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1   |   INTRODUCTION

Vegetable  oils  extracted  from  plant  seeds  have  been 
widely used for food, feed, and industrial materials. This 
collection of molecules is composed principally of triacyl-
glycerols (TAGs) in seeds or mesocarps of most oil crops, 
including  soybean  and  oil  palm.  In  seeds,  TAGs  func-
tion as storage molecules for photosynthetically derived 
fatty  acids  linked  to  each  of  the  three  carbon  atoms  of 
a glycerol backbone. The stored carbon provides energy 

and  carbon  skeletons  to  support  seed  germination  and 
seedling establishment. Plant fatty acids are often classi-
fied into “common” and “unusual” fatty acids depending 
on  their  frequency  of  occurrence  in  the  plant  kingdom 
(Cahoon  &  Li- Beisson,  2020).  Common  fatty  acids, 
including  palmitic  acid  (16:0),  stearic  acid  (18:0),  oleic 
acid  (18:1Δ9),  linoleic  acid  (18:2Δ9,12),  and  α- linolenic 
acid  (18:3Δ9,12,15),  are  ubiquitous  in  plant  tissues  as 
membrane and storage  lipids.  In contrast, unusual  fatty 
acids  have  limited  occurrence  in  plants,  often  as  major 
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Abstract
Plant fatty acids are used for food, feed, fuel, and industrial materials. Structurally 
and  chemically  diverse  fatty  acids,  referred  to  as  unusual  or  specialized  fatty 
acids,  are  found  in  the  seed  oils  of  diverse  plant  species.  Many  unusual  fatty 
acids have potential use as alternative and renewable sources of biofuels and bio- 
based industrial feedstocks due to their variant structures' physical or functional 
properties.  Oils  enriched  in  these  fatty  acids  can  increase  the  value  of  oilseed 
crops  and  provide  co- products  that  can  be  readily  extracted  from  lignocellu-
losic materials in biomass crops. Here, we describe recent progress in strategies 
for enhancement of oil production and quality  in oilseed crops and  the exten-
sion  of  this  knowledge  for  metabolic  engineering  of  biomass  crops.  Successful 
implementation of these strategies, in part, through the use of emerging synthetic 
biology tools, will provide added product value for the economic sustainability of 
biomass crops as bioenergy feedstocks.
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components  of  seed  oils  of  selected  species  or  families. 
Unusual  fatty acids also have divergent  chemical  struc-
tures  compared  with  common  fatty  acids.  Structural 
variations  in  unusual  fatty  acids  can  include  diversity 
in carbon chain lengths (shorter than 16 or longer than 
18), unsaturation (different positions/orientation of dou-
ble  and  triple  bonds),  and  functional  groups  (e.g.,  hy-
droxyl, epoxy, and cyclopropane groups). While unusual 
fatty  acids  are  typically  found  as  major  components  of 
seed  oils,  they  can  also  be  found  in  other  plant  organs, 
tissues,  and  cells,  including  trichomes  and  roots  (Busta 
et  al.,  2018;  Ohlrogge  et  al.,  2018;  Segura  Munoz  et  al., 
2020). Because of the physical and functional properties 
conferred  by  their  structures,  many  unusual  fatty  acids 
have high value for applications such as dietary nutraceu-
ticals and  feedstocks  for biofuels, cosmetics, and  indus-
trial  chemicals  (lubricants,  emulsifiers,  and  detergents; 
Dyer et al., 2008). As a result, intensive research has been 
conducted to identify sources of unusual fatty acids, elu-
cidate their specialized biosynthetic and oil storage path-
ways  for  basic  and  applied  knowledge  of  variant  lipid 
metabolism.

Attempts  to  develop  plants  that  naturally  produce 
oils with high levels of unusual fatty acids as agronomic 
crop plants have had only limited success because these 
plants often have unfavorable agricultural trails that can 
include  toxic  by- products,  seed  dormancy,  seed  shat-
ter,  tropical  adaptation,  indeterminate  flowering,  and 
unsuitable  morphologies  (Jaworski  &  Cahoon,  2003). 
Plant  biotechnological  efforts  have  been  directed  at 
transferring these pathways to established oilseed crops 
to  address  these  limitations.  More  recently,  research 
has also been directed at transferring unusual fatty acid 
metabolism  to  biomass  feedstocks,  such  as  sorghum 
and energy cane, to create a high- value co- product that 
can  be  easily  separated  from  lignocellulosic  material 
(Reynolds et al., 2017; Vanhercke et al., 2019; Yurchenko 
et al., 2017). Here, we review recent studies of unusual 
fatty acid biosynthetic and metabolic enzymes and their 
use  in  metabolic  engineering  to  enhance  the  value  of 
oilseed crops. We also discuss the possible use of vegeta-
tive organs as platforms for the production of vegetable 
oils  and  specialty  oils  to  promote  the  economic  viabil-
ity of biomass crops as renewable bioenergy feedstocks. 
While  the  focus  of  this  review  is  on  land  plant- based 
production  of  oils  enriched  in  unusual  fatty  acids,  the 
research described can also be applied toward metabolic 
engineering of the biosynthesis of these oils in microbial 
and algal production platforms. The economic potential 
of  these  platforms  may  be  comparable  or  greater  than 
that of seed or plant vegetative tissue production of un-
usual fatty acid- enriched oils for high- value, low- volume 
markets.

2   |   OVERVIEW OF THE UNUSUAL 
FATTY ACID AND VEGETABLE OIL 
PRODUCTION IN OILSEED AND 
BIOMASS CROPS

2.1  |  Unusual fatty acid biosynthesis

The fatty acid biosynthetic and modification reactions that 
generate unusual fatty acids are distributed between plas-
tids and the endoplasmic reticulum (ER; Figure 1). These 
reactions are catalyzed by functionally and structurally di-
vergent forms of enzymes found widely in the plant king-
dom. These variant enzymes can be classified largely into 
four categories: (1) FatB acyl- acyl carrier protein thioester-
ase variants that generate medium- chain fatty acid (MCFA; 
C8– C14)  by  premature  termination  of  de  novo  fatty  acid 
biosynthesis prior to the C16 and C18 stages of carbon chain 
elongation; (2) fatty acid desaturase variants that can intro-
duce double bonds at atypical positions or with trans ste-
reochemistry,  catalyze  alternative  oxygenation  outcomes 
(e.g.,  hydroxylation,  epoxygenation),  or  introduce  triple 
bonds; (3) β- ketoacyl- CoA synthase-  or FAE1 variants that 
extend fatty acid carbon chains beyond C18 to lengths of up 
to  C28;  and  (4)  cytochrome  P450s  that  catalyze  oxygena-
tion  reactions  that  produce  carbon  chain  modifications 
including hydroxyl and epoxy groups. While these are the 
primary  enzyme  types  associated  with  unusual  fatty  acid 
biosynthesis, other enzymes catalyze the biosynthesis of se-
lected unusual fatty acids, such as an S- adenosylmethionine 
methyltransferase variant that produces cyclopropane fatty 
acids  (Bao  et  al.,  2002).  Collectively,  these  enzymes  con-
fer differences  in carbon chain  lengths and carbon chain 
modifications  (e.g.,  hydroxylation;  Figure  2).  Unusual 
fatty  acid  biosynthesis  may  use  fatty  acyl- ACP  substrates 
from  de  novo  fatty  acid  biosynthesis,  as  is  the  case  for 
FatB and Δ9- stearoyl- ACP desaturase variants (Cahoon & 
Schmid, 2008). Other unusual fatty acid biosynthetic reac-
tions use acyl- CoA or fatty acids  linked to lipids, particu-
larly  phosphatidylcholine  (PC),  in  the  ER  following  fatty 
acid export  from plastids.  In addition,  the biosynthesis of 
possibly hundreds of other unusual fatty acids remains to 
be elucidated,  including those with keto groups and vari-
ations in unsaturation and hydroxylation (Badami & Patil, 
1980; Ohlrogge et al., 2018). Identification of the genes for 
the  biosynthetic  and  associated  metabolic  enzymes  for 
these fatty acids offers additional opportunities to generate 
enhanced biofuel and other bioproduct functionalities.

2.2  |  Triacylglycerol biosynthesis

Seeds  that accumulate high  levels of unusual  fatty acids 
sequester  these  molecules  following  their  biosynthesis 
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in an inert storage form as TAGs (Cahoon & Li- Beisson, 
2020). TAGs are comprised of three fatty acids linked to a 
glycerol backbone and are formed by numerous acyltrans-
ferases  that  incorporate  fatty  acids  onto  glycerol  using 
primarily  acyl- CoAs  as  substrates.  In  the  case  of  seeds 
that  accumulate  very  high  levels  of  unusual  fatty  acids, 
specific  acyltransferases  have  also  evolved  alternative 
substrate specificities to accommodate unusual fatty acid 
accumulation at all three stereospecific positions of glyc-
erol. These include lysophosphatidic acid acyltransferases 
(LPATs)  that  catalyze  the  incorporation of  fatty acids at 
the  sn- 2  position  of  glycerol.  LPATs  found  in  seeds  of 
most plants have strict substrate specificity for Δ9 double 
bond- containing  mono-   or  poly- unsaturated  fatty  acids 
(e.g., oleic, linoleic, and α- linolenic acids) and have little 
activity  with  a  saturated  fatty  acid  or  hydroxylated  fatty 
acid substrates (Cahoon & Schmid, 2008). In the case of 
seeds from species such as those from the Cuphea genus 
that produce oils with ≥90% of saturated C8 and C10 fatty 
acids or  castor bean  that accumulates >90% of  the Δ12- 
hydroxylated ricinoleic acid, structurally and functionally 
variant LPATs have been identified that enable accumula-
tion of these unusual fatty acids at the TAG sn- 2 position 
(Kim,  Silva,  Iskandarov,  et  al.,  2015;  Lunn  et  al.,  2019). 
Diacylglycerol  acyltransferases  (DGATs)  of  the  DGAT1 

and  DGAT2  classes,  which  catalyze  the  introduction  of 
the  third  fatty  acid  onto  glycerol- containing  DAG,  have 
also  evolved  variant  specificities  in  selected  species  to 
promote the efficient accumulation of unusual fatty acids 
in  TAGs  (Burgal  et  al.,  2008;  Iskandarov  et  al.,  2017;  Li 
et al., 2010). The evolution of other acyltransferases with 
altered substrate specificities, including phosphatidylcho
line:diacylglycerol  acyltransferase1,  has  also  been  impli-
cated in the production of TAGs that are highly enriched 
in  unusual  fatty  acids  (Lunn  et  al.,  2019).  These  down-
stream  metabolic  enzymes,  along  with  variant  biosyn-
thetic  enzymes,  have  proved  to  be  vital  components  of 
successful  engineering  strategies  for oilseeds  (e.g., Lunn 
et al., 2019) and the eventual extension of these strategies 
to biomass crops.

After assembly, TAGs with unusual fatty acids are pack-
aged into oil bodies, storage organelles that arise from the 
ER  (Chapman  et  al.,  2012;  Olzmann  &  Carvalho,  2019). 
TAGs are deposited between the leaflets of the ER bilayer. 
The lens- shaped structures are enlarged by accumulation 
of TAGs  and  subsequently  bud  off  from  the  ER  to  form 
oil  bodies.  After  budding  from  the  ER,  nascent  oil  bod-
ies grow and expand by  fusion and  local TAG synthesis. 
Several studies reported that oil body- associated proteins 
such  as  oleosin,  SEIPIN,  CGI- 58,  and  SRPs/LDAPs  play 

F I G U R E  1  Overview of metabolic engineering strategies for the production of oils containing common or unusual fatty acids. 
Triacylglycerol (TAG) is synthesized by interconnected metabolism in two cellular compartments: plastid and endoplasmic reticulum 
(ER). TAG production and accumulation is mediated by sequential flux from fatty acid biosynthesis, TAG sequestration, and oil body 
formation and maintenance by “push– pull– protect” metabolic modules as noted in the figure. Orange and green lines/ovals represent 
metabolic flux and enzymes for unusual and common fatty acids, respectively. Transcriptional regulation by WRINKLED1 (WRI1) and 
LEAFY COTYLEDON2 (LEC2) is shown, as representative of the function of these and additional transcription factors (e.g., LEC1). ACP, 
acyl carrier protein; AGPase, ADP- glucose pyrophosphorylase; CoA, coenzyme A; DAG, diacylgylcerol; DGAT, DAG acyltransferase; FAE, 
fatty acid elongase; FAD2, fatty acid desaturase2; FAH, fatty acid hydroxylase; FAS, fatty acid synthase; G3P, glycerol- 3- phosphate; GPAT, 
G3P acyltransferase; LPA, lysophosphatidic acid; LPAT, LPA acyltransferase; LPC, lysoPC; LPCAT, LPC acyltransferase; OB, oil body; PA, 
phosphatidic acid; PAP, phosphatidic acid phosphatase; PDAT, phospholipid:DAG acyltransferase; PLA2, phospholipase A2; SDP1, sugar- 
dependent lipase1; TE, thioesterase. Fatty acid nomenclature: X:Y, X = numbers of carbon atoms in fatty acid chain:Y = numbers of double 
bonds in fatty acid chain
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key roles in oil body biogenesis (Cai et al., 2015; Frandsen 
et al., 2001; Gidda et al., 2016; James et al., 2010; Kim et al., 
2016; Shimada et al., 2018; Siloto et al., 2006). SEIPIN and 
CGI- 58 were originally reported as defective genes in the 
human lipid storage diseases and studies of plant homo-
logs suggested conserved function of the genes for cellular 
lipid  homeostasis  in  eukaryotes  (Cai  et  al.,  2015;  James 
et al., 2010). Oleosin and SRPs/LDAPs are plant- specific 
oil body components and major oil body proteins in seeds 
and  leaves,  respectively.  Their  molecular  function  is  yet 
fully characterized but they are regarded as determinators 
for the attachment of other proteins to oil bodies (Huang, 
2018; Pyc et al., 2017). TAGs are highly accumulated during 
seed maturation, a process that is regulated by a network of 
transcription factors including WRINKLED1 (WRI1) and 
LEAFY COTYLEDON2 (LEC2) (Focks & Benning, 1998; 
Stone et al., 2001). LEC2 is one of four master regulators 
for  seed  maturation  along  with  LEAFY  COTYLEDON1 
(LEC1),  ABSCISIC  ACID  INSENSITIVE3  (ABI3),  and 
FUSCA3 (FUS3; Giraudat et al., 1992; Keith et al., 1994; 
West et al., 1994). LEC1 has the highest hierarchy in the 
signaling and regulates downstream plant- specific ABI3, 
FUS3, and LEC2 (collectively AFL) networks. AFL regu-
lators  control  the  synthesis  of  storage  molecules  during 

seed maturation by activating secondary transcription fac-
tors  such  as WRI1  (Kong  et  al.,  2020;  Kong, Yang,  Low, 
et  al.,  2020).  WRI1  is  a  tissue- specific  positive  regulator 
of  fatty  acid  synthesis.  Not  only  transcriptional  regula-
tion,  but  WRI1  is  also  post- translationally  regulated  by 
phosphorylation and ubiquitination as well as by WRI1- 
interacting proteins such as 14- 3- 3 and mediator complex 
MED15 subunit (Kim et al., 2016; Kong, Yang, Guo, et al., 
2020; Ma et al., 2016; Zhai et al., 2017). WRI1 has not only 
proven  useful  for  oil  enhancement  in  oilseed  crops  but 
is also widely used to enhance carbon flux  for  fatty acid 
biosynthetic  flux  in  metabolic  engineering  of  vegetative 
tissues (Van Erp et al., 2014; Xu & Shanklin, 2016).

2.3  |  Vegetative oil production

While  plant  oils  as  fuel  have  several  advantages  over 
other fuels, the current supply of these energy- rich com-
pounds  is  constrained  by  oilseed  crop  yields,  limited 
availability  of  arable  land,  and  the  conflict  arising  from 
the  need  to  use  arable  land  for  food  versus  biofuel  pro-
duction (Durrett et al., 2008; Dyer et al., 2008; Ohlrogge 
&  Chapman,  2011).  Given  these  limitations  for  oilseed 

F I G U R E  2  Major classes of specialized enzymes for unusual fatty acid biosynthesis. As shown, these enzymes are typically associated 
with variant fatty acid chain lengths and/or modifications of the carbon chain (e.g., hydroxylation). These enzymes are typically divergent 
forms of widely occurring acid fatty modification enzymes (shown in black arrows). Modifications of primary structures of these enzymes 
results in specialized activities (shown in red arrows) that are associated with altered catalytic outcomes. ACP, acyl carrier protein; CoA, 
coenzyme A; PAD, palmitoyl- ACP desaturase; CPA, cyclopropane fatty acid; CPS, CPA synthase; DES, desaturase; FAD2, fatty acid 
desaturase 2; FAE1, fatty acid elongase 1; FAH, fatty acid hydroxylase; FatB, fatty acid thioesterase B; KASI, 3- keto- acyl- ACP synthase I; 
KASII, 3- keto- acyl- ACP synthase II; LCFA, long- chain fatty acid; MCFA, medium- chain fatty acid; PC, phosphatidylcholine
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production and the growing global demand for vegetable 
oils,  vegetative  organs  (e.g.,  leaves,  stems,  and  roots)  of 
biomass crops offer an attractive system for expansion of 
vegetable oil production and to overlay unusual fatty acid 
biosynthetic pathways to increase the utility and value of 
oils. The environmental resilience of biomass crops such 
as sorghum, switchgrass, and miscanthus allows for veg-
etable oil production in climates that are not well suited 
to cultivate conventional oilseeds (Ohlrogge & Chapman, 
2011). While all plant cells have the capacity to produce 
TAGs,  this  is  typically a  temporary storage repository  to 
presumably reduce the lipotoxicity of free fatty acids that 
may arise from stress- induced membrane damage (Xu & 
Shanklin,  2016).  The  introduction  of  three  key  steps  for 
oil  biosynthesis  confers  seed- specific  pathways  for  TAG 
production  and  storage  to  vegetative  organs  of  biomass 
crops such as sugar cane and sorghum (Napier et al., 2014; 
Vanhercke et al., 2014; Zale et al., 2016). These three steps, 
referred  to  as  “push– pull– protect”  or  “3P,”  include:  (1) 
“Push” or enhance glycolytic and fatty acid biosynthetic 
flux by use, transcription factors, such as WRI1, or by redi-
rection of carbon from competing pathways such as starch 
biosynthesis (Sanjaya et al., 2011; Vanhercke et al., 2014); 
(2) “Pull” or enhance the sequestration of fatty acids into 
TAGs  by  enhanced  catalysis  by  enzymes  such  as  DGAT 
(Vanhercke et al., 2014); and (3) ”Protect” or mitigate the 
catabolism of TAGs by lipases and subsequent fatty acid 
β- oxidation  by  downregulation  of  these  metabolic  pro-
cesses and by  the  introduction of oil body coat proteins, 
such  as  oleosins,  seipins,  and  SRPs/LDAPs  (Cai  et  al., 
2015; Eastmond, 2006; Gidda et al., 2016; Kim, Park, et al., 
2016). This “3P” strategy has been widely adopted to en-
hance the accumulation of oil and oil with unusual fatty 
acids in seeds and vegetative organs (Napier et al., 2014; 
Song et al., 2017; Vanhercke et al., 2014). To reduce yield 
penalties, the implementation of this strategy has to bal-
ance the needs of photosynthetic carbon and redox state 
to support growth and carbon stored in vegetative organs 
(Horn, 2021). The challenges of combining the 3P strategy 
with  the  introduction  of  unusual  fatty  acid  biosynthetic 
and metabolic pathways are described below.

3   |   RECENT EXAMPLES 
OF UNUSUAL FATTY ACID 
METABOLIC ENGINEERING 
IN OILSEEDS

Extensive  efforts  have  been  directed  toward  discovering 
genes for biosynthetic and specialized metabolic enzymes 
for  metabolic  engineering  of  unusual  fatty  acid- rich  oil 
production  in  oilseed  models  (e.g.,  Arabidopsis)  and  es-
tablished  crops  (e.g.,  rapeseed,  soybean,  and  camelina). 

Technical advances in transcriptomics and genomics have 
accelerated the identification of novel enzymes for these 
metabolic pathways (Kim, Silva, Vu, et al., 2015; Li et al., 
2018; Nguyen et al., 2013). Examples are provided below 
of efforts directed at transferring pathways from seeds of 
plants  with  the  limited  agronomic  potential  to  produce 
medium- chain  and  hydroxy  fatty  acids.  These  examples 
illustrate  the  necessity  of  multigene  engineering  to  pro-
duce unusual fatty acids and efficiently sequester the fatty 
acid onto the three stereospecific carbon atoms of the TAG 
glycerol backbone. The example of hydroxy fatty acid pro-
duction shows that the efficient assembly of unusual fatty 
acids for TAG formation maintains a high rate of total oil 
production. The strategies described for oilseeds will also 
guide efforts to produce unusual fatty acids in vegetative 
organs of biomass crops.

3.1  |  Medium- chain fatty acids

Medium- chain  fatty  acids  are  composed  of  8– 14  carbon 
atoms  rather  than  the  C16  and  C18  fatty  acids  typically 
found  in  seed  oils.  These  fatty  acids  are  important  sub-
strates for various industrial applications such as cosmet-
ics, detergents, emulsifiers, and soaps. (Dyer et al., 2008; 
Knaut & Richtler, 1985). Studies of MCFA production in 
living  organisms  have  received  more  commercial  atten-
tion as renewable sources for the hydrocarbon component 
of transportation fuels (e.g., Jet A fuel: C8- C16; gasoline: 
C4- C12; diesel: C10- 15; Kallio et al., 2014; Knothe et al., 
2009). Palm kernel  (Elaeis guineensis  Jacq.) and coconut 
(Cocos nucifera L.) oils have been used as major sources 
of  plant- derived  MCFAs.  Other  plant- derived  sources  of 
MCFAs are seeds from Cuphea species native to temperate 
regions (Graham, 1989; Graham et al., 2016). High levels 
of MCFA are accumulated in seeds of Cuphea species. For 
example, Cuphea palustris seeds contain ~64 mol% myris-
tic acid (C14:0) and ~20 mol% caprylic acid (C8:0), Cuphea 
pulcherrima  seeds  contain  ~95  mol%  C8:0,  and  Cuphea 
viscosissima seeds contain ~64 mol% C8:0 and ~25 mol% 
C10:0.  Cuphea  species  have  been  the  subject  of  genetic 
improvement for production as an oilseed crop with lim-
ited  success  (Berti  &  Johnson,  2008).  Given  its  genetic 
diversity  for  variations  in  MCFA  content  and  composi-
tion,  the Cuphea  genus has been genetically “mined”  to 
identify genes for specialized enzymes controlling MCFA 
biosynthetic and metabolic pathways. Several studies have 
revealed  that  variant  FatBs  from  Cuphea  species  have  a 
catalytic activity to release fatty acids from ACP during de 
novo fatty acid synthesis in plastids to generate fatty acids 
such as C8:0, C10:0, C12:0, and C14:0 (Dehesh et al., 1996; 
Jones  et  al.,  1995;  Kim,  Silva,  Iskandarov,  et  al.,  2015; 
Kim, Silva, Vu, et al., 2015). Co- expression studies using 
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combinations  of  variant  FatBs  showed  that  transgenic 
Camelina could synthesize oil with mixtures of MCFAs, 
suggesting that the application of tailored oil production 
for biofuels is feasible. Notably, MCFA- containing oil pro-
duction increases in Camelina seeds when MCFA- specific 
acyltransferases are co- expressed (Iskandarov et al., 2017; 
Kim, Silva, Iskandarov, et al., 2015; Kim, Silva, Vu, et al., 
2015).  The  results  indicate  that  the  substrate  specificity 
of acyltransferases is one of the key determinants for the 
accumulation of unusual fatty acids. Moreover, introduc-
ing  MCFA- specific  LPAT  and  diacylglycerol  acyltrans-
ferase  1  (DGAT1)  from  Cuphea  species  in  combination 
with  MCFA- specific  FatB  into  oilseed  crops  provided 
direct  evidence  for  metabolic  cooperation  of  these  two 
acyltransferases  in  channeling  MCFAs  into  TAGs  en-
riched in fatty acids such as 10:0 at each of its three ste-
reospecific  positions  (Iskandarov  et  al.,  2017).  Notably, 
these studies showed that the transgenic co- expression of 
a specialized LPAT and DGAT1 from Cuphea  species  in 
camelina seeds resulted  in C10:0 accumulation  in TAGs 
and excluded this fatty acid from membrane phospholip-
ids,  the  desired  outcome  for  agronomic  fitness  of  engi-
neered seeds and other plant organs.

3.2  |  Hydroxy fatty acids

Hydroxy fatty acids increase TAG functionality for lubri-
cant applications (Durrett et al., 2008; Dyer et al., 2008). 
The  main  commercial  source  of  hydroxy  fatty  acids  is 
the seed oil of castor (Ricinus communis), which contains 
~90 mol% ricinoleic acid (C18:1- OH). Ricinoleic acid con-
tains  Δ9  unsaturation  and  a  hydroxyl  group  at  its  C- 12 
position. Commercial production of castor is limited due 
to  the  toxic  protein  ricin  found  in  its  seeds  (Patel  et  al., 
2016; Severino et al., 2012). Seeds  from certain Physaria 
and Paysonia species of the Brassicaceae family also syn-
thesize and accumulate diverse mono- hydroxy fatty acids 
(e.g.,  C18:1- OH,  C18:2- OH,  C20:1- OH,  and  C20:2- OH; 
Chen  et  al.,  2011;  Dierig  et  al.,  2011;  Hayes  et  al.,  1995; 
Mikolajczak  et  al.,  1962).  Hydroxylation  of  fatty  acids  is 
mediated  by  ER- localized  variant  form  of  the  Δ12  ole-
oyl- PC  desaturase  encoded  by  FAD2  (Vandeloo  et  al., 
1995). A structure– function study between  the hydroxy-
lase  variant  FAD2  (FAH)  and  a  typical  FAD2  showed 
that  swapping  as  few  as  six  amino  acid  residues  is  suf-
ficient  to  switch enzyme activities between desaturation 
to  hydroxylation  (Broun  et  al.,  1998).  Introducing  FAH 
cDNA  into model plants exhibited  low  total oil  content, 
and  impaired  germination  and  seedling  establishment 
were observed in transgenic plants (Adhikari et al., 2016; 
Bates et al., 2014). Although this mechanism is not fully 
understood,  there  is  a  strong  correlation  between  the 

amount  of  hydroxy- containing  PCs  and  downregulated 
fatty  acid  synthesis/reduced  oil  content.  Given  that  the 
amount  of  hydroxy- PC  does  not  exceed  4%  of  total  PC 
in  castor  seeds  (Thomaeus  et  al.,  2001),  a  radioisotope 
labeling  study  suggested  that  insufficient  accumulation 
of hydroxy fatty acid in TAGs is caused by the inefficient 
conversion of hydroxy fatty acid- containing DAG or PC to 
TAGs in non- host plants (Bates & Browse, 2011). Recent 
studies  showed  that  co- expression  of  FAH12  with  three 
specialized acyltransferases— GPAT, LPAT, and PDAT— 
from castor targeting incorporation of hydroxy fatty acid 
into TAGs with each stereochemical position (sn- 1, sn- 2, 
and  sn- 3,  respectively)  successfully  rescued  both  low  oil 
content  and  impaired  seedling  establishment  phenotype 
of  transgenic  plants  which  FAH12  is  introduced  indi-
vidually (Lunn et al., 2019). Moreover, it was notable that 
increasing the capacity of unusual fatty acid incorporation 
into TAGs by co- expression of specialized acyltransferases 
also affects the general utilization of TAGs. Similar strate-
gies of combining biosynthetic enzymes for unusual fatty 
acid  biosynthesis  with  specialized  fatty  acid  metabolic 
enzymes (e.g., acyltransferases) has also been applied  to 
the  engineering  of  other  unusual  fatty  acids,  including 
epoxy  and  cyclopropane  fatty  acids  (Li,  Yu,  Hatanaka, 
et al., 2010; Li et al., 2010; Yu et al., 2018, 2019).

Research into the engineering of ricinoleic acid biosyn-
thesis has also uncovered the effects of inefficient metab-
olism of unusual fatty acids on the regulation of de novo 
fatty  acid  biosynthetic  flux.  In  this  regard,  Arabidopsis 
seeds engineered for ricinoleic acid production have ≤50% 
reduction in total oil content (Bates et al., 2014). Reductions 
in oil content were rescued mainly by approaches to over-
come fatty acid flux regulation or to increase the efficiency 
of hydroxy  fatty acid  incorporation  into TAGs  (Adhikari 
et al., 2016; Lunn et al., 2019; Yu et al., 2021).

In addition to ricinoleic acid and its elongated forms, 
a seed oil was recently reported containing two C24 fatty 
acids  with  hydroxyl  groups  at  their  C- 7  and  C- 18  posi-
tions.  Fatty  acid  hydroxylation  is  also  catalyzed  during 
“discontinuous”  elongation  steps  in  the  ER  (Li  et  al., 
2018).  Thin- layer  chromatography  analysis  has  shown 
that the seed oil of Chinese violet cress (Orychophragmus 
violaceus)  contains  very  long- chain  dihydroxy  fatty 
acids  nebraskanic  [7,18- (OH)2- 24:1Δ15]  and  wuhanic 
[7,18- (OH)2- 24:2Δ15,21]  acids.  In  these  two  novel  dihy-
droxy  fatty  acids,  hydroxylation  in  the  C- 18  position  is 
mediated by variant FAD2 type hydroxylase (OvFAD2- 2) 
as a similar homolog from previously reported FAHs. In 
contrast,  hydroxylation  in  the  C- 7  position  is  catalyzed 
by a divergent 3- ketoacyl- CoA synthase (OvFAE1- 1) that 
uses  a  3- OH  intermediate  at  the  C20  stage  of  fatty  acid 
elongation (Li et al., 2018). This process, which baypasses 
the  subsequent  stages  of  typical  fatty  acid  elongation, 
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is  referred  to  as  “discontinuous”  elongation.  Oil  from 
Chinese  violet  cress  showed  an  exceptional  lubricating 
property  compared  with  conventional  castor  oil,  which 
arises  from  the  natural  accumulation  of  TAG  estolides 
rather than typical TAG species (Li et al., 2018; Romsdahl 
et al., 2019). TAG estolides are high molecular TAG species 
produced by polymerizing fatty acids through ester  link-
ages between hydroxy fatty acids. In Chinese violet cress 
oil,  identified TAG  estolides  can  contain  132  FA  carbon 
atoms, 10 total double bonds, and eight substituted or free 
hydroxyl  groups  (Romsdahl  et  al.,  2019).  Understanding 
more about the biosynthetic pathway of TAG estolides in 
Chinese violet cress could provide new  insights  into  the 
diversity of plant metabolic pathways.

Overall, the development of engineered crops produc-
ing  unusual  fatty  acid- enriched  oils  is  highly  dependent 
on  understanding  the  metabolic  bottleneck  of  unusual 
fatty acids in the target tissue and/or plants may give in-
sights for enhanced production of beneficial vegetative oil 
without  abnormal  growth  phenotype.  These  efforts  will 
likely be advanced by functional genomics efforts that link 
biochemical characterizations with emerging genomic in-
formation, such as that from the recent elucidation of ge-
nome of jojoba (Simmondsia chinensis) that accumulates 
wax  esters,  variant  fatty  acid  storage  forms,  in  its  seeds 
(Sturtevant et al., 2020).

4   |   TOWARD PRODUCTION 
OF UNUSUAL FATTY ACIDS IN 
BIOMASS CROPS

Although seeds are the predominant oil storage organ in 
plants, there are several exceptions, such as oil accumula-
tion in mesocarp cells of avocado, olive, and palm (Dabbou 
et al., 2011; Horn et al., 2013; Tranbarger et al., 2011). The 
capacity  of  non- seed  tissues  such  as  fruit  mesocarps  for 
TAG  production  and  storage  points  to  the  feasibility  of 
engineering oil production in vegetative tissues. Building 
on  this,  current  research  has  focused  mainly  on  the  3P 
strategy  to  elevate  oil  accumulation  in  leaves  and  stems 
(Parajuli  et  al.,  2020;  Vanhercke  et  al.,  2019;  Zale  et  al., 
2016). By contrast, only limited research has explored the 
production  of  unusual  fatty  acids  in  vegetative  organs, 
and  research  to  date  has  largely  been  limited  to  model 
systems  such  as  Arabidopsis  and  Nicotiana benthami-
ana (Okada et al., 2020; Reynolds et al., 2015; Yurchenko 
et al., 2017). Early studies on  the production of unusual 
fatty acids in vegetative organs included research into the 
constitutive expression of divergent FAD2 hydroxylases in 
N. tabacum and Arabidopsis (Broun et al., 1998; Vandeloo 
et al., 1995). In these studies, production of the hydroxy-
lated fatty acid ricinoleic acid was observed in seeds but 

not in leaves or roots. In the case of the expression of the 
lesquerella  FAD2- type  hydroxylase  in  Arabidopsis,  the 
transcript  of  this  gene  from  CaM35SV- mediated  expres-
sion was detectable  in roots. Still, amounts of  the corre-
sponding protein were low or below detection, although 
hydroxylase activity was measurable in root microsomes 
(Broun, Boddupalli, et al., 1998). These findings suggested 
that  post- transcriptional  regulation  limits  hydroxylase 
levels  and/or  catabolic  reactions  prevent  hydroxy  fatty 
acid  accumulation  in  roots  (Broun,  Boddupalli,  et  al., 
1998). More recently, transgenic and transient expression 
results showed that combinatorial expression of unusual 
fatty acid biosynthetic enzymes successfully allows the ac-
cumulation  of  unusual  fatty  acid- containing  oil  in  plant 
leaves.  The  3P  strategy  was  employed  with  specialized 
enzymes  to  engineer  unusual  fatty  acid- containing  oil 
production  in  vegetative  tissues  because  the  accumula-
tion of  free unusual  fatty acids or unusual  fatty acids  in 
membrane  lipids  is  toxic  to  cellular  tissues  (Iskandarov 
et al., 2017; Kim, Silva, Iskandarov, et al., 2015; Kim, Silva, 
Vu, et al., 2015; Lunn et al., 2019; Reynolds et al., 2015; 
Yurchenko  et  al.,  2017).  For  example,  impaired  growth 
phenotypes  of  eleostearic  acid  (18:3- Δ9,11,13)- producing 
transgenic  Arabidopsis  such  as  yellow  leaves  and  low 
conductivity  were  partially  restored  by  co- expression  of 
DGAT2 (Yurchenko et al., 2017). In a transient expression 
assay, co- expression of an MCFA- specific LPAT led to the 
formation of  tri- MCFA TAG species, suggesting that the 
3P strategy is helpful  in vegetative tissues for accumula-
tion of unusual fatty acids while avoiding undesired plant 
growth defects (Reynolds et al., 2015).

However, there are still possibilities that the metabolic 
context of vegetative oil production could differ from that 
in seeds. Thus, understanding  the oil accumulation pro-
cess  in vegetative  tissues and developing  the 3P strategy 
are required to optimize unusual fatty acid production in 
high biomass- yielding crops, without losing their environ-
mental resilience and high biomass. Leaf oil accumulation 
by blocking fatty acid breakdown and/or lipid trafficking 
to chloroplast causes  the developmental defect of plants 
by  altering  photosynthetic  capacity,  phytohormone 
homeostasis,  and  stress  responses  (Kunz  et  al.,  2009;  Li 
et al., 2012; Yurchenko et al., 2017). Since constitutive ex-
pression of transgenes affects entire developmental stages 
of plants, application of inducible or stage- /tissue- specific 
promoter  is one potential  strategy  for unusual  fatty acid 
accumulation in vegetative tissues (Kim, Lee, et al., 2015). 
In addition, TAGs are naturally synthesized in vegetative 
tissues,  but  this  process  is  transitory  (Ischebeck  et  al., 
2020). One possibility is that TAG synthesis is increased by 
the release of free fatty acids from damaged membranes. 
Sequestration of the released fatty acids in an inert form 
in  TAGs  possibly  mitigates  fatty  acid- linked  lipotoxicity 
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(Listenberger et al., 2003; Zhang et al., 2003). The 3P strat-
egy is directed, in part, to overcome the natural transitory 
occurrence of oil bodies  in vegetative  tissues.  In  this  re-
gard, major oil body coat proteins in vegetative tissues are 
SRPs/LDAPs,  rather  than  oleosins  (Brocard  et  al.,  2017; 
Horn et al., 2013; Zhi et al., 2017). The composition of oil 
body  coat  proteins  determines  the  molecular  and  physi-
ological  functions of oil bodies  (Gidda et al., 2016; Kim, 
Park, et al., 2016; Kim et al., 2010; Shimada et al., 2018). 
Exploring signaling and the metabolic context in non- seed 
tissues through studies from transitory oil bodies and their 
surrounded  protein  pools  will  provide  insights  into  the 
complex network of carbon  flux  in plants and strategies 
for unusual fatty acid production in vegetative tissues that 
avoid adverse effects on primary metabolism and growth.

5   |   EMERGING STRATEGIES 
FOR METABOLIC ENGINEERING 
OF UNUSUAL FATTY ACID 
BIOSYNTHESIS IN OILSEEDS 
AND BIOMASS CROPS

As  described  above,  extensive  research  has  focused  on 
the  reconstitution  of  unusual  fatty  acid  biosynthesis  and 
increased TAG assembly in oilseed crops and model plants. 
However, with only a few exceptions (e.g., γ- linolenic acid, 
omega- 7 monounsaturated fatty acids; Clemente et al., 2003; 
Nguyen et al., 2015; Qin et al., 2012), the accumulation of 
unusual  fatty acids  in  transgenic oilseeds has yet  to  reach 
levels found in seeds of plants that “naturally” produce unu-
sual  fatty acids  (Broun & Somerville, 1997; Cahoon et al., 
2006). Non- desirable plant fitness phenotypes, such as poor 
seed germination, impaired seedling establishment, and low 
total seed oil content, have also been reported to accompany 
the  introduction of at  least  several of  these pathways  into 
plants  (Cahoon et al., 2006; van Erp et al., 2011;  Jaworski 
& Cahoon, 2003). Optimizing the production of oils rich in 
unusual  fatty  acids  in  engineered  oilseed  crops  will  likely 
require  strategies  involving  the  introduction  of  multiple 
transgenes  that  target  biosynthetic  pathways  and  down-
stream  metabolic  pathways  to  sequester  these  fatty  acids 
in TAGs  effectively. The  efficacy  of  this  strategy  has  been 
demonstrated, as described above, for rescuing low seed oil 
content  and  reduced  seed  germination  for  production  of 
hydroxyl fatty acid- enriched TAGs in Arabidopsis seeds by 
co- expression of the castor FAH12 with multiple castor spe-
cialized acyltransferases (Lunn et al., 2019). Comparisons of 
hydroxy  fatty  acid- producing  Physaria fendleri  seeds  with 
those of hydroxy fatty acid- null Camelina sativa seeds also 
pointed to the likelihood that differences in the expression 
of multiple genes for fatty acid metabolic enzymes that lack 
specialized function contributed to the evolution of hydroxy 

fatty acid TAG production capacity in the Brassicaceae fam-
ily  (Horn  et  al.,  2016).  Collectively,  these  findings  suggest 
that the success of transferring pathways for unusual fatty 
acid biosynthesis and accumulation to existing oilseeds will 
require the introduction of numerous transgenes with more 
rigorous control of  the  level and developmental  timing of 
their expression.

Additionally, it may be necessary to downregulate native 
biosynthetic or metabolic pathways in engineered oilseeds 
and vegetative tissues to mitigate those that compete with 
or otherwise constrain unusual fatty acid production. These 
may include, for example, native acyltransferase that lack 
specificity for a given unusual fatty acid. Implementation 
of these complex metabolic engineering strategies will ne-
cessitate  large/multiple  DNA  assembly  methods  such  as 
Gibson  assembly,  integrase,  and  GoldenBraid  systems  to 
reconstitute  enzymatic  biosynthetic  and  metabolic  path-
ways through a single transformation of one  large vector 
containing multigene cassettes (Casini et al., 2015; Gibson 
et al., 2009). More careful selection of promoters to achieve 
the desired expression strength and  timing of  transgenes 
will also likely be needed. Moreover, using strategies such 
as artificial miRNAs and gene editing (e.g., clustered regu-
larly interspaced short palindromic repeats) will allow se-
lective suppression or knockout of non- desired pathways 
to tailor the metabolic background in the target oilseed or 
biomass  crop  for  maximal  unusual  fatty  acid  production 
(Shockey, 2020).

Protein  engineering  targeted  to  functionally  diver-
gent  enzymes  associated  with  unusual  fatty  acid  bio-
synthesis  and  accumulation  has  also  contributed  to  the 
enhanced  production  of  oils  with  novel  fatty  acid  com-
positions.  Historically,  the  most  effective  approaches 
have been directed at soluble enzymes such as acyl- ACP 
desaturases with guidance  from crystal structure data  to 
generate  novel  reaction  outcomes  that  have  been  subse-
quently  used  to  generate  modified  oil  compositions  in 
oilseed  crops  (Cahoon  et  al.,  1997;  Cahoon  &  Shanklin, 
2000; Nguyen et al., 2015; Whittle & Shanklin, 2001; Yuan 
et  al.,  1995).  However,  beyond  those  that  catalyze  reac-
tions using ACP substrates, most  fatty acid modification 
and  metabolic  enzymes  are  membrane- associated  and 
more  challenging  for  structure- based  engineering.  An 
abundance  of  primary  structural  data  from  related  en-
zymes of diverse function has enabled domain swapping 
experiments  to  identify  domains  or  specific  amino  acid 
residues that are critical for divergent functional proper-
ties of enzymes such as FAD2-  and FAE1- related enzymes 
(e.g., Blacklock & Jaworski, 2002; Broun, Shanklin, et al., 
1998;  Rawat  et  al.,  2012).  The  use  of  primary  sequence 
diversity  coupled  with  directed  evolution  using  a  yeast- 
based  selection  system has also been effective  for devel-
oping DGATs with enhanced activity  (Chen et al., 2017; 
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Hernandez Lozada et al., 2018; Roesler et al., 2016; Siloto 
et al., 2009; Xu et al., 2017). The utility of these designed 
enzymes to increase oil content has been demonstrated in 
transient plant expression systems or oilseeds (Chen et al., 
2017; Roesler et al., 2016). Beyond membrane- associated 
enzymes,  directed  evolution  using  error- prone  PCR  to 
generate sequence diversity and a microbial selection sys-
tem was used to understand amino acid residues that me-
diate acyl- ACP substrate specificities of FatB thioesterases 
and to develop variants with high specificity for 8:0- ACP 
that  has  potential  application  in  plant  metabolic  engi-
neering research (Hernandez Lozada et al., 2018). Likely, 
structural design based on emerging sequence data from 
plants and other organisms with divergent fatty acid and 
oil  compositions  will  yield  a  wealth  of  new  information 
for  understanding  determinants  of  enzyme  functional 
outcomes and substrate specificities. This knowledge will 
guide the development of modified enzymes for advanced 
metabolic engineering of oil content and compositions in 
crop plants and ultimately lead to desired oil compositions 
that are not currently found in nature.

6   |   SUMMARY

Bio- prospecting in the plant kingdom has led to the iden-
tification and biochemical characterization of specialized 
enzymes  involved  in  the  synthesis  and  metabolism  of 
unusual fatty acids. These enzymes provide the structural 
basis  for understanding variant substrate specificities,  re-
giospecificities,  and  catalytic  outcomes,  as  well  as  tools 
for  engineering  novel  and  high- value  oil  compositions. 
This  research  has  also  highlighted  the  need  for  special-
ized enzymes, including functionally divergent acyltrans-
ferases, in engineered oilseeds. In addition, recent studies 
have to lead to new strategies to limit feedback inhibition 
of fatty acid and TAG biosynthesis caused by unusual fatty 
acid  metabolism  in  engineered  oilseed  hosts.  Additional 
challenges remain for engineering biomass crops for unu-
sual fatty acid- enriched TAG production. While vegetative 
organs have the capacity for TAG production, overcoming 
the natural transitory accumulation of TAGs in these organs 
through an emphasis on  the “protect” component of  the 
“3P” strategy is an important target. Additional challenges 
for the production of unusual fatty acid- containing TAGs 
in  vegetative  organs  of  biomass  crops  is  the  assembly  of 
specialized metabolic pathways to promote the biosynthe-
sis of these variant TAG molecules and maintain the activ-
ity and stability of unusual fatty acid biosynthetic enzymes 
in  a  non- seed  cellular  environment.  Overall,  identifying 
differences  in  metabolic  context  and  signaling  networks 
between seeds and vegetative organs is paramount to the 

development of a renewable and sustainable oleochemical 
industry built around the use of biomass feedstocks.

ACKNOWLEDGMENTS
E.B.C. acknowledges support from the U.S. Department of 
Energy Center for Advanced Bioenergy and Bioproducts 
Innovation  (award  number  DE- SC0018420).  S.A.S.  ac-
knowledges funding from the USDA NIFA grants (2017- 
07433,  - 07479,  and  2019- 03357)  and  NSF- RIA  (award 
number HRD 1600988).

CONFLICT OF INTEREST
The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
Data sharing is not applicable to this article as no new data 
were created or analyzed in this study.

ORCID
Edgar B. Cahoon   https://orcid.org/0000-0002-7277-1176 

REFERENCES
Adhikari, N. D., Bates, P. D., & Browse, J. (2016). WRINKLED1 res-

cues feedback inhibition of fatty acid synthesis in hydroxylase- 
expressing seeds. Plant Physiology, 171(1), 179– 191. https://doi.
org/10.1104/pp.15.01906

Badami, R., & Patil, K. (1980). Structure and occurrence of unusual 
fatty acids in minor seed oils. Progress in Lipid Research, 19(3– 
4), 119– 153. https://doi.org/10.1016/0163- 7827(80)90002 - 8

Bao, X., Katz, S., Pollard, M., & Ohlrogge, J. (2002). Carbocyclic fatty 
acids in plants: Biochemical and molecular genetic characteri-
zation of cyclopropane fatty acid synthesis of Sterculia foetida. 
Proceedings of the National Academy of Sciences of the United 
States of America, 99(10), 7172– 7177. https://doi.org/10.1073/
pnas.09215 2999

Bates, P. D., & Browse, J. (2011). The pathway of triacylglycerol syn-
thesis  through  phosphatidylcholine  in  Arabidopsis  produces 
a  bottleneck  for  the  accumulation  of  unusual  fatty  acids  in 
transgenic seeds. The Plant Journal, 68(3), 387– 399. https://doi.
org/10.1111/j.1365- 313X.2011.04693.x

Bates, P. D., Johnson, S. R., Cao, X., Li, J., Nam, J.- W., Jaworski, J. 
G., Ohlrogge, J. B., & Browse, J. (2014). Fatty acid synthesis is 
inhibited  by  inefficient  utilization  of  unusual  fatty  acids  for 
glycerolipid  assembly.  Proceedings of the National Academy 
of Sciences of the United States of America, 111(3), 1204– 1209. 
https://doi.org/10.1073/pnas.13185 11111

Berti, M. T., & Johnson, B. L.  (2008). Growth and development of 
cuphea. Industrial Crops and Products, 27(3), 265– 271. https://
doi.org/10.1016/j.indcr op.2007.10.002

Blacklock, B. J., & Jaworski, J. G. (2002). Studies into factors contribut-
ing to substrate specificity of membrane- bound 3- ketoacyl- CoA 
synthases.  European Journal of Biochemistry,  269(19),  4789– 
4798. https://doi.org/10.1046/j.1432- 1033.2002.03176.x

Brocard,  L.,  Immel,  F.,  Coulon,  D.,  Esnay,  N., Tuphile,  K.,  Pascal, 
S.,  Claverol,  S.,  Fouillen,  L.,  Bessoule,  J.- J.,  &  Bréhélin,  C. 
(2017).  Proteomic  analysis  of  lipid  droplets  from  Arabidopsis 

https://orcid.org/0000-0002-7277-1176
https://orcid.org/0000-0002-7277-1176
https://doi.org/10.1104/pp.15.01906
https://doi.org/10.1104/pp.15.01906
https://doi.org/10.1016/0163-7827(80)90002-8
https://doi.org/10.1073/pnas.092152999
https://doi.org/10.1073/pnas.092152999
https://doi.org/10.1111/j.1365-313X.2011.04693.x
https://doi.org/10.1111/j.1365-313X.2011.04693.x
https://doi.org/10.1073/pnas.1318511111
https://doi.org/10.1016/j.indcrop.2007.10.002
https://doi.org/10.1016/j.indcrop.2007.10.002
https://doi.org/10.1046/j.1432-1033.2002.03176.x


   | 1619PARK et al.

aging leaves brings new insight into their biogenesis and func-
tions. Frontiers in Plant Science, 8, 894. https://doi.org/10.3389/
fpls.2017.00894

Broun,  P.,  Boddupalli,  S.,  &  Somerville,  C.  (1998).  A  bifunc-
tional  oleate  12- hydroxylase:  Desaturase  from  Lesquerella 
fendleri.  The Plant Journal,  13(2),  201– 210.  https://doi.
org/10.1046/j.1365- 313X.1998.00023.x

Broun, P., Shanklin, J., Whittle, E., & Somerville, C. (1998). Catalytic 
plasticity of fatty acid modification enzymes underlying chem-
ical  diversity  of  plant  lipids.  Science,  282(5392),  1315– 1317. 
https://doi.org/10.1126/scien ce.282.5392.1315

Broun,  P.,  &  Somerville,  C.  (1997).  Accumulation  of  ricinoleic, 
lesquerolic,  and  densipolic  acids  in  seeds  of  transgenic 
Arabidopsis plants that express a fatty acyl hydroxylase cDNA 
from castor bean. Plant Physiology, 113(3), 933– 942. https://doi.
org/10.1104/pp.113.3.933

Burgal,  J.,  Shockey,  J.,  Lu,  C.,  Dyer,  J.,  Larson,  T.,  Graham,  I.,  & 
Browse, J. (2008). Metabolic engineering of hydroxy fatty acid 
production  in  plants:  RcDGAT2  drives  dramatic  increases  in 
ricinoleate levels in seed oil. Plant Biotechnology Journal, 6(8), 
819– 831. https://doi.org/10.1111/j.1467- 7652.2008.00361.x

Busta, L., Yim, W. C., LaBrant, E. W., Wang, P., Grimes, L., Malyszka, 
K.,  Cushman,  J.  C.,  Santos,  P.,  Kosma,  D.  K.,  &  Cahoon,  E. 
B.  (2018).  Identification  of  genes  encoding  enzymes  cata-
lyzing  the  early  steps  of  carrot  polyacetylene  biosynthesis. 
Plant Physiology,  178(4),  1507– 1521.  https://doi.org/10.1104/
pp.18.01195

Cahoon, E. B., Dietrich, C. R., Meyer, K., Damude, H. G., Dyer,  J. 
M., & Kinney, A. J. (2006). Conjugated fatty acids accumulate 
to  high  levels  in  phospholipids  of  metabolically  engineered 
soybean and Arabidopsis seeds. Phytochemistry, 67(12), 1166– 
1176. https://doi.org/10.1016/j.phyto chem.2006.04.013

Cahoon,  E.  B.,  &  Li- Beisson,  Y.  (2020).  Plant  unusual  fatty  acids: 
Learning  from  the  less  common.  Current Opinion in Plant 
Biology, 55, 66– 73. https://doi.org/10.1016/j.pbi.2020.03.007

Cahoon,  E.  B.,  Lindqvist,  Y.,  Schneider,  G.,  &  Shanklin,  J.  (1997). 
Redesign  of  soluble  fatty  acid  desaturases  from  plants  for 
altered  substrate  specificity  and  double  bond  position. 
Proceedings of the National Academy of Sciences of the United 
States of America, 94(10), 4872– 4877. https://doi.org/10.1073/
pnas.94.10.4872

Cahoon, E. B., & Schmid, K. M. (2008). Metabolic engineering of the 
content and fatty acid composition of vegetable oils. Advances 
in Plant Biochemistry and Molecular Biology, 1, 161– 200. https://
doi.org/10.1016/S1755 - 0408(07)01007 - 7

Cahoon,  E.  B.,  &  Shanklin,  J.  (2000).  Substrate- dependent  mutant 
complementation  to  select  fatty  acid  desaturase  variants  for 
metabolic  engineering  of  plant  seed  oils.  Proceedings of the 
National Academy of Sciences of the United States of America, 
97(22), 12350– 12355. https://doi.org/10.1073/pnas.21027 6297

Cai,  Y.,  Goodman,  J.  M.,  Pyc,  M.,  Mullen,  R.  T.,  Dyer,  J.  M.,  & 
Chapman,  K.  D.  (2015).  Arabidopsis  SEIPIN  proteins  modu-
late  triacylglycerol  accumulation  and  influence  lipid  droplet 
proliferation.  The Plant Cell,  27(9),  2616– 2636.  https://doi.
org/10.1105/tpc.15.00588

Casini, A., Storch, M., Baldwin, G. S., & Ellis, T. (2015). Bricks and 
blueprints: Methods and standards for DNA assembly. Nature 
Reviews Molecular Cell Biology,  16(9),  568– 576.  https://doi.
org/10.1038/nrm4014

Chapman,  K.  D.,  Dyer,  J.  M.,  &  Mullen,  R.  T.  (2012).  Biogenesis 
and functions of  lipid droplets  in plants: Thematic review se-
ries:  Lipid  droplet  synthesis  and  metabolism:  From  yeast  to 
man.  Journal of Lipid Research,  53(2),  215– 226.  https://doi.
org/10.1194/jlr.R021436

Chen, G. Q., Lin,  J. T., & Lu, C. F.  (2011). Hydroxy  fatty acid syn-
thesis  and  lipid  gene  expression  during  seed  development  in 
Lesquerella fendleri. Industrial Crops and Products, 34(2), 1286– 
1292. https://doi.org/10.1016/j.indcr op.2010.08.003

Chen,  G.,  Xu,  Y.,  Siloto,  R.  M.  P.,  Caldo,  K.  M.  P.,  Vanhercke,  T., 
Tahchy,  A.  E.,  Niesner,  N.,  Chen,  Y.,  Mietkiewska,  E.,  & 
Weselake, R. J. (2017). High- performance variants of plant di-
acylglycerol acyltransferase 1 generated by directed evolution 
provide  insights  into  structure  function.  The Plant Journal, 
92(2), 167– 177. https://doi.org/10.1111/tpj.13652

Clemente, T., Xing, A., Ye, X., Sato, S., Schweiger, B., & Kinney, A. 
(2003). Production of gamma linolenic acid in seeds of trans-
genic soybean. In Plant biotechnology 2002 and beyond (pp. 421– 
424). Springer. https://doi.org/10.1007/978- 94- 017- 2679- 5_87

Dabbou, S., Dabbou, S., Chehab, H., Brahmi, F., Taticchi, A., Servili, 
M., & Hammami, M.  (2011). Chemical  composition of virgin 
olive oils from Koroneiki cultivar grown in Tunisia with regard 
to  fruit ripening and  irrigation regimes. International Journal 
of Food Science & Technology,  46(3),  577– 585.  https://doi.
org/10.1111/j.1365- 2621.2010.02520.x

Dehesh,  K.,  Edwards,  P.,  Hayes,  T.,  Cranmer,  A.  M.,  &  Fillatti,  J. 
(1996). Two novel thioesterases are key determinants of the bi-
modal distribution of acyl chain length of Cuphea palustris seed 
oil. Plant Physiology, 110(1), 203– 210. https://doi.org/10.1104/
pp.110.1.203

Dierig, D. A., Wang, G., McCloskey, W. B., Thorp, K. R., Isbell, T. A., 
Ray, D. T., & Foster, M. A.  (2011). Lesquerella: New crop de-
velopment and commercialization in the US. Industrial Crops 
and Products, 34(2), 1381– 1385. https://doi.org/10.1016/j.indcr 
op.2010.12.023

Durrett,  T.  P.,  Benning,  C.,  &  Ohlrogge,  J.  (2008).  Plant  tri-
acylglycerols  as  feedstocks  for  the  production  of  bio-
fuels.  The Plant Journal,  54(4),  593– 607.  https://doi.
org/10.1111/j.1365- 313X.2008.03442.x

Dyer, J. M., Stymne, S., Green, A. G., & Carlsson, A. S. (2008). High- 
value  oils  from  plants.  The Plant Journal,  54(4),  640– 655. 
https://doi.org/10.1111/j.1365- 313X.2008.03430.x

Eastmond,  P.  J.  (2006).  SUGAR- DEPENDENT1  encodes  a  patatin 
domain  triacylglycerol  lipase  that  initiates  storage  oil  break-
down in germinating Arabidopsis seeds. The Plant Cell, 18(3), 
665– 675. https://doi.org/10.1105/tpc.105.040543

Focks,  N.,  &  Benning,  C.  (1998).  wrinkled1:  A  novel,  low- seed- oil 
mutant  of  Arabidopsis  with  a  deficiency  in  the  seed- specific 
regulation  of  carbohydrate  metabolism.  Plant Physiology, 
118(1), 91– 101. https://doi.org/10.1104/pp.118.1.91

Frandsen,  G.  I.,  Mundy,  J.,  &  Tzen,  J.  T.  (2001).  Oil  bodies  and 
their  associated  proteins,  oleosin  and  caleosin.  Physiologia 
Plantarum,  112(3),  301– 307.  https://doi.org/10.1034/
j.1399- 3054.2001.11203 01.x

Gibson, D. G., Young, L., Chuang, R. Y., Venter, J. C., Hutchison 3rd, 
C. A., & Smith, H. O. (2009). Enzymatic assembly of DNA mol-
ecules up to several hundred kilobases. Nature Methods, 6(5), 
343– 345. https://doi.org/10.1038/nmeth.1318

Gidda,  S.  K.,  Park,  S.,  Pyc,  M.,  Yurchenko,  O.,  Cai,  Y.,  Wu,  P., 
Andrews, D. W., Chapman, K. D., Dyer, J. M., & Mullen, R. T. 

https://doi.org/10.3389/fpls.2017.00894
https://doi.org/10.3389/fpls.2017.00894
https://doi.org/10.1046/j.1365-313X.1998.00023.x
https://doi.org/10.1046/j.1365-313X.1998.00023.x
https://doi.org/10.1126/science.282.5392.1315
https://doi.org/10.1104/pp.113.3.933
https://doi.org/10.1104/pp.113.3.933
https://doi.org/10.1111/j.1467-7652.2008.00361.x
https://doi.org/10.1104/pp.18.01195
https://doi.org/10.1104/pp.18.01195
https://doi.org/10.1016/j.phytochem.2006.04.013
https://doi.org/10.1016/j.pbi.2020.03.007
https://doi.org/10.1073/pnas.94.10.4872
https://doi.org/10.1073/pnas.94.10.4872
https://doi.org/10.1016/S1755-0408(07)01007-7
https://doi.org/10.1016/S1755-0408(07)01007-7
https://doi.org/10.1073/pnas.210276297
https://doi.org/10.1105/tpc.15.00588
https://doi.org/10.1105/tpc.15.00588
https://doi.org/10.1038/nrm4014
https://doi.org/10.1038/nrm4014
https://doi.org/10.1194/jlr.R021436
https://doi.org/10.1194/jlr.R021436
https://doi.org/10.1016/j.indcrop.2010.08.003
https://doi.org/10.1111/tpj.13652
https://doi.org/10.1007/978-94-017-2679-5_87
https://doi.org/10.1111/j.1365-2621.2010.02520.x
https://doi.org/10.1111/j.1365-2621.2010.02520.x
https://doi.org/10.1104/pp.110.1.203
https://doi.org/10.1104/pp.110.1.203
https://doi.org/10.1016/j.indcrop.2010.12.023
https://doi.org/10.1016/j.indcrop.2010.12.023
https://doi.org/10.1111/j.1365-313X.2008.03442.x
https://doi.org/10.1111/j.1365-313X.2008.03442.x
https://doi.org/10.1111/j.1365-313X.2008.03430.x
https://doi.org/10.1105/tpc.105.040543
https://doi.org/10.1104/pp.118.1.91
https://doi.org/10.1034/j.1399-3054.2001.1120301.x
https://doi.org/10.1034/j.1399-3054.2001.1120301.x
https://doi.org/10.1038/nmeth.1318


1620 |   PARK et al.

(2016). Lipid Droplet- Associated Proteins (LDAPs) are required 
for the dynamic regulation of neutral lipid compartmentation 
in plant cells. Plant Physiology, 170(4), 2052– 2071. https://doi.
org/10.1104/pp.15.01977

Giraudat,  J.,  Hauge,  B.  M.,  Valon,  C.,  Smalle,  J.,  Parcy,  F.,  & 
Goodman, H. M. (1992). Isolation of the Arabidopsis- Abi3 gene 
by positional cloning. The Plant Cell, 4(10), 1251– 1261. https://
doi.org/10.1105/tpc.4.10.1251

Graham, S. A. (1989). Cuphea: A new plant source of medium- chain 
fatty acids. Critical Reviews in Food Science and Nutrition, 28(2), 
139– 173. https://doi.org/10.1080/10408 39890 9527495

Graham, S. A., Jose, G. P. C., Murad, A. M., Rech, E. L., Cavalcanti, 
T.  B.,  &  Inglis,  P.  W.  (2016).  Patterns  of  fatty  acid  composi-
tion in seed oils of Cuphea, with new records from Brazil and 
Mexico. Industrial Crops and Products, 87, 379– 391. https://doi.
org/10.1016/j.indcr op.2016.04.008

Hayes, D. G., Kleiman, R., & Phillips, B. S. (1995). The triglyceride 
composition,  structure,  and  presence  of  estolides  in  the  oils 
of lesquerella and related species. Journal of the American Oil 
Chemists Society, 72(5), 559– 569. https://doi.org/10.1007/Bf026 
38857

Hernandez Lozada, N. J., Lai, R. Y., Simmons, T. R., Thomas, K. A., 
Chowdhury, R., Maranas, C. D., & Pfleger, B. F. (2018). Highly 
active C8- Acyl- ACP thioesterase variant isolated by a synthetic 
selection  strategy.  ACS Synthetic Biology,  7(9),  2205– 2215. 
https://doi.org/10.1021/acssy nbio.8b00215

Horn,  P.  J.  (2021).  Where  do  the  electrons  go?  How  numerous 
redox processes drive phytochemical diversity. Phytochemistry 
Reviews,  20(2),  367– 407.  https://doi.org/10.1007/s1110 1- 020- 
09738 - w

Horn, P. J., James, C. N., Gidda, S. K., Kilaru, A., Dyer, J. M., Mullen, 
R. T., Ohlrogge, J. B., & Chapman, K. D. (2013). Identification 
of  a  new  class  of  lipid  droplet- associated  proteins  in  plants. 
Plant Physiology,  162(4),  1926– 1936.  https://doi.org/10.1104/
pp.113.222455

Horn,  P.  J.,  Liu,  J.,  Cocuron,  J.- C.,  McGlew,  K.,  Thrower,  N.  A., 
Larson, M., Chaofu, L. U., Alonso, A. P., & Ohlrogge, J. (2016). 
Identification of multiple lipid genes with modifications in ex-
pression and sequence associated with the evolution of hydroxy 
fatty acid accumulation in Physaria fendleri. The Plant Journal, 
86(4), 322– 348. https://doi.org/10.1111/tpj.13163

Huang, A. H. (2018). Plant  lipid droplets and their associated pro-
teins:  Potential  for  rapid  advances.  Plant Physiology,  176(3), 
1894– 1918. https://doi.org/10.1104/pp.17.01677

Ischebeck,  T.,  Krawczyk,  H.  E.,  Mullen,  R.  T.,  Dyer,  J.  M.,  & 
Chapman,  K.  D.  (2020).  Lipid  droplets  in  plants  and  algae: 
Distribution, formation, turnover and function. Seminars in Cell 
& Developmental Biology, 108, 82– 93. https://doi.org/10.1016/j.
semcdb.2020.02.014

Iskandarov, U., Silva, J. E., Kim, H. J., Andersson, M., Cahoon, R. E., 
Mockaitis, K., & Cahoon, E. B. (2017). A specialized diacylglyc-
erol acyltransferase contributes to the extreme medium- chain 
fatty acid content of Cuphea seed oil. Plant Physiology, 174(1), 
97– 109. https://doi.org/10.1104/pp.16.01894

James, C. N., Horn, P. J., Case, C. R., Gidda, S. K., Zhang, D., Mullen, 
R.  T.,  Dyer,  J.  M.,  &  Anderson,  R.  G.  W.  &  Chapman,  K.  D. 
(2010). Disruption of the Arabidopsis CGI- 58 homologue pro-
duces  Chanarin– Dorfman- like  lipid  droplet  accumulation  in 
plants. Proceedings of the National Academy of Sciences of the 

United States of America,  107(41),  17833– 17838.  https://doi.
org/10.1073/pnas.09113 59107

Jaworski, J., & Cahoon, E. B. (2003). Industrial oils from transgenic 
plants. Current Opinion in Plant Biology, 6(2), 178– 184. https://
doi.org/10.1016/s1369 - 5266(03)00013 - x

Jones, A., Davies, H. M., & Voelker, T. A. (1995). Palmitoyl- acyl car-
rier protein (ACP) thioesterase and the evolutionary origin of 
plant  acyl- ACP  thioesterases.  The Plant Cell,  7(3),  359– 371. 
https://doi.org/10.1105/tpc.7.3.359

Kallio, P., Pasztor, A., Akhtar, M. K., & Jones, P. R. (2014). Renewable 
jet  fuel.  Current Opinion in Biotechnology,  26,  50– 55.  https://
doi.org/10.1016/j.copbio.2013.09.006

Keith, K., Kraml, M., Dengler, N. G., & Mccourt, P. (1994). Fusca3 
–   A  heterochronic  mutation  affecting  late  embryo  develop-
ment in Arabidopsis. The Plant Cell, 6(5), 589– 600. https://doi.
org/10.1105/tpc.6.5.589

Kim, E. Y., Park, K. Y., Seo, Y. S., & Kim, W. T. (2016). Arabidopsis 
small  rubber  particle  protein  homolog  SRPs  play  dual  roles 
as  positive  factors  for  tissue  growth  and  development  and  in 
drought stress responses. Plant Physiology, 170(4), 2494– 2510. 
https://doi.org/10.1104/pp.16.00165

Kim, E. Y., Seo, Y. S., Lee, H., & Kim, W. T. (2010). Constitutive ex-
pression of CaSRP1, a hot pepper small rubber particle protein 
homolog, resulted in fast growth and improved drought toler-
ance  in  transgenic  Arabidopsis  plants.  Planta,  232(1),  71– 83. 
https://doi.org/10.1007/s0042 5- 010- 1149- 2

Kim, H. U., Lee, K. R., Jung, S. J., Shin, H. A., Go, Y. S., Suh, M. C., 
& Kim, J. B. (2015). Senescence- inducible LEC2 enhances tria-
cylglycerol accumulation in leaves without negatively affecting 
plant  growth.  Plant Biotechnology Journal,  13(9),  1346– 1359. 
https://doi.org/10.1111/pbi.12354

Kim, H.  J., Silva,  J. E.,  Iskandarov, U., Andersson, M., Cahoon, R. 
E.,  Mockaitis,  K.,  &  Cahoon,  E.  B.  (2015).  Structurally  diver-
gent lysophosphatidic acid acyltransferases with high selectiv-
ity for saturated medium chain fatty acids from Cuphea seeds. 
The Plant Journal,  84(5),  1021– 1033.  https://doi.org/10.1111/
tpj.13063

Kim, H. J., Silva, J. E., Vu, H. S., Mockaitis, K., Nam, J. W., & Cahoon, 
E. B. (2015). Toward production of jet fuel functionality in oil-
seeds: Identification of FatB acyl- acyl carrier protein thioester-
ases  and  evaluation  of  combinatorial  expression  strategies  in 
Camelina seeds. Journal of Experimental Botany, 66(14), 4251– 
4265. https://doi.org/10.1093/jxb/erv225

Kim,  M.  J.,  Jang,  I.  C.,  &  Chua,  N.  H.  (2016). The  mediator  com-
plex  MED15  subunit  mediates  activation  of  downstream 
lipid- related  genes  by  the  WRINKLED1  transcription  factor. 
Plant Physiology,  171(3),  1951– 1964.  https://doi.org/10.1104/
pp.16.00664

Knaut, J., & Richtler, H. J. (1985). Trends in industrial uses of palm 
and  lauric  oils.  Journal of the American Oil Chemists Society, 
62(2), 317– 327. https://doi.org/10.1007/Bf025 41398

Knothe, G., Cermak, S. C., & Evangelista, R. L. (2009). Cuphea oil 
as  source  of  biodiesel  with  improved  fuel  properties  caused 
by high content of methyl decanoate. Energy & Fuels, 23(3– 4), 
1743– 1747. https://doi.org/10.1021/ef800 958t

Kong, Q., Yang, Y. Z., Guo, L., Yuan, L., & Ma, W. (2020). Molecular 
basis  of  plant  oil  biosynthesis:  Insights  gained  from  study-
ing  the  WRINKLED1  transcription  factor.  Frontiers in Plant 
Science, 11. https://doi.org/10.3389/fpls.2020.00024

https://doi.org/10.1104/pp.15.01977
https://doi.org/10.1104/pp.15.01977
https://doi.org/10.1105/tpc.4.10.1251
https://doi.org/10.1105/tpc.4.10.1251
https://doi.org/10.1080/10408398909527495
https://doi.org/10.1016/j.indcrop.2016.04.008
https://doi.org/10.1016/j.indcrop.2016.04.008
https://doi.org/10.1007/Bf02638857
https://doi.org/10.1007/Bf02638857
https://doi.org/10.1021/acssynbio.8b00215
https://doi.org/10.1007/s11101-020-09738-w
https://doi.org/10.1007/s11101-020-09738-w
https://doi.org/10.1104/pp.113.222455
https://doi.org/10.1104/pp.113.222455
https://doi.org/10.1111/tpj.13163
https://doi.org/10.1104/pp.17.01677
https://doi.org/10.1016/j.semcdb.2020.02.014
https://doi.org/10.1016/j.semcdb.2020.02.014
https://doi.org/10.1104/pp.16.01894
https://doi.org/10.1073/pnas.0911359107
https://doi.org/10.1073/pnas.0911359107
https://doi.org/10.1016/s1369-5266(03)00013-x
https://doi.org/10.1016/s1369-5266(03)00013-x
https://doi.org/10.1105/tpc.7.3.359
https://doi.org/10.1016/j.copbio.2013.09.006
https://doi.org/10.1016/j.copbio.2013.09.006
https://doi.org/10.1105/tpc.6.5.589
https://doi.org/10.1105/tpc.6.5.589
https://doi.org/10.1104/pp.16.00165
https://doi.org/10.1007/s00425-010-1149-2
https://doi.org/10.1111/pbi.12354
https://doi.org/10.1111/tpj.13063
https://doi.org/10.1111/tpj.13063
https://doi.org/10.1093/jxb/erv225
https://doi.org/10.1104/pp.16.00664
https://doi.org/10.1104/pp.16.00664
https://doi.org/10.1007/Bf02541398
https://doi.org/10.1021/ef800958t
https://doi.org/10.3389/fpls.2020.00024


   | 1621PARK et al.

Kong, Q., Yang, Y., Low, P. M., Guo, L., Yuan, L., & Ma, W. (2020). 
The function of the WRI1- TCP4 regulatory module in lipid bio-
synthesis. Plant Signaling & Behavior, 15(11), 1812878. https://
doi.org/10.1080/15592 324.2020.1812878

Kunz, H. H., Scharnewski, M., Feussner, K., Feussner, I., Flugge, U. 
I., Fulda, M., & Gierth, M. (2009). The ABC transporter PXA1 
and peroxisomal beta- oxidation are vital for metabolism in ma-
ture leaves of Arabidopsis during extended darkness. The Plant 
Cell, 21(9), 2733– 2749. https://doi.org/10.1105/tpc.108.064857

Li,  R., Yu,  K.,  Hatanaka, T.,  &  Hildebrand,  D.  F.  (2010). Vernonia 
DGATs  increase  accumulation  of  epoxy  fatty  acids  in  oil. 
Plant Biotechnology Journal,  8(2),  184– 195.  https://doi.
org/10.1111/j.1467- 7652.2009.00476.x

Li, R., Yu, K., & Hildebrand, D. F. (2010). DGAT1, DGAT2 and PDAT 
expression in seeds and other tissues of epoxy and hydroxy fatty 
acid  accumulating  plants.  Lipids,  45(2),  145– 157.  https://doi.
org/10.1007/s1174 5- 010- 3385- 4

Li,  X.,  Teitgen,  A.  M.,  Shirani,  A.,  Ling,  J.,  Busta,  L.,  Cahoon,  R. 
E., Zhang, W., Li, Z., Chapman, K. D., Berman, D., Zhang, C., 
Minto, R. E., & Cahoon, E. B. (2018). Discontinuous fatty acid 
elongation  yields  hydroxylated  seed  oil  with  improved  func-
tion.  Nature Plants,  4(9),  711– 720.  https://doi.org/10.1038/
s4147 7- 018- 0225- 7

Li, Z., Gao, J., Benning, C., & Sharkey, T. D. (2012). Characterization 
of photosynthesis in Arabidopsis ER- to- plastid lipid trafficking 
mutants.  Photosynthesis Research,  112(1),  49– 61.  https://doi.
org/10.1007/s1112 0- 012- 9734- 9

Listenberger, L. L., Han, X., Lewis, S. E., Cases, S., Farese Jr., R. V., 
Ory, D. S., & Schaffer,  J. E.  (2003). Triglyceride accumulation 
protects  against  fatty  acid- induced  lipotoxicity.  Proceedings of 
the National Academy of Sciences of the United States of America, 
100(6), 3077– 3082. https://doi.org/10.1073/pnas.06305 88100

Lunn, D., Wallis, J. G., & Browse, J. (2019). Tri- hydroxy- triacylglycerol 
is  efficiently  produced  by  position- specific  castor  acyltrans-
ferases.  Plant Physiology,  179(3),  1050– 1063.  https://doi.
org/10.1104/pp.18.01409

Ma, W., Kong, Q., Mantyla, J. J., Yang, Y., Ohlrogge, J. B., & Benning, 
C. (2016). 14– 3- 3 protein mediates plant seed oil biosynthesis 
through  interaction  with  AtWRI1.  The Plant Journal,  88(2), 
228– 235. https://doi.org/10.1111/tpj.13244

Mikolajczak,  K.  L.,  Wolff,  I.  A.,  &  Earle,  F.  R.  (1962).  Search  for 
new  industrial oils. 6. Seed oils of genus Lesquerella. Journal 
of the American Oil Chemists Society, 39(2), 78– 000. https://doi.
org/10.1007/Bf026 31674

Napier, J. A., Haslam, R. P., Beaudoin, F., & Cahoon, E. B.  (2014). 
Understanding  and  manipulating  plant  lipid  composition: 
Metabolic engineering leads the way. Current Opinion in Plant 
Biology, 19, 68– 75. https://doi.org/10.1016/j.pbi.2014.04.001

Nguyen,  H. T.,  Park,  H.,  Koster,  K.  L.,  Cahoon,  R.  E.,  Nguyen,  H. 
T.  M.,  Shanklin,  J.,  Clemente,  T.  E.,  &  Cahoon,  E.  B.  (2015). 
Redirection of metabolic flux for high levels of omega- 7 mono-
unsaturated  fatty acid accumulation  in camelina  seeds.  Plant 
Biotechnology Journal,  13(1),  38– 50.  https://doi.org/10.1111/
pbi.12233

Nguyen,  H.  T.,  Silva,  J.  E.,  Podicheti,  R.,  Macrander,  J.,  Yang,  W., 
Nazarenus, T. J., Nam, J.- W., Jaworski, J. G., Lu, C., Scheffler, 
B.  E.,  Mockaitis,  K.,  &  Cahoon,  E.  B.  (2013).  Camelina  seed 
transcriptome: A tool for meal and oil improvement and trans-
lational research. Plant Biotechnology Journal, 11(6), 759– 769. 
https://doi.org/10.1111/pbi.12068

Ohlrogge,  J.,  &  Chapman,  K.  (2011).  The  seeds  of  green  energy: 
Expanding  the  contribution  of  plant  oils  as  biofuels.  The 
Biochemist, 33(2), 34– 38. https://doi.org/10.1042/bio03 302034

Ohlrogge, J., Thrower, N., Mhaske, V., Stymne, S., Baxter, M., Yang, 
W., Liu, J., Shaw, K., Shorrosh, B., Zhang, M., Wilkerson, C., & 
Matthäus, B. (2018). PlantFAdb: A resource for exploring hun-
dreds of plant fatty acid structures synthesized by thousands of 
plants and their phylogenetic relationships. The Plant Journal, 
96(6), 1299– 1308. https://doi.org/10.1111/tpj.14102

Okada, S., Taylor, M., Zhou, X.- R., Naim, F., Marshall, D., Blanksby, 
S.  J.,  Singh,  S.  P.,  & Wood,  C.  C.  (2020).  Producing  cyclopro-
pane fatty acid in plant leafy biomass via expression of bacterial 
and plant cyclopropane fatty acid synthases. Frontiers in Plant 
Science, 11, 30. https://doi.org/10.3389/fpls.2020.00030

Olzmann, J. A., & Carvalho, P.  (2019). Dynamics and  functions of 
lipid  droplets.  Nature Reviews Molecular Cell Biology,  20(3), 
137– 155. https://doi.org/10.1038/s4158 0- 018- 0085- z

Parajuli,  S.,  Kannan,  B.,  Karan,  R.,  Sanahuja,  G.,  Liu,  H.,  Garcia- 
Ruiz,  E.,  Kumar,  D.,  Singh,  V.,  Zhao,  H.,  Long,  S.,  Shanklin, 
J., & Altpeter, F.  (2020). Towards oilcane: Engineering hyper-
accumulation  of  triacylglycerol  into  sugarcane  stems.  GCB 
Bioenergy, 12(7), 476– 490. https://doi.org/10.1111/gcbb.12684

Patel, V. R., Dumancas, G. G., Kasi Viswanath, L. C., Maples, R., & 
Subong, B. J. (2016). Castor oil: Properties, uses, and optimiza-
tion of processing parameters in commercial production. Lipid 
Insights, 9, 1– 12. https://doi.org/10.4137/LPI.S40233

Pyc, M., Cai, Y., Gidda, S. K., Yurchenko, O., Park, S., Kretzschmar, 
F.  K.,  &  Chapman,  K.  D.  (2017).  Arabidopsis  lipid  droplet- 
associated  protein  (LDAP)– interacting  protein  (LDIP)  influ-
ences  lipid droplet size and neutral  lipid homeostasis  in both 
leaves and seeds. The Plant Journal, 92(6), 1182– 1201. https://
doi.org/10.1111/tpj.13754

Qin,  F.,  Kang,  L.,  Guo,  L.,  Lin,  J.,  Song,  J.,  &  Zhao,  Y.  (2012). 
Composition  of  transgenic  soybean  seeds  with  higher  γ- 
linolenic acid content is equivalent to that of conventional con-
trol.  Journal of Agriculture and Food Chemistry,  60(9),  2200– 
2204. https://doi.org/10.1021/jf204 336a

Rawat, R., Yu, X. H., Sweet, M., & Shanklin, J.  (2012). Conjugated 
fatty  acid  synthesis:  Residues  111  and  115  influence  prod-
uct  partitioning  of  Momordica charantia  conjugase.  Journal 
of Biological Chemistry,  287(20),  16230– 16237.  https://doi.
org/10.1074/jbc.M111.325316

Reynolds,  K.  B.,  Taylor,  M.  C.,  Cullerne,  D.  P.,  Blanchard,  C.  L., 
Wood, C. C., Singh, S. P., & Petrie, J. R. (2017). A reconfigured 
Kennedy  pathway  which  promotes  efficient  accumulation 
of  medium- chain  fatty  acids  in  leaf  oils.  Plant Biotechnology 
Journal, 15(11), 1397– 1408. https://doi.org/10.1111/pbi.12724

Reynolds,  K.  B.,  Taylor,  M.  C.,  Zhou,  X.- R.,  Vanhercke,  T.,  Wood, 
C.  C.,  Blanchard,  C.  L.,  Singh,  S.  P.,  &  Petrie,  J.  R.  (2015). 
Metabolic engineering of medium- chain fatty acid biosynthesis 
in Nicotiana benthamiana plant  leaf  lipids. Frontiers in Plant 
Science, 6, 164. https://doi.org/10.3389/fpls.2015.00164

Roesler, K., Shen, B. O., Bermudez, E., Li, C., Hunt, J., Damude, H. G., 
Ripp, K. G., Everard, J. D., Booth, J. R., Castaneda, L., Feng, L., & 
Meyer, K. (2016). An improved variant of soybean type 1 diacyl-
glycerol acyltransferase increases the oil content and decreases 
the soluble carbohydrate content of soybeans. Plant Physiology, 
171(2), 878– 893. https://doi.org/10.1104/pp.16.00315

Romsdahl, T.,  Shirani,  A.,  Minto,  R.  E.,  Zhang,  C.,  Cahoon,  E.  B., 
Chapman, K. D., & Berman, D. (2019). Nature- guided synthesis 

https://doi.org/10.1080/15592324.2020.1812878
https://doi.org/10.1080/15592324.2020.1812878
https://doi.org/10.1105/tpc.108.064857
https://doi.org/10.1111/j.1467-7652.2009.00476.x
https://doi.org/10.1111/j.1467-7652.2009.00476.x
https://doi.org/10.1007/s11745-010-3385-4
https://doi.org/10.1007/s11745-010-3385-4
https://doi.org/10.1038/s41477-018-0225-7
https://doi.org/10.1038/s41477-018-0225-7
https://doi.org/10.1007/s11120-012-9734-9
https://doi.org/10.1007/s11120-012-9734-9
https://doi.org/10.1073/pnas.0630588100
https://doi.org/10.1104/pp.18.01409
https://doi.org/10.1104/pp.18.01409
https://doi.org/10.1111/tpj.13244
https://doi.org/10.1007/Bf02631674
https://doi.org/10.1007/Bf02631674
https://doi.org/10.1016/j.pbi.2014.04.001
https://doi.org/10.1111/pbi.12233
https://doi.org/10.1111/pbi.12233
https://doi.org/10.1111/pbi.12068
https://doi.org/10.1042/bio03302034
https://doi.org/10.1111/tpj.14102
https://doi.org/10.3389/fpls.2020.00030
https://doi.org/10.1038/s41580-018-0085-z
https://doi.org/10.1111/gcbb.12684
https://doi.org/10.4137/LPI.S40233
https://doi.org/10.1111/tpj.13754
https://doi.org/10.1111/tpj.13754
https://doi.org/10.1021/jf204336a
https://doi.org/10.1074/jbc.M111.325316
https://doi.org/10.1074/jbc.M111.325316
https://doi.org/10.1111/pbi.12724
https://doi.org/10.3389/fpls.2015.00164
https://doi.org/10.1104/pp.16.00315


1622 |   PARK et al.

of  advanced  bio- lubricants.  Scientific Reports,  9(1),  11711. 
https://doi.org/10.1038/s4159 8- 019- 48165 - 6

Sanjaya,  , Durrett, T. P., Weise, S. E., & Benning, C. (2011). Increasing 
the  energy  density  of  vegetative  tissues  by  diverting  carbon 
from  starch  to  oil  biosynthesis  in  transgenic  Arabidopsis. 
Plant Biotechnology Journal,  9(8),  874– 883.  https://doi.
org/10.1111/j.1467- 7652.2011.00599.x

Segura Munoz, R. R., Quach, T., Gomes- Neto, J. C., Xian, Y., Pena, P. 
A., Weier, S., Pellizzon, M. A., Kittana, H., Cody, L. A., Geis, A. L., 
Heck, K., Schmaltz, R. J., Bindels, L. B., Cahoon, E. B., Benson, 
A. K., Clemente, T. E., & Ramer- Tait, A. E. (2020). Stearidonic- 
enriched  soybean  oil  modulates  obesity,  glucose  metabolism, 
and fatty acid profiles independently of Akkermansia muciniph-
ila.  Molecular Nutrition & Food Research,  64(17),  e2000162. 
https://doi.org/10.1002/mnfr.20200 0162

Severino, L. S., Auld, D. L., Baldanzi, M., Cândido, M. J. D., Chen, 
G., Crosby, W., Tan, D., He, X., Lakshmamma, P., Lavanya, C., 
Machado, O. L. T., Mielke, T., Milani, M., Miller, T. D., Morris, J. 
B., Morse, S. A., Navas, A. A., Soares, D. J., Sofiatti, V., … Zieler, 
H.  (2012).  A  review  on  the  challenges  for  increased  produc-
tion of castor. Agronomy Journal, 104(4), 853– 880. https://doi.
org/10.2134/agron j2011.0210

Shimada,  T.  L.,  Hayashi,  M.,  &  Hara- Nishimura,  I.  (2018). 
Membrane  dynamics  and  multiple  functions  of  oil  bodies  in 
seeds and leaves. Plant Physiology, 176(1), 199– 207. https://doi.
org/10.1104/pp.17.01522

Shockey,  J.  (2020).  Gene  editing  in  plants:  Assessing  the  variables 
through a simplified case study. Plant Molecular Biology, 103(1- 
2), 75– 89. https://doi.org/10.1007/s1110 3- 020- 00976 - 2

Siloto,  R.  M.,  Findlay,  K.,  Lopez- Villalobos,  A.,  Yeung,  E.  C., 
Nykiforuk, C. L., & Moloney, M. M. (2006). The accumulation 
of oleosins determines the size of seed oilbodies in Arabidopsis. 
The Plant Cell,  18(8),  1961– 1974.  https://doi.org/10.1105/
tpc.106.041269

Siloto,  R.  M., Truksa,  M.,  Brownfield,  D.,  Good,  A.  G.,  & Weselake, 
R. J. (2009). Directed evolution of acyl- CoA:diacylglycerol acyl-
transferase: Development and characterization of Brassica napus 
DGAT1 mutagenized libraries. Plant Physiology and Biochemistry, 
47(6), 456– 461. https://doi.org/10.1016/j.plaphy.2008.12.019

Song, Y., Wang, X. D., & Rose, R. J. (2017). Oil body biogenesis and 
biotechnology  in  legume  seeds.  Plant Cell Reports,  36(10), 
1519– 1532. https://doi.org/10.1007/s0029 9- 017- 2201- 5

Stone,  S.  L.,  Kwong,  L.  W.,  Yee,  K.  M.,  Pelletier,  J.,  Lepiniec,  L., 
Fischer, R. L., Goldberg, R. B., & Harada, J.  J.  (2001). LEAFY 
COTYLEDON2 encodes a B3 domain transcription factor that 
induces  embryo  development.  Proceedings of the National 
Academy of Sciences of the United States of America,  98(20), 
11806– 11811. https://doi.org/10.1073/pnas.20141 3498

Sturtevant, D., Lu, S., Zhou, Z.- W., Shen, Y., Wang, S., Song, J.- M., & 
Guo, L. (2020). The genome of jojoba (Simmondsia chinensis): 
A taxonomically isolated species that directs wax ester accumu-
lation  in  its  seeds. Science Advances, 6(11), eaay3240. https://
doi.org/10.1126/sciadv.aay3240

Thomaeus, S., Carlsson, A. S., & Stymne, S. (2001). Distribution of 
fatty acids in polar and neutral lipids during seed development 
in Arabidopsis thaliana genetically engineered to produce acet-
ylenic,  epoxy  and  hydroxy  fatty  acids.  Plant Science,  161(5), 
997– 1003. https://doi.org/10.1016/S0168 - 9452(01)00500 - 3

Tranbarger,  T.  J.,  Dussert,  S.,  Joët,  T.,  Argout,  X.,  Summo,  M., 
Champion,  A.,  Cros,  D.,  Omore,  A.,  Nouy,  B.,  &  Morcillo,  F. 

(2011). Regulatory mechanisms underlying oil palm fruit me-
socarp  maturation,  ripening,  and  functional  specialization  in 
lipid and carotenoid metabolism. Plant Physiology, 156(2), 564– 
584. https://doi.org/10.1104/pp.111.175141

van Erp, H., Bates, P. D., Burgal, J., Shockey, J., & Browse, J. (2011). 
Castor  phospholipid:diacylglycerol  acyltransferase  facili-
tates efficient metabolism of hydroxy fatty acids in transgenic 
Arabidopsis.  Plant Physiology,  155(2),  683– 693.  https://doi.
org/10.1104/pp.110.167239

Van  Erp,  H.,  Kelly,  A.  A.,  Menard,  G.,  &  Eastmond,  P.  J.  (2014). 
Multigene  engineering  of  triacylglycerol  metabolism  boosts 
seed oil content in Arabidopsis. Plant Physiology, 165(1), 30– 36. 
https://doi.org/10.1104/pp.114.236430

Vandeloo,  F.  J.,  Broun,  P.,  Turner,  S.,  &  Somerville,  C.  (1995).  An 
oleate 12- hydroxylase from Ricinus communis L is a fatty acyl 
desaturase  homolog.  Proceedings of the National Academy of 
Sciences of the United States of America,  92(15),  6743– 6747. 
https://doi.org/10.1073/pnas.92.15.6743

Vanhercke,  T.,  Belide,  S.,  Taylor,  M.  C.,  El  Tahchy,  A.,  Okada,  S., 
Rolland,  V.,  Liu,  Q.,  Mitchell,  M.,  Shrestha,  P.,  Venables,  I., 
Ma, L., Blundell, C., Mathew, A., Ziolkowski, L., Niesner, N., 
Hussain, D., Dong, B., Liu, G., & Godwin, I. D., … Petrie, J. R. 
(2019). Up- regulation of lipid biosynthesis increases the oil con-
tent in leaves of Sorghum bicolor. Plant Biotechnology Journal, 
17(1), 220– 232. https://doi.org/10.1111/pbi.12959

Vanhercke, T., El Tahchy, A., Liu, Q., Zhou, X.- R., Shrestha, P., Divi, 
U.  K.,  Ral,  J.- P.,  Mansour,  M.  P.,  Nichols,  P.  D.,  James,  C.  N., 
Horn,  P.  J.,  Chapman,  K.  D.,  Beaudoin,  F.,  Ruiz- López,  N., 
Larkin,  P.  J.,  Feyter,  R.  C.,  Singh,  S.  P.,  &  Petrie,  J.  R.  (2014). 
Metabolic  engineering  of  biomass  for  high  energy  density: 
Oilseed- like  triacylglycerol  yields  from  plant  leaves.  Plant 
Biotechnology Journal, 12(2), 231– 239. https://doi.org/10.1111/
pbi.12131

West, M. A. L., Yee, K. M., Danao, J., Zimmerman, J. L., Fischer, R. 
L., Goldberg, R. B., & Harada, J. J. (1994). Leafy cotyledon1 is an 
essential regulator of  late embryogenesis and cotyledon iden-
tity  in  Arabidopsis.  The Plant Cell,  6(12),  1731– 1745.  https://
doi.org/10.1105/tpc.6.12.1731

Whittle, E., & Shanklin, J. (2001). Engineering delta 9– 16:0- acyl car-
rier protein (ACP) desaturase specificity based on combinato-
rial  saturation mutagenesis and  logical  redesign of  the castor 
delta  9– 18:0- ACP  desaturase.  Journal of Biological Chemistry, 
276(24), 21500– 21505. https://doi.org/10.1074/jbc.M1021 29200

Xu, C., & Shanklin, J. (2016). Triacylglycerol metabolism, function, 
and accumulation in plant vegetative tissues. Annual Review of 
Plant Biology,  67,  179– 206.  https://doi.org/10.1146/annur ev- 
arpla nt- 04301 5- 111641

Xu, Y., Chen, G., Greer, M. S., Caldo, K. M. P., Ramakrishnan, G., 
Shah,  S.,  Wu,  L.,  Lemieux,  M.  J.,  Ozga,  J.,  &  Weselake,  R.  J. 
(2017).  Multiple  mechanisms  contribute  to  increased  neutral 
lipid  accumulation  in  yeast  producing  recombinant  variants 
of  plant  diacylglycerol  acyltransferase  1.  Journal of Biological 
Chemistry,  292(43),  17819– 17831.  https://doi.org/10.1074/jbc.
M117.811489

Yu, X.- H.,  Cahoon,  R.  E.,  Horn,  P.  J.,  Shi,  H.,  Prakash,  R.  R.,  Cai, 
Y.,  Hearney,  M.,  Chapman,  K.  D.,  Cahoon,  E.  B.,  Schwender, 
J.,  &  Shanklin,  J.  (2018).  Identification  of  bottlenecks  in  the 
accumulation  of  cyclic  fatty  acids  in  camelina  seed  oil.  Plant 
Biotechnology Journal, 16(4), 926– 938. https://doi.org/10.1111/
pbi.12839

https://doi.org/10.1038/s41598-019-48165-6
https://doi.org/10.1111/j.1467-7652.2011.00599.x
https://doi.org/10.1111/j.1467-7652.2011.00599.x
https://doi.org/10.1002/mnfr.202000162
https://doi.org/10.2134/agronj2011.0210
https://doi.org/10.2134/agronj2011.0210
https://doi.org/10.1104/pp.17.01522
https://doi.org/10.1104/pp.17.01522
https://doi.org/10.1007/s11103-020-00976-2
https://doi.org/10.1105/tpc.106.041269
https://doi.org/10.1105/tpc.106.041269
https://doi.org/10.1016/j.plaphy.2008.12.019
https://doi.org/10.1007/s00299-017-2201-5
https://doi.org/10.1073/pnas.201413498
https://doi.org/10.1126/sciadv.aay3240
https://doi.org/10.1126/sciadv.aay3240
https://doi.org/10.1016/S0168-9452(01)00500-3
https://doi.org/10.1104/pp.111.175141
https://doi.org/10.1104/pp.110.167239
https://doi.org/10.1104/pp.110.167239
https://doi.org/10.1104/pp.114.236430
https://doi.org/10.1073/pnas.92.15.6743
https://doi.org/10.1111/pbi.12959
https://doi.org/10.1111/pbi.12131
https://doi.org/10.1111/pbi.12131
https://doi.org/10.1105/tpc.6.12.1731
https://doi.org/10.1105/tpc.6.12.1731
https://doi.org/10.1074/jbc.M102129200
https://doi.org/10.1146/annurev-arplant-043015-111641
https://doi.org/10.1146/annurev-arplant-043015-111641
https://doi.org/10.1074/jbc.M117.811489
https://doi.org/10.1074/jbc.M117.811489
https://doi.org/10.1111/pbi.12839
https://doi.org/10.1111/pbi.12839


   | 1623PARK et al.

Yu,  X.  H.,  Cai,  Y.,  Chai,  J.,  Schwender,  J.,  &  Shanklin,  J.  (2019). 
Expression of a lychee phosphatidylcholine:diacylglycerol cho-
linephosphotransferase with an Escherichia coli  cyclopropane 
synthase  enhances  cyclopropane  fatty  acid  accumulation  in 
camelina  seeds.  Plant Physiology,  180(3),  1351– 1361.  https://
doi.org/10.1104/pp.19.00396

Yu, X.- H., Cai, Y., Keereetaweep, J., Wei, K., Chai, J., Deng, E., Liu, 
H., & Shanklin, J. (2021). Biotin attachment domain- containing 
proteins  mediate  hydroxy  fatty  acid- dependent  inhibition  of 
acetyl  CoA  carboxylase.  Plant Physiology,  185(3),  892– 901. 
https://doi.org/10.1093/plphy s/kiaa109

Yuan, L., Voelker, T. A., & Hawkins, D. J. (1995). Modification of the 
substrate specificity of an acyl- acyl carrier protein thioesterase 
by protein engineering. Proceedings of the National Academy of 
Sciences of the United States of America, 92(23), 10639– 10643. 
https://doi.org/10.1073/pnas.92.23.10639

Yurchenko, O., Shockey, J. M., Gidda, S. K., Silver, M. I., Chapman, 
K. D., Mullen, R. T., & Dyer, J. M. (2017). Engineering the pro-
duction of conjugated fatty acids in Arabidopsis thaliana leaves. 
Plant Biotechnology Journal,  15(8),  1010– 1023.  https://doi.
org/10.1111/pbi.12695

Zale, J., Jung, J. H., Kim, J. Y., Pathak, B., Karan, R., Liu, H., Chen, X., 
Wu, H., Candreva, J., Zhai, Z., Shanklin, J., & Altpeter, F. (2016). 
Metabolic  engineering  of  sugarcane  to  accumulate  energy- 
dense triacylglycerols in vegetative biomass. Plant Biotechnology 
Journal, 14(2), 661– 669. https://doi.org/10.1111/pbi.12411

Zhai,  Z.  Y.,  Liu,  H.,  &  Shanklin,  J.  (2017).  Phosphorylation  of 
WRINKLED1 by KIN10 results in its proteasomal degradation, 
providing a link between energy homeostasis and lipid biosyn-
thesis. The Plant Cell, 29(4), 871– 889. https://doi.org/10.1105/
tpc.17.00019

Zhang, Q., Chieu, H. K., Low, C. P., Zhang, S., Heng, C. K., & Yang, 
H. (2003). Schizosaccharomyces pombe cells deficient in triacyl-
glycerols synthesis undergo apoptosis upon entry into the sta-
tionary phase. Journal of Biological Chemistry, 278(47), 47145– 
47155. https://doi.org/10.1074/jbc.M3069 98200

Zhi, Y., Taylor, M. C., Campbell, P. M., Warden, A. C., Shrestha, P., El 
Tahchy, A., Rolland, V., Vanhercke, T., Petrie, J. R., White, R. G., 
Chen, W., Singh, S. P., & Liu, Q. (2017). Comparative lipidom-
ics and proteomics of lipid droplets in the mesocarp and seed 
tissues of Chinese tallow (Triadica sebifera). Frontiers in Plant 
Science, 8, 1339. https://doi.org/10.3389/fpls.2017.01339

How to cite this article: Park, K., Sanjaya, S. A., 
Quach, T., & Cahoon, E. B. (2021). Toward 
sustainable production of value- added bioenergy and 
industrial oils in oilseed and biomass feedstocks. GCB 
Bioenergy, 13, 1610– 1623. https://doi.org/10.1111/
gcbb.12883

https://doi.org/10.1104/pp.19.00396
https://doi.org/10.1104/pp.19.00396
https://doi.org/10.1093/plphys/kiaa109
https://doi.org/10.1073/pnas.92.23.10639
https://doi.org/10.1111/pbi.12695
https://doi.org/10.1111/pbi.12695
https://doi.org/10.1111/pbi.12411
https://doi.org/10.1105/tpc.17.00019
https://doi.org/10.1105/tpc.17.00019
https://doi.org/10.1074/jbc.M306998200
https://doi.org/10.3389/fpls.2017.01339
https://doi.org/10.1111/gcbb.12883
https://doi.org/10.1111/gcbb.12883

	Toward sustainable production of value-added bioenergy and industrial oils in oilseed and biomass feedstocks
	

	/var/tmp/StampPDF/_id1hURT1c/tmp.1634834459.pdf.UfD5X

