using 

polymerase chain reaction (PCR). Overhangs were added to the flanking primers to enable 

homology-directed recombination with the pBinGlyRed and pBin35SRed vectors. Internal 

forward and reverse primers were also designed for eventual sequencing (Table S16). The 

following PCR components were combined on ice: 5 ɛl of 10x reaction buffer (without MgCl2), 

1 ɛl of 10 uM dNTP mix, 5 ɛl of 25 mM MgCl2, 2.5 ɛl each of 10 uM forward and reverse 

primers, 1 ɛl of template plasmid, 0.5 ɛl of Taq enzyme, and 32.5 ɛl of nuclease-free water. 

Touch-down PCR was used to identify the optimal annealing temperatures for each primer pair. 

The thermocycler (Veriti, Applied Biosystems, MA, USA) program was as follows: initial 

denaturation 95ÁC for 5 minutes, then 35 cycles of 95ÁC denaturation for 30 seconds, 58-62ÁC 

annealing for 30 seconds, 72ÁC extension for 90 seconds, and a 72ÁC final extension for 7 

minutes. Samples were stored at -20ÁC until further use. 

 

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

pBin35SRed plasmids. 

 The pBin plasmids were kindly provided by the laboratory of Dr. Ed Cahoon, University 

of Nebraska-Lincoln (Nguyen et al., 2015; Huai et al., 2015). Overexpression constructs were 

introduced into the plasmids via homology-directed recombination. The ClonExpress II One Step 

Cloning Kit (Vazyme Biotech Co.) was used for homology-directed recombination of the inserts 

into the vectors. The following reaction components were combined on ice: 4 ɛl of 5x CEII 
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buffer, 3 ɛl of linearized vector, ~1 ɛl amplicon (depending on the concentration; enough to 

supply around 50 ng of DNA), 1 ɛl of Exnase enzyme, and nuclease-free water to achieve a total 

reaction volume of 10 ɛl. The reaction tubes were then incubated in a 37ÁC thermocycler (Veriti 

Thermal Cycler, Applied Biosystems, MA, US) for 30 minutes. The recombination product was 

then combined with 100 ɛl of competent DH5a E. coli cells and incubated on ice for 30 minutes. 

The mixture was then heat-shocked in a 42ÁC water bath for exactly 45 seconds, then returned to 

ice for 2 minutes. The mixture was supplemented with 900 ɛl of liquid LB medium and placed in 

a shaker at 37ÁC for 1 hour. The transformed E. coli were then pelleted, resuspended in 100 ɛl 

liquid LB medium, and plated on 50 ɛg/ml kanamycin agar plates. The plates were then placed 

upside-down and incubated overnight at 37ÁC.   

 The seed-specific overexpression of the protein biosynthesis-related genes was driven by 

the Glycinin promoter, while the constitutive overexpression of AtUmamiT18 was driven by the 

Cauliflower Mosaic Virus (CaMV) 35S promoter. The Glycinin promoter was chosen to avoid 

promoter silencing as the expression of the AtCESA1-RNAi and BnDGAT1-OE cassettes were 

driven seed-specific Napin and Phaseolin promoters. 

 

3.3.6.5 Colony PCR and Sequence Verification 

 To confirm successful E. coli and Agrobacterium transformants, 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 into 50 ɛl of water. The mixture was 

incubated at 99°C 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 ɛl of heat-lysed colony solution (plasmid template DNA), 1 ɛl each of 10 uM 
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forward and reverse primers, 10 ɛl of DreamTaq master mix (Thermo Fisher Scientific), and 6 ɛl 

of nuclease-free water. The thermocycler program was as follows: initial denaturation 95ÁC for 3 

minutes, then 35 cycles of 95ÁC denaturation for 1 minute, 60ÁC annealing for 30 seconds, 72ÁC 

extension for 2 minutes, and a 72ÁC final extension for 2 minutes. The PCR products were then 

analyzed by agarose gel electrophoresis and amplicons were detected using a UV light. A 

minimum of two colonies were assessed for each construct. Plasmid DNA was extracted from 

positive colonies and sent for Sanger sequencing.   

 

3.3.6.6 Preparing Competent Agrobacterium tumefaciens Cells through Electroporation 

 Electrocompetent cells were prepared using Agrobacterium tumefaciens (henceforth 

Agrobacterium; strain GV3103) (Jayawardhane et al., 2020). Agrobacterium were cultured 

overnight in 15 ml of liquid LB broth with 50 ɛg/ml kanamycin, 50 ɛg/ml rifampicin, and 30 

ɛg/ml gentamycin with shaking at 225 rpm at 28°C. After culturing, 1 ml was combined with 50 

ml of liquid LB with the same antibiotics for 2-3 hours, until an OD600 of around 0.5 was 

achieved. The cells were then pelleted, the pellet was washed with water, and aliquots were 

prepared in 50% glycerol for long-term storage at -80°C. Electroporation was then used to 

transform the Agrobacterium with the overexpression vectors (Kámán-Tóth et al., 2018). 

Agrobacterium aliquots (50 ɛl) were thawed on ice, then combined with 1-2 ɛl of overexpression 

vector (amounting to about 100 ng DNA). After adding 26 ɛl of the mixture into ice-cold Gene 

Pulser cuvettes (0.2cm diameter) (Bio-Rad), the cells were electroporated (Agrobacterium 

setting, 1.8V for 1 second) using a MicroPulser Electroporator (Bio-Rad). The electroporated 

cells were then incubated at 225 rpm and 28ÜC for 3 hours in liquid LB medium with 50 ɛg/ml 

kanamycin, 50 ɛg/ml rifampicin, and 30 ɛg/ml gentamycin. The transformed Agrobacterium 
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cultures were then plated (100 ɛl) on LB agar plates containing 50 ɛg/ml kanamycin, 50 ɛg/ml 

rifampicin, and 30 ɛg/ml gentamycin at 28  for 2 days. Agrobacterium transformants were 

confirmed by PCR, gel electrophoresis, and sequencing as described in section 3.3.6.5. 

 

3.3.6.7 Arabidopsis Transformation  

 The overexpression vectors were introduced into homozygous T3 AtCESA1-

RNAi/BnDGAT1-OE Arabidopsis plants using the Agrobacterium-mediated floral dip 

transformation method (Clough and Bent, 1998) as follows. In brief, Agrobacterium containing 

the overexpression vectors were cultured in 500 ml of liquid LB medium (50 Õg/ml kanamycin, 

50 ɛg/ml rifampicin, 30 Õg/ml gentamycin) and incubated (28 , 225 rpm) overnight. The 

Agrobacterium cultures were pelleted by centrifugation (5000 rpm for 5 minutes). The pellets 

were re-suspended in 100 ml of 5% sucrose solution containing 0.05% (v/v) Silwet L77. 

Arabidopsis inflorescences (7 plants per 5ò x 5ò plastic pot, 5 pots per construct) carefully 

dipped into the solution for approximately 20-60 seconds (20 seconds for the first pot, time was 

gradually added for each pot until 60 seconds for the final pot for each construct). The dipped 

plants were covered with plastic covers and black garbage bags overnight to maintain high 

humidity and low light. After this, the plants were transferred to a growth chamber and grown as 

previously described. The T1 seeds were harvested upon maturation and drying of the siliques. 

 Empty vectors with the dsRed fluorescence marker were transformed into wildtype Col-0 

Arabidopsis, which served as the EV Control plants throughout the following analyses. 
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3.3.7 Selection of T1 AtAAP1, AtALAAT1, AtASN1, and AtUmamiT18 Transformants 

using dsRed Marker 

 The floral-dipped T0 plants were grown to maturity and the T1 seeds 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 shine a green 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, non-transformed seeds.  

 

3.3.8 Seed Weight & Size Analysis 

 For seed weight analysis, approximately 100-200 seeds were spread on a white paper 

background and photographed. The seeds were then weighed on an analytic balance (MS104S 

NewClassic MS, Mettler Toledo, Switzerland). The images were then imported into ImageJ 

(Github.ImageJ.JS v0.5.5) and the Analyze Particles function was used to count the individual 

seeds.  

 For seed size analysis, approximately 50-100 seeds were spread on a white background 

and photographed using a mounted camera connected to a dissecting microscope (Leica MZ 

Microscope, Leica Microsystems, Germany). The images were then imported into ImageJ 

(Github.ImageJ.JS v0.5.5) and the Analyze Particles function was used to count the individual 

seeds. The 2-dimensional surface area (um2) of the seeds was calculated using the pixel count for 

each seed.  
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3.3.9 Morphological & Histochemical Phenotype Assays 

3.3.9.1 Seed Coat Permeability  

 Seed coat permeability was analyzed with the tetrazolium penetration assay as described 

in previous methods (Vishwanath et al., 2014), with slight modifications. Three independent T3 

AtCESA1-RNAi/BnDGAT1-OE/Protein Gene-OE and EV controls lines were imbibed in a 1% 

(w/v) aqueous solution of tetrazolium violet in the dark at 30°C (prepared from 2,3,5-triphenyl-

tetrazolium chloride) (Sigma-Aldrich, MO, US). Three technical replicates were used per 

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

 

3.3.9.2 Seed Germination Test 

 The germination rate was evaluated using a simplified version of existing standard 

methods (Zhong et al., 2016). Germination was evaluated by placing at least 30 surface-sterilized 

seeds on half-strength MS agar plates, in triplicate, and grown under fluorescent grow lights at 

23°C for 7 days. Three independent T3 AtCESA1-RNAi/BnDGAT1-OE/Protein Gene-OE and EV 

controls lines were evaluated, in triplicate. Germination was defined as emergence of the radicle 

through the seed coat. Seeds were imbibed and subjected to 2 days of cold stratification at 4°C in 

the dark. 

 

3.3.9.3 Seedling Root Length 

 Seedling root growth was evaluated on agar plates (Corrales et al., 2014; Jayawardhane et 

al., 2020). Surface-sterilized seeds were carefully placed in a straight line on antibiotic-free, half-

strength MS agar square plates (95 mm x 95 mm) and grown vertically under 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 were assessed, with at least 10 seeds per 

plate, in triplicate. 

 

3.3.9.4 Seedling Hypocotyl Length 

 The seeds and plates for the hypocotyl elongation assay were prepared in the same 

manner as the seedling root length assay. After 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 6 days. Three independent T3 AtCESA1-RNAi/BnDGAT1-OE/Protein Gene-OE 

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 soil (Sunshine Mix 4, Sun Gro Horticulture, MA, US) in 8x4 trays in a 

greenhouse with standard light and temperature conditions. Transparent plastic covers were 

placed over the trays and plants were grown for 12 days after germination. Seedlings were then 

carefully removed from the soil, washed, and fresh weights were recorded. Three independent 

lines each were 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 screw-cap tubes with 1.5 ml of aqueous 6M HCl (prepared from 36.5-38% HCl, 
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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 were re-tightened, and the samples 

were briefly vortexed. The samples were then analyzed using an Agilent 120 HPLC System 

using a Supelcosil LC-18 column (150 mm x 4.6 mm, 3 ɛm 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 used (excitation wavelength 340 nm, emission wavelength 

450 nm). The standard used was Sigma Amino Acid Standard P/N AAS18-5ml, with ɔ-

Aminobutyric Acid (BABA) as the internal standard and ellagic acid (EA) as the backup internal 

standard. 

 

3.3.11 Statistical Analysis 

 The two-tailed Studentôs t-test was used for all comparisons of means between EV 

control and T3 AtCESA1-RNAi/BnDGAT1-OE/Protein Gene-OE lines, with P Ò 0.05 as the 

significance threshold. In Chapter 3, all figures were generated and statistical analyses (one-way 

ANOVA and Tukey test) were performed in Microsoft Excel (Version 16.54, 21101001). 

 

3.4 Results 

 The Arabidopsis lines with seed-specific or constitutive overexpression of AtUmamiT18 

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 T2 AtCESA1-RNAi/BnDGAT1-OE lines 

 Preliminary seed lipid content data, generated previously in our lab, was used to select 

several T2 AtCESA1-RNAi/BnDGAT1-OE lines from the DAS 17, 19, and 20 lineages with 

potentially increased lipid content (unpublished). The DAS 17 lineage overexpressed wildtype 

BnDGAT1, while DAS 19 and 20 overexpressed performance enhanced BnDGAT1 variants 

previously identified in yeast (variants S112R and L441P, respectively) (Chen et al., 2017). 

These heterozygous lines were re-analyzed to identify increases in lipid content using GC-FID. 

As shown in Fig. 3.4.1, 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 clear differences in contribution to seed lipid content between the native BnDGAT1 and 

the two performance enhanced variants. The lines with significantly increased lipid content were 

selected and grown to the T3 generation.   
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Figure 3.4.1 Seed lipid content of heterozygous T2 AtCESA1-RNAi/BnDGAT1-OE lines 

Averages are shown for 8 independent EV control and 10 experimental lines. Line names 

starting with 17, 19, and 20 refer to the WT, S112R, and L441P BnDGAT1 variants, respectively. 

Three technical replicates were carried out for each line and bars denote standard error. 

Significant differences are designated by asterisks (PÒ 0.05 = *, PÒ 0.01 = **, PÒ 0.001= ***).  

 

 In addition to the seed lipid content, the FA composition was also evaluated in the T2 

AtCESA1-RNAi/BnDGAT1-OE lines. Statistically significant but minor changes were detected in 

the proportions of most FAs between the EV control and T2 AtCESA1-RNAi/BnDGAT1-OE 

lines, as well as between the BnDGAT1 variants (Table 3.4.1). The greatest changes were in the 

major Arabidopsis FAs, with increased C18:1D9cis and C18:1D11cis (combined as 18:1) in both 

S112R- and L441P-BnDGAT1-OE (0.90% and 0.84%, respectively), increased C18:2D9cis,12cis 

(18:2)  in all experimental lines (from 0.98% to 1.32%), decreased C18:3D9cis,12cis,15cis (18:3) in all 

transgenic lines (from 1.73% to 3.90%), and increased C20:1D11cis  in all experimental lines 
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(from 0.97% to 1.13%). Regarding the saturated FAs, both C16:0 (16:0) and C18:0 (18:0) very 

slightly increased (0.14-0.49% and 0.17-0.61%, respectively) in all transgenic lines, while C20:0 

(20:0) decreased slightly (0.12-0.16%). Small changes were also observed in the remaining 

minor FAs. The most substantial shift in seed FA composition was the decline in 18:3, especially 

in lines overexpressing the BnDGAT1 variants. 

 

 

Table 3.4.1 Seed fatty acid composition of T2 AtCESA1-RNAi/BnDGAT1-OE lines 

Fatty 

acid EV Control 

AtCESA1-RNAi/WT-

BnDGAT1-OE  

(DAS 17) 

AtCESA1-

RNAi/S112R-

BnDGAT1-OE  

(DAS 19) 

AtCESA1-

RNAi/L441P-

BnDGAT1-OE 

(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 (±0.27)¬***  

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)®***  13.86 (±0.16)®***  14.97 (±1.89)®**  

C20:0 2.37 (±0.08) 2.21 (±0.12)®***  2.22 (±0.02)®***  2.25 (±0.16)®*  

C20:1 20.48 (±1.61) 21.58 (±0.82)¬** *  21.61 (±0.23)¬***  21.45 (±0.87)¬**  

C20:2 1.77 (±0.04) 1.44 (±0.15)®***  1.15 (±0.02)®***  1.34 (±0.26)®***  

C22:1 1.91 (±0.07) 1.50 (±0.38)®***  1.13 (±0.03)®***  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, respectively. Three technical replicates were 

carried out for each line and significant differences are designated by asterisks (PÒ 0.05 = *, PÒ 

0.01 = **,  PÒ 0.001= ***). The direction of the difference (increase or decrease) is indicated 

with arrows (¬ or ®). (±SD). 

 

 

3.4.2 Seed Lipid  Analysis of T3 AtCESA1-RNAi/BnDGAT1-OE lines 

 Using kanamycin screening a total of 45 homozygous T3 AtCESA1-RNAi/BnDGAT1-OE 

lines were identified from 163 lines, and their seed oil content and fatty acid composition were 

analyzed with GC-FID. On average, the T3 AtCESA1-RNAi/BnDGAT1-OE lines had comparable 

seed lipid content (35.72%) relative to the EV controls (34.98%) (Fig. 3.4.2). Among the 
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transgenic lines, there were 8 lines each with significant increases (2-3.1%) and decreases (2-

5%) in lipid content. In general, the seed lipid content of the lines from the DAS 19 lineage 

(overexpressing the S112R variant of BnDGAT1) were slightly lower (34.10%) than the EV 

controls, while lines from the DAS 20 lineage (overexpressing the L441P variant of BnDGAT1) 

were relatively higher (36.49%).  

 

 

Figure 3.4.2 Seed lipid content of homozygous T3 AtCESA1-RNAi/BnDGAT1-OE lines 

Averages are shown for 17 independent EV control and 5, 9, 5, 4, 4, and 9 AtCESA1-

RNAi/BnDGAT1-OE biological replicates, respectively. Line names starting with 17, 19, and 20 

refer to the WT, S112R, and L441P BnDGAT1 variants, respectively. Three technical replicates 

were carried out for each biological replicate and bars denote standard error. Significant 

differences are designated by asterisks (n.s. = not significant, PÒ 0.05 = *, PÒ 0.0001= **** ). 

 

 

 The effects of the BnDGAT1 variants on seed lipid accumulation were compared. 

Overexpression of the BnDGAT1-S112R variant did not increase lipid content beyond the WT 

BnDGAT1 (Fig. 3.4.3). In contrast, the BnDGAT1-L441P-OE exerted a small but significant 

increase in seed lipid content (about 2%) beyond the WT BnDGAT1. 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 T3 AtCESA1-RNAi  lines with overexpression of wildtype 

& enhanced variants of BnDGAT1 

Averages are shown for independent control and two BnDGAT1 variant lines, with 17, 4, and 14 

biological replicates each, respectively. Three technical replicates were carried out for each line 

and bars denote standard error. Significant differences are designated by asterisks (n.s. = not 

significant, PÒ 0.0001= ****).  

 

 Statistically significant but minor changes were detected in the proportions of most FAs 

between the EV control T3 AtCESA1-RNAi/BnDGAT1-OE lines, as well as between the 

BnDGAT1 variants. Since S112R BnDGAT1 variant did not result in higher oil content, their 

fatty acid compositions were not analyzed in detail. The greatest changes were in the major 

Arabidopsis FAs, with increased 18:2 (0.98-1.32%), decreased 18:3 (1.73-2.79%), and increased 

20:1 (0.97-1.10%) in all BnDGAT1-OE lines (Table 3.4.2). Very slight increases were also noted 

in 16:0 and 18:0 in the transgenic lines, as well as small changes in the minor FAs. 
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Table 3.4.2 Seed fatty acid composition of T3 AtCESA1-RNAi/BnDGAT1-OE lines  

Fatty 

acid EV Control 

AtCESA1-RNAi/WT-

BnDGAT1-OE 

AtCESA1-RNAi/L441P-

BnDGAT1-OE 

C16:0 7.44 (±0.18) 7.58 (±0.19)¬*  7.69 (±0.25)¬**  

C16:1 0.26 (±0.01) 0.28 (±0.02)¬**  0.28 (±0.02)¬ *  

C18:0 3.27   (±0.09) 3.44 (±0.15)¬***  3.73 (±0.27)¬** *  

C18:1 16.50 (±0.60) 16.72 (±0.71) 17.34 (±0.45)¬***  

C18:2 28.24 (±0.52) 29.22 (±0.43)¬***  29.56 (±1.05)¬**  

C18:3 17.76 (±0.29) 16.03 (±0.47)®***  14.97 (±1.89)®**   

C20:0 2.37 (±0.08) 2.21 (±0.12)®***  2.25 (±0.16)®*   

C20:1 20.48 (±0.26) 21.58 (±0.82)¬***  21.45 (±0.87)¬**  

C20:2 1.77 (±0.04) 1.44 (±0.15)®***  1.34 (±0.26)®***   

C22:1 1.91 (±0.07) 1.50 (±0.38)®***   1.39 (±0.35)®**   

Average percentages (%) are shown for EV control, T3 AtCESA1-RNAi/WT-BnDGAT1-OE, and 

T3 AtCESA1-RNAi/L441P-BnDGAT1-OE lines with 8, 5, and 3 independent biological replicates 

each, respectively. Three technical replicates were carried out for each line and significant 

differences are designated by asterisks ( PÒ 0.05 = *,  PÒ 0.01 = **,  PÒ 0.001= ***). The 

direction of the difference (increase or decrease) is indicated with arrows (¬ 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 (1.1-5.5%) while only a few lines had 

slightly lower CSP (0.7-1.8%) (Fig. 3.4.4). Overall, the average percent CSP of the T3 AtCESA1-

RNAi/BnDGAT1-OE lines was nearly significantly higher than the EV controls.  
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Figure 3.4.4 Crude seed protein content of homozygous T3 AtCESA1-RNAi/BnDGAT1-OE 

lines 

Averages are shown for 9 EV control and 25 experimental lines. Line names starting with 17, 19, 

and 20 refer to the WT, S112R, and L441P BnDGAT1 variants, respectively. Three technical 

replicates were carried out for each line and bars denote standard error. Significant differences 

are designated by asterisks (PÒ 0.05 = *). 

 

3.4.3 Crystalline Cellulose Quantification of T3 AtCESA1-RNAi/BnDGAT1-OE lines 

 A selection of lines with equal or increased seed lipid and protein content were then 

advanced for relative changes in cellulose-derived acid-insoluble glucose analysis. The eight 

lines analyzed had significantly lower seed cellulose content (10-30%) than the EV controls (Fig. 

3.4.5) and were advanced for further analysis. 
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Figure 3.4.5 Cellulose-derived acid-insoluble glucose content of homozygous T3 AtCESA1-

RNAi/BnDGAT1-OE lines 

Averages are shown for 10 EV control and 9 selected AtCESA1-RNAi/BnDGAT1-OE lines as a 

percentage of the EV controls. Line names starting with 17, 19, and 20 refer to the WT, S112R, 

and L441P BnDGAT1 variants, respectively. Three technical replicates were carried out for each 

line and bars denote standard error. Significant differences are designated by asterisks (PÒ 0.05 = 

*,  PÒ 0.01 = **,  PÒ 0.001= ***). 

 

3.4.4 Combined Data and Selection of T3 AtCESA1-RNAi/BnDGAT1-OE lines 

 The seed lipid, protein, and cellulose data were assembled for the 8 reduced-cellulose 

lines for further analysis. Lipid and protein contents of all lines were equal or increased 

compared to the EV controls (Fig. 3.4.6). DAS 17-4.10 and 20-3.20 were selected for 

transformation with protein-related gene overexpression constructs as they represent lineages 

possessing the wild-type BnDGAT1 (DAS 17) and the L441P performance enhanced BnDGAT1 

variant (DAS 20), as well as for their seed compositions. These two lines were selected because 

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

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

3.7). 

 

 

Figure 3.4.6 Combined crude seed protein (CSP, total lipid content (TLC), and cellulose 

(acid-insoluble glucose, AI Glucose) contents of EV control and T3 AtCESA1-

RNAi/BnDGAT1-OE lines 

Averages are shown on a mass/mass basis for independent control and transgenic lines, with 10 

and 8 biological replicates of each, respectively. Line names starting with 17, 19, and 20 refer to 

the WT, S112R, and L441P BnDGAT1 variants, respectively. Three technical replicates were 

carried out for protein and lipid content for each line, while two replicates were conducted for 

cellulose content. Bars denote standard error. Significant differences are indicated by asterisks 

(PÒ 0.05 = *,  PÒ 0.01 = **,  PÒ 0.001= ***). 
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3.4.5 Seed Size & 100-Seed Weight of T3 AtCESA1-RNAi/BnDGAT1-OE lines 

 The T3 AtCESA1-RNAi/BnDGAT1-OE lines with equal or increased seed lipid content, 

equal or increased seed protein, and reduced seed cellulose were imaged and processed in 

ImageJ for seed size and weight analysis. The average 2-dimensional size of the T3 AtCESA1-

RNAi/BnDGAT1-OE seeds was significantly greater than the EV controls by about 10,000 um2, 

representing a 7.5% increase (Fig. 3.4.7). This increased seed size was mirrored in the 100 seed 

weight, with the average T3 AtCESA1-RNAi/BnDGAT1-OE 100 seed weight increasing by 

nearly 0.3 mg (or 12%) above the EV controls (Fig. 3.4.8). Regrettably, overall seed yield data 

was not collected before seed mass was consumed by the lipid, protein, and cellulose analyses, 

therefore accurate seed yield data is not available for this generation.  
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Figure 3.4.7 Average seed size (um2) of EV control and T3 AtCESA1-RNAi/BnDGAT1-OE 

seeds 

Averages are shown for 10 independent control and 8 transgenics lines. Bars denote standard 

error. Significant differences are designated by asterisks (PÒ 0.01 = **,  PÒ 0.001= ***).   
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Figure 3.4.8 100 seed weight of EV control and T3 AtCESA1-RNAi/BnDGAT1-OE seeds 

Averages are shown for 10 independent control and 8 transgenics lines. Bars denote standard 

error. Significant differences are designated by asterisks (PÒ 0.001= ***).  

 

3.4.6 dsRed Fluorescent Screening of T1 Transformants 

 The T1 seed with AtAAP1-OE, AtALAAT1-OE, & AtASN1-OE were harvested and 

screened using the dsRed marker. The T1 seeds were characterized by a scattering of distinct, 

brightly glowing (transformed) seeds amongst many non-glowing, untransformed seeds (Fig. 

3.4.9, ai & bi). The dsRed T1 seeds were carefully isolated and grown to the T2 generation. Non-

dsRed T2 seeds lacked the red fluorescence phenotype (Fig 3.4.9, aii & bii). T2 seeds produced 

from a heterozygous parent produced 75% glowing and 25% non-glowing progeny (Fig. 18, aiii 

& biii). Heterozygous T2 lines that possessed only a single insertion of the transgene were 

advanced to the T3 generation. T3 seeds produced from homozygous, single-insertion lines 

produced 100% glowing progeny (Fig. 3.4.9, aiv & biv). This dsRed fluorescence screening 
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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 (Bio-Rad), allowing differentiation of homozygous, heterozygous, and non-

segregant lines (Fig. 3.4.9, ci-cviii).  

 

 

Figure 3.4.9 Screening of transformed seeds using dsRed fluorescence marker 

Representative color and grayscale images of seeds from a T1 line (ai & bi), a non-segregant line 

(aii & bii), a heterozygous line (aiii & biii ) a homozygous line (aiv & biv) using a 595 nm green 

laser while viewing through red-lensed glasses. Alternative method of dsRed detection using 

ChemiDoc MP Imaging System (Bio-Rad) with blue and red filters (590 nm and 602 nm, 

respectively) (c). Non-segregant lines (ci, cii, & cv), heterozygous lines (ciii & civ), and 

homozygous lines (cvi, cvii, & cviii). Panel c credit: Dr. Limin Wu, Department of AFNS, 

Faculty of ALES, University of Alberta, Edmonton, Alberta.  
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3.4.7 Seed Lipid  Analysis of T3 AtCESA1-RNAi/BnDGAT1-OE/Protein Gene-OE lines 

 The seed lipid content data of the T3 lines was organized into the following groups: EV 

controls, single protein-related gene (AtAAP1, AtALAAT1, or AtASN1) overexpressing lines, and 

carbon-reallocated lines (AtCESA1-RNAi/BnDGAT1-OE background with AtAAP1, AtALAAT1, 

or AtASN1 overexpression).  

 Overexpression of AtAAP1 alone resulted in reduced seed lipid accumulation (-4.8%) 

compared to the EV controls, while AtCESA1-RNAi/BnDGAT1-OE/AtAAP1-OE saw an increase 

in seed lipid content (+1.7) (Fig. 3.4.10). When comparing AtAAP1-OE alone with the AtCESA1-

RNAi/BnDGAT1-OE/AtAAP1-OE lines, there was a substantial increase in seed lipid content 

(6.5%).  

 

 

Figure 3.4.10 Seed lipid content of T3 AtCESA1-RNAi/BnDGAT1-OE/AtAAP1-OE lines 

Averages are shown for EV control, AtAAP1-OE, and two AtCESA1-RNAi/BnDGAT1/AtAAP1-

OE groups with 9, 5, 7, and 4 independent biological replicates each, respectively. Three 

technical replicates were carried out for each line and bars denote standard error. Significant 

differences are indicated by different letters as determined by the Tukey test (a = 0.05). 
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 Several differences in seed FA composition were observed between the three groups. 

There was a small but significant increase (1.6%) in 18:1 in the L441P-BnDGAT1-OE lines, a 

substantial increase (5-5.5%) in 18:2 in all BnDGAT1-OE lines, a decrease (1.4-4.3%) in 18:3 

(especially pronounced in the L441P-BnDGAT1-OE lines), and a decrease (2.9%) in 20:1 in all 

BnDGAT1-OE lines (Table 3.4.3). Significant but minor changes were detected in almost all 

remaining FA comparisons.  

 

Table 3.4.3 Seed fatty acid composition of T3 AtCESA1-RNAi/BnDGAT1-OE/AtAAP1-OE 

lines 

Fatty 

acid EV Control 

AtCESA1-RNAi/WT-BnDGAT1-

OE/AtAAP1-OE 

AtCESA1-RNAi/L441P-

BnDGAT1-OE/AtAAP1-OE 

C16:0 8.14 (±0.47) 8.33 (±0.44) 9.31 (±0.56) ¬***  

C16:1 0.22 (±0.05) 0.60 (±0.15) ¬***  0.75 (±0.20) ¬***  

C18:0 2.81   (±0.21) 2.78 (±0.26) 3.00 (±0.31) ¬*  

C18:1 18.41 (±1.01) 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 (±0.20) 0.87 (±0.19) ®***  0.84 (±0.13) ®***   

C20:1 15.42 (±0.1.61) 12.52 (±1.43) ®***  12.45 (±1.70) ®***  

C20:2 1.17 (±0.22) 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 control, T3 AtCESA1-RNAi/WT-BnDGAT1-

OE/AtAAP1-OE lines, and T3 AtCESA1-RNAi/L441P-BnDGAT1-OE/AtAAP1-OE lines with 9, 

7, and 4 independent biological replicates each, respectively. Three technical replicates were 

carried out for each line and significant differences are designated by asterisks (PÒ 0.05 = *, PÒ 

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

®). 

 

 

 Overexpression of AtALAAT1 did not impact seed lipid accumulation relative to the EV 

controls, nor was there any effect caused by AtCESA1-RNAi/BnDGAT1-OE/AtALAAT1-OE (Fig. 
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3.4.11). There was also no significant difference in lipid content when comparing AtALAAT1-OE 

alone with the AtCESA1-RNAi/BnDGAT1-OE/AtALAAT1-OE lines. 

 

 

Figure 3.4.11 Seed lipid content of T3 AtCESA1-RNAi/BnDGAT1-OE/AtALAAT1-OE lines 

Averages are shown for EV control, AtALAAT1-OE, and two AtCESA1-RNAi/BnDGAT1-

OE/AtALAAT1-OE groups with 9, 10, 8, and 5 independent biological replicates each, 

respectively. Three technical replicates were carried out for each line and bars denote standard 

error. Significant differences are indicated by different letters as determined by the Tukey test (a 

= 0.05). 

 

 

 Although the seed lipid content was not impacted, there were several significant shifts in 

FA composition in the AtCESA1-RNAi/BnDGAT1-OE/AtALAAT1-OE lines. There was a 

significant decrease (3%) in 18:1 in the WT-BnDGAT1-OE lines, a decrease in 18:3 in all 

BnDGAT1-OE lines, and a sizeable increase in 20:1 in all BnDGAT1-OE lines (Table 3.4.4). 

Several significant differences were observed in the proportions of the remaining FAs, though 

these were generally minor.  
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Table 3.4.4 Seed fatty acid composition of T3 AtCESA1-RNAi/BnDGAT1-OE/AtALAAT1-

OE lines 

Fatty acid EV Control 

AtCESA1-RNAi/WT-

BnDGAT1-

OE/AtALAAT1-OE 

AtCESA1-RNAi/L441P-

BnDGAT1-

OE/AtALAAT1-OE 

C16:0 8.14 (±0.47) 8.41 (±0.22)¬*  7.67 (±0.13)®***  

C16:1 0.22 (±0.05) 0.29 (±0.07)¬**  0.26 (±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 (±0.48)®*  

C18:3 18.61 (±1.32) 16.95 (±0.86)®***  16.83 (±0.82)®***  

C20:0 1.34 (±0.20) 1.16 (±0.12)®***  1.27 (±0.12) 

C20:1 15.42 (±0.1.61) 19.96 (±0.83)¬***  18.52 (±0.55)¬***  

C20:2 1.17 (±0.22) 0.74 (±0.07)®***  1.07 (±0.06)®*  

C22:1 0.89 (±0.16) 0.50 (±0.07)®***  0.84 (±0.08) 

Average percentages (%) are shown for EV control, T3 AtCESA1-RNAi/WT-BnDGAT1-

OE/AtALAAT1-OE lines, and T3 AtCESA1-RNAi/L441P-BnDGAT1-OE/AtALAAT1-OE lines 

with 9, 8, and 5 independent biological replicates each, respectively. Three technical replicates 

were carried out for each line and significant differences are designated by asterisks (PÒ 0.05 = 

*,  PÒ 0.01 = **,  PÒ 0.001= ***). 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, T3 

AtASN1-OE lines, and T3 AtCESA1-RNAi/BnDGAT1-OE/AtASN1-OE lines (Fig. 3.4.12). 
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Figure 3.4.12 Seed lipid content of T3 AtCESA1-RNAi/BnDGAT1-OE/AtASN1-OE lines 

Averages are shown for EV control, AtASN1-OE, and two AtCESA1-RNAi/BnDGAT1-

OE/AtASN1-OE groups with 9, 6, 4, and 9 independent biological replicates each, respectively. 

Three technical replicates were carried out for each line and bars denote standard error. 

Significant differences are indicated by different letters as determined by the Tukey test (a = 

0.05). 

 

 

 Although seed lipid content was not impacted, there were several significant shifts in FA 

composition in the AtCESA1-RNAi/BnDGAT1-OE/AtASN1-OE lines. There was a decrease (-

1.9%) in 18:1 in the wildtype BnDGAT1-OE lines but an increase (+1.6%) in the L441P-

BnDGAT1-OE lines, an increase (+1.9-2.9%) in 18:2 in all BnDGAT1-OE lines, a decrease (-2.3-

6.5%) in 18:3 all BnDGAT1-OE lines (especially in the L441P-BnDGAT1-OE lines), and an 

increase (+2.6-2.8%) in 20:1 in all BnDGAT1-OE lines (Table 3.4.5). Several significant 

differences were observed in the proportions of the remaining FAs, though these were generally 

minor.  

 

Table 3.4.5 Seed fatty acid composition of T3 AtCESA1-RNAi/BnDGAT1-OE/AtASN1-OE 

lines 

Fatty acid EV Control 

AtCESA1-RNAi/WT-

BnDGAT1-OE/AtASN1-

OE 

AtCESA1-RNAi/L441P-

BnDGAT1-OE/AtASN1-

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) 3.31   (±0.54)¬*  3.74 (±0.20)¬***  

C18:1 18.41 (±1.01) 16.50 (±1.35)®**  20.00 (±0.78)¬***  

C18:2 32.99 (±0.27) 34.85 (±2.23)¬**  35.92 (±1.19)¬***  

C18:3 18.61 (±1.32) 16.27 (±2.30)®**  12.09 (±0.77)®***  

C20:0 1.34 (±0.20) 0.99 (±0.14)®***  1.03 (±0.11)®***  

C20:1 15.42 (±1.61) 18.21 (±3.26)¬*  17.97 (±0.93)¬***  

C20:2 1.17 (±0.22) 0.70 (±0.10)®***  0.50 (±0.06)®***  

C22:1 0.89 (±0.16) 0.47 (±0.18)®***  0.23 (±0.05)®***  

Average percentages (%) are shown for EV control, T3 AtCESA1-RNAi/WT-BnDGAT1-

OE/AtASN1-OE lines, and T3 AtCESA1-RNAi/L441P-BnDGAT1-OE/AtASN1-OE lines with 9, 4, 

and 8 independent biological replicates each, respectively. Three technical replicates were 

carried out for each line and significant differences are designated by asterisks ( PÒ 0.05 = *,  PÒ 

0.01 = **,  PÒ 0.001= ***). The direction of the difference (increase or decrease) is indicated 

with arrows (¬ or ®). 

 

3.4.8 Crude Seed Protein Quantification of T3 AtCESA1-RNAi/BnDGAT1-OE/Protein 

Gene-OE lines 

 Overexpression of AtAAP1 alone increased the CSP by 1.4% compared to the EV 

controls, while AtCESA1-RNAi/BnDGAT1-OE/AtAAP1-OE yielded an increase of 2.3% (Fig. 

3.4.13). When comparing AtAAP1-OE alone to AtCESA1-RNAi/BnDGAT1-OE/AtAAP1-OE, 

there was small but insignificant increase in CSP.  

 

 

Figure 3.4.13 Crude seed protein content of T3 AtCESA1-RNAi/BnDGAT1-OE/AtAAP1-OE 

lines 
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Averages are shown for EV control, AtAAP1-OE, and two AtCESA1-RNAi/BnDGAT1-

OE/AtAAP1-OE groups with 9, 5, 6, and 5 independent biological replicates each, respectively. 

Three technical replicates were carried out for each line and bars denote standard error. 

Significant differences are indicated by different letters as determined by the Tukey test (a = 

0.05). 

 

 

 Overexpression of AtALAAT1 alone increased the CSP by 0.9% compared to the EV 

controls, while AtCESA1-RNAi/BnDGAT1-OE/AtALAAT1-OE yielded an increase of 2.6% (Fig. 

3.4.14). When comparing AtALAAT1-OE alone to AtCESA1-RNAi/BnDGAT1-OE/AtALAAT1-

OE, there was 1.7% increase in CSP. 

 

 

Figure 3.4.14 Crude seed protein content of T3 AtCESA1-RNAi/BnDGAT1-OE/AtALAAT1-

OE lines 

Averages are shown for EV control, AtALAAT1-OE, and two AtCESA1-RNAi/BnDGAT1-

OE/AtALAAT1-OE groups with 9, 9, 8, and 5 independent biological replicates each, 

respectively. Three technical replicates were carried out for each line and bars denote standard 

error. Significant differences are indicated by different letters as determined by the Tukey test (a 

= 0.05). 

 

 Overexpression of AtASN1 alone decreased the CSP by 1.2% compared to the EV 

controls, while AtCESA1-RNAi/BnDGAT1-OE/AtASN1-OE yielded a small increase of 0.6% 

(Fig. 3.4.15). When comparing AtASN1-OE alone to AtCESA1-RNAi/BnDGAT1-OE/AtASN1-

OE, there was 1.8% increase in CSP. 
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Figure 3.4.15 Crude seed protein content of T3 AtCESA1-RNAi/BnDGAT1-OE/AtASN1-OE 

lines 

Averages are shown for EV control, AtASN1-OE, and two AtCESA1-RNAi/BnDGAT1-

OE/AtASN1-OE groups with 9, 6, 4, and 7 independent biological replicates each, respectively. 

Three technical replicates were carried out for each line and bars denote standard error. 

Significant differences are indicated by different letters as determined by the Tukey test (a = 

0.05). 

 

 

 Because the lipid, protein, and cellulose analyses consumed much of the seed from the T3 

lines, pooling of seed between independent transformants with the same genetics was required to 

ensure enough seed mass for at least three replicates per construct for AA analysis by HPLC. For 

example, seed was pooled together from fifteen different EV control lines, then split into ten 

technical replicates. Additionally, for the transgenic lines, seeds were pooled from both single 

protein-related gene overexpression lines the respective counterpart in the AtCESA1-

RNAi/BnDGAT1-OE background. Due 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 (Table 3.4.6). The few differences that did reach statistical 

significance were minor, with the most notable being a 0.88% reduction in threonine in lines 
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with AtALAAT1 overexpression. There were no significant differences in AA composition 

between AtASN1-OE lines and the EV controls.   

 

Table 3.4.6 Seed amino acid composition of T3 AtCESA1-RNAi/BnDGAT1-OE lines with 

AtAAP1-OE, AtALAAT1-OE, or AtASN1-OE 

Amino Acid EV Controls AtAAP1-OE AtALAAT1-OE AtASN1-OE 

Aspartate 7.18 (±0.08) 7.32 (±0.11)¬*  7.44 (±0.46) 7.91 (±0.70) 

Glutamate 15.24 (±0.32) 14.97 (±0.55) 15.13 (±0.46) 14.93 (±0.67) 

Serine 6.68 (±0.18) 6.53 (±0.16) 6.62 (±0.21) 6.61 (±0.24) 

Histidine 2.23 (±0.10) 2.08 (±0.09) ®*  2.22 (±0.18) 2.12 (±0.11) 

Glycine 12.10 (±0.25) 11.91 (±0.26) 11.94 (±0.28) 12.01 (±0.43) 

Threonine 5.85 (±0.60) 5.41 (±0.41) 4.97 (±0.53)®*  5.58 (±0.52) 

Arginine 5.72 (±0.36) 5.60 (±0.24) 5.29 (±0.33)®*  5.49 (±0.24) 

Alanine 7.63 (±0.28) 7.51 (±0.19) 7.36 (±0.25) 7.60 (±0.26) 

Tyrosine 1.64 (±0.17) 1.89 (±0.12) ¬*  1.86 (±0.21)¬*  1.73 (±0.35) 

Met/Val 3.63 (±0.33) 3.62 (±0.12) 3.22 (±0.45) 3.66 (±0.18) 

Phenala 3.98 (±0.20) 3.93 (±0.12) 3.78 (±0.21) 3.96 (±0.15) 

Isoleucine 4.25 (±0.53) 4.27 (±0.14) 3.59 (±0.78) 4.30 (±0.19) 

Leucine 7.22 (±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) 16.95 (±2.98) 

Values represent average percentages (%) and are shown for pooled samples consisting of seeds 

from EV control, AtAAP1-OE, AtALAAT1-OE, and AtASN1-OE lines (both single gene 

overexpression and in the AtCESA1-RNAi/BnDGAT1-OE background) with 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 the two signals. Significant differences are 
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designated by asterisks ( PÒ 0.05 = *,  PÒ 0.01 = **,  PÒ 0.001= ***). The direction of the 

difference (increase or decrease) is indicated with arrows (¬ or ®). 

 

 

3.4.9 Crystalline Cellulose Quantification of T3 AtCESA1-RNAi/BnDGAT1-OE/Protein 

Gene-OE lines. 

 To evaluate the seed cellulose content, the lines were organized into two groups: a non-

AtCESA1-RNAi group consisting of EV control and all single protein-related gene 

overexpression lines, and a AtCESA1-RNAi group consisting of all AtCESA1-RNAi/BnDGAT1-

OE/Protein Gene-OE lines. The cellulose-derived acid-insoluble glucose analysis found that the 

average cellulose content of all lines with AtCESA1-RNAi was reduced by 9.3 ɛg/mg (-20.8%) 

compared to the non-AtCESA1-RNAi lines (Fig. 3.4.16). 

 

 

Figure 3.4.16 Acid-insoluble glucose contents of T3 seeds with and without AtCESA1-RNAi  

EV control, AtAAP1-OE, AtALAAT1-OE, and AtASN1-OE are shown in gray while AtCESA1-

RNAi/BnDGAT1-OE/Protein Gene-OE lines are in white. A total of 24 and 34 independent 

biological replicates were used for the non-AtCESA1-RNAi and AtCESA1-RNAi groups, 

respectively. Three technical replicates were carried out for each line and bars denote standard 

error. Significant differences are designated by asterisks ( PÒ 0.05 = *,  PÒ 0.01 = **,  PÒ 0.001= 

***).  
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3.4.10 Yield, Seed Size & 100-Seed Weight of T3 AtCESA1-RNAi/BnDGAT1-OE/Protein 

Gene-OE lines 

 The total mass of seed produced per plant (yield) was recorded after harvesting, followed 

by seed size and 100 seed weight analysis. There was high variability observed in the yield data 

between plants, likely resulting from a combination of factors such as natural plant-to-plant 

variation, static cling that caused some seeds to stick to the pollination tubes, and premature 

silique dehiscence.  

 Among the lines with AtAAP1-OE alone, there was increased seed yield (+26%) 

compared to the EV controls, though this finding did not quite reach statistical significance (Fig. 

3.4.17A). There was, however, a significant increase in yield (+47%) for the AtCESA1-

RNAi/L441P-BnDGAT1-OE/AtAAP1-OE lines. There was a small decrease in the 100 seed 

weight for the AtCESA1-RNAi/L441P-BnDGAT1-OE/AtAAP1-OE seeds (Fig. 3.4.17B). The 

seed size decreased slightly in all the transgenic seeds but no comparisons reached statistical 

significance (Fig. 3.4.17C).  
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Figure 3.4.17 Seed yield (mg), 100-seed weight (mg), and seed size (mm2) of T3 AtCESA1-

RNAi/BnDGAT1-OE/AtAAP1-OE lines 

Averages are displayed for EV control, AtAAP1-OE, and AtCESA1-RNAi/BnDGAT1-

OE/AtAAP1-OE lines with 9, 5, and 10 biological replicates each. Yield represents the total mass 

of seed produced and collected from a single mature plant. The 100-seed weights and seed sizes 

have been multiplied by 50 and divided by 1000, respectively, to accommodate display on a 

single y-axis. Bars denote standard error and significant differences are designated by asterisks 

(PÒ 0.05 = *, PÒ 0.01 = **). 

 

 



 90 

 Seed yield increased by 26% in the lines with AtALAAT1-OE alone compared to the EV 

controls but was not statistically significant, whereas the AtCESA1-RNAi/BnDGAT1-

OE/AtALAAT1-OE lines saw a significant yield increase of nearly 60% (Fig. 3.4.18A). No 

significant differences were found between the 100 seed weights and seed sizes in any of the 

comparisons (Fig. 3.4.18B and C). 
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Figure 3.4.18 Seed yield (mg), 100-seed weight (mg), and seed size (mm2) of T3 AtCESA1-

RNAi/BnDGAT1-OE/AtALAAT1-OE lines 

Averages are displayed for EV control, AtALAAT1-OE, and AtCESA1-RNAi/BnDGAT1-

OE/AtALAAT1-OE lines with 9, 9, and 12 biological replicates each. Yield represents the total 

mass of seed produced and collected from a single mature plant. The 100-seed weights and seed 

sizes have been multiplied by 50 and divided by 1000, respectively, to accommodate display on 

a single y-axis. Bars denote standard error and significant differences are designated by asterisks 

(PÒ 0.05 = *, PÒ 0.01 = **). 
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  Seed yield increased for all three groups with AtASN1-OE, though only increase was 

statistically significant only in the AtCESA1-RNAi/L441P-BnDGAT1-OE background (Fig. 

3.4.19A). The 100 seed weights and seed sizes of the AtASN1-OE alone and AtCESA1-

RNAi/WT-BnDGAT1-OE/AtASN1-OE lines slightly decreased compared to the controls, though 

this was only significant for the latter comparison (Fig. 3.4.19B & C). 
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Figure 3.4.19 Seed yield (mg), 100-seed weight (mg), and seed size (mm2) of T3 AtCESA1-

RNAi/BnDGAT1-OE/AtASN1-OE lines 

Averages are displayed for EV control, AtASN1-OE, and AtCESA1-RNAi/BnDGAT1-

OE/AtASN1-OE lines with 9, 6, and 11 biological replicates each. Yield represents the total mass 

of seed produced and collected from a single mature plant. The 100-seed weights and seed sizes 

have been multiplied by 50 and divided by 1000, respectively, to accommodate display on a 

single y-axis. Bars denote standard error and significant differences are designated by asterisks 

(PÒ 0.05 = *).  
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3.4.11 Seed Coat Permeability 

 A tetrazolium violet uptake assay was performed to evaluate the permeability of the 

seeds. Incubation of the seeds in the tetrazolium violet solution revealed that violet coloration 

was generally increased in the lines with AtCESA1-RNAi (Fig. 3.4.20B) compared to the EV 

controls (Fig. 3.4.20A). The EV control seeds exhibited a small amount of violet coloration 

mostly restricted to the micropylar region, whereas the seeds with AtCESA1-RNAi/exhibited 

substantially greater violet coloration, with the dye often spreading 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 between the groups were observed. 

 

 

Figure 3.4.20 Permeability of EV control and T3 AtCESA1-RNAi seeds to tetrazolium salt 

EV control (A) and seeds with 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 Control and AtCESA1-RNAi/BnDGAT1-OE/Protein Gene-OE seeds were grown to 

evaluate differences in seedling fresh weight. After 12 days of growth, the average fresh weight 

of the transgenic carbon reallocated seedlings was smaller (from 10-60%) than the average EV 

control seedling fresh weight (Fig. 3.4.21).  

 

 

Figure 3.4.21 Seedling fresh weight of empty vector control and T3 AtCESA1-

RNAi/BnDGAT1-OE/Protein Gene-OE lines 

Plants were grown 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 2-8 biological replicates each. Bars denote standard error. Significant 

differences are designated by asterisks ( PÒ 0.05 = *,  PÒ 0.01 = **,  PÒ 0.001= ***).  

 

3.4.13 Seedling Hypocotyl Length 

 The hypocotyl lengths of EV control and AtCESA1-RNAi/BnDGAT1-OE/Protein Gene-

OE lines were assessed by growing seeds vertically on agar plates in the dark. After 6 days of 

etiolation, the average hypocotyl lengths were substantially shorter (4.5 mm or -26%) than the 

EV controls for several transgenic lines (Fig. 3.4.22). The reduced hypocotyl length phenotype 

was mildest in the lines with AtAAP1-OE. Interestingly, several AtCESA1-RNAi/BnDGAT1-

OE/Protein Gene-OE lines exhibited large to extreme reductions in germination under the dark-

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.  

 

 

Figure 3.4.22 Hypocotyl length of etiolated empty vector control and T3 AtCESA1-

RNAi/BnDGAT1-OE/Protein Gene-OE 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 and placed in a dark cabinet at 

22°C for 6 days to allow etiolation. Averages are shown for 3 and 9 independent control and 

transgenic lines, respectively, with 2-8 biological replicates each. Bars denote standard error. 

Significant differences are designated by asterisks ( PÒ 0.05 = *,  PÒ 0.01 = **,  PÒ 0.001= ***).  

 

3.4.14 Germination Rate 

 A germination test was performed to determine whether there were differences in seed 

viability between the EV control and AtCESA1-RNAi/BnDGAT1-OE/Protein Gene-OE lines. 

Slightly reduced germination was observed in the AtCESA1-RNAi/BnDGAT1-OE/AtAAP1-OE 

(approximately -7%) and AtCESA1-RNAi/BnDGAT1-OE/AtALAAT1-OE (approximately -12%) 

lines compared to the EV controls (Fig. 3.4.23). There was also s reduction in germination in the 

AtCESA1-RNAi/L441P-BnDGAT1-OE/AtASN1-OE lines, though no negative effect was 

observed in the AtCESA1-RNAi/WT-BnDGAT1-OE/AtASN1-OE seeds (Fig. 3.4.23). 
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Figure 3.4.23 Percent germination of EV control and T3 AtCESA1-RNAi/BnDGAT1-

OE/Protein Gene-OE lines 

Approximately 90 were used for each line and grown for 6 days under fluorescent lights at 25°C. 

 

 

 During the germination tests, somewhat delayed germination was reported in most of the 

AtCESA1-RNAi/BnDGAT1-OE/Protein Gene-OE lines. In general, germination and initial 

seedling growth appeared about 1-2 days 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 the EV controls (Fig. 3.4.24A). 
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Figure 3.4.24 Delayed germination in T3 AtCESA1-RNAi/BnDGAT1-OE/Protein Gene-OE 

seeds 

EV control seedlings (a) and representative AtCESA1-RNAi/BnDGAT1-OE/Protein Gene-OE 

seeds. Scale bars represents 5 mm. 

 

3.4.15 Seedling Root Length  

 The root lengths of EV control and AtCESA1-RNAi/BnDGAT1-OE/Protein Gene-OE 

lines were assessed by growing seeds vertically on agar plates under grow lights. Root lengths 

were recorded after 6, 8, and 10 days of growth under light conditions. The root lengths of the 

AtCESA1-RNAi/BnDGAT1-OE/AtAAP1-OE lines were slightly shorter than the EV controls only 

after 10 days (Fig. 3.4.25, 3.4.26a, 3.4.26b). There were more severe reductions in root lengths in 

both the AtCESA1-RNAi/BnDGAT1-OE/AtASN1-OE and AtCESA1-RNAi/BnDGAT1-

OE/AtALAAT1-OE lines at all three timepoints, though the phenotype was most severe in the 

AtCESA1-RNAi/BnDGAT1-OE/AtASN1-OE lines at all timepoints (Fig. 3.4.25, 3.4.26c, 

3.4.26d). 
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Figure 3.4.25 Average root lengths (mm) of EV control and T3 AtCESA1-RNAi/BnDGAT1-

OE/Protein Gene-OE lines 

About 10-12 seeds were used from each line, in triplicate, and grown under fluorescent lights at 

25°C. Root lengths were measured at 6, 8, and 10 days after the stratification treatment. Bars 

denote standard error. Significant differences are designated by asterisks (PÒ 0.05 = *,  PÒ 0.01 

= **,  PÒ 0.001= ***). 
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Figure 3.4.26 Representative seedling growth of EV control and T3 AtCESA1-

RNAi/BnDGAT1-OE/Protein Gene-OE lines 

EV control seedlings (a), AtCESA1-RNAi/BnDGAT1-OE/AtAAP1-OE (b), AtCESA1-

RNAi/BnDGAT1-OE/AtASN1-OE (c), and AtCESA1-RNAi/BnDGAT1-OE/AtALAAT1-OE (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 the AtCESA1-RNAi/BnDGAT1-OE/Protein 

Gene-OE lines during early seedling growth, these differences did not seem to carry through into 

later development. During the growth of the T3 generation, no clear differences emerged in terms 

of the mature rosettes, flowering time, inflorescence height, inflorescence branching, flower and 

silique morphology, pigmentation, and no other phenotypic abnormalities were observed (data 
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not shown). Representative seedling growth for the T3 AtCESA1-RNAi/BnDGAT1-OE/Protein 

Gene-OE plants is shown in Figure 3.4.27.  

 

 

Figure 3.4.27 Representative growth of EV control and T3 AtCESA1-RNAi/BnDGAT1-

OE/Protein Gene-OE lines 

EV control seedlings (a), AtAAP1-OE (b), AtCESA1-RNAi/WT-BnDGAT1-OE/AtAAP1-OE (c), 

and AtCESA1-RNAi/L441P-BnDGAT1-OE/AtAAP1-OE (d), AtALAAT1-OE (e), AtCESA1-

RNAi/WT-BnDGAT1-OE/AtALAAT1-OE (f), and AtCESA1-RNAi/L441P-BnDGAT1-

OE/AtALAAT1-OE (g), AtASN1-OE (h), AtCESA1-RNAi/WT-BnDGAT1-OE/ AtASN1-OE (i), 

and AtCESA1-RNAi/L441P-BnDGAT1-OE/ AtASN1-OE (j). 32 plants from each from each line 

were grown in a growth cabinet under standard conditions (22°C/18°C, 16hr light/18hr dark). 

 

3.5 Discussion  

 The leftover meal from oilseeds provides a valuable feed source for animals, especially 

those with high protein contents. There has been increased research interest in recent years to 

reduce the fiber content of canola meal to enhance the digestibility of the seed protein for non-

ruminant animals, as well as increase the amount of seed protein itself (Hansen et al., 2017; Tan 

et al., 2011). There is competition for carbon resources between biosynthetic pathways for 

cellulose, storage lipids, and storage proteins in seeds (Kambhampati et al., 2020; Li et al., 

2018B; Liu et al., 2022), though the relationships between these pathways are not well 






























































































































































