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PREFACE

This book was assembled with the intent of bringing together current advances and in-
depth reviews of biocatalysis and biomolecular engineering with emphasis on
agricultural biotechnology. The book consists of selected papers presented at the
fourth International Symposium on Biocatalysis and Biotechnology held at the
Academia Sinica, Taipei, Taiwan November 19-21, 2008. At this symposium, 60
distinguished international scientists from the United States, Japan, Korea, Canada,
Brazil, Belgium, Slovak Republic, France, and Taiwan, shared their valuable research
results. Additionally, there were 20 selected posters, one session for American Oil
Chemists Society Asian Section, and two workshops for Biotech Developments and
over 600 attendees. A few chapters contained in this book were contributed by
distinguished scientists who could not attend this meeting. This meeting was a great
success and we greatly appreciate President Dr. Chi-Huey Wong of Academia Sinica
for providing the venue for the meeting. The contributions of local organization
committee members are highly appreciated: Andrew H.-J. Wang, and Ming-Che Shih
of Academia Sinica, and Yung-Sheng Huang, Chang-Hsien Yang of the National
Chung Hsing University.

Recent energy and food crises point out the important of bio-based products from
renewable resources and agricultural biotechnology. It is inevitable to use modern
tools of molecular engineering on plants, animals and microorganisms to solve these
crises and improve the wellness of humankind. There is no comprehensive book on
molecular engineering of agricultural biotechnology and bio-based products from
renewable resources. The authors are internationally recognized experts from all
sectors of academia, industry, and government research institutes. This is the most
current book on molecular engineering of agricultural biotechnology and bio-based
industrial products.

xi



xii PREFACE

This book composes of 30 chapters divided into three sections. The first 10 chapters
describe the world’s newest research on improvement of agronomic and microbial
traits. Included are: Insights into the Structure and Function of Acyl-CoA: Diacylgly-
cerol Acyltransferase, Improving Enzyme Character by Molecular Breeding-
Preparation of Chimeric Genes, Production and Accumulation of Unusual Fatty Acids
in Plant Tissues, Preparation of Oleaginous Yeast by Genetic Modification and Its
Potential Applications, Improving Value of Oil Palm Using Genetic Engineering,
Potential in Using Arabidopsis Acyl-Coenzyme-A-Binding Proteins in Engineering
Stress-Tolerant Plants, Modification of Lipid Composition by Genetic Engineering in
Oleaginous Marine Microorganisms: Thraustochytrid, Integrated Approaches to
Manage Tomato Yellow Leaf Curl Viruses, Carbohydrate Acquisition During Legume
Seed Development, and Biotechnology Enhancement of Phytosterol Biosynthesis in
Seed Oils. The second section includes 8 chapters devoted to Functional Foods and
Biofuels: Dietary Phosphatydyl Inositol in Metabolic Syndrome, Biotechnological
Enrichment of Cereals with Polyunsaturated Fatty Acids, Brown Seaweeds Lipids as
Possible Source for Nutraceuticals and Functional Foods, Lipophillic Ginsenosides
Derivative Production, Processes for Production of Biodiesel Fuel, Noncatalytic
Alcoholysis Process for Production of Biodiesel Fuel—Its Potential in Japan and
Southeast Asia, Use of Coniochaeta Ligniaria to Detoxify Fermentation Inhibitors
Present in Cellulosic Sugar Streams, and Omics Applications to Biofuel Research. The
third section with 12 chapters describes Renewable Bioproducts: Biotechnological
Uses of Phospholipids, Application of Partition Chromatographic Theory on the
Routine Analysis of Lipid Molecular Species, Dehydrogenase-Catalyzed Synthesis
of Chiral Intermediates for Drugs, Engineering of Bacterial Cytochrome P450 Mono-
oxygenase as Biocatalysts for Chemical Synthesis and Environmental Bioremediation,
Glycosynthase from Inverting Hydrolases, Molecular Species of Diacylglycerols and
Triacylglycerols Containing Dihydroxy Fatty Acids in Castor Oil, Biocatalytic
Production of Lactobionic Acid, Recent Advances in Aldolase-Catalyzed Synthesis
of Unnatural Sugars and Iminocyclitols, Production of Value-Added Products by
Lactic Acid Bacteria, Enzyme Synthesis of Glycosides Using Alpha-Amylase Family
Enzymes, Biological Synthesis of Gold and Silver Nanoparticles Using Plant Leaf
Extracts and Antimicrobial Application, and Potential Approach of Microbial
Conversion to Develop New Antifungal Products of Omega-3 Fatty Acids.

This book serves as reference for teachers, graduate students, and industrial
scientists who conduct research in biosciences and biotechnology.

Cuing T. Hou
Peoria, IL USA
JeI-Fu SHAW

Taichung, Taiwan
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4  STRUCTURE AND FUNCTION OF ACYL-CoA: DIACYLGLYCEROL ACYLTRANSFERASE
1.1 INTRODUCTION

Production of vegetable oils has been recognized as a rapidly developing field in plant
biotechnology that goes beyond food-based applications. Many kinds of vegetable
oils are used in soaps and cosmetics or converted to oleochemicals that are extensively
used to replace petrochemicals in paints, plastics, fuels, and lubricants. The demand
for biodegradable chemicals applied to industrial products has been increasing, and
therefore a boost in the production of vegetable oils and fats is needed. Biotechno-
logical approaches including traditional plant breeding and direct genome modifi-
cation through genetic engineering are crucial tools to increase seed oil production
without extending the area of crop cultivation, which has a direct impact on
deforestation and competition with food production. Moreover, even a diminutive
increase in seed oil content reflects in considerable profitability. Despite the unprec-
edented advances derived from molecular genetics and genomics research on the
biochemical pathways of plant lipid metabolism in the last decade, the mechanisms
regulating seed oil content are not fully understood. Many aspects of key enzymes are
not yet determined even in model plants such as Arabidopsis thaliana (Hildebrand
et al., 2008). For example, recent studies focusing on intracellular trafficking
indicated that compartmentalization of enzyme activities within the endoplasmic
reticulum (ER) membrane represents an additional mechanism adopted by plant cells
to control oil production and may be essential for channeling of particular fatty acids
into storage lipids (Dyer and Mullen, 2008).

Nevertheless, manipulation of genes involved in storage lipid biosynthesis has
been used to increase accumulation of seed triacylglycerol (TAG), the main com-
ponent of vegetable oils (Weselake, 2002). It was recently demonstrated that over-
expression of plant and fungi genes encoding acyl-CoA:diacylglycerol acyltransferase
(DGAT, EC2.3.1.20), which catalyzes the final assembly of TAG, resulted in small but
significant increases in seed oil content in canola and soybean tested under field
conditions (Lardizabal et al., 2008; Weselake et al., 2008). Indeed, the level of DGAT
activity in developing seeds seems to have a direct effect on the accumulation of TAG
(Perry and Harwood, 1993; Cahoon et al., 2007). Surprisingly, little is known about
the molecular mechanisms governing DGAT activity. The most basic information
about structure and function of this enzyme is essential for rational designs to increase
its performance in oilseeds and have a direct reflection in seed oil content. In view of
the biotechnological importance of DGATSs from plants and fungi, we summarize
some of the structural and functional aspects of these enzymes with particular
attention to membrane topology, functional polypeptide motifs, and subcellular
localization. We use in silico approaches to compare the findings obtained with
related enzymes in animals and prokaryotes.

1.2 DISCOVERY OF DGAT

The first proceedings reporting DGAT activity date from the 1950s (Weiss and
Kennedy, 1956; Weiss et al., 1960), but the genes encoding DGAT's were not isolated
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until the late 1990s. The first DGAT cDNA was cloned by taking advantage of
homology between an expressed sequence tag (EST) and an acyl-CoA:cholesterol
acyltransferase (ACAT, EC 2.3.1.26), a related enzyme previously isolated by a
complementation assay of mammalian cells devoid of cholesterol ester biosynthesis
(Chang et al., 1993). The mouse (Mus musculus) DGAT gene isolated in 1998 encodes
a protein, here referred to as MmDGAT1 that is 20% identical to mouse ACAT with
the most conserved regions on the C-terminus portion of the enzyme (Cases
et al., 1998). A plant DGAT gene was consequently isolated through the character-
ization of the locus TAG1 in an A. thaliana EMS-induced mutant (AS11) with altered
seed fatty acid composition and decreased DGAT activity (Katavic et al., 1995). The
locus TAG contains a 3.4-kb gene encoding a polypeptide showing 41% identity with
MmDGAT1 (Zou et al., 1999). The polypeptide encoded by TAGI (AtDGATI)
exhibits DGAT activity when expressed in yeast and can complement DGAT function
in AS11 (Jako et al., 2001). DGAT genes from fungi were identified through protein
purification, an approach that was previously not successful with other DGATsS,
perhaps because of their membrane association. Polypeptides exhibiting DGAT
activity were purified from lipid bodies of Umbelopsis ramanniana, formerly known
as Mortierella ramanniana (Lardizabal et al., 2001). These DGAT's shared little or
apparently no homology with the previous DGAT genes, and therefore were classified
as DGAT2. Curiously, genes homologous to DGATI have not been found in fungi
genomes, although it has been suggested that yeast ACATs (AREI and ARE2 in
Saccharomyces cerevisiae) represent DGATI orthologs in these organisms because
they also display minor DGAT activity (Yen et al., 2008).

Several lines of evidence suggest that DGAT 1 belongs to a class of enzymes with
acyl-CoA transferase activity, which can utilize different acceptors in addition to
diacylglycerols. For example, MmDGAT1 also possesses acyl-CoA:retinol acyl-
transferase (ARAT, EC 2.6.1.57) activity (Yen et al., 2005), while an A. thaliana
acyl-CoA:fatty alcohol acyltransferase (wax ester synthase, WSD1) also displays
DGAT activity in vitro (Li et al., 2008). In the case of DGAT?2, a similar scenario is
observed. In animals, DGAT2 belongs to a gene family with seven members in
humans (Cases et al., 2001). Three of these genes encode polypeptides with acyl-CoA
monoacylglycerol acyltransferase (MGAT, EC 2.3.1.22) activity (Yen et al., 2002;
Yen and Farese, 2003; Cheng et al., 2003). Two additional members display acyl-
CoA:wax alcohol acyltransferase (AWAT, EC 2.3.1.75) activity, which is analogous to
WSD1 (Turkish et al., 2005).

Orthologs of DGATI and DGAT?2 have been identified through DNA homology in
many other organisms and are widely distributed in eukaryotes. Currently, a relatively
wide collection of DGAT genes is available which facilitates more detailed studies of
enzyme structure and function through bioinformatic approaches. Many of these
genes have been functionally characterized in recombinant systems as described in
Table 1.1.

In prokaryotes, a bifunctional WS/DGAT was identified in Acinetobacter calcoa-
ceticus (Kalscheuer and Steinbuchel, 2003). WS/DGAT has no sequence similarity to
DGAT1, DGAT2, or any of the related acyltransferases from eukaryotes. Another
nonhomologous DGAT, referred to as AhDGAT, was characterized in peanuts
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TABLE 1.1 Eukaryotic DGATs Functionally Tested in Recombinant Organisms

Host Used for Expression

Original and Relevant Genetic
cDNA Organism Markers Reference
HsDGAT1 H. sapiens S. cerevisiae 12501 Inokoshi et al. (2009)
(dgal™ A)
AtDGAT1 A. thaliana B. napus Weselake et al. (2008)
BnDGAT1 B. napus B. napus Weselake et al. (2008)
TmDGAT1 T. majus S. cerevisiae H1246 Xu et al. (2008)
(arel A, are2™ A, dgal A,
Irol”A), A. thaliana and
B. napus
ZmDGAT1 Z. mays Z. mays and S. cerevisiae Zheng et al. (2008)
(dgal™ A, lrol™A)
VgDGAT1 V. galamensis S. cerevisiae Yu et al. (2008)
VIDGAT1 V. fordii S. cerevisiae SCY 1998 Shockey et al. (2006)
(dgal™ A, lrol™A)
AhDGAT A. hypogaea E. coli Saha et al. (2006)
MmDGAT1 M. musculus COS7-cells (C. sabaeus) Yen et al. (2005)
EaDGAT1 E. alatus S. cerevisiae H1266 Milcamps et al. (2005)
(are2”A, dgal A, Irol” A)
AtDGATI A. thaliana S. cerevisiae H1266 Milcamps et al. (2005)
(are2”A, dgal A, Irol” A)
RcDGAT1 R. communis S. cerevisiae He et al. (2004)
TgDGAT1 T. gondii S. cerevisiae SCY910 Quittnat et al. (2004)
(arel” A, are2” A)
HsDGAT1 H. sapiens MCcA-RH7777 cells Liang et al. (2004)
(R. norvegicus)
BnDGAT1 B. napus P. pastoris Nykiforuk et al. (2002)
MmDGAT1 M. musculus Sf9 insect cells Cases et al. (2001)
(S. frugiperda)
AtDGAT1 A. thaliana A. thaliana AS11 Jako et al. (2001)
AtDGAT1 A. thaliana S. cerevisiae SCY 062 Bouvier-Nave et al. (2000a)
CeDGAT1 C. elegans S. cerevisiae SCY 062 Bouvier-Nave et al. (2000a)
NtDGAT1 N. tabacum S. cerevisiae SCY 062 Bouvier-Nave et al. (2000a)
AtDGAT1 A. thaliana S. cerevisiae SCY059 Bouvier-Nave et al. (2000b)
(arel™ A, are2™A),
N. tabacum
AtDGAT1 A. thaliana Sf21 insect cells Hobbs et al. (1999)
(S. frugiperda)
AtDGAT1 A. thaliana S. cerevisiae YMNS Zou et al. (1999)
(Slel™A)
MmDGAT1 M. musculus HS insect cells (7. ni) Cases et al. (1998)
HsDGAT?2 H. sapiens S. cerevisiae 12501 Inokoshi et al. (2009)
(dgal ™ A)
RcDGAT?2 R. communis A. thaliana and S. cerevi-  Burgal et al. (2008)
siae (dgal ™ A)
UeDGAT2 U. ramanniana  G. max Lardizabal et al. (2008)
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TABLE 1.1 (Continued)

Host Used for Expression

Original and Relevant Genetic

cDNA Organism Markers Reference

RcDGAT?2 R. communis S. cerevisiae Kroon et al. (2006)

MmDGAT2 M. musculus COS7-cells (C. sabaeus) Stone et al. (2006)

VIDGAT2 V. fordii S. cerevisiae SCY1998 Shockey et al. (2006)
(dgal A, Irol™A)

HsDGAT?2 H. sapiens S. cerevisiae ScY2051 Turkish et al. (2005)
(are2™A, dgal ™A, lrol™A)

MmDGAT2 M. musculus Sf9 insect cells Cases et al. (2001)
(S. frugiperda)

HsDGAT?2 H. sapiens Sf9 insect cells Cases et al. (2001)
(S. frugiperda)

CeDGAT?2 C. elegans S19 insect cells Lardizabal et al. (2001)
(S. frugiperda)

ScDGAT2 S. cerevisiae Sf9 insect cells Lardizabal et al. (2001)
(S. frugiperda)

UeDGAT2 U. ramanniana  Sf9 insect cells Lardizabal et al. (2001)

(S. frugiperda)

(Saha et al., 2006). Unlike other eukaryote enzymes, AhDGAT was purified from the
soluble fraction of developing peanuts. Biosynthesis of TAG in the cytosol has been
previously reported in a 10S multienzyme complex from the oleaginous yeast
Rhodotorula glutinis (Gangar et al., 2001). Whether this soluble yeast DGAT and
AhDGAT compose a novel class of DGATSs is yet to be demonstrated.

1.3 MEMBRANE TOPOLOGICAL ORGANIZATION OF DGATs

The pattern in which a protein transverses the membrane bilayer is essential for
elucidating the dynamics of the protein structure. DGAT1 and DGAT?2 contain
hydrophobic segments that are generally believed to constitute transmembrane
domains (Fig. 1.1). DGAT1 displays more hydrophobic segments than DGAT?2,
which indicates a different topology and may relate to different physiological roles in
TAG biosynthesis (Yen et al., 2008). Few experimental studies on DGAT topological
organization in plants and yeast are available, and therefore we will mainly rely on
in silico approaches to predict transmembrane segments and the orientation in the
membrane bilayer.

Avariety of web-based tools are available for predicting the topology of membrane
proteins. Since only a few membrane proteins from bacteria are known to be beta-
barrel shaped so far, the prediction algorithms are mostly developed for alpha-helical
membrane proteins. Generally, five types of techniques have been used in these
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FIGURE 1.1 Kyte-Doolittle hydropathy plots of DGATs. Plots were generated by the
method of Kyte and Doolittle (1982) using a window size of 19. Cutoff value (line) is 1.8
and peaks with score greater than 1.8 indicate possible transmembrane regions.

programs: hydrophobicity analysis combined with the positive inside rule (eg. TMpred
and SOSUI), multiple sequence alignment (eg. ConPredll and TOPCONS), model-
recognition approach (eg. MEMSTAT3, TMHMM, and HMMTOP), and support
vector machine technique (eg. SVMtm) (Persson, 2006). An evaluation of the
reliability of these methods indicated that a consensus prediction and model-based
methods are best performing (Moller et al., 2001; Ikeda et al., 2002). The application of
these algorithms for the prediction of TM domains in DGAT1 is described in Table 1.2
using AtDGAT1 and MmDGAT1 as models. For AtDGAT1, nine of the ten putative
transmembrane domains are highly conserved among most of the prediction results
except for the domains at 276-299 and 314-337 of AtDGAT1 and 251-276 and
285-312 of MmDGAT1 (highlighted TM5 and TM6 in Table 1.2). A model of nine-
membrane-spanning topology agrees with our initial study on DGAT1 from Brassica
napus (Foroud, 2005). In this work, protease mapping data showed that the region
between 276 and 299 in BnDGAT1 (corresponding to TMY) is in the cytosol, in
agreement with most of the prediction algorithms described in Table 1.2. Recent
studies on DGAT1 from Vernicia fordii (tung tree) and B. napus indicated that the N-
terminus faces the cytosolic side (Shockey et al., 2006; Weselake et al., 2006) as
predicted by most algorithms in Table 1.2. The interaction of the N-terminus with lipid
substrates in the cytoplasm may lead to a regulatory role of N-terminal region (Siloto
et al., 2008) and there are several lines of evidence not only from B. napus DGAT1 but
from mammalian DGAT1 and ACAT1 that favor this hypothesis (Cheng et al., 2001;
Yu et al., 1999; Weselake et al., 2006). According to the work on VIDGATI, the
C-terminus of DGAT' is also proved to orient toward cytosolic side, indicating an even
number of membrane-spanning regions. This result disagrees with a nine-
transmembrane topology model, and therefore further experimental testing will be
required to examine the hypothesis of eight transmembrane domains.

Compared to DGAT1, DGAT?2 is less hydrophobic, having a lower number of
transmembrane domains and therefore a less intricate topology. The membrane
topology of MmDGAT?2 was experimentally determined revealing two transmem-
brane domains that are closely associated or a single hydrophobic domain embedded
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in the membrane bilayer (Stone et al., 2006). The first transmembrane domain (TM1)
of MmDGAT?2 and ScDGAT?2 was ubiquitously predicted, but the second (TM2) was
identified by only a few algorithms (Table 1.3). Since the homology of DGAT?2 from
different organisms is lower than that of DGAT, it is possible that SCDGAT2, which
has a distinct hydropathy plot, could have a different topology compared with other
fungi DGAT?2s. This could be demonstrated by the prediction results of Schizosac-
charomyces pombe SpDGAT?2 (Table 1.3). Interestingly, the prediction of N-terminus
orientation seems to be related to the length of the predicted N-terminal tail. DGAT2s
with putative long tails are intended to face toward the cytosol, which agrees with
work on VIDGAT?2 and MmDGAT?2 (Shockey et al., 2006; Stone et al., 2006). The
same conclusion, however, cannot be made for DGAT2s with short tails.

1.4 ALIGNMENT OF DGAT1 POLYPEPTIDES

DGAT1 polypeptides are typically characterized by a hydrophilic N-terminus se-
quence followed by a number of hydrophobic stretches constituting potential
transmembrane domains as previously discussed. The total number of predicted
transmembrane domains in DGAT1 can vary according to the sequence and the
algorithm used as shown above. When the sequences are aligned, however, many of
these potential transmembrane domains are found in the same positions in most
DGAT1 (Fig. 1.2). The first four transmembrane domains on the first half of the
sequences and the last three transmembrane domains on the C-terminus are separated
by short polar loops. Between these groups are two possible membrane-spanning
regions that are separated by longer hydrophilic stretches. Here we will consider these
nine potential transmembrane domains as landmarks to describe conserved motifs in
DGAT1, acknowledging, however, that an experimental approach is required to verify
these assumptions. We will also use the sequence of A. thaliana DGAT1 to describe
the exact position of each motif.

An overview of the DGAT1 alignment from 30 different organisms indicates
several conserved regions with about 7% of identical residues among plant and animal
sequences. The hydrophilic N-terminus is composed of an average of 115 and 80
residues in plants and animals, respectively and is the least conserved region in
DGATI. An alignment of the N-terminal portion of DGAT1 from a broad range of
organisms revealed a cluster of arginines in the first 30 residues (Fig. 1.3). The region
comprising 20 positions preceding the first hydrophobic domain is also conserved and
contains the motifs PAHRXXXESPLSSDAIFXQ and SLFSXXSGFXN, which are
conserved in plants and animals, respectively. Other divergences discriminating
DGAT1 from plants and animals include a serine at position 131 of AtDGAT1
conserved in plants and absent in animal DGAT1, and the motif WVXRQ in plants,
corresponding to FL(*Mp)(®/)R in animals. These differences can be also observed in
more ancient organisms such as Toxoplasma gondii and Physcomitrella patens. The
long loop between the fourth and fifth transmembrane domains (between positions
260 and 278 of AtDGATI1) shows remarkable variability among all DGAT1s.
Following this region lies the most conserved uninterrupted sequence of DGAT1
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FIGURE 1.2 Alignment of transmembrane domains in DGAT1. The putative transmem-
brane domains of DGAT1 polypeptides from 12 animal and 18 plant organisms were predicted
and the polypeptides were aligned. The identity of the alignment is graphed on the top using a
window size of 6. The arrows denote the predicted transmembrane domains. The thick lines
represent the sequence of each DGAT1, and the thin lines represent the gaps generated by the
alignment. The picture was generated with Geneious Pro 4.6.0 and optimized manually. The
transmembrane domains were predicted with transmembrane hidden Markov model
(TMHMM). Accession numbers for the DGAT1 polypeptides are: AtDGAT1, NM_127503;
AaDGAT1, XP_001658299; BnDGAT1, AAD45536; CeDGAT1, CAB07399; DmDGAT]1,
AAL78365;, DrDGATI1, NP_956024; EaDGAT1, AAV31083; GmDGAT1, AAS78662;
HsDGAT1, NP_036211; JcDGAT1, ABB84383; MdDGAT1, XP_001371565; MmDGAT]1,
NP_034176; MtDGAT1, ABN09107; NtDGAT1, AAF19345; NvDGAT1, XP_001639351;
OeDGAT1, AAS01606; OsDGAT1, BAD53762; PfDGAT1, AAG23696; PpDGATI,
XP_001770929; PtDGAT1, XP_002330510; ReDGAT1, AAR11479; RnDGAT1, BAC43739;
SsDGAT1, NP_999216; TaDGAT1, XP_002112025; TgDGAT1, AAP94209; TmDGAT]I,
AAMO3340; VIDGATI1, ABC94471; VgDGAT1, ABV21945; VvDGATI1, CAN80418;
ZmDGAT1, ABV91586.
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FIGURE 1.3 Alignment of the N-terminus polypeptide sequence of DGAT1 from plants and
animals. Gray shades denote the polarity of blocks of conserved residues. The position
corresponding to the end of the first exon in plants is indicated.

comprising the motifs PTLCYQXSYPR in plants and PTLCYEXXFPR in animals,
preceding the fifth predicted transmembrane domain between positions 292 and 297
of AtDGATT.

1.5 ALIGNMENT OF DGAT2 POLYPEPTIDES

DGAT?2 polypeptides, in comparison to DGAT, display fewer potential transmem-
brane domains and higher sequence divergence. An alignment of DGAT?2 sequences
from 20 organisms, covering plants and animals previously described in DGATT,
indicate approximately 5% of identical residues. Inclusion of 16 fungi sequences in
this group decreases the identity to only 2.3%. A higher divergence might pose
difficulties for identification of novel members of DGAT2 through sequence
homology.

Atleast one transmembrane domain can be predicted for every DGAT?2, but usually
two transmembrane domains are conserved in the N-terminus portion and separated
by a small loop (Fig. 1.4). This hydrophobic region is definitely very important
because its removal results in lack of activity in ScDGAT2 (unpublished).
An experimental approach indicated that the only membrane-spanning region in
MmDGAT?2 is composed of two transmembrane domains separated by a small loop
that could be also interpreted as a single hydrophobic region embedded in the
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FIGURE 1.4 Alignment of transmembrane domains in DGAT?2. The putative transmembrane
domains of DGAT?2 polypeptides from 18 fungi, 5 animals, and 11 plants were predicted and the
polypeptides were aligned. The identity of the alignment is graphed on the top using a window
size of 6. The arrows denote the predicted transmembrane domains. The thick lines represent
the sequence of each DGAT?2 polypeptide, and the thin lines represent the gaps generated by the
alignment. The picture was generated as described for DGAT1. Accession numbers for the
DGAT2 polypeptides are: AcDGAT2, XP_001540241; AdDGAT2, XP_001273210; An-
DGAT2, CAK46407; AoDGAT2, XP_001822244; AtDGAT2, NP_566952; BfDGAT2,
XP_002208225; BtDGAT2, CAD58968; CeDGAT2, CAB04533; CeDGAT2b, AAB04969;
CiDGAT2, XP_001240299; CnDGAT?2, EAL20089; CrDGAT2, XP_001693189; DdADGAT2,
XP_635762; GzDGAT2, XP_381525; HsDGAT2, AAK84176; LbDGAT2, EDR14458;
MgDGAT2, XP_368741; MmDGAT2, AAKS84175; MtDGAT2, ACJ84867, NcDGAT?2,
CAE76475; NfDGAT2, XP_001261291; OsDGAT2, NP_001057530; OtDGAT2, CALS58088;
PmDGAT?2, XP_002146410; PnDGAT2, EAT89076; PpDGAT2, XP_001777726; PtDGAT2,
XP_002317635; RcDGAT2, AAY 16324; ScDGAT2, NP_014888; SpDGAT2, XP_001713160;
TsDGAT2, EED21737, UmDGAT2, XP_760084; UrDGAT2a, AAK84179; UrDGAT?2b,
AAKS84180; VEIDGAT2, ABC94474; VvDGAT2, CAO68497; ZmDGAT?2, ACG38122.
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membrane (Stone et al., 2006). This region will be used as a landmark and the
positions of conserved motifs also will be indicated in the UrDGAT2a polypeptide
from U. ramanniana. The N-terminus portion preceding the transmembrane domains
is quite variable in length and is usually smaller in animals and plants (with 38 and
30 residues in average, respectively) when compared with fungi (with 100 residues in
average). The most conserved region in DGAT?2 encompasses the motif RXGFX(*/r)
XAXXXGXX(L/V)VPXXXFG(E/Q) located approximately 150 residues after the
second transmembrane domain (positions 259-281 of UrDGAT2a). Other conserved
residues are the motif GGXXE (positions 204-208 in UrDGAT2a) and a phenylal-
anine, an arginine, and a proline in positions 164, 170, and 293 of UrDGAT2a,
respectively. In addition, the motif YXXXXXHPHG is conserved in sequences
from animals and fungi (positions 121-129 of UrDGAT2a) corresponding to
YXXXXXEPH®/g in plants. Preceding this motif is situated one of the most striking
divergences in DGAT2 alignment, a hydrophilic segment of approximately 41
residues present in sequences from some fungi but absent in plants and animals.
This region, corresponding to positions 144—185 of SCDGAT?2, is also found as a much
larger segment (158 residues) in Yarrowia lipolytica DGAT2. This hydrophilic
segment, although nonessential, was demonstrated to modulate the enzyme activity
of ScDGAT?2 (unpublished results). Because this segment precedes a highly con-
served motif, it is possible that it might represent a specialized function in DGAT?2
from certain fungi.

1.6 STRUCTURE OF DGAT GENES

The architecture of genes encoding DGAT is largely available from whole-genome
sequence databases or, as in the case of V. fordii, from sequencing of the respective
genomic regions. In mammals, genes encoding DGAT share a similar architecture of
17 exons mostly grouped in the 3’ portion. A DGATI representative from inverte-
brates (Caenorhabditis elegans), however, shows an unrelated distribution with only
seven exons (Fig. 1.5A). In plants, DGAT1 genes from A. thaliana, M. truncatula, Z.
mays, and V. fordii are composed of 16 exons, while DGAT1 from O. sativa contains
14 exons (Fig. 1.5B). The first exon of plant DGATI genes comprises the largest
coding sequence and encodes the hydrophilic N-terminus. Curiously, the last codon
from the first exon of these genes encodes a glutamine in the same position of the
alignment (motif IFXQ), denoting the end of the hydrophilic N-terminus and start of
the first predicted membrane-spanning region (Fig. 1.3). The hydrophilic N-terminus
is the most variable sequence of DGAT 1 polypeptides, and therefore it is possible that
segregation of this sequence in the first exon might have been used as an evolutionary
mechanism to delimit variability in this region of the gene. This pattern was not
observed in DGATI sequences from animals. DGAT2 genes show a structure that is
dissimilar to that of DGATI. Mammalian DGAT?2 genes share a common architecture
with eight exons while the gene from C. elegans has only two exons (Fig. 1.5C). In
plants DGAT2 genes have eight exons in A. thaliana and ten exons in V. fordii and O.
sativa (Fig. 1.5D).
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FIGURE 1.5 Architecture of DGAT genes. (A) DGATI from animals, (B) DGATI from
plants, (C) DGAT?2 from animals, and (D) DGAT?2 from plants. The genomic sequences of each
DGAT are represented by black bars. The arrows correspond to the regions comprising the
coding region of the mRNA. The numbers correspond to the nucleotide positions. Accession
numbers are: HsDGAT1, AC_000140.1; MmDGATI, NC_000081.5; SsDGATI, AY116586.1;
CeDGATI, NC_003283.9; V/DGATI, DQ356679.1; MtDGATI, AC174465.2; ZmDGATI,
AM433916.2; OsDGATI, AP008212.1; AtDGAT1, NC_003071.4; HsDGAT2, NC_000011.8;
BtDGAT2, NC_007313.3; MmDGAT2, NC_000073.5; CeDGAT2, Z81557.1; VfDGAT2,
DQ356681.1; OsDGAT2, AP004757.3 and AtDGAT2, NC_003074.5.

1.7 FUNCTIONAL MOTIFS IN DGAT1

Most of the information available on the structure and function of DGATS is derived
from comparisons of homologous enzymes. Alignments of polypeptide sequences
encoding acyl-CoA-dependent acyltransferases from diverse organisms indicated a
conserved histidine and an aspartic acid in the configuration HXXXXD. Substitution
of the conserved histidine in the bifunctional enzyme 2-acyl-glycerophosphoetha-
nolamine acyltransferase/acyl-acyl carrier protein synthase (Aas, EC 2.3.1.40 and
6.2.1.20, respectively) resulted in lack of acyltransferase activity (Heath and
Rock, 1998). Substitution of the aspartic acid residue also resulted in significantly
less activity. It was suggested that the histidine operates as a general base to abstract
the proton from the hydroxyl group of the sn-1 glycerol-3-phosphate, facilitating
nucleophilic attack on the thioester bond of acyl-CoA. The aspartic acid would work
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in a charge relay system to increase the nucleophilicity of the hydroxyl group. This
mechanism could be used by other acyltransferases, including DGAT. In fact a similar
motif ( HHXXXDG) is conserved in DGATSs from prokaryotes (Daniel et al., 2004). In
eukaryotic DGAT, the motif HXXXD can be found closely after the fourth predicted
transmembrane domain in DGAT1 from plants (positions 257-261 of AtDGAT1).
Similarly, the motif HXXXXD is found in a region preceding the fifth predicted
transmembrane domain of a few plants such as A. thaliana, B. napus, R. communis,
and V. fordii (positions 342-347 of AtDGAT1) (Fig. 1.6). These motifs, however, are
not conserved in animals and therefore might not compose the catalytic site of
DGATs. Jako et al. (2001) identified the consensus sequence N(S/A/G)R(L/V)(I/F/A)
(I/L)EN(L/V) in AtDGAT1 and proposed that the invariant arginine and glutamic acid
on positions 149 and 153 could have functions analogous to those of histidine and
aspartic acid residues, respectively. This region is highly conserved in all organisms
including more ancient eukaryotes (7. gondii and P. patens) (Fig. 1.6). These residues
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FIGURE 1.6 Alignment of putative active sites in DGAT1. A scheme MmDGAT1and
AtDGAT1 is described on the top with the position of the MBOAT motif. The arrows in this
scheme represent the predicted transmembrane domains. The thick lines represent the sequence
of each DGAT1 polypeptide, and the thin lines represent the gaps generated though the
alignment as previously shown. The vertical boxes contain the amino acid sequences for
different DGATSs indicated on the left. The arrows on these boxes indicate the position of
conserved residues discussed in the text. Accession numbers for the DGAT polypeptides are the
same as in Figure 1.2.
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are present in the interface between a putative transmembrane domain and the
adjacent hydrophilic loop, which would create an amphipathic environment for the
substrates of DGAT. Moreover, DGAT is recognized as a member of a large protein
family of membrane-bound O-acyltransferases known as MBOAT (NCBI domain ID
pfam03062; Hofmann, 2000). Other members of the MBOAT family catalyze O-
acylation reactions transferring acyl chains onto hydroxyl or thiol groups of lipids and
proteins. For example, ACAT transfers an acyl chain from acyl-CoA to cholesterol,
forming cholesteryl esters (Chang et al., 1993) while skinny hedgehog (ski) protein
transfers a palmitoyl group onto cysteine residues of other proteins (Chamoun
etal.,2001). The MBOAT family is characterized by a hydrophobic region (positions
234-509 of AtDGATI1) that contains a conserved asparagine (position 410 in
AtDGAT1) and histidine (position 447 in AtDGAT1) (Fig. 1.6). It has been proposed
that these residues could be involved in the catalytic activity. For example, this
conserved histidine has been demonstrated to be a key residue for human ACAT1
activity (Guo et al., 2005). Whether any of these regions contribute to the catalytic site
of DGAT is yet to be experimentally tested. Interestingly, sn-1 glycerol 3-phosphate
acyltransferase (GPAT, EC 2.3.1.15) and lysophosphatic acid acyl transferase
(LPAAT, EC 2.3.1.51), which are also membrane-bound O-acyltransferases catalyz-
ing the first two acylation steps of TAG biosynthesis, are not classified as MBOAT
members, suggesting that these enzymes might not share similar catalytic sites. It is
also possible that these residues could act as supplementary catalytic sites being
involved in other enzyme activities besides DGAT, such as ARAT and ACAT.
Other putative active sites in DGAT 1 include the substrate binding sites. Sequences
of DGAT1 from several plants indicate the presence of a putative diacylglycerol/
phorbol ester binding motif that is apparently absent in ACATs (Zou et al., 1999;
Nykiforuk et al., 2002; Xu et al., 2008). Phorbol esters such as phorbol-12-myristate-
13-acetate (PMA) are commonly known to mimic diacylglycerols. The putative
diacylglycerol/phorbol ester binding motif present in the positions 414 and 424 of
AtDGAT1 forms the consensus HXXXXRHXXXP in DGAT1 from plants and
animals. Xu et al. (2008) demonstrated that substitution of a phenylalanine by an
arginine in position 439 of TmDGAT1 that is 16 positions after the predicted motif
resulted in loss of DGAT activity. This could be a result of alterations in DAG
interaction with DGAT. But, because this phenylalanine is positioned at a predicted
transmembrane domain, substitution by a charged residue could also have structural
implications. Acyl-CoA has been shown to interact with a recombinant N-terminal
segment of BnDGAT1 and MmDGAT1 (Weselake et al., 2000, 2006; Siloto
et al., 2008). The N-terminus sequence is highly variable, except for a region of
20 residues preceding the first hydrophobic domain, which shows remarkable
conservation among plants and animals. Many of these variations, however, represent
amino acid residues with similar properties, which could explain the acyl-CoA
binding properties of DGAT1 from B. napus and M. musculus. Several lines of
evidence suggest that acyl-CoA interaction with the hydrophilic N-terminus of
DGAT1 regulates this enzyme allosterically. First, there is positive cooperativity
exhibited for binding of 22:1-CoA in mouse and canola DGAT1 (Weselake
et al., 2000; Siloto et al., 2008). Second, enzymes that are allosterically regulated
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often form multimeric complexes to achieve cooperativity and the N-terminus
of DGAT1 assists in the formation of dimers and tetramers as demonstrated for
BnDGAT1 and HsDGAT1, respectively (Weselake et al., 2006; Cheng et al., 2001).
For example, ACAT1 self-associates through the N-terminus, which also plays a
regulatory role in this enzyme (Guo et al., 2001; Yu et al., 2002). Third, the acyl-CoA
binding motif is not essential for enzyme activity because the removal of the
N-terminus of RecDGAT1 results in a polypeptide with substantial enzyme activity,
indicating that this is not the exclusive region to interact with acyl-CoA (unpublished
data). Indeed, the fourth conserved block in GPATs and LPAATS, as described by
Lewin et al. (1999), contains an invariant proline that has been proposed to participate
in acyl-CoA binding. This proline was identified in plant DGAT1 polypeptides on the
third predicted transmembrane domain corresponding to position 224 of AtDGAT1
and is in fact conserved in DGAT1 from all organisms. Substitution of this proline
with an arginine in TmDGAT 1 abolished DGAT activity, corroborating with the idea
that this residue has a functional role (Xu et al., 2008). Another possible acyl-CoA
binding site was proposed to be closely associated with the motif FYXDWWN in
ACATs (Yen et al., 2008). This motif is present in DGAT1 and shows remarkable
conservation with exception to CeDGAT 1, where the second tryptophan is substituted
by a phenylalanine. This motif is located on the loop preceding the third last putative
transmembrane domain, relatively distant from the proline residue previously dis-
cussed, but near the asparagine residue conserved in MBOAT members. The paired
tryptophans in this motif are a rare combination and have been previously demon-
strated to participate in cholesterol binding. Guo et al. (2001) demonstrated, however,
that substitution of the conserved tyrosine by alanine in yeast ACAT1 resulted in
decreased affinity for acyl-CoA. Substitution of this same residue in TmDGAT1
(Y392A) resulted in decreased enzyme activity while a double mutation in
tyrosine and tryptophan (Y392G/W395G) completely abolished enzyme activity
(Xu et al., 2008).

Other putative functional domains predicted in DGAT1 include a leucine zipper
and phosphorylation sites, although it is not yet clear whether these regions are
important in the function, structure, or regulation of DGAT1. A putative leucine
zipper motif was described in several DGAT1 from plants (Bouvier-Nave
et al., 2000a; Nykiforuk et al., 2002). For example, in AtDGAT1 polypeptides five
leucines (L222, 1.229, 1.236, L243, and L250) are consecutively spaced by six
residues forming a classic leucine zipper (Hobbs et al., 1999). This leucine zipper,
which might mediate interactions with other proteins, is present in a number of
DGAT1 from plants but not from animals. Several studies indicated the presence of
multiple potential phosphorylation sites in DGAT1 (Hobbs et al., 1999; Nykiforuk
etal.,2002; He etal., 2004). Some of these sites are conserved in plant DGATS, such as
the protein kinase C sites in the loop between the first and second transmembrane
domains (positions 169—171 and 172—175 of AtDGAT 1) and the casein kinase II sites
(positions 254257 and 403—-406 of AtDGAT1). In addition, a tyrosine kinase site
(positions 386-393 of AtDGAT1) is conserved in DGAT1 from plants and animals.
This site overlaps with the FY XDWWN motif previously discussed as a putative acyl-
CoA binding site. Although substitution of the conserved tyrosine by alanine in yeast
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ACAT homologue resulted in lower affinity to acyl-CoA, phosphorylation could not
be directly detected (Guo et al.,, 2001). Regulation of DGAT1 activity through
phosphorylation is compelling not only because this is a common mechanism to
control enzyme activity in eukaryotes but also because DGAT can scavenge DAG, an
important molecule involved in phosphorylation signaling cascades (Carrasco and
Merida, 2007). For example, the affinity of DAG to C1 domains of DAG kinase is
modified by phosphorylation of residues situated close to this motif (Thuille
et al., 2005). In addition, the fact that DGAT is expressed in vegetative tissues
suggests that it can have additional roles beyond oil biosynthesis in seeds (Lu
et al., 2003). Substitution of serine at position 168 in RcDGAT1 that corresponds
to a protein kinase C site previously described resulted in a significant decrease in the
enzyme activity (unpublished).

1.8 FUNCTIONAL MOTIFS IN DGAT2

The motifs previously described for DGAT1 cannot be found in DGAT?2 sequences
likely due to the little homology between DGAT1 and DGAT?2. In fact, little is known
about functional motifs of DGAT2. Stone et al. (2006) identified the conserved motif
HPHG in positions 161-164 of MmDGAT? as an important region for DGAT activity.
Substitution of these residues, forming the sequences APHG, HGHG, HPAG, and
AGAG, resulted in a significant reduction of enzyme activity. More specifically, the
histidine at position 163 of MmDGAT? appeared to play a more important role for the
enzyme function, which agrees with our mutagenesis work on ScCDGAT?2 (unpub-
lished). This region is conserved in animal and fungi DGAT2, but in plants this motifis
found as EPH%/g. Substitution of the glutamic acid by a histidine residue in plant
DGAT?2 did not result in an appreciable effect, but replacement of the motif HPHG in
ScDGAT?2 with residues EPHS found in plant DGAT?2 resulted in loss of enzyme
activity (unpublished). This indicates an important divergence on the structure/
function of DGAT2 from fungi and plants. In addition, the motif FLXLXXX"
(n indicates a nonpolar residue) was indicated as a putative neutral lipid binding
domain in MmDGAT? (Stone et al., 2006). Substitution of phenylalanine (position
80) and leucine (position 81) residues by alanine residues resulted in decreased DGAT
activity. Substitution of the leucine in position 83 by an alanine resulted in lack of
activity. This motif, present in the first predicted transmembrane domain of
MmDGAT?2 (positions 80-87), is conserved in vertebrate DGAT?2 but not in plants
or fungi orthologs. Substitution of the corresponding phenylalanine and leucine
(positions 71 and 73) in SCDGAT? results in a decrease of approximately 50% of the
wild-type activity (unpublished). This same motif contains the putative membrane
lipid attachment LGVAC found in prokaryotes through the interaction between the
sulfhydryl group of a cysteine residue (position 87 of MmDGAT2) and DAG.
Substitution of this cysteine by a serine in MmDGAT? did not reduce DGAT activity,
indicating that it does not function as a lipid attachment site. In fact, substitution of all
cysteine residues in SCDGAT?2 by alanine residues did not disrupt DGAT activity,
indicating that this mechanism of DAG interaction is not present or at least essential in
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this enzyme (unpublished data). In addition, substitutions on the conserved motif YFP
located close to the transmembrane domains (positions 104—-106 of UrDGAT2A)
resulted in significant decreases in the enzyme activity.

1.9 SUBCELLULAR LOCALIZATION OF DGATs

To better elucidate the role of DGATS in cellular processes, their spatial location has
been studied in different plants. In numerous earlier studies, DGAT location has been
a subject of discrepancy whether it is associated with ER or oil bodies (Lung and
Weselake, 2006). This debate could be the result of technique limitations because the
general approach used in these studies was subcellular fractionation combined with
enzyme assay in which cross-contamination can occur. For instance, in the study of
germinating soybean cotyledon, the purified oil bodies also exhibited activities for ER
markers (Settlage et al., 1995). This could be explained by association between oil
bodies and ER (Cao and Huang, 1986; Settlage et al., 1995). Lacey and Hills (1996)
applied different organelle markers to rule out the possible contamination in the assay
and clearly demonstrated that B. napus DGAT is associated with ER. Similarly, Cao
and Huang (1986) were able to localize maize DGAT in the rough ER (RER) by taking
advantages of protein markers as well as the attachment of RER with polysomes in the
presence of Mg2 * during fractionation. Actually the ER is regarded as the main site
for TAG synthesis, and microsomal fractions from developing seeds of many plants as
well as plant cultured cells have been extensively utilized for enzyme assays (Browse
and Somerville, 1991; Weselake, 2005). Using more dependable techniques such as
green fluorescent protein (GFP)-tagging and immunofluorescence, Shockey
et al. (2006) have demonstrated that tung tree DGAT1 and DGAT?2 are localized
in the ER. Localization of both DGATsS is dependent on a C-terminal ER retrieval
motif. In VfDGATI1, the ER retrieval sequence YYHDL is part of the motif
LLYYHDXMN conserved in all plant DGAT1. The ER retrieval domain in VEDGAT?2
comprises the sequence LKLEI, where the two leucines are conserved in other
DGAT?2 sequences. Removal of the corresponding regions through C-terminus
truncations in ReDGAT1 and ScDGAT? resulted in decreased activity and decreased
protein stability, respectively, indicating the importance of the C-terminus portion for
both DGAT's (unpublished). Interestingly, VIDGAT 1 and VEDGAT?2 do not colocalize
in the ER, and therefore it is plausible that these polypeptides have distinct inter-
actions with other proteins in the ER membrane. Mounting evidence based on studies
with animals and plants indicate that DGAT1 and DGAT?2, although catalyzing the
same enzyme activity, have distinct physiological functions (Yen et al., 2008; Shokey
et al., 2006; Burgal et al., 2008). In addition to the ER, DGAT activity was also found
in chloroplasts of spinach leaves (Martin and Wilson, 1984) and more recently, Kaup
et al. (2002), identified DGAT1 in the chloroplasts of senescing Arabidopsis leaves
through immunoblotting. The mechanisms by which AtDGAT1 is transported to the
chloroplast are yet to be determined.

In yeast, biochemical studies with S. cerevisiae indicated that DGAT activity is
mainly in lipid droplets (Sorger and Daum, 2002). Indeed, DGAT?2 in U. rammaniana



22 STRUCTURE AND FUNCTION OF ACYL-CoA: DIACYLGLYCEROL ACYLTRANSFERASE

was purified from the lipid particle fractions (Lardizabal et al., 2001). In addition, two
subcellular localization datasets generated by proteomic studies of S. cerevisiae
indicated that SCDGAT? localizes in ER and lipid droplets (Huh et al., 2003; Natter
et al., 2005). Moreover, recombinant expression of SCDGAT? in a yeast strain devoid
of TAG biosynthesis indicated that SCDGAT?2 localizes in the microsomal fraction as
an integral membrane protein (unpublished). Due to the presence of conserved
transmembrane domains, it is expected that yeast DGAT?2 localizes in the ER. The
mechanisms involved in its movement from the ER to lipid droplets, however, are not
yet determined. S. cerevisiae lipid droplets contain a small fraction of proteins (Leber
et al., 1994) when compared to the structurally related organelles in plants that are
coated by oleosins (Tzen et al., 1993). The mechanism of oil body targeting in
oleosins has been well studied and is assisted by a long hydrophobic domain
composed of two chains that are separated by a motif with three conserved prolines
(proline knot motif) that supposedly folds the domain, resulting in an unusual
topological structure where the hydrophilic N- and C-termini face the cytoplasm
(Tzen et al., 1992; Abell et al., 2004). Analysis of yeast DGAT?2 revealed that the two
potential transmembrane domains are separated by a very small loop. This region
contains three prolines that are conserved in most sequences (Fig. 1.7). Such
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FIGURE 1.7 Alignment of the predicted transmembrane domain region from fungi DGAT?2.
Residues are highlighted in different shades of gray to black according to their similarity. The
arrows denote the position of the predicted transmembrane domains. The positions of prolines
conserved in many sequences are denoted by the arrows on the top. The alignment parameters
and the accession numbers are the same as previously indicated in Figure 1.4.
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similarities could explain the transfer of DGAT?2 to lipid droplets, although this
hypothesis needs to be experimentally verified. A study on murine DGAT2 has shown
that the enzyme localizes on the ER and transfers to near the surface of lipid droplets
when oleic acid is provided to drive TAG biosynthesis (Stone et al., 2009). Inter-
estingly, determination of murine DGAT?2 topological structure also showed both
termini facing the cytosol and the possible presence of two adjacent transmembrane
domains (Stone et al., 2006). DGAT2 from other organisms have a similar structure.
VfDGAT? has both N- and C-termini facing the cytosol with two predicted trans-
membrane domains separated by a small loop with a conserved proline (Shockey
et al., 2006).

1.10 CONCLUSIONS AND FUTURE RESEARCH

Considerable progress has been achieved toward our understanding of DGATs and
their involvement in the biosynthesis of TAG over the past decade. Many important
aspects of the molecular mechanisms coordinating the catalytic activity, however,
remain unclear. Most interestingly, DGAT1 and DGAT?2 are unrelated polypeptides
and yet catalyze the same reaction. Are the mechanisms involved in the acyltransfer-
ase catalytic function similar in DGAT1 and DGAT2? Are there any relationships
between these enzymes that have not been identified with the current alignment
algorithms? In an evolutionary perspective, did these enzymes evolve separately to
catalyze the same reaction or do they have a common ancestor? These are some
unanswered questions that require more fundamental research on DGATs. It would be
valuable to have insights into the three-dimensional structure of DGATSs because it
would help to resolve some of these doubts.

Most of the information on putative structure—function relationships in DGAT's has
been deduced using bioinformatic approaches. The conclusions obtained with such
approaches are valuable but still require experimental validation. Considerable
progress has been made in shedding light on the topological organization of murine
DGAT?2 (Stone et al., 2006). It would be interesting to conduct similar experiments
with a fungal DGAT?2, particularly with SCDGAT?2. This polypeptide contains unique
characteristics as previously discussed, making it an interesting candidate for
structural studies. Moreover, the correct topology of DGAT1 should be experimen-
tally evaluated to determine whether the nine- or ten-transmembrane model is the
correct one. In addition, to enhance our knowledge on DGAT -catalytic activity,
broader studies involving site-directed mutagenesis should be performed to identify
functional regions. Currently, two studies have been conducted with a plant DGAT1
(T. Majus) and an animal DGAT?2 (M. musculus) evaluating the influence of only a few
residues (Xu et al., 2008; Stone et al., 2006). The polypeptide alignments presented in
this chapter indicate the presence of multiple sites that could be involved in the
catalytic activity of DGAT. This type of research could greatly advance if random
mutagenesis techniques such as directed evolution or site-saturation mutagenesis
could be applied to DGATSs. One of the obstacles associated with such large-scale
experiments is that standard methods to accurately measure DGAT activity require a
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laborious assay with radiolabeled substrates (Coleman, 1992). Due to the association
of DGATs with membranes, enzyme assays typically use microsomal fractions
obtained through ultracentrifugation, which greatly decreases the throughput of the
assay. Recently, we have demonstrated two assays to detect and measure DGAT
activity in high-throughput scale (Siloto et al., 2009). Further development of such
assays would definitively enhance our knowledge about the molecular mechanisms
involved in DGAT activity. Furthermore, this is an attractive field of plant biotech-
nology for improving the performance of DGATSs from plants and fungi, which have
been already used to increase oil content in seeds (Weselake et al., 2008; Lardizabal
et al., 2008).
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2.1 INTRODUCTION

Enzymes are useful tools for converting materials. Screening enzymes for the required
character is still an important process, despite remarkable advances in biotechnology.
Alteration of the enzyme character at the molecular level is a challenging and time
consuming technique as the method of finding amino acid residues that improve the
required enzyme character has not yet been established.
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The preparation of chimeric enzymes provides one method of modifying the
character of the enzymes. The genes of the target enzymes are split and ligated into
chimeric genes and then the ligated genes are expressed to obtain chimeric enzymes.
We have successfully improved the character of enzymes including B-glucosidase
(Kim et al., 2005; Goyal et al., 2001, 2002; Singh et al., 2002), xylanase (Shibuya
et al., 2005; Kaneko et al., 2000), and aminopeptidase (Nirasawa and Haya-
shi, 2008), by chimeric enzyme preparation. The characters of the chimeric
enzymes obtained are an admixture of the parental enzyme characters; thus, this
technique can be considered as improving enzyme character by molecular breeding.
Two examples of changing enzyme character through the construction of chimeric
genes are described.

2.2 PREPARATION OF CHIMERIC B-GLUCOSIDASE TO IMPROVE
THE ENZYME CHARACTER

2.2.1 Construction of Chimeric B-Glucosidases

We have cloned and expressed the B-glucosidase genes of Agrobacterium tumefa-
ciens and Thermotoga maritima, and shown that the two enzymes have quite different
characteristics (Watt et al., 1998; Goyal and Selvakumar, 2001). The two genes of the
B-glucosidases have been used for preparation of chimeric enzymes to see how the
enzyme character can be modified by constructing chimeric enzymes.
B-glucosidase was found to be composed of three regions: an N-terminal
catalytic domain, a nonhomologous region, and a C-terminal domain of unknown
function. The homology of the amino acid residues in the N-terminal and
C-terminal domain are 45 and 37%, respectively (Fig. 2.1). Based on the sequence
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FIGURE 2.1 Homology in the amino acid sequences of the [-glucosidases from
A. tumefaciens and T. maritima. AT and TM denote A. tumefaciens and T. maritima,
respectively. Schematic representation of the sequence homology in the N-terminal (solid)
and C-terminal (hatched) regions of the (3-glucosidase genes is shown. Position of catalytic
nucleophile/bases of D222 and D242, and catalytic proton donors of E616 and E524 are
indicated in the figure (reproduced from Goyal et al., 2001).
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FIGURE 2.2 Aminoacid alignment of A. tumefaciens and T. maritima [3-glucosidases in the
C-terminal region. Identical and similar amino acid residues are designated by an asterisk (*) or
dot (-), respectively (reproduced from Goyal et al., 2001).

alignment of the B-glucosidase, three different sites were selected as shuffling sites
(Figs. 2.1 and 2.2). By comparing with the available X-ray crystal structure of the
family 3 glycosyl hydrolases from barley (Varghese et al., 1999), the first shuffling
site (At217-238Tm) was located five amino acids upstream of the catalytic site of
D222 in the A. tumefaciens B-glucosidase. The second shuffling site (At625-
534Tm) and the third shuffling site (At727-632Tm) were designed in the C-
terminal domain. Of the three chimeric enzymes constructed, one chimera (At625/
534Tm) was catalytically active, one chimera (At217/238Tm) was catalytically
inactive, and a very low but unstable level of activity was observed for the third
chimera (At727/632Tm).

In an earlier study, we showed that the folding information was distributed
unevenly in the protein. The four different constructs truncated at the nonhomologous
region resulted in active enzymes with slight modifications in character (Ying
et al., 2004). The chimeric enzymes shuffled at the C-terminal domain of unknown
function formed active enzymes (Kim et al., 2005; Goyal et al., 2001, 2002; Singh
et al., 2002). However, the two chimeric enzymes shuffled at the N-terminal catalytic
domain were only found in inclusion bodies, even though they were coexpressed with
the GroEL/ES molecular chaperone (Hayashi et al., 2000b). Solubilization of the
inclusion body in the buffer containing 8 M urea and subsequent refolding of these
two proteins by slow dialysis was not successful in producing active enzymes
(Hayashi et al. 2000a). Similar results were also obtained when the chimeric gene
was shuffled at the N-terminal catalytic domain, At217/238Tm.
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FIGURE 2.3 Temperature optimum (A) and heat stability (B) profiles of the chimeric and
parental B-glucosidases. To estimate thermal stabilities of the B-glucosidases, each enzyme was
preincubated for 30 min at various temperatures. The residual activities were then determined
using standard assay conditions. A. tumefaciens (open triangle); At625/534Tm (open circle);
T. maritima (open square) (reproduced from Goyal et al., 2001).

2.2.2 Thermal and pH Profiles of the Chimeric and Parental Enzymes

The effect of temperature on the activity of parental and chimeric enzymes is shown in
Figure 2.3. The temperature optima for the A. tumefaciens and T. maritima enzymes
were 65 and 85°C, respectively. The observed optimum temperature for the At625/
534Tm chimeric enzyme was around 45°C, which is lower than that of the parental
enzymes (Fig. 2.4A). This chimera does not show profiles intermediate to those
of their parent enzymes unlike other chimeras (Kim et al., 2005; Goyal et al., 2001,
2002; Singh et al., 2002; Shibuya et al., 2005; Kaneko et al., 2000; Nirasawa and
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FIGURE 2.4 pH activity (A) and pH stability (B) profiles of the chimeric and parental
B-glucosidases. The pH was adjusted with the following buffers: phosphate (pH 1.1-3.1),
citrate (pH 2.16-4.12), acetate (pH 3.75-5.71), MES (pH 5.0-7.7), MOPS (pH 6.2-8.18),
HEPES (6.48-8.56), and CHES (pH 8.15-10.12). For pH stability experiments, the enzymes
were incubated at 30°C at different pHs for 30 min, then the residual activities were determined.
A. tumefaciens (open triangle); At625/534Tm (open circle); 7. maritima (open square)
(reproduced from Goyal et al., 2001).
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Hayashi, 2008). The temperature optimum for the chimeric enzyme does not
correlate with the thermal stabilities of the parental enzymes. The chimeric enzyme
At625/534Tm was stable up to 37°C, retaining about 90% of its maximum activity
at 40°C, and was inactivated at 50°C (Fig. 2.4B). In contrast, the B-glucosidases of
A. tumefaciens and T. maritima were stable up to temperatures of 55 and 75°C,
respectively.

Marked differences in pH optima and pH stabilities were found in parental
B-glucosidase. The pH optima for the A. tumefaciens and T. maritima enzymes
were 7.2—7.4 and 3.2-3.5, respectively. The observed optimum pH for chimera At625/
534Tm was around 6.2-6.5 (Fig. 2.4A), which is closer to that of the B-glucosidase of
A. tumefaciens. Similarly, the pH stability of this chimeric enzyme was found to lie in
the pH range from 5 to 9, whereas the A. tumefaciens and T. maritima enzymes
displayed stability within the pH ranges of 4-11 and 3-12, respectively (Fig. 2.4B).
The pH profile of the chimeric enzyme is closer to that of the A. rumefaciens
B-glucosidase.

2.2.3 Substrate Specificities of the Chimeric and Parental Enzymes

By using various aryl glycosidases as substrates, the kinetic parameters of the
B-glucosidases of A. tumefaciens, T. maritime, and the chimeric enzyme (At625/
534Tm) were investigated. The observed K, and k., values are summarized in
Table 2.1. The specificity of the chimeric enzyme was different from that of the parent
enzymes. The K, values for the pNP-B-p-glucopyranoside of the parent enzymes, A.
tumefaciens and T. maritima, were 0.012 and 0.0039 mM, respectively, while that for
the chimeric enzyme At625/534Tm was 0.081 mM, which is slightly higher than

TABLE 2.1 Kinetic Parameters of the Parental and Chimeric Enzymes

Substrate A. tumefaciens T. maritima At625/534Tm
pNP-B-p-glucopyranoside
K (mM) 0.012 0.0039 0.081
ear (571 95.4 6.4 33
kead Ky (M 1571 7950 1640 41
pNP-B-p-xylopyranoside
Ky (mM) 0.005 2.64 0.95
Kea 571 28.9 18.4 0.16
kead Ken (MM~ 's71) 5780 6.96 0.17
pNP-B-p-fucopyranoside
Ky (mM) 0.08 42.6 0.24
kea 571 22.1 27.6 0.013
keadKm mM™'s7h) 280 0.648 0.054
pNP-o.-L-arabinofuranoside
K. (mM) 0.24 18.9 0.66
kear 871 119 9.0 0.025
kead Ky (MM 1s™1) 495 0.47 0.038

Note: Standard errors are within 10% of the given values.
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those for the parent enzymes. In comparison, the k., value of the chimeric enzyme
for pNP-B-p-glucopyranoside was 3.38 s~ ', which is lower than that observed for the
B-glucosidases of A. tumefaciens (95.4 s~ Y and T. maritima (6.4s™").

The above data indicates that the specificity of the chimeric enzyme is slightly
closer to that of the T. maritima B-glucosidase because they showed more or less the
same specificity toward the investigated substrates, although the chimeric enzyme
contains only 10.3% amino acid residues of the T. maritima enzyme. The shuffled
region of the C-terminal domain may play a significant role in the enzyme substrate
specificity. The chimeric enzyme At625/534Tm differed from B-glucosidase of A.
tumefaciens in specificity in that the chimeric enzyme was poor at hydrolyzing
pNP-B-p-xylopyranoside. The chimeric B-glucosidase also hydrolyzed pNP-B-p-
xylopyranoside, pNP-B-pD-fucopyranoside, and pNP-B-L-arabinofuranoside, but the
specificities were different from those of the parental enzymes.

2.3 PREPARATION OF CHIMERIC XYLANASE TO DETERMINE
THE ENZYME ACTIVITY AT BASIC pH

Xylanases [3. 2. 1. 8] catalyze hydrolysis of the main polysaccharide chain of xylan, the
main component of hemicellulose, in an endowise manner. Xylanases are classified into
two families (families 10and 1 1) according tothe classificationsystemused for glycoside
hydrolases, which is based upon the primary structures of the enzymes (Henrissat and
Bairoch, 1996). Xylanase A (XynA) produced by alkaliphilic Bacillus halodurans C-125
(the whole genome sequence was reported by Takami etal.,2000) is classified into family
10 of the glycoside hydrolases based on the amino acid sequence. XynA displays full
hydrolytic activity toward p-nitrophenyl-B-p-xylobioside (pNPXj) over the pH range
from 5.3 to 8.8 (Nishimoto et al., 2002a, 2002b) identifying XynA as an alkaline
xylanase. Alkaline xylanases are considered to be useful for pulp bleaching in the paper
industry and the production of xylooligosaccharides from xylan (Blanco et al., 1995;
Kulkarni and Rao 1996; Bissoon et al., 2002; La Grange et al., 2001). Therefore, it is
important to understand how XynA is able to express activity in the basic region of pH.

Xylanase B (XynB) from Clostridium stercorarium F9 belongs to the glycosyl
hydrolase family 10 and displays 51% identity to XynA by comparison of their amino
acid sequences (Fukumura et al., 1995). The pH optimum of XynB is in the range of
5.3-6.5 (Honda et al., 2002), implying that the acidic range of the pH optimum is
similar to that observed for XynA, whereas the basic range is significantly narrower
than that of XynA. To determine the region(s) essential to maintaining XynA activity
at basic pH levels, the construction of a number of chimeric enzymes of XynA with
a standard xylanase was undertaken. XynB was selected as a shuffling partner with
XynA in the construction of chimeric xylanases.

2.3.1 Construction of Chimeric Xylanases

The XynA from B. halodurans C-125 and the XynB from C. stercorarium F9, also a
family 10 glycosyl hydrolase, share 51% amino acid identity. As shown in Figure 2.5,
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FIGURE 2.5 Multiple alignment of the parental mature xylanases from Bacillus halodurans
C-125 (XynA) and Clostridium stercorarium F9 (XynB). The signal sequences of the XynA
and XynB consist of 28 and 21 amino acid residues, respectively. The putative proton donor and
catalytic nucleophile are shown as an asterisk and sharp symbol, respectively (reproduced from
Nishimoto et al., 2002b).

XynA and XynB were divided into four parts at highly homologous regions: A and
a (the amino terminal fragments; the upper and lower case letters denote the parts
originating from XynA and XynB respectively), P and p (the parts containing the
putative proton donor), N and n (the parts containing the putative catalytic nucle-
ophile), and C and c (the carboxyl terminal fragments). The two catalytic residues of
XynA and XynB, i.e., the proton donor and the catalytic nucleophile, were determined
as Glu'® and Glu™', and Glu'®** and Glu**?, respectively (numbered from Met, the
N-terminal residue of the open reading frame), identified by similarities in their amino
acid sequences. The C-terminal borders of A, P, and N were designed to be Val'®?,
Asp®®, and Leu®®, respectively (XynA numbering). Six chimeric genes: APNc,
APnc, Apnc, apnC, apNC, and aPNC, were constructed by substituting the relevant
sections using an overlapping polymerase chain reaction (Zhong and Bajaj, 1993;
Ahsan et al., 2001). The amplified chimeric gene fragments and pET28a vector
(Novagen, Darmstadt, Germany) were ligated with Ncol and X#ol sites. Chimeric
enzymes were purified with Ni-NTA agarose (QIAGEN, Hilden, Germany) chro-
matography from the transformed Escherichia coli cell lysate after induction with
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isopropyl-1-thio-B-p-galactoside. Two of the six chimeric xylanases, namely APnc
and Apnc, were produced and these enzymes showed activities comparable to those of
the parental xylanases. However, no significant activity was found for any of the other
four chimeric enzymes, i.e., APNc, apnC, apNC, and aPNC, in either the culture
supernatants or the cell-free extracts. An SDS-PAGE analysis of the insoluble
fractions obtained for these four chimeric enzymes revealed that the proteins were
produced as inclusion bodies (data not shown).

2.3.2 Characterization of Chimeric Xylanases

Xylanase activity was determined from the amount of p-nitrophenol liberated using
pNPX, (Kitaoka et. al., 1993) as the substrate. One unit of xylanase activity was
defined as the amount of the enzyme liberating 1 tmol p-nitrophenol per minute. The
specific activities and kinetic parameters of the purified xylanases were measured at
pH 6.6. For the purified APnc and Apnc enzymes, specific activities of 51.3 and
47.8 U/mg were obtained, respectively. These values are comparable with those
obtained for the parental enzymes, XynA and XynB (40.8 and 68.1 U/mg respec-
tively). The major difference between XynA and XynB in terms of the kinetic
parameters toward pNPX, is reflected in the K, values (0.196 and 0.086 mM,
respectively). The K, values determined for the two active chimeric enzymes, APnc
and Apnc (0.074 and 0.063 mM, respectively), were relatively close to that obtained
for XynB. No difference was observed in the products from pNPX in all the parental
and chimeric enzymes. The thermal and pH stabilities of the parental and chimeric
xylanases were assessed by determining the residual activity after incubation for
20 min at various temperatures or pH levels. APNC, APnc, Apnc, and apnc were
stable at temperatures up to 50, 45, 45, and 60°C, respectively (Fig. 2.6A), and the
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FIGURE 2.6 Thermal (A) and pH (B) stabilities of the chimeric and parental xylanases.
XynA (closed circle); XynB (open circle); Apnc (open square); APnc (open triangle)
(reproduced from Nishimoto et al., 2002).
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FIGURE 2.7 Comparison of the pH-activity profiles: pH versus K, (A) and V., (B) for the
chimeric and parental xylanases. XynA (closed circle); XynB (open circle); Apnc (open
square); APnc (open triangle) (reproduced from Nishimoto et al., 2002).

enzymes were stable over the pH ranges from 5.3 to 12.5,5.6t0 11.6,5.6to 11.2, and
5.3 to 12.5, respectively (Fig. 2.6B). K, and relative V., values of the parental and
chimeric xylanases were determined at various pH levels and these relationships are
shown in Figure 2.7. It is interesting to note that the pH-K, profiles obtained for the
chimeric xylanases are similar to that obtained for XynB (Fig. 2.7A). The kinetic
parameters and pK, values were calculated by curve-fitting the experimental data to
the Michaelis—Menten equation (2.1) and the bell-shaped curve (2.2) using the GraFit
computer program (Leatherbarrow, 1990).

v = (keat[E]o[S]o)/ (Km + [S]o) (2.1)

Varax( PH) = Vinay/ (1006171 4 1) (10(PHPK2) 1)), 22)
2.2
(pKa1, pK, for the nucleophile; pK,;, pK, for the proton donor)

The pK,; and pK,, values were calculated by regressing the experimental data with
Eq. (2.2) and these values are given in Table 2.2. From these results, it can be seen that
the pK,; values obtained for both parental enzymes and the two chimeric xylanases
were almost identical. In contrast, the pK,, values obtained for APnc and Apnc were

TABLE 2.2 pK, Values of the Parental and Chimeric Xylanases

pKai pKao
APNC (XynA) 4.1+0.1 9.4+0.1
APnc 43+0.1 9.1£0.1
Apnc 42+0.2 8.54+0.1

apnc (XynB) 394+0.1 7.8+0.1
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9.1 and 8.5, respectively; values intermediate to those of the two parental enzymes,
APNC (pK,», 9.4) and apnc (pK,;, 7.8). The pK,, value of XynB (apnc) increased
from 7.8 to 8.5 by substitution of the N-terminal region with that from XynA (Apnc).
This result indicates that the N-terminal fragment has some region that affects the pK,
of the proton donor. Moreover, the pK,, value of Apnc increased to 9.1 by the
substitution of the p section of Apnc to give the APnc chimeric enzyme, a value very
close to that observed for XynA (9.4). The contribution of A and P to increasing the
pK.» were estimated to be similar because the exchange of A and P caused similar
increases in pK,, 0.7 and 0.6, respectively. This result strongly indicates that the
section containing the proton donor Glu'®’ also contains the main region needed to
maintain a high pK,, value. However, the pK,, value obtained for APnc was still
slightly less than that obtained for XynA, suggesting that the N and/or C parts may
weakly affect the pK,, value.

It is often reported that chimeric enzymes show properties intermediate to those of
the parental enzymes (Kim et al., 2005; Goyal et al., 2001, 2002; Singh et al., 2002;
Shibuya et al., 2005; Kaneko et al., 2000; Nirasawa and Hayashi, 2008). In this study,
the specific activities and pK,, values of APnc and Apnc were intermediate to those
observed for the parental enzymes. However, the stabilities of the chimeric enzymes
were less than those of the parental xylanases. This relative instability could be due to
the loss of some interaction such as a hydrogen bond in the protein molecule, caused
by the swapping of a domain.

2.4 FUTURE STUDIES

Because of the advances in biotechnology, the construction of chimeric genes,
transformation of microorganisms, and expression of the chimeric genes are quite
simple. However, there are limitations to obtaining the chimeric enzymes in
a catalytically active form, i.e., the folding of the chimeric enzymes. Based on our
experience, only one-third of the constructed chimeric genes are expressed as the
catalytically active form. Coexpression with chaperone protein has been attempted and
is found to be useful in some, but not in all, cases. Refolding of the denatured protein
obtained as an inclusion body is not a successful technique. However, several new
refolding methods have been developed. It would be interesting to apply these new
methods to the constructed chimeric genes expressed as inclusion bodies. Accumu-
lation of data on these chimeric enzymes will provide important information for
elucidating the relationship between catalytic specificity and the three-dimensional
structure of enzymes.
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44 UNUSUAL FATTY ACIDS IN PLANT TISSUES
3.1 INTRODUCTION

Plant membrane lipids contain only about six common fatty acids (Fig. 3.1) but
storage triacylglycerol (TAG) can contain numerous fatty acids having different
properties. Most 18:0-ACP formed in plant cells is desaturated to 18:1-ACP by
a soluble desaturase (18:0-ACP-desaturase) in the chloroplast stroma (Browse and
Somerville, 1991). Although A9-stearoyl (18:0)-ACP (acyl carrier protein) desa-
turases are mainly responsible for the synthesis of monounsaturated fatty acids in
plants (Shanklin and Cahoon, 1998), several variant enzymes with different substrate
specificities are also known (Cahoon et al., 1992; Cahoon and Ohlrogge, 1994;
Schultz et al., 1996). Desaturases resembling cyanobacterial acyl lipid and mam-
malian and yeast Co-A desaturases (Fukuchi-Mizutani et al., 1998; Mekhedov
et al., 2000) from Arabidopsis and other plants (Marillia et al., 2002) are known.
Acyl-ACP-desaturase is structurally unrelated to either acyl-CoA desaturase or
glycerolipid desaturase (Marillia et al., 2002). The main saturated fatty acid that is
found and accumulates in plant lipids including TAG is palmitic acid, 16:0, and the
main monounsaturated fatty acid in plants is oleic acid (cis A9-octadecenoic acid),
A9-18:1 (Fig. 3.1). In 16:3 plants such as members of the cabbage family including
Arabidopsis and canola A7-16:1 is an intermediate in the biosynthesis of 16:3
(Buchanan et al., 2000; Zhuang et al., 1996). Essentially all of the A7-16:1 (and
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FIGURE 3.1 Biosynthesis of the five main plant fatty acids + diversion of palmitic acid
(16:0) into palmitoleic acid (16:1) by a special A9 desaturase*. KASII = 3-ketoacyl-ACP
synthase II.
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AT,A10-16:2) is desaturated to A7,A10,A13-16:3 in 16:3 plants, which mainly
accumulates in chloroplast galacto-lipids. Only a few plants make and accumulate
palmitoleic acid, A9-16:1, including Macfadyena unguis-cati and Macadamia
(Cahoon et al., 1998; Jones, 1939; Badami and Patil, 1980; Gummeson et al., 2000,
Maguire et al., 2004).

In mammals and yeast monounsaturated fatty acids are mainly synthesized by ER
A9-CoA desaturases. These desaturases can desaturate 16:0 to palmitic oleic acid,
A9-16:1, in addition to desaturating 18:0 to 18:1 in plant and other tissues (Grayburn
etal., 1992; Polashock et al., 1992; Wang et al. 1996; Moon et al., 2000). We recently
cloned an oyster mushroom (Pleurotus ostreatus) A9 desaturase and showed it to be
active with palmitic acid converting it to palmitoleic acid (Rao et al., 2010).

Another group of unusual fatty acids (UFA) of considerable interest are epoxy
fatty acids such as vernolic acid (Va) (cis-12-epoxyoctadeca-cis-9-enoic acid). Va
can accumulate up to 50-90% of total fatty acids in the seeds of Vernonia galamensis,
Euphorbia lagascae, Stokesia laevis, Crepis palaestina, and Bernardia pulchella
(Bafor et al., 1993; Pascual and Correal, 1992; Perdue, 1989; Thompson et al., 1994).
These UFA have unique properties that make them valuable as renewable raw materials
for the chemical industry, being used in making dyes, paints, coatings, adhesives,
composites, plastics, and a variety of other products (Jaworski and Cahoon, 2003).

Recent efforts to express genes driving the synthesis of UFAs in commercial oil
crops have generally met with only limited success, with much lower amounts of the
desired fatty acid accumulating in the oils of transgenic plants (15-30%) compared
with the native plant species (up to 90%) (Burgal et al., 2008; Cahoon et al., 2007;
Jaworski and Cahoon, 2003; Singh et al., 2005; Thelen and Ohlrogge, 2002). It has
been proposed that diacylglycerol acyltransferase (DGAT; EC 3.2.1.20) is one of the
rate-limiting steps in plant storage lipid accumulation and plays an essential role in
controlling both the quantitative and qualitative flux of fatty acids into storage TAGs
(He etal.,2004; Jako et al., 2001; Lung and Weselake, 2006; Vogel and Browse, 1996;
Yu et al., 2006). There are two distinct types of nonhomologous DGAT gene families
designated as DGATI and DGAT?2 encoding proteins with DGAT activity in plants
(Lardizabal et al., 2001; Shockey et al., 2006) and animals (Cases et al., 2001). He
etal. (2004) report that DGAT 1 may play a dominant role in ricinoleic acid production
in castor bean (Ricinus communis), while Kroon et al. (2006) present data indicating
that DGAT?2 is the major contributor to TAG formation in caster seed oil. Subse-
quently, Burgal et al. (2008) showed that castor DGAT2 can nearly double hydroxy
fatty acid accumulation in Arabidopsis seeds (from ~ 17 to ~30%) by coexpression
of this gene along with the castor hydroxylase compared with the hydroxylase gene
alone. Moreover, Shocky et al. (2006) presented good evidence that DGAT2 may be
involved in the selective accumulation of the unusual fatty acid, eleostearic acid, in
tung (Vernicia fordii) oil.

Heterologous expression of single epoxygenase genes can result in the accumu-
lation of epoxy fatty acids in seed oils, but amounts were considerably less than in the
seeds of the source plants from which the genes were isolated. Transgenic expression
of a cytochrome P450-type epoxygenase gene (CYP726A1) from E. lagascae led to
the accumulation of A12-epoxy fatty acid in tobacco (Nicotina tabacum) callus or in



46 UNUSUAL FATTY ACIDS IN PLANT TISSUES

somatic soybean (Glycine max) embryos at 15 and 8% (w/w) of total fatty acids
(Cahoon et al., 2002). Transgenic production of Va in Arabidopsis seeds with a single
C. palaestina A12-epoxygenase (Cpal2) resulted in only 6.2% total epoxy fatty acids
(Singh et al., 2001), much less than the 60% found in seeds of C. palaestina.

We previously isolated a cDNA clone (SIEPX) encoding a A12-epoxygenase from
S. laevis, and seed-specific expression of this gene resulted in 2.4% of Va accumulation
in transgenic Arabidopsis seeds (Hatanaka et al., 2004). DGATSs from V. galamensis
and S. laevis were found to have strong substrate preferences for Va bearing
substrates including acyl-CoA and diacylglycerols (DAGs) with seed microsomes
(Yu et al., 2006), but not DGATI cDNA clones (VgDGATI) expressed in yeast
(Yu et al., 2008). Here, we report the cloning and characterization of a V. galamensis
DGAT?2 cDNA (VgDGAT?). Coexpression of SIEPX and VgDGATI or VgDGAT?2
cDNAs in petunia leaves and soybean somatic embryos leads to accumulation of
Va with DGAT?2 having greater proclivity for epoxy fatty acid accumulation. Valevels
increased up to 14.7 and 25.8% in mature transgenic soybean seeds co-expressing
SIEPX and VgDGATI or VgDGAT2. This is the first report on the development of
a commercial oilseed with high epoxy fatty acid levels by metabolic engineering.

3.2 RESULTS AND DISCUSSION

3.2.1 Cloning of a P. ostreatus A9 Desaturase Gene

NCBI BLAST searching with the sequence from the P. ostreatus genomic DNA
clone and cDNA clone identified an N-terminal fatty acid desaturase domain and
a C-terminal cytochrome b5 domain that is common to all known fungal A9
desaturases (Wongwathanarat et al., 1999). Primary sequence analysis of membrane
desaturases from a wide range of organisms, including mammals, fungi, cyanobac-
teria, insects, and plants, reveals three conserved regions of histidine-box motifs:
HXXXXH, HXXHH, and HXXHH (Man et al., 2006). Similar to the A9 desaturases
from the above-mentioned organisms the P. ostreatus protein also contains eight
histidines in three cluster motifs HRLWSH, HRSHH, and HNFHH. The P. ostreatus
A9 desaturase amino acid sequence shows moderate to high homology to other known
fungal desaturases. A distance tree from BLASTP results reveals that the hypothetical
protein CG1G_11588 (Coprinopsis) has the highest homology to the P. ostreatus A9
desaturase with 58% identity and 75% similarity (NCBI accession # EAU81345).

3.2.2 Functional Analysis of the P. ostreatus A9 Desaturase Gene

GC analysis of the P. ostreatus fatty acids shows linoleic acid at 70% to be the major
fatty acid followed by palmitic acid at ~24% (Table 3.1). Similar lipid composition
patterns have been reported for other Pleurotus sp. (Dimou et al., 2002). The lipid
composition of S. cerevisiae Olel mutant rescued with the P. ostreatus Olel and
S. cerevisiae Olel genes show palmitoleic acid to be most abundant (Table 3.1).
Palmitoyl-CoA may be slightly preferred by the yeast Olel desaturase as a substrate
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TABLE 3.1 Fatty Acid Composition of Wild-Type P. ostreatus, S. cerevisiae, and a Yeast
Unsaturated Fatty Acid Auxotroph Rescued with P. ostreatus and S. cerevisiae A9
Desaturases

Content of Content of
Fatty Acids (%) Fatty Acids (%) in
Content of Content of in Yeast Auxotroph Yeast Auxotroph
Fatty Acids (%)  Fatty Acids (%) Rescued with Rescued with

Fatty in P. ostreatus in S. cerevisiae Wild-Type Wild-Type
Acid Fruiting Bodies (InVSc-1) P. ostreatus olel S. cerevisiae olel
16:0 23.6 31.9+04 15.1£03 16.1 £0.1
16:1A9 0.1 40.2+0.6 47.4£0.07 557+£0.2
18:0 14 12.8+0.3 7.7+0.1 51+0.1
18:1A9 4.5 15.1£0.6 299+1.0 23.1+0.1
18:2 69.6 —
18:3 0.1 — —

Note: The yeast cells were cultured in YPD media (1% yeast extract, 2% Bacto-Peptone, 2% p-glucose) for
3 days at 28°C with shaking at 200 rpm. Values are means of three independent experiments + standard
errors.

compared with the P. ostreatus desaturase as indicated by the slight increase in the
percent composition of palmitoleic acid in the total lipids of the rescued mutant. The
oleic acid levels in the rescued mutant suggest that the P. ostreatus desaturase has
higher activity with stearoyl-CoA than the yeast desaturase (Table 3.1).

These results when coupled with the P. ostreatus lipid composition (Table 3.1)
indicate that there may be more than one A9 desaturase present in the oyster
mushroom genome. The lipid composition of P. ostreatus indicated that 18:2 and
16:0 are the major fatty acids (Table 3.1). The levels of 16:1 compared to these two
fatty acids are negligible. The Southern blot hybridization data also indicates that P.
ostreatus has 2-3 A9 desaturases. Other A9 desaturase genes in P. ostreatus might
contribute to the synthesis of the 18:1 precursor of 18:2. This is supported by the data
available from the other known mushroom L. edodes A9 desaturase. Yeast Olel
mutant complementation with the L. edodes A9 desaturase showed much less 16:0
compared with 18:0 desaturation products. Similarly other known fungal A9 desa-
turases also show highest activities with 18:0 substrates (Wongwathanarat et al., 1999;
Anamnart et al., 1997). It may be that A9 desaturase(s) with specificity for 18:0
substrates may be the major contributors to the P. ostreatus lipid composition.
Alternatively, P. ostreatus may have much higher fatty acid elongation activity (e.g.,
3-ketoacyl-ACP synthase II or KASII) from 16:0 to 18:0 (Fig. 3.1) than S. cerevisiae.
When this P. ostreatus A9 desaturase is expressed in plant tissues, itincreases 18:1 A9
levels more than 16:1 A9 (data not shown), which is also the case with the yeast A9
desaturase, suggesting higher relative elongation activity of 3-ketoacyl-ACP synthase
Il in P. ostreatus and plants compared with yeast.

Expression of the P. ostreatus A9 desaturase in petunia leaves shows increases in
18:1A9, 18:1A11, and 16:1A9, with the 16:1A9 levels below detection (<0.1%) in
vector control transgenic leaves to several percent in most transgenics with levels as
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TABLE 3.2 The Highest Expression Achieved in Desaturation of P. ostreatus A9
Desaturase Substrates

Fatty Acid VvC 1 2 3 4 5 6

14:0 1.0 1.1 0.5 0.8 0.5 0.1 0.1
16:0 14.1 219 16.1 25.6 17.6 20.5 21.2
16:1A7 0.8 0.9 0.9 0.3 1.4 0.0 0.0
16:1A9 0.0 6.3 1.3 1.1 2.2 22.5 22.5
18:0/16:3 25 72 3.1 5.1 3.6 10.1 10.5
18:1A9 0.5 2.8 1.6 1.7 1.9 55 5.7
18:1A11 0.0 3.5 0.8 14 1.2 9.7 9.8
18:2 9.0 8.2 10.5 12.1 11.5 7.6 7.4
18:3 70.9 46.4 64.0 49.0 57.9 23.9 22.7
22:0 1.2 1.6 1.1 3.0 22 0.0 0.0

Note: VC, vector control; 1-6, different petunia leaf transgenics.

high as ~22% in some cases (Table 3.2). Oddly the increases in 18:1A9, 18:1A11, and
16:1A9 were not accompanied by decreases in 16:0 or 18:0, with the reductions
mainly coming from 18:3.

3.2.3 Coexpression of VgDGAT with SIEPX Increases Vernolic Acid Levels
in Agro-Infiltrated Petunia Leaves

RT-PCR amplification of target cDNA from petunia leaf tissue agro-infiltrated with
the transgenes was used to further assess the utility of this system for the generation of
the expected transcripts. Total RNA of the agro-infiltrated petunia leaf tissue was
isolated using a standard isolation procedure and 5 g used for first-strand cDNA
synthesis with an oligo(dT) primer. An aliquot of the first-strand synthesis reaction
was then used in combination with transgene-specific primers. Templateless control,
RNA from uninfiltrated leaves, and vector control infiltrated leaves showed no
amplification product of the transgene, while the complete experimental reaction
yielded the same product of the transgene as in the positive control of plasmid DNA
template. This indicates that the target transgenes expressed correctly in this system.
Based on the time course of the transgene expression, the agro-infiltrated petunia
leaf tissues were sampled at 5 to 6 days post infiltration for total lipid extraction and
subsequently for TLC and GC analysis. Va was not detected in the non-agro-infiltrated
and empty-vector-control leaves, but was present in the petunia leaves expressing
epoxygenase alone and combined expression with either VgDGAT. Compared to the
expression of SIEPX alone, VgDGATI coexpression increased Va level twofold, and
VgDGAT?2 coexpression resulted in an enhancement of about five times more.

3.2.4 Coexpression of VgDGAT with SIEPX Increases the Accumulation
of Vernolic Acid in Soybean Somatic Embryos

Va levels in transgenic somatic embryo lines were 5.0+£0.6%, 9.1 +0.5%, and
17.6 £ 0.9% (w/w) for SIEPX expression alone, and coexpression with VgDGAT] or
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TABLE 3.3 Vernolic Acid and Total Oil Levels of Transgenic Soybean Somatic
Embryos Transformed with the Vector Alone, VeDGAT1a, VgDGAT2, a Stokesia
Epoxygenase (StEPX), Stokesia Epoxygenase + VgDGAT1a (VD1/StE), and Stokesia
Epoxygenase + VgDGAT2 (VD2/StE) £+ Standard Errors

Vernolic Acid

Transgenic Line Gene (% of Total Oil) Total Oil (mg/100 mg)
9322-1 Vector 20.1+1.07 A
9322-2 Vector 17.8+1.14
9322-6 Vector 18.6 :=0.94
9242-1 VgDGAT1 23.14+0.74
9242-2 VegDGAT1 2494+1.37 A
9242-3 VgDGAT1 2324091
9247-4 VgDGAT1 19.9 +1.08
9247-5 VegDGAT1 20.3+1.13
9247-6 VgDGAT1 19.14+2.3
9387-3 VgDGAT?2 22.3+0.85
9387-5 VegDGAT?2 18.2+1.26
9995-1 VgDGAT?2 2324042 A
9995-2 VgDGAT?2 22.54+0.99
9995-4 VegDGAT?2 20.5+1.33
9996-1 StEXP 3.74+0091 14.5 +2.83
9996-3 StEXP 4.34+0.72 16.6 +1.43
9996-5 StEXP 4.940.36 15.1+1.92
9996-6 StEXP 5.0+£0.62A 18.74+1.06 A
9551-1 VD1 + StE 6.9+0.74 20.6 +1.01
9551-3 VDI + StE 6.8 +0.87 21.1£2.02
9384-1 VD1 + StE 7.0+£0.57 2294076 A
9384-6 VD1 + StE 7.1+£0.51A 203 +1.14
9381-2 VD2 + StE 13.24+1.06 21.440.79
9381-3 VD2 + StE 12.8 £1.26 19.9+0.99
9381-4 VD2 + StE 11.6 £0.89 22.1+1.08
9994-1 VD2 + StE 14.6 +0.93A 23.8+0.89
9994-2 VD2 + StE 14.24+1.04 2394+1.03 A
9994-5 VD2 + StE 109+1.41 23.1+1.14

VgDGAT?2 (Table 3.3). However, no Va was found in vector control and either
VgDGAT-expressing lines. Interestingly, the accumulation of Va was accompanied by
a decrease in linoleic acid (C18:2) and o-linolenic acid (C18:3) levels and a slight
increase in the oleic acid (C18:1) content in SIEPX lines compared with empty vector-
transformed embryos. C18:2 and C18:3 were also reduced in SIEPX/VgDGAT
transgenic lines with no changes for other fatty acids in the double transgenic lines.
VgDGATsS, particularly VgDGAT?2, enhanced Va accumulation in soybean somatic
embryos.
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TABLE 3.4 Vernolic Acid and Total Oil Levels of Soybean T2 Seeds from Regenerated
Transgenic Plants Transformed with Stokesia Epoxygenase + VgDGAT1a (VD1/StE)

Gene Line Number Vernolic Acid (%) Total Oil (mg/100 mg dry WT)

VDI + StE 9384-6-1-2 13.4 22.4
9384-6-2-2 12.9 21.8
9384-6-3-1 9.8 20.4
9384-6-4-5 9.6 19.8
9384-1-1-6 11.5 22.6
9384-1-2-1 14.6 24.3
9384-1-3-1 12.4 20.7
9384-1-4-2 11.7 19.9
9551-1-2-1 8.7 194
9551-2-1-4 9.6 20.1
9551-3-1-3 12.4 21.6
9551-3-4-1 11.8 21.9

3.2.5 Higher Levels of Vernolic Acid in Mature Seeds of Regenerated
Transgenic Soybeans Obtained by Coexpressing SIEPX with VgDGATs

The transgenic soybean somatic embryos were germinated and grown to maturity in a
greenhouse. Seed chips of each progeny seed collected from the regenerated
transgenic soybean plants were sampled for fatty acid analysis by GC and genotyping
by PCR. Va was detected in the SIEPX-transgenic seeds and double transgenic seeds
of SIEPX and each VgDGAT, but not in the seeds of null transgenic segregants, vector
control lines, and only VgDGATI- or VgDGAT2-transgenic lines (Tables 3.3 to 3.5).
Va content in S/EPX-transgenic seeds ranged from 2.5 to 7.9% with an average of
5.5%. In SIEPX/VgDGATI double transgenic seeds, the highest accumulation of Va

TABLE 3.5 Vernolic Acid and Total Oil Levels of Soybean T2 Seeds from Regenerated
Transgenic Plants Transformed with Stokesia Epoxygenase + VgDGAT?2 (VD2/StE)

Gene Line Number Vernolic Acid (%) Total Oil (mg/100 mg)

VD2 + StE 9381-4-1-2 20.3 22.1
9381-4-2-1 14.8 19.1
9381-4-3-6 17.5 20.6
9381-4-4-3 214 21.9
9994-2-1-1 194 21.5
9994-2-2-4 25.8 23.7
9994-2-3-3 194 22.1
9994-2-4-5 20.3 22.8
9381-3-1-2 17.9 19.5
9381-3-2-5 18.5 21.7
9994-5-1-2 20.5 22.3

9994-5-2-1 21.2 229
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was 14.6% (9384-1-2-1line) with an average of 11.1%. The maximum level of Va was
25.8% (9994-2-2-4 line) with an average of 20.6%, which was found in the SIEPX/
VgDGAT?2 double transgenic seeds. These data demonstrated that VgDGAT, espe-
cially VgDGAT?2, can increase accumulation of Va in soybean seed oil.

In addition, the expression of transgenes caused some changes in fatty acid profiles
in soybean seed oil compared with those in wild-type and vector control seeds. In
SIEPX-containing seeds, C18:1 increased to some extent, whereas C18:2 was reduced
considerably and C18:3 slightly decreased. Likely, in SIEPX/VDGAT-containing
seeds, C18:2 and C18:3 decreased. Higher accumulation of Va was associated with
lower C18:2. Again, data from mature transgenic soybean seeds revealed that
VegDGATsS, particularly VeDGAT?2, are able to increase the accumulation of Va in
soybean seed oil.

Seed-specific expression of a S. laevis cDNA (SIEPX) encoding a Al2-epoxy-
genase resulted in 2.4% Va accumulation in transgenic Arabidopsis seeds (Hatanaka
et al., 2004). In this study, seed-specific expression of SIEPX in both soybean somatic
embryos and developing seeds also only yielded a small amount of Va production
(Tables 3.3 to 3.5), much lower than that in S. laevis seeds. However, C18:1 levels
were increased greatly in these S/EPX transgenic plants compared with the vector and
untransformed controls (Tables 3.3 to 3.5). This phenomenon of limited accumulation
of the target fatty acids and a marked increase in oleic acid (C18:1) at the expense of
18:2 and 18:3 fatty acids was also observed in other transgenic studies using divergent
FAD2-like enzymes operating on different fatty acid substrates and performing
a range of different modifications (Cahoon et al., 2006; Lee et al., 1998; Singh
et al., 2001; Zhou et al., 2006).

Our investigation of expression profiles of genes involved in the final step of TAG
synthesis indicates that DGAT's are important in the synthesis and accumulation of
epoxy and hydroxy fatty acids in seeds of high accumulators of those UFAs (Li et al.,
submitted). This was confirmed by our previous findings that microsomal DGAT's from
V. galamensis and S. laevis have strong substrate preferences for Va bearing substrates
including acyl-CoA and DAGs (Yu et al., 2006). Based on these findings, we
hypothesize that DGATSs or other enzymes involved in TAG assembly coevolved for
high accumulation of epoxy fatty acid in species such as V. galamensis and S. laevis.

Two DGATI cDNA clones (VgDGATIa and VgDGATIb) were isolated from
V. galamensis and their functions assayed in an in vitro yeast expression system (Yu
etal., 2008). In the present study, we further cloned a DGAT2 cDNA (VgDGAT2) from
developing V. galamensis seeds. Sequence analysis showed VgDGAT? shares high
homology with other known DGAT2s and little homology with VgDGAT1 and other
known DGAT1s. VgDGAT?2 is at least 65% identical to other plant DGAT?2 at the
amino acid sequence level. Along with the most typical properties associated with the
DGAT?2 family, VgDGAT?2 also contains two closely spaced membrane-spanning
domains (Kroon et al., 2006; Shockey et al., 2006; Stone et al., 2006) and a C-terminal
aromatic ER retrieval motif. Our present data show both VgDGATI and VgDGAT2
expression is associated with Va and total lipid accumulation during seed develop-
ment of V. galamensis, indicating the potential of VgDGATS in increasing Va content
in transgenic plant seeds.
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FIGURE 3.2 Fatty acid levels of petunia leaf controls, vector controls and leaves expressing
VgDGAT 1a, VgDGAT?2, a Stokesia epoxygenase (StEPX), Stokesia epoxygenase + VgDGA-
Tla (VDI/StE), and Stokesia epoxygenase + VgDGAT?2 (VD2/StE) + standard errors.

To explore whether both VgDGATSs function in increasing Va accumulation
inferred from our expression analysis, the two cDNAs were coexpressed with SIEPX
in petunia leaves. Compared with the small amount of Va in leaves expressing only
SIEPX, coexpression with VgDGATI did enhance Va accumulation, and VgDGAT?2
increased Va even more (Fig. 3.2). The effect of VgDGATSs in increasing Va
production was much stronger in soybean somatic embryos and developing soybean
seeds (Tables 3.3 to 3.5). VgDGAT1/SIEPX-coexpressing soybean seeds accumulated
Vaupto 14.6%, and VgDGAT2/SIEPX coexpression enabled Va to increase to 25.8%.
Clearly, our present data demonstrate that both VeDGAT facilitate the accumulation
of Va, with VgDGAT?2 having a greater impact. Burgal et al. (2008) report that only
RcDGAT? can increase hydroxy fatty acid levels in transgenic Arabidopsis, and
RcDGAT1 does not. However, He et al. (2004) presented evidence that RecDGAT is
important in oil biosynthesis in R. communis. The difference between VgDGAT1 and
RcDGAT1 in UFA production in the transgenic plant seeds remains to be determined.
Additionally, Burgal’s data also showed transgenic expression of Arabidopsis DGAT?2
(AtDGAT2) did not increase hydroxy fatty acid levels in transgenic Arabidopsis
coexpressing fatty acid hydroxylase. This is consistent with our work on Arabidopsis
DGAT1 and DGAT?2 showing no specific function in UFA accumulation (Li et al.,
submitted). Taken together, our results indicate that both VgDGATSs function in
accumulation of Va, with VgDGAT?2 as a more important contributor. These data
support the hypothesis that some enzymes involved in TAG assembly have coevolved
with epoxygenase for preferential incorporation of Va in storage oil. Future exper-
imentation is needed to address the mechanism of VgDGAT? significantly increasing
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Va levels in the transgenic plant seeds. One possible important factor reported by
Shockey et al. (2006) is the differential locations of DGAT2 and DGAT1 in the ER.

It has been reported that Va accumulation in transgenic Arabidopsis seeds often
resulted in failure of germination and impaired growth and development (Singh
et al., 2001). Similar phenomena are also reported for transgenic Arabidopsis seeds
with higher level of hydroxy fatty acids (Burgal et al., 2008) and transgenic
production of o-eleostearic acid in soybean somatic embryos and in wild-type
Arabidopsis seeds by expression of a Momordica charantia conjugase (Cahoon
etal., 2006, 2001). These observations suggest the possibility that high levels of UFA
might damage metabolism and physiology of seeds. In our case, a number of progeny
were collected from regenerated transgenic soybean plants. Several SIEPX/VgDGAT
double transgenic seeds were found containing 9-16% Va. The next generation of
these seeds was planted in the field in the 2008 growing season in Lexington, K'Y along
with vector control and untransformed soybean lines. Germination, subsequent plant
growth, development, and seed production were all normal. The seed weight and
overall seed composition of SIEPX/VgDGAT transgenic lines showed no difference
from the vector control and nontransgenic segregants (data not shown). These results
indicate that the increased Va accumulation provided by VgDGAT1 and VgDGAT?2
has no detrimental effect on the seed size or composition in comparison with parental
or vector controls in a commercial oilseed.

3.3 CONCLUSIONS

The A9 desaturase gene cloned from P. ostreatus encodes an enzyme effective in
desaturation of 16:0 to 16:1 in yeast, S. cerevisiae Olel cells.

Both VgDGAT1 and VgDGAT?2 are important for the accumulation of Va, with
VgDGAT?2 contributing to the accumulation of this epoxy fatty acid to a greater level.
Co-expressing VgDGAT2 and SIEPX in a commercial oilseed oil crop can lead to
accumulation as much as 25% of the industrial-valued Va in mature progeny seeds.
This does not compromise plant growth or seed production in soybeans.
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4.1 INTRODUCTION

Storage lipids are accumulated in cells in response to excess energy for cell growth.
Recently, their production mechanisms have attracted particular attention to improve
oil production in oleaginous plant seeds and microorganisms (Ratledge and
Wynn, 2002; Hu et al., 2008; Dyer et al., 2008). As several important genes for
storage lipid biosynthesis have been identified recently, the expression of these genes
in plants and microbes has been actively investigated and it is seen that the expression
of some genes caused an increase in oil content (Zou et al., 1997; Bouvier-Nave
etal., 2000; Jako et al., 2001; Lardizabal et al., 2008). In addition to the storage lipid
biosynthetic enzymes, regulatory mechanisms for the storage lipid biosynthesis may
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be important to increase oil content. These regulatory mechanisms may maintain
storage lipids in coordination with intracellular energy levels, so that manipulation of
these mechanisms may provide another strategy to increase oil content. Although
some regulatory factors are elucidated especially in mammalian cells (Coleman and
Lee, 2004), the applications of these regulatory factors to increase oil content have not
been commonly reported.

The yeast Saccharomyces cerevisiae is amodel organism for eukaryotes and its lipid
metabolism has been extensively studied (Daum et al., 1998). Recently, S. cerevisiae
attracted renewed interest as a model organism, since various global analyses have
been actively conducted and their integrated approaches such as systems biology have
been used to elucidate cellular phenomena in yeast (Hohmann, 2005; Mustacchi et al.,
2006; Petranovic and Nielsen, 2008). We had thus started to study lipid accumulation
mechanisms in S. cerevisiae, expecting that the global analyses would uncover new
regulatory factors more readily. Since we had been also studying the lipid accumulation
in an oleaginous fungus, Mortierella ramanniana var. angulispora (Kamisaka et
al., 1999, 2004), the combination of the insights obtained in yeast and oleaginous
fungus would allow us to understand and manipulate lipid accumulation mechanisms.
This article presents our recent works to identify genes involved in lipid accumulation
inyeast and prepare oleaginous yeast by genetic modification. Potential applications of
the oleaginous yeast are also mentioned.

4.2 IDENTIFICATION OF GENES INVOLVED IN LIPID
ACCUMULATION IN S. cerevisiae

Transposon insertion mutagenesis is one of the versatile tools in S. cerevisiae to
identify genes responsible for particular phenotypes (Kumar et al., 2000). We used
this technique to identify genes in lipid accumulation (Kamisaka et al., 2006), which
had not been investigated by global analyses. We first enriched mutants as lighter
density cells by Percoll density gradient centrifugation from transposon-mutagenized
yeast cells, and then selected 18 transposon insertion mutants by screening using lipid
body staining and triacylglycerol (TG) analysis. DNA sequencing of the transposon
insertion sites in these mutants revealed five ORFs (Table 4.1). It is interesting to note
that these ORFs are not directly involved in storage lipid metabolism, and thus we
speculate that they are involved in the regulation of storage lipid metabolism. We
prepared disruptants that lacked the entire regions of these ORFs using the PCR-based
method (Nikawa and Kawabata, 1998) to confirm that the transposon insertion in
these ORFs disrupted these gene functions. The lipid content of these disruptants was
higher than that in the wild type (Table 4.2), indicating that these genes negatively
regulated lipid accumulation. Nevertheless, the increase in the lipid content was not as
high as expected, since some oleaginous fungi and yeast have a lipid content of
40-50% under optimal growth conditions (Ratledge, 1989). It was therefore likely
that no single gene disruption could have profound impacts on lipid accumulation. We
further prepared double disruptants of the five ORFs, but the effect of each gene
disruption was not necessarily additive as expected.
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TABLE 4.1 The ORFs Identified as Transposon Insertion Sites in Lipid Accumulation
Mutants

Gene Name Function

SNF2/YOR290c RNA polymerase II transcription factor, ATPase
IRA2/YOLOSIw Ras GTPase activator, negatively regulate cAMP synthesis
PRE9/YGRI135w Proteasome component, ubiquitin-dependent endopeptidase
PHO90/YJL198w Phosphate transporter

SPT21/YMRI179w Regulator of transcription of Pol II promoter

Among the five ORFs we focused on SNF2, since the lipid content in the Asnf2
disruptant was higher and it was reported to function as a regulator of phospholipid
synthesis repressed by inositol and choline (Kodaki et al., 1995). SNF2 is well studied
as a general transcription factor that forms part of the SWI/SNF chromatin-remodel-
ing complex (Peterson and Tamkun, 1995). DNA microarray analysis of the Asnf2
disruptant was already reported, but any links of specific gene expression to storage
lipid biosynthesis were not mentioned (Sudarsanam et al., 2000). Although extensive
studies have focused on transcriptional regulation by Snf2p, little is known about the
effect of SNF2 expression on lipid accumulation. We found that the Asnf2 disruptant
had larger amounts of TG but lower amounts of polar lipids than the wild type. In
addition, the Asnf2 disruptant had larger amounts of oleic acid and lower amounts of
palmitic acid and palmitoleic acid. Finally, the Asnf2 disruptant had a greater
capability to incorporate exogenous fatty acids. These lipid characteristics of the
Asnf2 disruptant suggest that SNF2 affects the fatty acid synthesis and fatty acid

TABLE 4.2 Growth and Lipid Content of the Wild Type (YPH499) and the Gene
Disruptants Cultured in the SD Medium

Dry Cell Total Fatty Lipid

Strain Weight (mg) Acids (mg) Content” (%)

Wild type 40.0+1.2 1.66 £0.16 4.154+0.42 (1.00)
Asnf2 364+2.2 2.51£0.17 6.93 +£0.62 (1.67)
Aira2 245+0.2 2.02+0.06 8.20+£0.22 (1.98)
Apre9 33.4+0.8 1.90+0.20 5.69 £0.61 (1.37)
Apho90 405+14 1.94+0.04 4.794+0.19 (1.15)
Aspt21 39.8+04 2.19£0.05 5.50+0.14 (1.33)
Apre9/snf2 38.8+0.4 2.65+0.22 6.83 +£0.58 (1.65)
Apre9/spt21 31.8+1.1 2.76 £0.18 8.68 +0.64 (2.09)
Apho90/snf2 39.8+3.2 2.75+0.28 6.91+0.89 (1.67)
Apho90/spt21 443+5.3 2.15+0.14 4.86 +0.66 1.17)

Note: Each strain was cultured in the SD medium at 30°C for 4 days (Kamisaka et al., 2006). Data are
presented as means of triplicates =SD per 50 ml culture. Values in parentheses represent the ratio to that in
the wild type.

“Lipid content was expressed as total fatty acids (mg)/dry cell weight (mg) x 100.
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transport through plasma membranes as well as lipid accumulation, although the
exact mechanisms are not clear.

4.3 PREPARATION OF OLEAGINOUS YEAST S. cerevisiae BY
GENETIC MODIFICATION

Although the Asnf2 disruptant had a higher lipid content than the wild type, it was
not oleaginous enough to be a model of oleaginous yeast. The results suggested that
other factors may be rate-limiting for further lipid accumulation, and we then
investigated the overexpression of the TG biosynthetic enzymes because TG is a
major storage lipid. Genes for diacylglycerol acyltransferase (DGAT) (DGAI) and
phospholipid:diacylglycerol acyltransferase (LROI) were cloned in yeast (Dahlqvist
et al., 2000; Lardizabal et al., 2001), and it was demonstrated that the two enzymes
were crucial for TG biosynthesis in yeast (Sorger and Daum, 2002; Sandager
et al., 2002; Oelkers et al., 2002). We therefore conducted the overexpression of
these genes in the Asnf2 disruptant to further increase the lipid content (Kamisaka
et al., 2007).

During the course of the experiment, we found that transformation with the
pL1177-2 vector containing a LEU2 selection marker significantly increased cell
growth and lipid accumulation in the wild type and Asnf2 disruptant without any
insert genes. The effect was greater in the Asnf2 disruptant. We then investigated the
effect of increasing concentrations of leucine in the medium on the cell growth and
lipid accumulation instead of the transformation with pL.1177-2. Concentrations of
leucine higher than 250 pg/ml increased cell growth and lipid accumulation in both
strains, and this increase was basically the same as that observed for the expression of
LEU?2 by pL1177-2. These results indicated that leucine biosynthesis instead of the
presence of leu2p was crucial for the increase in the cell growth and lipid accumu-
lation. Based on the above observations, we prepared yeast transformants with
pL1177-2 containing a LEU?2 selection marker and pL1091-5 containing a URA3
selection marker.

By overexpression of DGAI or LROI under the conditions optimized above, the
lipid content of the wild type was increased 1.7- or 1.4-fold, consistent with previous
observations (Bouvier-Nave et al., 2000; Dahlqvist et al., 2000). The lipid content of
the Asnf2 disruptant, however, was changed differently by the overexpression of
DGAI or LROI. The overexpression of DGAI caused a 2.3-fold increase in the lipid
content compared with the vector control, resulting in the total fatty acid content of
27.1%, whereas that of LRO1 caused a 2.1-fold decrease. These results indicated that
DGAT is rate-limiting for the TG biosynthesis and is somehow activated by the Asnf2
disruption. On the contrary, the effect of LRO/! on lipid accumulation was reversed by
the Asnf2 disruption. We then investigated the effect of overexpression of acyl-CoA
synthase genes on lipid accumulation, since acyl-CoA synthase increased the level of
one of the DGAT substrate, acyl-CoA. Among the four acyl-CoA synthase genes
(FAAI, FAA2, FAA3, and FAA4), overexpression of FAA3 together with DGAI
slightly increased the lipid content in the wild type and maintained the lipid content in
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the Asnf2 disruption. Although the additional overexpression of FAA3 in the Asnf2
disruptant did not increase the lipid content, it increased the incorporation of
exogenous fatty acids. The other three genes however decreased the lipid content
in both strains, suggesting that these were involved in the degradation of fatty acids
such as B-oxidation. Taken together, we prepared the oleaginous yeast by the Asnf2
disruption, the overexpression of DGA I, and the expression of LEU2. Cultivation of
this oleaginous strain in the nitrogen-limited SD medium for 7 days resulted in the
total lipid content of around 30% and larger lipid bodies with a diameter of around
2um (Fig. 4.1).

To confirm that the overexpression of DGA I induced an increase in DGAT activity,
we measured the DGAT activity in the homogenate of each strain (Table 4.3). It was
evident that the DGAT activity in the homogenate of the Asnf2 disruptant transformed
with pL1091-5/DGA1 was significantly increased, which can explain the increased
lipid accumulation in the strain. The DGAT activity, however, remained very low in

Mile red
isrescende

Dic

2 pwm

FIGURE 4.1 Staining of the Asnf2 disruptant transformed with pL1091-5/DGA1 and
pL1177-2 with Nile red. BY4741 Asnf2 disruptant transformed with pL1091-5/DGA1 and
pL1177-2 cultured in the nitrogen-limited SD medium for 7 days was stained with Nile
red (Kamisaka et al., 2007; Kamisaka, 2008). In each panel above is a fluorescent image and
below is a differential interference contrast image. Bar =2 pum.
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TABLE 4.3 DGAT Activity in the Homogenate of BY4741 Yeast with the
Overexpression of DGA1

DGAT Activity
Strain (pmol/min/mg protein)
WT (pL1091-5, pL1177-2) 1£0
Asnf2 (pL1091-5, pL1177-2) 16+1
WT (pL1091-5/DGA1, pL1177-2) 1+1
Asnf2 (pL1091-5/DGAL, pL1177-2) 755 £134

Note: The homogenate was prepared from each strain that had been cultured at 30°C for 7 days in the
nitrogen-limited SD medium (Kamisaka et al., 2007). The DGAT activity in the homogenate (3—10 nug
protein) of each strain was assayed using ['*CJoleoyl-CoA as a substrate. Data are presented as means + SD
of triplicate values.

the homogenate of the wild type with the overexpression of DGA . Furthermore, we
expressed Dgalp with a 6x His tag to measure the amount of Dgalp. Immunoblotting
with anti-6x His revealed that the homogenate of the wild type and Asnf2 disruptant
transformed with pL1091-5/DGA1-6x His had similar amounts of Dgalp with a
molecular mass of 50 kDa. The results indicated that the increase in DGAT activity in
the Asnf2 disruptant with the overexpression of DGAI was not due to increased
amount of Dgalp. Instead, Dgalp may be activated by the modification of Dgalp or
cofactors interacting with Dgalp as suggested previously (Coleman and Lee, 2004;
Lung and Weselake, 2006).

44 FUTURE PERSPECTIVES

The oleaginous yeast S. cerevisiae we prepared could be a model for oleaginous
fungi and yeast. Although there have been extensive studies about lipid accumu-
lation mechanisms in oleaginous fungi and yeast (Ratledge and Wynn, 2002), the
proposed factors and mechanisms for lipid accumulation could not be easily
evaluated due to the lack of genetic engineering information and tools in these
oleaginous fungi and yeast. The oleaginous S. cerevisiae can be readily used to
evaluate the effect of various factors on lipid accumulation by overexpression or
disruption of the particular genes. In addition, various global analyses in S. cerevisiae
may uncover new links of regulatory factors to lipid accumulation. SNF2, which was
found as a negative regulator for the storage lipid biosynthesis, is one such regulatory
factor, and further characterization of how SNF2 affects DGAT activation and
storage lipid biosynthesis would uncover other new factors involved in lipid
accumulation.

The oleaginous S. cerevisiae can be used for designed oil production by metabolic
engineering. Current targets are to use designed oil production for making nutritional
oils such as polyunsaturated fatty acids and industrial oils such as fuels and lubricants
(Veen and Lang, 2004; Graham et al., 2007; Cahoon et al., 2007). We have recently
improved the production of stearidonic acid, a nutraceutical polyunsaturated
fatty acid, by expressing rat A6-desaturase in the oleaginous S. cerevisiae (Kimura
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etal., 2009). Further studies of this system may provide insights on how the target lipid
products are accumulated using lipid accumulation processes, which may be applied
to economically important oil producers such as oil crops and algae.

Finally, the oleaginous S. cerevisiae can be used for the screening of compounds
modulating lipid accumulation. These compounds could be potential drugs for human
diseases accompanying lipid accumulation, such as cardiovascular diseases and
obesity. Since various global analyses in the oleaginous S. cerevisiae would
make it possible to identify genes and proteins that reflect changes in lipid accumu-
lation, the system using these indicator genes and proteins may provide rapid and
high-throughput screening of compounds instead of the screening using lipid
analysis.
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68 IMPROVING VALUE OF OIL PALM
5.1 INTRODUCTION

Palm oil is the largest source of edible oil in the world is followed closely by soybean
oil (Anon, 2007). Palm oil is the most price-competitive liquid cooking oil in many
parts of the world and is also used in other food products such as shortenings,
margarines, and spreads. Malaysia is the largest exporter of palm oil in the world. Its
crude palm oil production is increasing annually; in 2008, it produced 17.73 million
tonnes of palm oil, which is 12.1% or 1.91 million tonnes higher than the production in
2007 (Wahid, 2009). Previous studies have indicated that palm oil could lower serum
cholesterol levels to the same degree as sunflower oil, which is rich in polyunsaturated
fatty acids; moreover, studies also indicated that palm oil has antitumor properties due
to the presence of high levels of vitamin E and tocotrienols (Qureshi et al., 1991;
Kritchevsky et al., 1992; Tan, 1992).

The major problems faced by the oil palm industry in Malaysia are shortages of
labor, scarcity of arable land, and occasional fluctuation in the price of the commodity.
Recently, the price of palm oil has declined sharply (around 66% within a period of 8
months) from the highest level at RM 4179.00 (~US$1155) in early March 2008 to the
lowest level at RM 1403.00 (~US$388) in late November 2008 (Wahid, 2009). One of
the strategies to sustain the palm oil industry is through increased productivity. In
order to remain competitive, the palm oil industry has to increase the productivity
(yield per unit area) besides increasing the quality of oil and producing novel higher-
value fatty acids. The process of obtaining transgenic plants must be much faster and
more effective than can be achieved by conventional breeding (Parveez, 1998). The
establishment of an effective and reliable oil palm tissue culture system and a method
to transfer foreign genes into oil palm have made genetic engineering a promising tool
for achieving the above-mentioned aims. Conventional improvement of oil palm,
through plant breeding approaches, suffers from a number of limitations such as
narrow gene pool (oil palm industry originated from only four palms introduced from
Deli, Sumatera, Indonesia in 1911), a long generation time (normally takes about
7—-10years), and open pollination nature of the oil palm tree. From the first experience
in producing transgenic oil palm in 1997, it could be roughly estimated that 4 to 5
years are required to produce valuable transgenic oil palm plantlets from the initial
tissue culture stage (Parveez, 2000). This fact suggests that genetic engineering could
reduce the time required to introduce a new trait into oil palm by around 80%
compared with conventional breeding that requires a couple of rounds of crossing and
back-crossings.

Initially, the genetic engineering of oil palm program, which was initiated in 1997,
had aimed at increasing the monounsaturated oleic acid content by reducing the
content of a major saturated fatty acid, palmitic acid (Cheah et al., 1995). However,
many other useful compounds such as palmitoleic acid, ricinoleic acid, stearic acid,
lycopene, and biodegradable plastics were targeted later to further increase the value
of oil palm (Parveez et al., 1999; Parveez, 2005). It must be clearly noted here that
currently, oil palm genetic engineering research is mainly carried out in the laboratory
and the transgenic oil palms regenerated are planted in a fully contained biosafety
screenhouse for evaluation. No transgenic oil palm has been planted openly for field
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evaluation. Any of the transgenic oil palms produced, if proven suitable and safe after
further evaluations, were subjected to regulatory approval for future commerciali-
zation as industrial feedstock or as niche edible products. The transgenic products are
not targeted to enter the palm oil commodity market.

5.2 MATERIALS AND METHODS

5.2.1 Maintenance of Embryogenic Callus

Embryogenic callus was maintained on agar-solidified medium containing MS macro
and micronutrients supplemented with 2.2mg/l 2,4-D and 30 gm/l sucrose. The
medium was adjusted to pH 5.7 with KOH prior to autoclaving. Embryogenic callus
was cultured at 28°C, in the dark and subcultured every 30 days onto fresh medium
(Parveez, 1998).

5.2.2 Bombardment of Embryogenic Calli

Five microliters of DNA solution (1 pg/ul), S0l of CaCl, (2.5M), and 20 ul of
spermidine (0.1 M, free base form) were added sequentially to the 50 ul particle
suspension. The mixture was vortexed for 3 min and spun for 10 s at 10,000 rpm, and
the supernatant was discarded. The pellet was washed with 250 ul of absolute ethanol.
The final pellet was resuspended in 60 pl of absolute ethanol. Six microliters of the
solution was loaded onto the center of the macrocarrier and air dried. Bombardments
were carried out once at the following conditions: rupture disc pressure, 1100 Psi;
rupture disc to macrocarrier distance, 6 mm; macrocarrier to stopping plate distance,
11 mm; stopping plate to target tissue distance, 75 mm; and vacuum pressure,
67.5 mmHg (Parveez, 1998).

5.2.3 Selection and Regeneration of Transformed Embryogenic Callus

Minimal inhibitory concentrations of selection agents for oil palm have been
determined previously (Parveez et al., 1996). Embryogenic callus was exposed to
medium containing Basta concentrations of 50 mg/l, one week after bombardment.
Tissues were subcultured to fresh medium under selection at monthly intervals.
Embryogenic cultures were maintained on media containing MS macro and micro-
nutrients and Y3 vitamins supplemented with 100mg/l each of myoinositol, L-
glutamine, L-arginine, and L-asparagine, 5 UM IBA, 0.7% agar, and 30 gm/1 sucrose
to form polyembryogenic cultures. The medium was adjusted to pH 5.7 with KOH
prior to autoclaving. Embryogenic calli were incubated at 28°C in the presence of
light and subcultured every 30 days onto fresh medium. Small plantlets were
produced from polyembryogenic cultures on media containing MS macro and
micronutrients and Y3 vitamins supplemented with 100 mg/l each of myoinositol,
L-glutamine, L-arginine, and L-asparagine, 0.1 UM NAA, 0.4 % agar, and 30 gm/l
sucrose. The medium was adjusted to pH 5.7 with KOH prior to autoclaving.
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Polyembryogenic calli were incubated at 28°C in light until sufficient shoots were
produced. Roots were initiated from small plantlets on media containing MS macro
and micronutrients and Y3 vitamins supplemented with 300 mg/l L-glutamine,
100 mg/l myoinositol, 10 uM 2,4-D, 70 uM NAA, 0.15% activated charcoal, and
60 g/l sucrose. The medium was adjusted to pH 5.7 with KOH prior to autoclaving.
Small plantlets were incubated at 28°C in light until roots were formed. The fully
regenerated plantlets were later transferred into polybags and grown in a biosafety
greenhouse.

5.2.4 Preparation of Total DNA from Embryoids and Small Plantlets

Resistant embryoids and leaflets were selected randomly and subjected to total DNA
isolation according to the method of Ellis (1993). Tissues (10—50 mg) were placed in a
1.5 ml microfuge tube and immersed in liquid nitrogen. Frozen tissues were ground to
fine powder in the presence of 400 ul of EB2 buffer (500 mM NaCl, 100 mM Tris-HCl
{pH 8.0}, and 50mM EDTA {pH 8.0}) and 20l of 20% SDS. Four hundred
microliters of phenol mix (1:1 phenol:chloroform) was then added, thoroughly
mixed, and centrifuged (12,000 rpm, 2 min, RT). The aqueous phase was transferred
to a new tube and mixed with 800 ul of absolute ethanol. DNA was recovered by
centrifugation (12,000 rpm, 5 min, RT). The pellet was washed with 70% ethanol and
dissolved in 50 ul of TE (10 mM Tris-HCI and 1 mM EDTA, pH 8.0).

5.2.5 Polymerase Chain Reaction (PCR)

Amplification of selectable marker and useful genes were carried out using standard
and touchdown PCR protocols (Sambrook et al., 1989). Fifty nanograms of oil palm
DNA and 1ng of transforming plasmid DNA were used in PCR reactions. In the
standard procedure the following condition was used: 30 cycles at 92°C (50 s),
60°C (50 s), and 72°C (60 s). Amplified DNA fragments were examined by
electrophoresis in 1.4% agarose gels in 0.5 x TBE (45 mM Tris-Borate; 1 mM
EDTA, pH 8.0) buffer.

5.2.6 DNA Isolation and Southern Blot Hybridization

Total DNA extraction was carried out in plantlets according to modified CTAB
method (Doyle and Doyle, 1990). Samples were chilled and ground in liquid nitrogen.
Once the sample was sufficiently fine, 10 ml of CTAB extraction buffer (100 mM Tris-
HCI, pH 8.0; 20mM EDTA; 1.4mM NaCl; 2% CTAB; 1% PVP, and 0.2% 2-
mercaptoethanol) was added. The sample was then incubated at 65°C for 1 h. After
20 min at room temperature, 2 ml of chloroform:isoamyl alcohol (24:1) was added to
the sample and centrifuged at 4°C, 13,000 rpm for 5 min. The aqueous phase was
transferred into a new tube. The sample was extracted twice with 5 ml of chloroform:
isoamyl alcohol (24:1). The DNA was precipitated by adding 6 ml of chilled
isopropanol. After 20 min at room temperature, the sample was centrifuged at
13,000 rpm for 5 min. The supernatant was discarded and the pellet was dried at
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room temperature. The pellet was washed using washing buffer (76% ethanol, 1 mM
ammonium acetate), incubated at room temperature for 20 min before being cen-
trifuged at 13,000 rpm for 5 min The pellet obtained was air dried and suspended in
500 ul of TE buffer (10 mM Tris-HCI, pH 7.5; 1 mM EDTA).

For Southern blot, 20-30 ug of EcoR 1-digested plant DNA was separated on 1.0%
agarose gels. Blots were prepared by transfer to nylon membranes (Hybond-N,
Amersham) using vacuum pump at 55 mbar pressure. Specific probes were randomly
prime labeled with o. P*> dCTP using Klenow fragment and hybridized onto the
membranes. Hybridization was performed overnight at 65°C in hybridization buffer
(20 x SSPE, 20% SDS, and 2 mg/ug herring sperm DNA) after being prehybridized
in hybridization buffer plus 50 x Denhardt’s solution at 65°C for 3 h. The membrane
was also hybridized simultaneously with a probe derived from 1kb Plus Ladder
marker (Biodiagnostic) in order to detect the size of expected bands. Blots were
washed twice at 65°C in 2 x SSC and 0.1% SDS for 15 min and once at 65°C in
1 x SSC and 0.1% SDS for 10 min. The membrane was exposed to X-ray film for 5
days at 80°C. The film was developed in the dark by soaking in the developer, tap
water, and fixer (5% acid), and rinsed with water sequentially. The film was dried at
room temperature.

Alternatively, gene fragments were labeled with DIG (Roche Molecular Bio-
chemicals) according to the manufacturer’s instructions. Labeled probes were then
hybridized onto the membrane at 65°C. Membranes were washed twice with 2 x
washing solution (5 min each) and twice with 0.5 x washing solution (15 min each at
65°C). Membranes were later blocked with a blocking reagent and incubated with
anti-DIG to bind the antibody conjugates to the labeled DNA. The bounded antibody
was detected by using a chemiluminescent assay (CSPD). The membrane was
exposed to film at room temperature for 1-2h.

5.2.7 High-Performance Liquid Chromatography Analysis
for Biodegradable Plastics

Two grams of sample (embryoid/leaves) was oven dried at 80°C. Then, the dried
sample was extracted under liquid nitrogen until it became powder. The powdered
sample was transferred into a glass tube and 1 ml of concentrated H,SO4 was added
before putting it in a 90°C water bath for 30 min [acid catalyzes depolymerization of
PHB with elimination of water to yield crotonic acid (trans 2-butenoic acid)]. After
30 min, it was cooled on ice. Then, 4ml of 0.014N H,SO, was added. After
thoroughly mixing, the sample was filtered into a new glass tube through a 0.2 um
LC 13 PVDEF. Then, 15l of filtered sample was transferred into suitable vials
containing 135 pl of 0.014 N H,SO, for HPLC analysis. Detection of crotonic acid
was performed at 210 nm.

5.2.8 Total RNA Extraction

Total RNA extraction from transgenic samples was carried out using a method
modified from Hosein (2001). Frozen leaf tissue was powdered in a mortar in liquid
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nitrogen and then homogenized in 0.1 M Tris-HCI pH 8.0 in a GSA tube. The buffer
was added in a ratio of 1 : 3 of tissue (weight) to buffer (volume). 1/10 volume of 5%
(w/v) SDS was added to the homogenate and the solution was gently shaken on ice
for 2 min to denature the protein. Equal volume of phenol (pH 8.0) was added to the
mixture and the mixture was vortexed periodically for 5 min with frequent cooling
on ice. The phases were separated by centrifugation at 4000 rpm (4°C) for 5 min and
the aqueous layer was removed to a new centrifugation tube. The aqueous layer was
re-extracted with an equal volume of buffered phenol until no residual protein
interface was observed. Final extraction was done with an equal volume of buffered
phenol:chloroform:isoamylalcohol (25:24:1, v/v/v). The aqueous layer was re-
moved to a centrifuge tube and 8 M LiCl was added to achieve a final concentration
of 2 M. The mixture was mixed by inversion and made to stand overnight at 4°C to
precipitate the RNA. The RNA was pelleted by centrifugation at 10,000 (4°C) for
15 min. The supernatant was discarded and the pellet was resuspended in 1.5 ml of
2M LiCl. The mixture was vortexed and spun again at 10,000 rpm for 10 min. The
wash in 2M LiCl was repeated. The pellet was dissolved in 1.5 ml of RNase-free
water. 1/10 volume of 3 M sodium acetate pH 5.2 and 2.5 volume of 100% ethanol
were added to the mixture. The mixture was mixed and stored overnight at —20°C to
precipitate the RNA. The RNA was pelleted by centrifugation at 10,000 rpm (4°C)
for 10 min. The supernatant was discarded and the pellet was rinsed in 2 ml of 70%
cold ethanol and dried under vacuum. The RNA was dissolved in RNase-free water
and stored at —80°C until used.

5.2.9 Real-Time Reverse Transcriptase (RT) PCR

Total RNA cleanup was done using the Qiagen RNase-free DNase Set according to the
manufacturer protocol to remove DNA and other impurities. Concentration and purity
were determined using the NanoDrop ND-1000 spectrophotometer. Then, 300 ng/ul
of cleaned total RNA was subjected to integrity analysis using Agilent 2100
Bioanalyzer (RNA 6000 Nano Assay Kit). Intact RNA was converted to cDNA by
using High-Capacity cDNA Archive Kit (Applied Biosystems). Real-time PCR
(TagMan assay) was carried out with 10 pl 2 x TagMan Universal PCR Master Mix,
1 1120 x Assay Mix (containing specific primers and probe), and 9 pul cDNA (diluted
in RNase-free water). Gene fragment was used as a control for the specificity
of primers and probes used in the amplification. PCR cycling parameters were 50°C
for 2 min, 95°C for 10 min, and 40 cycles of 95°C for 15 s and 60°C for 1 min. Real-
time detection of fluorescence was performed on the ABI Prism 7000 sequence
detection system.

5.2.10 Gas Chromatography Analysis

Plantlets or polyembryoids that are confirmed by PCR to carry the antisense
palmitoyl-ACP thioesterase were subjected to gas chromatography to determine
fatty acid composition. Methylation methods for fatty acid methyl esters (FAME)
were performed. The detection of every compound was done based on the retention
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time that was referred to FA.M.E RM-6 Standards (C14:0, C16:0, C16:1, C18:0,
C18:1, C18:2, and C18:3) (Supelco).

Two grams of sample (embryoids) was extracted under liquid nitrogen until it
became a powder. Then, 2 ml of toluene and 2 ml of 2.5% acidic methanol were added
and vortexed. A condenser was attached and placed in a heating block, and then the
sample was refluxed at 85°C for 2 h. After 2 h, the sample was transferred into a new
vial and 3 ml of hexane and 5 ml of 5% NaCl were added. The sample was mixed and
centrifuged for 5 min at 2500 rpm. The upper layer was transferred into a new vial and
then 2 ml of hexane and 10 ml of 2% KHCO; were added to the sample. The sample was
mixed and centrifuged again for 2 min at 2500 rpm. The upper layer was transferred
again into a new vial and the hexane was evaporated in vacuum or under a nitrogen
blanket. The sample was diluted to 1:5 v/v in hexane before injection into GC.

GC/FID analyses were performed on Agilent GC6890N (Agilent, USA) that is
equipped with split/splitless injector at 150°C. One microliter of the solution of
FAME 1:5 v/v in hexane was injected into GC. Agilent autosampler, AOL series
(Agilent 7683 Series), and FID at 150°C were used (H, flow 40 ml/min, air flow
350 ml/min, and makeup He 45 ml/min). Data acquisition was performed by MSD
and MSD data analysis software (Agilent, USA). A Supelco column, SP 2380
(0.25 mm x 30 m x 0.20 um film), was used for the analysis. The temperature
program is as follows: initial temperature 50°C for 2 min, final temperature 250°C,
and ramp rate 4°C/min for 10 min. Helium was used as a carrier gas (1 ml/min). The
FAC was calculated as normalized percentages from the peak areas.

5.3 RESULTS AND DISCUSSION

5.3.1 Production of Transgenic Oil Palm

Transgenic oil palm was first produced in 1997 using Biolistics-mediated transfor-
mation method after an extensive optimization of biological and physical parameters
affecting DNA delivery, evaluating five different promoters and five selection agents
(antibiotics and herbicide) for selecting transformed oil palm cells (Parveez, 1998).
The transgenic oil palm status was verified using molecular and protein analyses
(Parveez, 2000).

The transgenic plants were grown to maturity in polybags and kept in a fully
contained biosafety screenhouse. The screenhouse is contained in a size 50 mesh and
fixed with a double-layer door to trap and prevent insects and small animals from
entering the screenhouse during opening and closing. Leaves, roots, and any other
parts of the transgenic palms were removed from the palms and safely collected and
autoclaved prior to appropriate disposal. The transgenic oil palms were proven fertile
and demonstrated the inheritance of the transgenes (bar and gusA) into their
progenies. Expression of the transgenes in the fruit and seed of mature transgenic
oil palm was also demonstrated. There were no negative effects of the transgene’s
products in the transgenic palms observed. This finding is a good evidence for the
safety of transgenic oil palm produced using Biolistics method.
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5.3.2 High Oleate Transgenic Oil Palm

Enhancing the oleic acid content of palm oil is mainly required for use as a
feedstock for oleochemical industries. The world’s oleochemical market is expand-
ing and it is expected that oleochemical production in Malaysia would follow the
same increasing trend (Alan Brunskill, personal communication). A continuous
supply of oleic acid as a feedstock for the above industry is essential. Therefore,
efforts towards increasing the amount of oleic acid in oil palm have been given high
priority. Before the efforts to increase oleic acid were initiated, the enzymatic
mechanisms within the oil palm that cause its oil to produce around 44% saturated
palmitic acid (C16:0) and 39% of monounsaturated oleic acid (C18:1) were
elucidated. Based on the fatty acid biosynthesis pathway that is common to all
plants (Fig. 5.1), extensive biochemical studies were conducted and revealed the
following facts: (a) B-ketoacyl ACP synthase IT (KAS II) enzyme activity was found
to be rate-limiting in the oil palm fruits, which resulted in accumulation of palmitic
acid and only about half of the palmitoyl-ACP substrate was converted into stearoyl-
ACP and subsequently to oleoyl-ACP; (b) the palmitoyl-ACP thioesterase enzyme
was very active and resulted in a high amount of palmitic acid accumulation; (c)
palmitoyl-ACP thioesterase and oleoyl-ACP thioesterase are not related and their
activities are not interdependent; (d) the stearoyl-ACP desaturase enzyme is very
active, resulting in almost all the stearoyl-ACP intermediates desaturated to oleic
acid, where increasing its activity is unlikely to increase oleic acid content; and finally
(e) oleoyl-CoA desaturase is quite active in desaturating some of the oleoyl-CoA
substrates into linoleioyl-CoA and eventually into linoleic acid, which requires to be
down-regulated to reduce potential spillover into linoleic and linolineic acids
(Sambanthamurthi et al., 2002). Using the same approach, efforts to increase oleic
acid content in soybean were carried out. Soybean, which has 55% linoleic acid and
21.5% oleic acid, requires the pathway to be altered to increase oleic acid by
preventing it from being desaturated to linoleic acid. Down-regulating the activity
of oleoyl-CoA desaturase was carried out and resulted in an increase in oleic acid

B-ketoacyl-ACP Stearoyl-ACP
C2 FASI syhthase 11 desaturase
Foo — 16:0-ACP ---- - -- — C18:0-ACP ---- --- - — C18:1-ACP
7C3
PalmitoylACP Stearoyl-ACP OIeoy|l- ACP
thioesterase thioesterase thioesterase
\: {
C16:0 C18:0 C18:1 Oleic Acid
Palmitic acid Stearic acid
Oleoyl-CoA
desaturase
A
C18:2-CoA

FIGURE. 5.1 Possible reactions involved in the modification of products of fatty acid
synthetase.
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content in soybean to 78.9% due to reduction in linoleic acid to 3% (Broglie
et al., 1997). Using the same strategy, down-regulating the oleoyl-CoA desaturase
resulted in a 15-78% increase in oleic acid content in cottonseed oil (Liu et al., 2000).
Based on biochemical studies, efforts to isolate the required genes to be manip-
ulated and regulatory elements for targeting into mesocarp tissue were carried out.
The genes for KASII (Ramli et al., 2006), palmitoyl-ACP thioesterase (Abrizah
et al., 2000), stearoyl-ACP desaturase (Siti Nor Akmar et al., 1999), and oleoyl-CoA
desaturase (Syahanim et al., 2004) were successfully isolated. Furthermore, as the
targeted fatty acid changes were required to occur in the mesocarp of the oil palm fruit,
the mesocarp-specific promoter was also successfully isolated (Siti Nor Akmar
et al., 2001). Based on the biochemical studies, the following strategy was proposed
to increase oleic acid in oil palm: (i) palmitoyl-ACP thioesterase gene activity is
required to be down-regulated to reduce the synthesis of palmitic acid, (ii) KAS II
activity needs to be up-regulated for efficiently using the higher pool of palmitoyl-
ACP substrate and converting it into stearoyl-ACP, (iii) stearoyl-ACP desaturase
activity will not be interrupted as it is actively desaturating maximum pool of stearoyl-
ACP into olecyl-ACP and finally the activity of oleoyl-CoA desaturase needs to be
down-regulated in order to minimize spillover of oleoyl-ACP into linoleoyl-CoA,
which subsequently results in an increase in linoleic and linolineic acid content.
Based on the proposed strategy, four sets of transformation vectors were con-
structed, (i) antisense palmitoyl-ACP thioesterase gene driven by CaMV35S pro-
moter (Abrizah et al., 2000), (ii) antisense palmitoyl-ACP thioesterase and sense KAS
II genes driven by mesocarp-specific promoter, (iii) antisense palmitoyl-ACP thioes-
terase, sense stearoyl-ACP desaturase, and sense KAS II genes driven by mesocarp-
specific promoter (Masani and Parveez, 2008); and (iv) antisense palmitoyl-ACP
thioesterase, sense stearoyl-ACP desaturase, and antisense oleoyl-CoA desaturase
genes driven by a mesocarp-specific promoter. The plasmids were bombarded into oil
palm embryogenic cultures, followed by selection of transformants using herbicide
Basta. The resistant colonies obtained were later proliferated into polyembryoids,
followed by regeneration to produce transgenic plantlets. Currently, plantlets from a
number of transformation events have been obtained and transferred onto soil in a
fully contained biosafety screenhouse (Fig. 5.2). Initial molecular analysis using PCR
revealed that most of the transgenic lines were positive for the selectable marker and
palmitoyl-ACP thioesterase genes. The transgenic samples were also subjected to RT-
PCR analysis. A number of samples were shown to have a reduced expression level of
palmitoyl-ACP thioesterase gene compared with control. The positive samples were
later subjected to fatty acid analysis, via gas chromatography, to examine whether
there are any fatty acid changes taking place in the early stage of the plant
development. This is possible as the first batch of transgenic cultures and plants
were transformed with genes driven by constitutive promoter. The introduced gene
was expected to increase the oleic acid content and decrease the palmitic acid content.
Results of gas chromatography analysis indicated that only a small number of samples
tested showed a reduction in palmitic acid and an increment in oleic acid composition
as expected. Most of those samples showed reduction in palmitic acid and increase in
oleic, linoleic, and linolineic acid contents. Some of the samples did not show any
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FIGURE. 5.2 Transgenic oil palm plantlets in a biosafety nursery.

change. It is expected that once the palms are mature and produce fruits, more useful
and reliable data could be obtained.

5.3.3 Production of Biodegradable Thermoplastics

Polyhydroxybutyrate (PHB), a type of biodegradable plastic or polyhydroxyalkano-
ate, is generally produced as a storage monomer by bacterial cells under minimal
growth conditions (Senior and Dawes, 1973). PHB is synthesized in bacterial cells
through three enzymatic reaction steps starting with the substrate acetyl-CoA being
catalyzed by B-ketothiolase, followed by acetoacetyl-CoA reductase, and finally by
PHB synthase acetyl-CoA (Anderson and Dawes, 1990) (Fig. 5.3). As acetyl-CoA is
abundantly present in many organisms, such as bacteria, fungi, and plants, efforts to
genetically engineer the organism for synthesizing polyhydroxyalkanoates prove
beneficial. The polymer could be exploited for producing a wide range of environ-
ment-friendly industrial polymers. It was reported that production of PHA involving
bacterial fermentation is more expensive than the petroleum-based production.
Petroleum-based polymer production was estimated to be less than US$1.0/kg
compared with around US$2.0 for bacterial fermentation-based production (van
Beilen and Poirier, 2008; Philip et al., 2007). Due to the high cost of production using
fermentation, production of biodegradable plastics in plants has been proposed as
plants could produce millions of tonnes of oils and starch at a low price of around US$
0.25-1.0/kg (Poirier et al., 1995).
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Acetyl-CoA Propionyl-CoA

Acetoacetyl-CoA . 3-Ketovaleryl-CoA

D-(-)-3-Hydroxy  ~ D-(-)-3-Hydroxy 2-Ketobutyrate
butyryl-CoA valeryl-CoA

threonine

FIGURE. 5.3 Pathway for the biosynthesis of PHB and PHBV in oil palm.

Production of biodegradable plastics in plants was first demonstrated in cyto-
plasm of Arabidopsis; however, the yield was quite low, i.e., only 0.1% of its dry
weight (Poirier et al., 1992). Later, when the polymer production was targeted in
plastid, where the highest flux of acetyl-CoA is expected to be present, PHB
synthesis was increased up to 14% of the dry weight (Nawrath et al., 1994). The
PHB granules were all contained in the plastids. The granules were also similar to
the ones produced in bacteria cells. When all the three genes were later transformed
with a single plasmid, transgenic Arabidopsis plants successfully synthesized PHB
up to 4% of their fresh weight (Bohmert et al., 2000). Besides PHB, synthesis of a
more useful and beneficial copolymer, poly(3-hydroxybutyrate-co-3-hydroxyvale-
rate) or PHBYV, was also demonstrated in rapeseed and Arabidopsis (Slater
et al., 1999). However, synthesizing monomer PHV requires propionyl-CoA as
another substrate (Fig. 5.3). Therefore addition of another gene, either threonine
deaminase (ilv) or threonine dehydratase (tdcB), is required to produce the substrate
propionyl-CoA from threonine. Furthermore, another family member of B-ketothio-
lase enzyme (bktB) is needed to convert propionyl-CoA to B-ketovaleryl-CoA,
which eventually is converted into hydroxyvalerate (PHV) by PHB-synthase. Using
the bktB, phbB, phbC, and ilv genes targeted to plastids and driven by a constitutive
promoter, Slater et al. (1999) were able to synthesize up to 1.6% of PHBV per dry
weight in Arabidopsis. On the other hand, the use of a seed-specific promoter and
targeting the genes to plastid resulted in up to 2.3% of PHBV synthesized per dry
weight in rapeseed.

In this study, production of PHB and PHBV in oil palm was proposed by
transforming PHB and PHBV genes into oil palm driven by constitutive promoter,
mesocarp-specific promoter, or leaf-specific promoter (Parveez et al., 1999). All
genes were targeted to plastid by including an oil palm acyl-carrier protein transit
peptide (Rasid et al., 1999) by flanked by a RB7 matrix attachment region of tobacco
(Matzke and Matzke, 1991) for stabilizing transgene expression by minimizing
homology-dependent gene silencing (Matzke et al., 1989). A threonine dehydratase
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(tdeB) (Guillouet et al., 1999) gene from E. coli was also used for synthesizing
propionyl-CoA as a substrate for PHBV synthesis. Mesocarp is the most excellent
target tissue as it is the oil-synthesizing tissue where acetyl-CoA substrate is
abundant.

Construction of eight transformation vectors carrying PHB and PHBV genes
driven by a combination of constitutive (actin, ubiquitin, and CaMV35S), mesocarp-
specific, and leaf-specific promoters has been successfully carried out (Greg
et al., 2001; Masani et al., 2008). The constructs were transformed biolistically
into oil palm cultures and transformed cells were selected on a medium containing
herbicide Basta. Resistant embryogenic calli were later obtained, normally after 5-6
months on selection medium. The resistant calli were proliferated and regenerated
further until small plantlets were produced. The plantlets were transferred from the
test tubes to soil in polybags and grown in a biosafety screenhouse. Molecular
analyses, such as PCR, RT-PCR, and Southern blot, revealed that most of the
transgenic plants were positive, demonstrating the integration and expression of the
transferred genes (Parveez et al., 2008). The positive samples were later subjected to
PHB or PHBV analysis, via HPLC, to determine the accumulation of PHB or PHBV
in the plantlets. HPLC results demonstrated the presence of PHB in some of the
plants tested. However, the yield is still low and requires more intervention. It is also
expected that once the plants are mature, higher amount of biodegradable plastics
could be detected in the fruits where the highest pool of acetyl-CoA is present.

5.3.4 High Stearate Transgenic Oil Palm

Oil palm contains an active A9 stearoyl-ACP desaturase that effectively desaturates
stearoyl-ACP into oleoyl-ACP and finally into oleic acid (Fig. 5.1). Down-regulating
the activity of A9 stearoyl-ACP desaturase should reduce the conversion of stearic
acid to oleic acid. Therefore, by introducing an antisense copy of RNAi of the A9-
stearoyl-ACP desaturase gene, stearic acid could accumulate in the oil palm. Knutzon
et al. (1992) have altered rapeseed oil content through the antisense expression of a
stearoyl-ACP desaturase gene to increase the amount of stearic oil from 1.8% up to
39.8%. This increase is due to concomitant reduction of oleic acid in the resulting
transgenic plant. Similarly, down-regulation of A9-stearoyl-ACP desaturase gene also
resulted in an increase of stearic acid content in cottonseed oil from 2% up to 40% (Liu
et al., 2000). Down-regulating the activity of stearoyl-ACP desaturase enzyme in the
mesocarp of oil palm is expected to result in the accumulation of a higher amount of
stearic acid in the oil palm fruits. However, looking at the fatty acid biosynthesis
pathway, the large pool of stearoyl-ACP may interfere with the equilibrium of the
pathway and result in accumulation of palmitic acid as well. Therefore, manipulation
of KAS II and palmitoyl-ACP thioesterase may also be important to be considered.
Down-regulating palmitoyl-ACP thioesterase and stearoyl-ACP desaturase as well as
overexpressing the KAS II gene may direct all the stearoyl-ACP pool towards stearic
acid. All of the genes will be targeted into the mesocarp to ensure that fatty acid
changes only take place in the mesocarp where the oil is synthesized. This new variety



of transgenic oil palm with high stearic acid content is expected to give rise to new
applications such as cocoa butter substitute and personal care products such as lotions,
shaving cream, and rubbing oils (Parveez et al., 1999).
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6.1 PLANT LIPID-BINDING PROTEINS

Lipid-binding proteins that have been identified in plants include the lipid
transfer proteins (LTPs), puroindolines, and the acyl-CoA-binding proteins (ACBPs)
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(Kader, 1996; Marion et al., 2007; Xiao and Chye, 2009). Seeds that act as a storage
organ for lipids accumulate LTPs and puroindolines, both of which are small
proteins of about 10kDa (Marion et al., 2007). In contrast, ACBPs range from 10
to 73kDa (Table 6.1) and the larger members contain additional domains such as
kelch motifs and ankyrin repeats, which mediate protein—protein interactions (Xiao
and Chye, 2009).

While puroindolines are confined to seeds of the Triticae and Avenae tribes
(Marion et al., 2007), LTPs and ACBPs are ubiquitous proteins and have been
reported in monocots and dicots (Kader, 1996; Chye et al., 2000; Guerrero et
al., 2006; Marion et al., 2007; Xiao and Chye, 2009). In A. thaliana, at least 15
genes were reported to encode LTPs (Arondel et al., 2000) and subsequently >40
genes encoding putative LTPs have been identified (Blein et al., 2002). In
contrast, only a mere six genes encode ACBPs in Arabidopsis (Table 6.1; Leung
et al., 2004). The sequencing of whole plant genomes has recently revealed the
presence of gene families encoding LTPs in many higher plants (Yeats and
Rose, 2007). Proteins containing acyl-CoA-binding domains are not limited to
plants, but extend to other eukaryotes including mammals, Drosophila, and yeast
(Xiao and Chye, 2009).

These ACBPs are characterized by the presence of an acyl-CoA-binding
domain that confers them the ability to bind long-chain acyl-CoA esters (Rasmussen
et al., 1993; Chye, 1998; Chye et al., 2000; Leung et al., 2004, 2006; Knudsen
et al., 2000; Burton et al., 2005). The 10-kDa rat ACBP was initially identified as a
neuropeptide that inhibits the binding of diazepam to synaptic membranes (Guidotti

TABLE 6.1 Summary on the Arabidopsis ACBPs

GenBank
Accession Subcellular
Protein  Gene Name Number M, (kDa)  Localization References

ACBP1  At5g53470  NM_124726 375 PM and ER Chye (1998);
Chye et al. (1999);
Li and Chye (2003)
ACBP2  At4g27780  NM_118916 38.5 PM and ER Chye et al. (2000);
Li and Chye (2003)
ACBP3  At4g24230 NM_118556 39.3 Extracellular ~ Leung et al. (2004,
2006)
ACBP4  At3g05420 NM_202498 73.1 Cytosol Leung et al. (2004);
Xiao et al. (2008b)
ACBP5  At5g27630  NM_122645 71.0 Cytosol Leung et al. (2004);
Xiao et al. (2008b)
ACBP6  Atlg31812  NM_102916 10.4 Cytosol Chen et al. (2008);
Engeseth
et al. (1996)

Note: PM, plasma membrane; ER, endoplasmic reticulum.
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et al., 1983; Shoyab et al., 1986). The function of the 10-kDa ACBPs in mammals
and yeast include acyl-CoA transport, maintenance of intracellular acyl-CoA pools,
and protection of cytosolic acyl-CoAs from hydrolysis by cellular acyl-CoA
hydrolases, as well as the protection of enzymes in lipid metabolism, such as
acetyl-CoA carboxylase, acyl-CoA synthetase, and adenylate translocase, from
inhibition by long-chain acyl-CoA esters (Faergeman and Knudsen, 1997). The
10-kDa ACBP has also been reported to be associated with long-chain acyl-CoAs in
the regulation of lipid metabolism and gene expression, including that of the
yeast gene OLE] that encodes A9-desaturase (Kragelund et al., 1999; McDonough
et al., 1992).

In higher plants, the 10-kDa ACBPs were first identified from Brassica napus
(Hills et al., 1994) and Arabidopsis thaliana (Engeseth et al., 1996). Since de novo
fatty acid biosynthesis predominantly occurs in plastids, plastid-derived fatty acids
need to be exported as palmitoyl-CoA (16:0-CoA) and oleoyl-CoA (18:1-CoA) esters
to the endoplasmic reticulum (ER) for the biosynthesis of extraplastidial membrane
lipids and triacylglycerols (Moreau et al., 1998; Ohlrogge and Browse, 1995). Since
there appears to be an extensive exchange of acyl-CoAs (or their derivatives) between
the plastids and the ER via the plant cytosol, the Arabidopsis 10-kDa ACBP was
originally proposed to facilitate such transport and maintain a pool of long-chain acyl-
CoA esters in the cytosol (Engeseth et al., 1996).

Larger proteins that contain an acyl-CoA-binding domain were first identified in
A. thaliana (Leung et al., 2004; Xiao and Chye, 2009). Subsequently, they were also
characterized in another plant species, Agave americana (Guerrero et al., 2006), as
well as outside the plant kingdom, in Cryptosporidium parvum (Zeng et al., 2006)
and Caenorhabditis elegans (Larsen et al., 2006). Phylogenetic analysis has shown
that Arabidopsis ACBP1 and ACBP2, A. americana ACBP, and C. parvum ACBP1
group into one cluster (Fig. 6.1a). These ACBPs bear resemblance to each other by
the presence of an acyl-CoA-binding domain as well as ankyrin repeats (Fig. 6.1b).
BLASTP analysis (http://blast.ncbi.nlm.nih.gov/Blast.cgi) indicated that A.
americana ACBP showed 60% overall amino acid identity to AtACBPI1, with
85% amino acid conservation within the acyl-CoA-binding domain (Guerrero et
al., 2006) and 75% amino acid conservation within the ankyrin repeats to AtACBP1
and AtACBP2. C. parvum ACBP1 bears 32-33% overall amino acid identity to the
full-length sequences of AtACBP1 and AtACBP2, with 34—40% amino acid identity
retained within the acyl-CoA-binding domain and 40% identity within the ankyrin
repeats. C. elegans ACBP displays 37-40% amino acid identity to the acyl-CoA-
binding domain of AtACBP1 and AtACBP2. Figure 6.1a further shows that the
kelch-motif-containing Arabidopsis ACBP4 and ACBPS5 are grouped in a different
cluster.

The three-dimensional structures of LTPs in both lipid-bound and unbound
forms have been solved from several plant species including Arabidopsis, rice,
wheat, maize, barley, tobacco, and peach (Lerche et al., 1997; Lee et al., 1998;
Tassin-Moindrot et al., 2000; Han et al., 2001; Da Silva et al., 2005; Pasquato et
al., 2006; Lascombe et al., 2008). These investigations have revealed that LTPs bind
lipids in a large hydrophobic cavity while puroindolines are characterized by a
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FIGURE. 6.1 Comparison of Arabidopsis ACBPs with large ACBPs from other organisms.
(a) Phylogeny of large ACBPs and AtACBP6 using evolutionary trace server. At, Arabidopsis
thaliana; Aa, Agave americana; Cp, Cryptosporidium parvum;, Ce, Caenorhabditis elegans.
The accession numbers and loci are as follows: AtACBPl (At5g53470), AtACBP2
(At4g27780), AtACBP3 (At4g24230), AtACBP4 (At3g05420), AtACBP5 (At5g27630),
AtACBP6 (At1g31812), AaACBP (AY650903), CpACBP1 (DQ406676), and CeACBP
(NM_067130). Non-Arabidopsis ACBPs are boxed. (b) Comparison in structure of large
ACBPs and the 10-kDa AtACBP6. The numbers indicate the amino acid positions.
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unique tryptophan-rich domain that can interact with lipid aggregates (Marion et
al., 2007). In the case of ACBPs, the structure of the bovine 10-kDa ACBP in
complex with palmitoyl-CoA was first studied; it was observed to contain four o-
helices in a bowl shape with an exposed acyl-CoA-binding site (Kragelund et
al., 1993). The conserved positive charged residues of this ACBP were found to
interact with the phosphate group of the ligand while the acyl chain was positioned
between the hydrophobic surfaces of CoA and the protein. Among the 26 highly
conserved residues in bovine ACBP, eight hydrophobic amino acids residing
between the N- and C-terminal helices were shown to be essential in rate-limiting
folding (Kragelund et al., 1999). Investigations on plant lipid-binding proteins have
indicated that LTPs and ACBPs can bind acyl-CoA esters and phospholipids
(Kader, 1996; Chen et al., 2008; Xiao and Chye, 2009). While only one ACBP
is targeted extracellularly (Leung et al., 2006), many LTPs have been demonstrated
to be apoplastic (Kader, 1996). Given this observation, ACBPs rather than LTPs are
thus more likely involved in the intracellular trafficking of acyl-CoAs and
phospholipids.

6.2 PROPOSED BIOLOGICAL ROLES OF PLANT LTPs

LTPs have been reported to be associated with plant development as well as plant
defense (Kader, 1996). The mRNAs encoding LTPs are induced by cold stress,
wounding, and microbial pathogens, suggesting putative functions that could be
related to abiotic and biotic stresses (Molina et al., 1993; Pearce et al., 1998; Yubero-
Serrano et al., 2003). LTPs and puroindolines display anti-microbial properties,
suggesting their roles in defense against phytopathogens (Kader, 1996; Marion et
al., 2007). Molina et al. (1993) demonstrated that LTPs from barley and maize leaves
could inhibit the growth of pathogenic fungus (Fusarium solani) and bacteria
(Clavibacter michiganesis subsp. sepedonicus and Pseudomonas solanacearum).
Extracellularly targeted LTPs have also been suggested to provide protection on the
cell surface against invaders (Kader, 1996). Furthermore, a putative apoplastic LTP
has been proposed to bind a lipid derivative involved in long-distance signaling in
systemic acquired resistance in Arabidopsis (Maldonado et al., 2002). Cryoprotectin,
a specialized LTP homolog that was originally purified from acclimated cabbage
leaves, is known to stabilize cell membranes during cold-induced stress despite its
loss in lipid-transfer activity (Hincha, 2002).

Transgenic plants expressing LTPs and LTP-like proteins are conferred enhanced
resistance to biotic stresses. LTPs have been proposed to bind elicitin receptor sites
on the plant plasma membrane and interact with elicitins in defense signaling (Blein
et al., 2002). Transgenic rice expressing an LTP from Allium cepa showed
antimicrobial function and inhibited major rice pathogens such as Magnaporthe
grisea, Rhizoctonia solani, and Xanthomonas oryzae (Patkar and Chattoo, 2006).
A recombinant wheat LTP (Ltp 3F1) expressed in Escherichia coli displayed
antifungal activities against Alternaria, Bipolariis oryzae, Botrytis cinerea, Curvu-
laria lunata, Cylindrocladium scoparium, R. solani, and Sarocladium oryzae,
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and transgenic tobacco lines overexpressing this LTP were better protected from
fungal phytopathogens, Alternaria, B. oryzae, and C. scoparium (Kirubakaran
et al., 2008).

6.3 ARABIDOPSIS ACBPs

In Arabidopsis, three (ACBP4, ACBP5, and ACBP6) of the six ACBPs are sub-
cellularly localized in the cytosol (Table 6.1; Leung et al., 2004; Chen et al., 2008;
Xiao et al., 2008b; Li et al., 2008). Furthermore, there are two membrane-associated
ACBPs, ACBP1 and ACBP2, that are subcellularly localized to the ER and plasma
membrane (Table 6.1; Chye et al., 1999; Li and Chye, 2003). The last member,
ACBP3, is unique in its apoplastic localization (Table 6.1; Leung et al., 2006). Of
these six ACBPs, only ACBP6 has corresponding well-characterized homologs in
other eukaryotes (Engeseth et al., 1996; Faergeman and Knudsen, 1997).

Domains such as the ankyrin repeats are present in the ACBP1 and ACBP2 while
kelch motifs are found in ACBP4 and ACBP5 (Fig. 6.1b; Leung et al., 2004; Li and
Chye, 2004). These domains have been demonstrated to mediate protein—protein
interactions in ACBP2 and ACBP4 by using yeast two-hybrid analysis, in vitro
binding assays, and confocal microscopy of colocalized fluorescent-tagged proteins
(Li and Chye, 2004; Li et al., 2008; Gao et al., 2009). Site-directed in vitro
mutagenesis on His-tagged recombinant proteins has established the function of
each acyl-CoA-binding domain in ACBP1 to ACBPS5 in binding acyl-CoA esters
(Chye et al., 2000; Leung et al., 2004, 2006). Results from in vitro binding assays also
demonstrated that these recombinant ACBPs bind differentially to various acyl-CoA
esters, suggesting their different functions within the plant cell. In vitro assays were
also used to show that recombinant ACBP6 binds phosphotidylcholine (PC) (Chen
et al., 2008).

The expression of several ACBPs in the six-membered ACBP family has been
shown to be inducible upon exposure to abiotic and biotic stresses (Xiao and
Chye, 2009). The expression of mRNAs encoding ACBP1 and ACBP2 is upregulated
by Pb(Il) treatment (Xiao et al., 2008a), ACBP6 mRNA expression is elevated by cold
treatment (Chen et al., 2008), and ACBP4 mRNA expression is induced by the
ethylene precursor 1-aminocyclopropane-1-carboxylic acid, methyl jasmonate, and
B. cinerea infection (Li et al., 2008). Their functions in relation to these various forms
of stress have been investigated by using Arabidopsis ACBP-overexpression lines
as well as by using gene-knockout mutants (Xiao et al., 2008a; Chen et al., 2008; Gao
et al., 2009).

6.4 POTENTIAL OF ARABIDOPSIS ACBP1IN PHYTOREMEDIATION

Pb(II) is a nonessential micronutrient and is harmful not only to plants but to animals,
especially when it is concentrated and consumed through food chains (Clemens,
2001). So far, very few plant proteins have been identified to bind this toxic
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environmental pollutant, and for those that do, they rarely confer both Pb(II) tolerance
and Pb(II) accumulation in transgenic plants, the latter being a prerequisite for
phytoremediation. Phytoremediation is a process by which plants are used to remove
pollutants from the environment (Cunnnigham and Ow, 1996). The plants should be
able to transfer the undesirable toxins from the contaminated soil/water via its roots
for accumulation in “above-ground” tissues that can be subsequently harvested and
safely disposed (Fig. 6.2). Since a previous study had identified the human form of the
10-kDa ACBP to be a molecular target of Pb(Il) in vivo (Smith et al., 1998),
experiments were conducted to address whether this Pb(II)-binding ability is present
in plant ACBPs. Such conservation would enable the use of plant ACBPs in Pb(II)
phytoremediation. Hence, Arabidopsis ACBP6 and the two membrane-associated
ACBPs (ACBP1 and ACBP2) were tested and subsequently observed to bind Pb(Il) in
vitro (Xiao et al., 2008a).

Binding assays using in vitro translated *°S-methionine labeled ACBP1, ACBP2,
and ACBP6 and His-tagged recombinant ACBP1, ACBP2, and ACBP6 showed that
ACBP1 and ACBP2 bind Pb(II) better than ACBP6 (Xiao et al., 2008a). Consistently,
results from Northern blot analysis revealed that while the expression of ACBP/ and
ACBP2 was induced following Pb(II) treatment, ACBP6 expression was not. Further
experiments using transgenic Arabidopsis ACBP1-overexpressors showed that
they were more resistant to Pb(II)-induced stress than wild type and the acbpl
knockout mutant exhibited increased sensitivity to Pb(Il) in the growth medium
(Xiao et al., 2008a). Growth of the mutant on Pb(II)-containing medium was restored
upon its complementation using a cloned ACBPI cDNA (Xiao et al., 2008a). When
the Pb(II) content of these plants was measured, the ACBP1-overexpressors were
found to accumulate Pb(II) in shoots not roots, thus implying that ACBP1 can be used
for phytoremediation (Xiao et al., 2008a). The ability of ACBP1 in accumulating Pb
(II) in plant shoots makes it potentially useful in the removal of Pb(II) from
contaminated soil. This strategy is cheap as plants photosynthesize, harness energy
from the sun, and phytoremediate in situ.

6.5 POTENTIAL OF ARABIDOPSIS ACBP6 IN ENHANCING
FREEZING TOLERANCE

Since the function of ACBP6 did not resemble its human homolog in Pb(II)
binding, Chen et al. (2008) initiated investigations on the biological significance of
the smallest member in the Arabidopsis ACBP family by using an Arabidopsis
acbp6 gene knockout mutant and ACBP6 overexpression lines. Mammalian 10-
kDa ACBPs have been shown to bind and transfer acyl-CoA esters intracellularly
as well as participate in gene regulation (Mikkelsen and Knudsen, 1987; Black et
al., 2000; Petrescu et al., 2003). Evidence of its role in gene regulation arose from
observations of its interaction with nuclear factor-4o a transcriptional activator in
rat hepatocytes, which regulates genes in lipid and glucose metabolism (Elholm
et al., 2000; Petrescu et al., 2003). ACBP6 homologs have been subcellularly
localized in the cytosol and nuclei of cultured cells derived from monkey kidney
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(Helledie et al., 2000) and human liver (Nitz et al., 2005). Chen et al. (2008)
showed that ACBP6 is a cytosolic protein in Arabidopsis by using green fluores-
cent protein (GFP) as a protein tag followed by Western blot analysis and confocal
microscopy.

Investigations were initiated to address if ACBP6 is associated with abiotic and
biotic stresses based on previous results that its homologs are present in phloem
exudates in cucumber, pumpkin, and rice (Walz et al., 2004; Suzui et al., 2006),
implicating them in long-distance transport that may be stress related. Using Northern
blot and Western blot analyses, ACBP6 mRNA and protein were observed to be
induced in Arabidopsis following cold treatment at 4°C. Investigations on the acbp6
mutant, in comparison to wild type, indicated that the mutant was sensitive to freezing
treatment at —8°C. In contrast, the overexpression of ACBP6 in transgenic Arabi-
dopsis enhanced freezing (—8°C) tolerance, suggesting a role for ACBP6 in medi-
ating freezing stress (Chen et al., 2008).

Further investigations revealed that ACBP6-overexpressors displayed increased
expression of the mRNA encoding phospholipase D3 (PLDJ). Lipid profiling analyses
on cold-acclimated freezing-treated transgenic Arabidopsis plants overexpressing
ACBP6 showed a decline in PC and elevation of PA, in comparison to wild type. Gain
in freezing tolerance in ACBP6-overexpressors, with accompanying decreases in PC
and accumulation of PA, is consistent with previous findings on PLD-overexpressing
transgenic Arabidopsis. The participation of ACBP6 in the regulation of PLD3
expression would be reminiscent of the yeast 10-kDa ACBP that controls genes
involved in stress responses. These findings on Arabidopsis ACBP6 indicate that it has
potential applications in improving freezing tolerance in crop plants in agriculture,
which would be advantageous to the expansion of the crop cultivation zones.

Other than those related to ACBP6, there are many independent pathways
promoting freezing tolerance (Xin and Browse, 1998; Welti et al., 2002; Li et
al., 2004), of which the most well understood is the one mediated by DREB
transcriptional activators (Yamaguchi and Shinozaki, 2005, 2006). Chen et al. (2008)
indicated that ACBP6-associated freezing tolerance is independent of the induction of
cold-regulated cold-responsive gene expression. A better understanding of all these
pathways is essential to extend research findings on freezing tolerance to crop
improvement. Overcoming freezing tolerance is vital because like other abiotic and
biotic factors, freezing limits crop productivity and causes significant losses in
agriculture (Vasil, 2002).

6.6 POTENTIAL OF ARABIDOPSIS ACBP2 IN COMBATING
OXIDATIVE STRESS

ACBP2 consists of several functional domains including an N-terminal membrane-
targeting domain, an acyl-CoA-binding domain, and a C-terminal domain of ankyrin
repeats (Chye et al., 2000). By using ACBP2-specific antibodies, ACBP2 was localized
to the ER and plasma membrane using immunoelectron microscopy, confocal
microscopy, and Western blot analysis of subcellular fractions (Chye et al., 1999,



92 ARABIDOPSIS ACYL-COENZYME-A-BINDING PROTEINS

2000; Li and Chye, 2003). When ACBP2-GFP and ACBP1-GFP fusions and their
derivatives lacking N-terminal membrane-targeting domains were expressed tran-
siently in onion epidermal cells, it was demonstrated that these N-terminal domains
were functional in targeting the proteins to the ER and plasma membrane (Li and
Chye, 2003). Single amino acid substitutions in the acyl-CoA-binding domain of
ACBP2 were first shown to affect acyl-CoA binding activity, thereby confirming the
significance of the acyl-CoA-binding domain in ACBPs (Chye et al., 2000). The C-
terminal ankyrin repeats of ACBP2 were predicted to mediate protein—protein inter-
actions and were subsequently confirmed to interact with AtEBP (Li and Chye, 2004)
and a heavy-metal-binding farnesylated protein AtFP6 (Gao et al., 2009).

Such interactions of ACBP2 with AtFP6 prompted Gao et al. (2009) to further
investigate the relationship between AtFP6, ACBP2, and heavy metals. In vitro
translated AtFP6 and ACBP2 were generated and were both found to bind Pb(Il),
Cd(II), and Cu(Il) (Gao et al., 2009). Subsequently, ethylenediaminetetraacetic
acid was observed to inhibit the binding to various divalent metal ions (Gao
et al., 2009). Furthermore, transgenic Arabidopsis ACBP2-overexpressors and
AtFP6-overexpressors were better tolerant to Cd(II) in the growth media than the
wild type (Gao et al., 2009). Lipid peroxidation and intracellular hydrogen
peroxide (H,O,) accumulates following Cd(II) treatment because Cd(II) depletes
antioxidant glutathione and inhibits the activities of antioxidative enzymes
(Schiitzendiibel and Polle, 2001). Subsequently, ACBP2-overexpressors were
shown to display enhanced tolerance to H,O, treatment, suggesting a possible
role for ACBP2 in combating Cd(II)-induced oxidative stress. During peroxidized
membrane lipid repair, peroxidized fatty acid residues are selectively removed
and replaced by native fatty acids (Nigam and Schewe, 2000). Upon further
binding assays, it was observed that recombinant ACBP2, as well as ACBPI,
binds ["*C]linoleoyl-CoA and ['*C]linolenoyl-CoA in vitro, suggesting that they
are likely involved in phospholipid membrane repair following lipid peroxidation
resulting from heavy metal-induced stress (Gao et al., 2009). These findings on
Arabidopsis ACBP2 indicate its potential use in combating metal-induced/
oxidative stress in agriculture.

6.7 CONCLUSIONS AND PERSPECTIVES

Current investigations have revealed that Arabidopsis ACBP1, ACBP2, and ACBP6
are implicated in response to abiotic and biotic stresses. For those ACBPs that have
been comparatively less well-characterized, there have been indications too that they
are stress associated. For example, ACBP4 interacts with protein interactor AtEBP, an
Arabidopsis ethylene-responsive element binding protein (Li and Chye, 2004),
implying that ACBP4 may function in defense via ethylene and/or jasmonate
signaling, since it is also subject to induction by methyl jasmonate (Li et al., 2008).
Also, the upregulation of ACBP4 mRNA upon Botrytis infection (Li et al., 2008)
further implicates a role in defense against fungal infection. So far, lipid profile
analysis on an acbp4 knockout mutant and achp4-complemented lines have shown
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that while the mutant had decreased levels of membrane lipids including glactolipids
and phospholipids, such decreases were restored to wild-type levels in the comple-
mented lines (Xiao et al., 2008b). Further in-depth investigations on ACBP4 will be
necessary to establish its function in response to biotic stress. Whether the remaining
ACBPs, ACBP3 and ACBPS, are also associated with abiotic and biotic stresses will
be an issue for future investigations.
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7.1 INTRODUCTION

Continuous and sufficient intake of polyunsaturated fatty acids (PUFA) such as
arachidonic acid, eicosapentaenoic acid, and docosahexaenoic acid (DHA) is
effective for maintenance of human health, especially prevention of lifestyle-related
illnesses, such as arteriosclerosis, apoplexy, and cardiopathy, and some types of
allergic diseases (Calder, 2008; Colussi et al., 2007). On the other hand, xantho-
phylls, the lipid-soluble pigments such as astaxanthin and canthaxanthin, with high
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antioxidation activity, are also drawing special attention in the market of health
commodities and medical supplies (Hussein et al., 2006). A stable supply of such
functional lipids therefore expected. For more than a couple of decades, single-cell
oils from some oleaginous microorganisms have been investigated as a practical
source of the functional lipids, which can be an alternative to the natural source from
marine and freshwater environment and genetically modified plants (Bhosale and
Bernstein, 2005; Raghukumar, 2008).

Thraustochytrid is is a group of microheterotrophic eukaryotes belonging to the
kingdom Chromista, and plays an important role as a primary decomposer in marine
ecosystem (Honda et al., 1999). Its high growth ability, ease of cultivation and storage,
and importance in the evolutional lineage can be advantages of an industrial producer
as well as a model organism. We have isolated a number of thraustochytrid strains
from coastal areas in Japan and Thailand and identified most of those belonging to the
genera Thraustochytrium, Schizochytrium, or Aurantiochytrium (Huang et al., 2003;
Yongmanitchai and Ward, 1989). Many strains in the latter two genera showed a high
productivity of triacylglycerols rich in DHA and #n-6 docosapentaenoic acid (DPA).
Some of the isolates accumulated xanthophylls and also squalene, a biosynthetic
intermediate of sterols, in their cells (Aki et al., 2003). Studies on the efficient
production of valuable lipids and their utilization in aquaculture industry are ongoing
(Yamasaki et al., 2006, 2007). Moreover, we have aimed to consolidate a genetic
engineering system that enables us to elucidate the molecular mechanism of the
biosynthesis of functional lipids and establish industrially useful mutants through
molecular breeding. Here, we describe the modification of lipid composition in
thraustochytrid using newly developed transformation system.

7.2 MATERIALS AND METHODS

Aurantiochytrium sp. CB15-5 was cultivated in GPY medium (3% glucose, 0.6%
polypeptone, and 0.2% yeast extract) supplemented with 2% sea salts at 28°C for 2
days and used as a gene source and host cell for transformation. For isolation and
auxotrophic test of transformant, GPY medium was supplemented with 0.5% sea
salts, 50 mM sucrose, 100 pug/ml zeocin, and 0.1% tergitol in the presence or absence
of 1 mM DHA. Escherichia coliDH50o. carrying pUC18-based plasmid was cultivated
in LB medium (1% trypton, 0.5% yeast extract, 1% NaCl, and 50 pg/ml ampicillin)
and used for gene cloning.

Genomic DNA of Aurantiochytrium sp. CB15-5 was prepared as previously
described (Huang et al., 2003). Oligo DNA primers for PCR were synthesized
to isolate actin promoter region (5-TCGAGCTCGGTACCCCTTCATACTC
TCGCATTTCC-3' and 5-TTGGCCATTTTGCTAGTTGGGTGCTTGTTCTT-3'),
actin terminator region (5-AGAGTCGACATTGGAGTGATGGAATGCCC-3’ and
5'-CTTGCATGCTGTTGAAAGAGCTGAGGCCA-3'),  bleomycin/phleomycin-
resistant gene (5'-CTAGCAAAATGGCCAAGTTGACCAGTGCCGTT-3 and 5'-CT
CTAGAGGATCCCCTCAGTCCTGCTCCTCGGCCA-3'), and PUFA orf-C gene
(5’-ATGGCGCTCCGTGTCAAGACGAACAAG-3' and 5'-TTAGAGCGCGTTGG
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TGGGCTCGTAGAC-3', designed according to the nucleotide sequence of corre-
sponding gene in Schizochytrium sp. ATCC 20888; Genbank #AF378329). Reac-
tion mixtures (50 pul) consisted of 100ng genomic DNA (for actin promoter and
terminator and PUFA orf-C) or 20ng pPhaT1 (for Sk ble), 50 pmol each oligo
primers, 5l 10 x buffer, 0.2 mM dNTP, 1 mM MgCl,, and 2.5 units KOD DNA
polymerase (Toyobo). PCR reaction was performed according to thefollowing
temperature cycles: 25 cycles of 98°C (155s), 63°C (2s), and 74°C (30s) (for actin
promoter); 25 cycles of 98°C (15s), 68°C (30 s) (for actin terminator and S ble), or
94°C (5 min); followed by 30 cycles of 94°C (30 ), 55°C (305s), and 72°C (5.5 min)
(for PUFA orf-C). PCR products of actin promoter and Sh ble gene were inserted in
this order at the Smal site of plasmid pUC18 using in-fusion dry-down PCR cloning
kit (BD Biosciences), by which the inserted genes were ligated without restriction
site. After an additional insertion of actin terminator gene at 3’-adjacent site of Sh
ble gene, the plasmid was digested with Kpnl and ligated with a DNA fragment
(nucleotide numbers 1-1800) of PUFA orf-C gene. The resultant plasmid was
linearized by digestion with Xhol (nucleotide position 913 of PUFA orf-C gene).

Aurantiochytrium sp. CB15-5 cultivated for 4 days in GPY medium was
harvested by centrifugation, washed with BSS buffer (10 mM KCI, 10 mM NacCl,
and 3 mM CaCl,), and then washed twice and suspended with 50 mM sucrose. The
cell suspension (80 pl) was mixed with 10 pug of the linearized plasmid in a 2-mm
gapped cuvette, chilled on ice for 5 min, and pulsed at 500V, 13 Q, 50 uF in an
electrocell manipulator (ECM600, BTX). The cells were suspended with GPY
medium and incubated at 28°C for 1h and spread on a GPY medium plate con-
taining 100 pwg/ml zeocin, 0.1% tergitol, and 1 mM DHA followed by incubation for
3 days.

Total lipid of cultivated cells was extracted with chloroform/methanol mixture
(2:1, v/v) and methylesterified with 10% methanolic hydrochloride. Fatty acid
methylesters were extracted with hexane and analyzed by gas chromatography
(GC-17A, Shimadzu) equipped with a capillary column (TC-70, GL Science) and
a flame ionization detector.

7.3 RESULTS AND DISCUSSION

In thraustochytrid, two distinct pathways are involved in the biosynthesis of PUFA
(Qiu, 2003). One is a pathway similar to that found in many other eukaryotes, which
consists of a series of fatty acid desaturation and elongation reactions and, in addition,
a A4 desaturation reaction reported in the genus Thraustochytrium (Qiu et al., 2001).
The other one deduced in the genus Schizochytrium utilizes a novel reaction that is
similar to that of fatty acid and polyketide biosynthesis (Ratledge, 2004). Comple-
mentary DNAs coding for enzymes homologous to those found in eicosapentaenoic
acid biosynthesis system in marine bacterium Shewanella have been isolated (Metz
etal., 2001) and their heterologous expression resulted in the generation of DHA and
DPA (Hauvermale et al., 2006). Considering the speculated functions of enzyme
domains coded on the genes, PUFA might be synthesized by repetitive reactions
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FIGURE 7.1 PUFA biosynthetic gene-disrupted mutants from Aurantiochytrium sp. CB15-
5 show auxotrophic phenotype. Transformants carrying zeocin-resistant marker gene were
inoculated on medium plate containing 100 pg/ml zeocin and 1 mM (left) or 0 mM (right) DHA
and cultivated at 28°C for 2 days.

of condensation of substrate acyl chain with C, unit and reduction of hydroxyl group.
Unlike fatty acid and polyketide biosynthesis, isomerization reactions should
participate in forming methylene-interrupted cis double bonds that exist in PUFA
molecules. Prior to the elucidation of the molecular mechanism underlying the novel
enzymatic reaction, we investigated here the effect of disruption of the PUFA
biosynthesis gene in Aurantiochytrium.

Gene disruption was carried out by the introduction of a plasmid carrying a zeocin-
resistant gene marker and a part of the PUFA biosynthesis gene (orf-C) isolated from
Aurantiochytrium sp. CB15-5 for homologous recombination. Some zeocin-resistant
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FIGURE 7.2 Fatty acid composition of parental strain (a) and PUFA biosynthetic gene-
disrupted mutant (b). Aurantiochytrium cells were cultivated in liquid medium containing
1mM DHA and their cellular lipids were extracted for fatty acid analysis by gas
chromatography.
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transformants were obtained and then their auxotrophic phenotype was checked for
unsaturated fatty acids. As a result, five out of eleven transformants could not grow in
the absence of DHA (Fig. 7.1), suggesting the loss of PUFA biosynthetic ability by the
targeted gene disruption. In the presence of DHA in the growth medium, control strains
contained DHA and DPA in their cellular lipids whereas DPA was not detected in the
auxotrophic mutants (Fig. 7.2). Moreover, the mutants were rescued by the addition of
other kinds of unsaturated fatty acids such as arachidonic acid and eicosapentaenoic
acid (data not shown). These results suggest that the physiological role of PUFA in this
organism is to provide the liquidity of lipid membranes for normal growth.

PUFAs synthesized at the early stage of cultivation in thraustochytrid are used as a
component of membrane phospholipids and then accumulated in neutral lipids,
mainly triacylglycerol, in the latter period (Morita et al., 2006). Since extragenously
supplemented unsaturated fatty acids are incorporated in triacylglycerol, the gene-
disrupted mutant lacking PUFA biosynthetic ability can be used to generate
“structured lipids” carrying desired types of fatty acids. Furthermore, by using the
targeted gene disruption technique reported here, the elucidation of unknown func-
tions of PUFA and other biosynthesis systems will be feasible.
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8.1 INTRODUCTION

Atleast 57 different species of viruses within the family Geminiviridae are reported to
be capable of causing disease in tomato (Solanum lycopersicum), with the majority
belonging to the genus Begomovirus. Tomato yellow leaf curl virus disease
(TYLCVD) has so far been associated with at least 11 species and more than 25 strains
of monopartite (old world) begomoviruses (Fauquet et al., 2008), the predominant
species being tomato yellow leaf curl virus (TYLCV). The disease is widespread in
the tropics and subtropics of Africa, India, and Southeast Asia, and yield losses can
reach 100% if young plants are infected. Tomato leaf curl virus disease (ToOLCVD)
has symptoms that are subtly different from those of TYLCVD; it is distinguished
from the latter by being caused by bipartite begomovirus species and by sequence
differences in the DNA-A.

Symptoms of TYLCVD vary depending on the growth stage at the time of initial
infection, environmental conditions, and the variety of tomato plant, and include severe
stunting, marked reduction in leaf size, upward cupping, chlorosis of leaf margins,
mottling, flower abscission, and significant yield reduction. The main whitefly vector of
TYLCVD is Bemisia tabaci, which transmits the viruses in a persistent, circulative
manner (Cohen and Nitzany, 1966). There are noreports of seed transmission in tomato,
and mechanical transmission does not occur in nature (Moriones and Navas-
Castillo, 2000).

Most begomoviruses possess a bipartite genome, composed of two circular single-
stranded (ss) DNA molecules: DNA-A (2.6-2.8 kb) and DNA-B (2.6-2.8 kb). The
begomoviruses associated with TYLCVD are unusual in that they have a monopartite
genome, composed of a single genomic DNA-A, which includes genes essential for
viral functions usually carried on DNA-B of the bipartite begomovirus species. The
monopartite genome consists of six open reading frames (ORFs). The viral sense
ORFs V1 and V2 overlap and encode the capsid protein (CP, 30 kDa) and movement
protein (MP, 13 kDa), respectively. The other four ORFs are in the complementary
sense and also overlap. C1 encodes the replication-associated protein (Rep, 40 kDa),
C2 encodes the transcriptional activator protein (TrAP, 15kDa), C3 encodes the
replication enhancer protein (REn, 16kDa), while C4 (12kDa) is embedded as
a different reading frame in C1 and may have functions concerned with virus
movement and silencing suppression (Gronenborn, 2007). An approximately 300-
nt intergenic region (IR) contains the origin of replication, which includes a potential
stem-loop structure that is involved in the rolling-circle replication of viral ssDNA.
The mode of replication of the virus genome in the plant cells and the relatively
frequent occurrence of recombination between different begomovirus genomes
makes the begomoviruses one of the most genetically diverse and rapidly evolving
plant virus groups.

Methods used to manage TYLCVD depend on the ecology of the type of tomato
cropping practice employed. In the open field, planting early in the season before
the whitefly population builds up and making new plantings away from sources of
infection such as old plantings can be effective. Other methods of reducing the sources
of infection and infection pressure on the young tomato seedlings include enforcing
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amandatory vegetable (vector and virus host) crop-free period, destroying old tomato
plants quickly after last harvest, practicing good host weed and volunteer tomato
management, and early roguing out of infected plants (Polston and Lapidot, 2007).
The use of yellow or reflective plastic mulches to disorient whitefly vectors has also
been shown to slow the rate of increase in incidence of diseased plants in some
locations. In some areas, the only viable means of growing TYLCVD-free tomatoes
is through the use of physical barriers such as whitefly-proof screens to exclude
whiteflies from the crop. The effectiveness of screenhouses or glasshouses in
excluding whiteflies can be improved through the use of UV-absorbing plastic
covering films, which interfere with whitefly navigation. Several different classes
of pesticides have been used to control the whitefly vector of TYLCVD, although in
some areas whiteflies have become resistant to some of these compounds. Currently,
the neonicotinoids (e.g. imidacloprid and thiomethoxam) are the most widely used
class of compounds, applied as a soil drench to field-grown tomatoes. Chemical
control of whiteflies under protected conditions is much less common because of the
potential adverse effects on insects introduced for pollination.

Various cultural and chemical approaches for the management of TYLCVD have
not been found to be satisfactory (Tripathi and Varma, 2002). Genetic resistance offers
the most practical and effective control of TYLCV. Sources of resistance to TYLCV
and the whitefly vector are available in the wild and through genetic engineering.
Tomato leaf curl virus resistance from the wild tomato species has been used
successfully in breeding TYLCV-resistant cultivars. Similarly, whitefly resistance
is present in wild species and genomic regions conferring resistance have been
identified. The introduction of resistance genes from the wild to cultivated types
reduces the disease incidence, but is a long-term process and often brings associated
undesirable characters. The use of molecular markers has facilitated the transfer of
genes and the ability to pyramid the TYLCV resistance factors. Although the control
options are valuable individually, combination and complementation provides more
effective control. Furthermore, the use of complementary approaches will offer more
durable control of TYLCVD and prolong the effectiveness of a particular control
measure.

8.2 HOST-PLANT RESISTANCE TO TYLCV

Developing tomatoes with natural resistance to TYLCV is the most cost-efficient
method to control the disease. Effective sources of resistance to TYLCV originated
from wild tomato relatives and are currently used in breeding programs to combat the
disease. New resistance alleles are present in wild tomato germplasm collections.
Crossing S. lycopersicum with other related species to introgress resistance genes is
common, although some combinations would require techniques such as embryo
rescue to obtain F; plants. Nevertheless, additional resistance genes are needed to
provide a long-term solution to the changes in TYLCV populations.

Breeding programs increasingly rely on molecular markers to select genotypes
carrying the resistance genes. Crosses are being made to develop genetic mapping
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populations and introgress new genes from the wild tomato species and identify
DNA markers for breeding. Developing effective, user-friendly markers is critical
to marker-assisted selection (MAS) in improving breeding efficiency. DNA markers
associated with TYLCV resistance genes have been developed. These molecular
markers are used to select TYLCV-resistant genotypes in breeding programs and
allow pyramiding of the TYLCV resistance genes.

8.2.1 Sources of Resistance to TYLCV

The cultivated tomato, S. lycopersicum, is extremely susceptible to TYLCV. How-
ever, high levels of resistance to TYLCYV have been found in the wild species Solanum
pimpinellifolium, Solanum peruvianum, Solanum chilense, Solanum habrochaites,
and Solanum cheesmaniae. Several accessions of S. peruvianum and S. pimpinelli-
Sfolium also showed good level of tolerance to TYLCV (Pilowsky and Cohen, 1990;
Vidavsky et al., 1998; Pérez de Castro et al., 2008). The important sources of
resistance to TYLCV found in different wild species are listed in Table 8.1. Among
the different wild species showing resistance to TYLCV, S. chilense, S. habrochaites,
and S. peruvianum are widely used in tomato breeding programs for developing
TYLCV-resistant commercial cultivars (Picé et al., 2002; Lapidot and Fried-
mann, 2002; Ji et al., 2007a).

8.2.2 Genetics of Resistance to TYLCV

The genetics of resistance to TYLCV has been studied in a number of resistant
accessions from breeding lines derived from S. peruvianum, S. pimpinellifolium,
S. chilense, S. habrochaites, and S. cheesmaniae (Table 8.1). In most cases, the
sources of resistance to TYLCYV appear to be controlled by both major and minor
genes. Five genes, namely Ty-1, Ty-2, Ty-3, Ty-4, and Ty-5 have been reported so far.
Zamir et al. (1994) reported a partially dominant gene, Ty-1, in S. chilense, LA1969.
Banerjee and Kalloo (1987) reported that resistance to TYLCV in S. habrochaites f.
glabratum, B6013, is controlled by two epistatic genes and further developed
breeding lines with high levels of resistance to TYLCV (Kalloo and Banerjee, 1990).
Later, Hanson et al. (2000, 2006) identified one of the genes in the breeding line H24
as Ty-2. Ji and Scott (2006) reported 7y-3 in the breeding lines derived from
S. chilense, LA2779. Ji et al. (2008) reported Ty-4 in the breeding lines derived
from S. chilense, LA1932. Recently, Anbinder et al. (2009) reported Ty-5 in the
tomato line T7Y172 derived from S. peruvianum.

8.2.3 Molecular Mapping and Marker-Assisted Selection of TYLCV
Resistance Genes

Zamir et al. (1994) first reported the mapping of Ty-1 locus on chromosome 6 with the
restriction fragment length polymorphic (RFLP) markers TG297 and TG97, with
TG97 being the closest marker. The plants homozygous for S. chilense allele at TG297
and TG97 were highly resistant and produced no symptoms of the disease. PCR-based
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TABLE 8.1 Sources of Resistance to TYLCYV in Tomato
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Breeding
Lines
Species Accessions Developed Genetics Reference
S. pimpinellifolium  LAI121 Single major Pilowsky and
gene, Cohen (1974)
incompletely
dominant
LA121, Quantitative, Hassan
LA373 partially et al. (1984a)
recessive Geneif (1984)
LA1478, Single major
LA1582 gene,
dominant
Hirsute-INRA, Single major Kasrawi (1989)
LA1478 gene,
dominant
Hirsute Single major Vidavsky
gene et al. (1998)
PI407543, Single major Hassan and
PI1407544 gene, Abdel-Ati (1999)
dominant
UPV16991 L102 Single major Pérez de Castro
gene, partially et al. (2008)
recessive
S. peruvianum LA372, Kasrawi
LA385, et al. (1988)
LA462,
LA1274,
LA1333,
LA1373,
INRA
PI126935 M-60 Polygenic Pilowsky and
Cohen (1990)
PI1127830, Muniyappa et
PI127831 al. (1991)
PI-126944, Picé et al. (1998)
PE-30
PI1126926, TY172 Polygenic, partial Friedmann
P1126930, dominance, et al. (1998),
PI390681, Ty-5 Lapidot
LA441 et al. (1997),
Lapidot
et al. (2000)
Anbinder et al.
(2009)
EC104395 Polygenic Vidavsky

et al. (1998)

(continued)
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Breeding
Lines
Species Accessions Developed Genetics Reference
PI126431, Pilowsky and
P1126929, Cohen (2000)
P1126944,
P1126945,
PI390677,
P1390682,
LA378
KC-315037, Azizi
KC-315038, et al. (2008)
KC-315039,
KC-315040,
KC-315041
S. chilense LA1969 Partially dominant ~ Zakay
gene, Ty-1 and et al. (1991),
modifier genes Zamir
et al. (1994),
Vidavsky
et al. (1998)
PI126944, Pilowsky and
P1126945, Cohen (2000)
P1127830,
PI1127831,
P1128646
LA1932, Picd et al. (1998),
LA1938, Pico et al. (1999)
LA1959,
LA1960,
LA1961,
LA1963,
LA1968,
LA1969,
LA1971
LA2779 Ty-3 Ji et al.
(2006, 2007b)
LA1932 Ty-4 Ji et al. (2008)
S. habrochaites LA386, Hassan
LA1252, et al. (1982)
LA1295,
LA1352,
LA1393,
LA1624,
LA1691
LA386 More than one Hassan

gene, dominant

et al. (1984b)
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Breeding
Lines
Species Accessions Developed Genetics Reference
LA1777 Majordominant ~ Moustafa (1991)
gene
PI390658, Muniyappa
PI1390659, et al. (1991)
LA386,
LA1777
LA1777, 1h902 Polygenic Vidavsky
LA386 and Czosnek
(1998)
LA1777 Minor genes Momotaz
et al. (2005)
B6013 H-2, H-11, Two epistatic
H-17, genes, Ty-2
H-23, H24,
H-36
Banerjee
and Kalloo
(1987),
Kalloo and
Banerjee (1990),
Hanson et al.
(2000, 2006)
Favi-9 One to two pairs Mazyad
of genes et al. (2007)
S. cheesmaniae LA1401 Single major gene, = Hassan
recessive et al. (1984b)

Not known

468-1-1-12 Single major
gene, recessive

Garcia-Cano
et al. (2008)

markers for the TG97 locus have been developed at the Hebrew University of
Jerusalem, Israel. In addition to Ty-I, several other resistance genes have been
mapped on chromosome 6 within the proximity of the 7y-/ region. For example, the
Mi-1 gene, derived from S. peruvianum conferring resistance to the root-knot
nematode and aphid, is located within about 6 cM near the Ty-I locus (Zamir
et al., 1994). A severe reduction of genetic recombination has been observed in this
introgressed region containing Mi-1 and Ty-1 loci in S. lycopersicum plant materials.
This allows the use of molecular markers linked to Mi-I as alternative markers for
Ty-1 (Milo, 2001) if alleles from S. peruvianum and S. chilense differed for these
markers. If the alleles from these two species are the same for these markers, their
use could lead to false positive results. Pérez de Castro et al. (2007) reported the
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identification of a cleaved amplified polymorphic sequence (CAPS) marker, JB-1,
tightly linked to T'y-1, which allows selection for Ty-/ independent of Mi-1. The JB-1
marker was derived from a RFLP clone, CT21. It produced three different alleles
upon restriction digestion of the PCR product with the Tagl enzyme. Allele 1 had a
common band of approximately 400 bp, allele 2 consisted of a band slightly larger
than 400 bp, and allele 3 had a band of 500 bp. Allele 2 and allele 3 were codominant
and dominant over allele 1. Allele 3 detected lines with Ty-/, independent of the
presence of Mi-1.

Hanson et al. (2000) mapped the Ty-2 locus on chromosome 11 with the RFLP
markers TG393 and TG36 using the breeding line H24, derived from S. habrochaites
as the resistance source (Kalloo and Banerjee, 1990). Currently, several PCR-based
markers for the S. habrochaites introgression have been developed. A CAPS marker,
TG105A, shows robust amplification and restriction enzyme digestion with Tagl
of the PCR product generates polymorphic bands for S. habrochaites and
S. lycopersicum. Another PCR-based marker, T0302, also was developed for Ty-2
that requires no restriction digestion. Linkage analysis showed that TG105A
and T0302 are closely linked to each other and 7y-2 is approximately 10cM from
these markers (Ji et al., 2007a).

Agrama and Scott (2006) conducted a quantitative trait loci (QTL) mapping
analysis of resistance to TYLCV and tomato mottle virus (ToMoV) in S. chilense
accessions, LA2779 and LA1932, using RAPD markers. The study revealed that
three regions on chromosome 6 contribute to resistance to both TYLCV and ToMoV.
The first region includes the Ty-1 region, whereas the other two regions flank either
side of the self-pruning (sp) and potato leaf (¢) loci. RAPD markers linked to
resistance in these regions have been identified using advanced breeding lines
derived from the accessions LA2779 and LA1932 (Ji and Scott, 2005). Subse-
quently, Ji et al. (2007b) conducted a detailed mapping of begomovirus resistance
and identified a large S. chilense introgression spanning markers from
C2_At2g39690 to T0834 in LA2779-derived advanced breeding lines resistant to
both TYLCV and ToMoV. A begomovirus resistance locus was mapped to the
marker interval between cLEG-31-P16 and T1079 on the long arm of chromosome
6, and designated as Ty-3. In addition to the Ty-3 locus, the large introgression also
spans the Ty-1 region near the Mi gene, suggesting the possible coexistence and
linkage of resistance alleles at both Ty-I and Ty-3 loci. In contrast, the LA1932-
derived advanced breeding lines possess a much shorter introgression from cLEG-
31-P16 to C2_At5g41480, which also carries a begomovirus resistance locus that is
probably allelic at the Ty-3 locus. Salus et al. (2007) designed PCR primers, FLUW-
25F/R and P6-25F/R, from the BAC clone 56B23 (AY678298) that are effectively
used for the selection of Ty-3 locus.

Ji et al. (2008) found that the early breeding lines derived from LA1932 carry an
additional introgression approximately 14 cM spanning markers from C2_At1g02140
to TG599 on the long arm of chromosome 3. The new TYLCYV resistance locus was
designated as Ty-4, and is flanked by markers C2_At4g17300 and C2_At5g60610.

Anbinder et al. (2009) mapped a major quantitative trait locus (QTL) and four
additional minor QTLs contributing for TYLCV resistance in a breeding line TY 172
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FIGURE 8.1 Marker-assisted selection of TYLCV resistance genes Ty-1 (JB-1), Ty-2
(T0302), and Ty-3 (FLUW-25).

derived from S. peruvianum. The major QTL was termed 7y-5, mapped to
chromosome 4 in the vicinity of SINACI marker and accounted for 39.7-46.6% of
the phenotypic variation. The minor QTLs, originated either from the resistant or
susceptible parents, were mapped to chromosomes 1, 7, 9 and 11, and contributed
12% to the variation in symptom severity in addition to Ty-5. Identification and
mapping of genes conferring resistance to TYLCV in S. pimpinellifolium, and
S. cheesmaniae have been attempted, but none have been fine-mapped and no tightly
linked markers are available to enable MAS (Chagué et al., 1997; Ji et al., 2007a).

Currently, PCR-based markers for Ty-1, Ty-2, and Ty-3 are extensively used for
MAS in public and private breeding programs. Figure 8.1 shows screening of JB-1
(Ty-1), T0302 (Ty-2), and FLUW-25 (Ty-3) markers across a set of tomato genotypes.
The JB-1 marker produced two alleles, allele 1 (about 300 bp) and allele 2 (about
400bp). Allele 1 was monomorphic but allele 2 indicated that the tomato lines
Boludo, Doroty, Yamile, 2a, 35a, G256, G2620, CA1, CA2, CA4, and Ty52 carry the
Ty-1 locus. The marker T0302 produced a band of about 900 bp size associated with
Ty-2locus and only CLN2498E carries the Ty-2 gene among the genotypes tested. The
marker FLUW-25 produced a band of about 700 bp size associated with the Ty-3
locus. The genotypes Doroty, 2a, 35a, CA2, CA3, and CA4 are homozygous for Ty-3,
whereas G256, G2620, and CA1 are heterozygous for Ty-3.
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8.2.4 Pyramiding TYLCYV Resistance Genes

Considering that resistance to TYLCV is controlled by multiple genes in its natural
state, pyramiding of genes from different sources in a common background is an
effective way to achieve higher and more durable resistance to TYLCV. Using the
interspecific hybrids obtained from crosses between S. pimpinellifolium (LA121),
S. peruvianum (CMV Sel. INRA), and S. habrochaites (H2), Kasrawi and Mansour
(1994) showed that TYLCV resistance genes from different sources are comple-
mentary. Vidavsky et al. (2007) crossed TYLCV-resistant lines that originated from
different wild tomato progenitors, S. chilense, S. peruvianum, S. pimpinellifolium, and
S. habrochaites. All F; hybrids resulting from a cross between two resistant parents
showed a relatively higher level of resistance, which in most cases was similar to that
displayed by the more resistant parent. The combination of classical breeding together
with molecular markers linked to the different sources of TYLCV resistance genes
will facilitate pyramiding of these genes. Research is ongoing at AVRDC—The
World Vegetable Center to stack TYLCYV resistance genes, Ty-1, Ty-2 and Ty-3 to
study gene complementation and develop breeding lines with multiple resistance
genes using molecular markers (Peter Hanson, Personal communication).

8.3 RESISTANCE TO THE WHITEFLY VECTOR

The whitefly, B. tabaci (Hemiptera: Aleyrodidae), is polyphagous, adapted to a wide
range of hosts, and distributed throughout the world (Oliveira et al., 2001). White-
flies acquire the virus through phloem feeding; it is transmitted sexually from insect
to insect, as well as to the progeny (Ghanim and Czosnek, 2000). B. tabaci and its B
biotype, B. argentifolii, have contributed to the outbreak of TYLCV in many
countries (Moriones and Navas-Castillo, 2000). Resistance to the insect vectors of
plant viruses is likely to alter the development and feeding behavior of the vectors,
thereby influencing virus acquisition and transmission. Hence, cultivars possessing
resistance to both TYLCV and the whitefly could slow down the disease spread and
crop damage.

8.3.1 Sources of Resistance to the Whitefly

Cultivated tomatoes and their wild relatives have been studied extensively for whitefly
resistance. The highest levels of resistance to B. tabaci have been observed in the
wild species S. pennellii, S. habrochaitesf. typicum, and S. habrochaites f. glabratum
(Gentile et al., 1968; De Ponti et al., 1975; Bas et al., 1992). Resistance to the whitefly
in S. peruvianum (Channarayappa et al., 1992; Baldin et al., 2005) and S. lycopersi-
cum var. cerasiforme (Sanchez-Peia et al., 2006) accessions also has been reported.
None of the commercially available cultivars are highly resistant; however, consid-
erable differences were observed in their levels of resistance against the whitefly
(Curry and Pimentel, 1971; Heinz and Zalom, 1995; Srinivasan and Uthamasamy,
2005) (Table 8.2).
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TABLE 8.2 Sources of Resistance to Whitefly, Bemisia tabaci, in Tomato

Genotypes Species Traits Observed Reference
PI-127826 S. habrochaites Number of Gentile
whiteflies et al. (1968)
LA716-64L, LA751-61L S. pennellii
Swift S. lycopersicum Number of Curry and
whiteflies Pimentel
1971)
LA716 S. pennellii Trichome Heinz and
density, number Zalom
of eggs (1995)
LA1353 S. habrochaites
LA1340, LA1674, S. pennellii Adult settling (%), Muigai
LA2560 adult mortality et al. (2002)

LA386, LA1353,LA1777,
PI127826, P1127827
PI1126449

PI127826

LA716

PI127826, P1127827

PI134417

PI-127826

PI-134417, PI134418

LA716
LA444-1
PI126931
LE231, LE1165

Wild populations

S. habrochaites
f. typicum

S. habrochaites f.
glabratum

S. habrochaites

S. pennellii

S. habrochaites

S. habrochaites f.
glabratum

S. habrochaites

S. habrochaites
f. glabratum
S. pennellii
S. peruvianum
S. pimpinellifolium
S. lycopersicum

S. lycopersicoum
var. cerasiforme

(%), number of
eggs

Zingiberene
content, number
of whitefly

Number of
trichomes,
number of eggs

Period of
development
from egg to
adults

Number of
trichomes,
number of eggs

Trichome density,
number of
whiteflies

Freitas
et al. (2002)

Toscano
et al. (2002)

Baldin
et al. (2005)

Srinivasan and
Uthamasamy
(2005)

Sanchez-Pefa
et al. (2006)
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8.3.2 Mechanism of Resistance to Whitefly

Painter (1951) classified the host-plant resistance mechanisms against insect pests
into three categories: Non-preference or antixenosis (Kogan and Ortman, 1978),
a quality that repels or disturbs insects, causing a reduction in colonization or
oviposition; antibiosis, a quality that reduces insect survival, growth rate, or repro-
duction following the ingestion of host tissue; and tolerance, a capacity to produce
a crop of high quality and yield despite insect infestation. Of these, antixenosis- and
antibiosis-based resistance against whitefly has been well documented in tomato.

Trichomes present on the leaves and stems are the primary traits responsible for
antixenosis- and/or antibiosis-based resistance to whitefly in tomato. The types and
density of trichomes influence the preference of whiteflies for oviposition (Snyder and
Carter, 1985). Seven types of trichomes occur in tomato, including glandular
trichomes (types I, IV, VI, and VII) and nonglandular trichomes (types II, III, and
V) (Luckwill, 1943). The wild genotypes of S. habrochaites and S. habrochaites
f. glabratum possess type I, IV, Vla, and VIc glandular trichomes, but type VIc
trichomes were associated with physical resistance to whitefly infestation and
proliferation (Channarayappa et al., 1992). In S. pennellii, the type IV glandular
trichomes are abundant (Liedl et al., 1995). The glandular trichomes contain several
types of secondary compounds, which are either toxic or repellent to the insect pests.
Williams et al. (1980) reported that insect resistance in S. habrochaites is caused, in
part, by the presence of a methyl ketone, 2-tridecanone, found in the exudates of the
leaf glandular trichomes. Freitas et al. (2002) reported that type IVand VI trichomes in
S. habrochaites contribute to the increased zingiberene levels, which leads to higher
levels of resistance to the whitefly. In S. pennellii, the type IV glandular trichomes
produce exudates containing high levels of toxic acylsugars, which play a major role
in the resistance against whitefly (Liedl et al., 1995). The commercial cultivars of
tomato mostly exhibit nonglandular type III and V trichomes, which are not
considered to be important in whitefly control mechanisms (Heinz and Zalom, 1995).
Srinivasan and Uthamasamy (2005) found a positive relationship between leaf
trichome density and oviposition preference by the whitefly. Higher oviposition
occurred on leaves with dense trichomes. Higher pubescence might provide a more
suitable microclimate for the oviposition. It is likely that whitefly rejects nonhairy
leaved genotypes due to the lack of egg-laying sites. Hence, nonglabrous leaves may
be an important criterion for whitefly resistance.

Nombela et al. (2000) reported that the Mi gene, introgressed from S. peruvianum
and conferring resistance to nematodes and aphids, also may be involved in the partial
resistance to whitefly shown by the commercial tomato cultivars carrying this
gene. This suggests the possibility of alternative mechanisms that are distinct from
trichome-mediated resistance to whitefly in tomato.

8.3.3 Genetics of Resistance to Whitefly

The genetics of the traits related to insect resistance in tomato appears to be complex
and quantitative. For example, the accumulation of the desired levels of acylsugars for
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protection from insects requires the presence of multiple genes. Mutschler et al. (1996)
identified five QTLs on chromosomes 2, 3, 4, and 11, associated with acylsugar
accumulation using an interspecific F, population developed from a cross between
S. lycopersicum and S. pennelli (ILA716). Subsequently, these QTLs were transferred
into S. lycopersicum background through MAS. However, these five QTLs were not
sufficient to accumulate the required levels of acylsugars to confer resistance in the
progeny (Lawson et al., 1997). Additional QTLs involved in acylsugar production in
LA716 were detected using an intraspecific population between LA716 and LA1912
(Blauth et al., 1998). The transfer of these QTLs into S. lycopersicum background is in
progress (Mutschler and Lobato-Ortiz, 2006).

Similarly, Zamir et al. (1984) and Nienhuis et al. (1987) reported several genomic
regions associated with 2-tridecanone content in S. habrochaites f. glabratum.
Maliepaard et al. (1995) reported QTLs associated with trichome densities and
resistance to greenhouse whitefly, Trialeurodes vaporariorum, using an interspecific
population derived from the cross between moneymaker (S. lycopersicum) and
CGNI1.1561 (S. habrochaites f. glabratum). The QTLs for resistance to the whitefly
and trichome densities were different, suggesting that the density of type IV trichomes
was not involved in resistance to the whitefly. Freitas et al. (2002) reported that
asingle major locus controls high zingiberene content in PI-127826 (S. habrochaites),
which is associated with type IV, VI, and VII trichome densities and resistance to
whitefly.

Although high levels of whitefly resistance are present in wild tomato relatives, the
trait is controlled by several genes; hence, the transfer of insect resistance into
cultivated tomatoes has not been realized. Nevertheless, some level of insect
resistance has been introgressed and could play an important role in complementing
genes for resistance to TYLCV.

8.4 PATHOGEN-DERIVED RESISTANCE

The use of genetic engineering has successfully demonstrated the development of
virus resistance through the production of transgenic plants. The concept of pathogen-
derived resistance (PDR) has opened new avenues for the development of virus-
resistant plants (Sanford and Johnston, 1985) including resistance to TYLCV.
Transgenic tomatoes have been developed to suppress TYLCV using different
segments of its own genome through gene-silencing strategies. The use of viral
DNA in both sense and antisense orientations has been exploited with mixed results.
The double-stranded RNA interference technology is highly efficient when compared
to silencing through cosuppression and antisense. The RNA silencing is a host-
dependent mechanism triggered against viruses leading to degradation of sequence-
specific RNA (Hamilton and Baulcombe, 1999; Li et al., 2002). This type of
phenomenon is known as post-transcriptional gene silencing (PTGS) in plants
(Napoli et al., 1990), and RNA interference (RNAi) in Caenorhabditis elegans (Fire
et al., 1998) and Drosophila melanogaster (Hammond et al., 2000). The PTGS is
exploited against several RNA viruses with great success, since RNA viruses have
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dsRNA in their replication cycle, in contrast to DNA viruses whose replication is
through DNA intermediates.

8.4.1 Coat Protein-Mediated Resistance

The first transgenic tomato developed by Kunik et al. (1994) against TYLCV was
using a coat protein gene of the same virus. An interspecific tomato hybrid,
S. Iycopersicum x S. pennellii, was transformed with the TYLCV CP gene (V1) and
resistance was evaluated by subjecting plants to viruliferous whiteflies (20 whiteflies/
plant) for 48 h. The response of transgenic tomatoes was either susceptible, delayed
symptom expression, or recovery from viral infection without manifestation of
complete resistance. All plants that recovered from TYLCV infection showed
high-level expression of the CP gene. In contrast, transgenic tomato expressing the
full length of the TYLCV CP gene showed complete to variable resistance (Raj
et al., 2005). In this experiment, 810 viruliferous whiteflies/plant were used to
evaluate the resistance. The variation in the resistance levels obtained in these
experiments could be due to differences in whitefly (inoculum) pressure as well as
the genome position and copy number of the transgene in the engineered plants.

8.4.2 Replicase-Mediated Resistance

In geminivirus, the virus encodes a 41-kDa multifunctional protein, which has a role
in viral replication (Lazarowitz et al., 1992; Fontes et al., 1992, 1994) and represses its
own expression (Sunter et al., 1993; Eagle et al., 1994). Noris et al. (1996) expressed
the TYLCV N-terminal 250 amino acids of the Rep protein in both sense and antisense
orientation under the control of CaMV 35S promoter in Nicotiana benthamiana. The
resistance was evaluated by agroinoculation of TYLCYV, but no complete resistance
was observed. Transgenic progenies from the sense Rep gene performed better than
antisense progenies. No symptoms were observed at 4 weeks post inoculation (WPI)
but most of the plants showed symptoms at 15 WPI. The expression of the transgene
was correlated with substantial reduction of viral DNA. Transgenic tobacco plants
expressing the TYLCV Cl1 antisense RNA were obtained by Bendahmane and
Gronenborn (1997) and the resistant lines were symptomless. The replication of the
challenged TYLCV was completely suppressed after two generations of testing.
Brunetti et al. (1997) used truncated C1 gene of the TYLCV (first 250 amino acids) to
develop resistant transgenic tomatoes. Crosses were made between R, tomato
carrying two loci (A and B; line 47) and accumulating high level of truncated Rep
protein either with wild type or transgenic plant carrying antisense C1 gene. Altered/
curling phenotype with high level of resistance to TYLCV was observed in the
progenies obtained from crosses between the wild type and line 47. Resistant and
susceptible phenotypes were observed from plants carrying both sense and antisense
transgenes. Other studies have suggested that plants are unable to regenerate if they
expresses a sense copy of the complete Tomato yellow leaf curl Sardinia virus
(TYLCSV) Rep gene and the possible reason is the deleterious effects of the Rep
protein on the cell (Bendahmane and Gronenborn, 1997). TYLCSV-resistant
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transgenic plants expressing Rep-210 showed resistance to both homologous
(TYLCSV) and heterologous (TYLCV-PT) forms of the virus (Lucioli et al., 2003).
To reduce the toxicity of the Rep gene, the first 129 amino acids including the Rep-
binding domain were used to develop transgenic tomatoes (Antignus et al., 2004).
They observed that the transgenic tomatoes were completely resistant to the same
virus with whitefly inoculation and variable resistance (immune to susceptible) was
observed with agroinoculation. T-Rep gene provides resistance to only homologous
virus TYLCV-Sar and not to TYLCV-Au and the related TYLCV-ES (Noris et
al., 1996; Brunetti et al., 2001). Yang et al. (2004) expressed eight different constructs
in transgenic tomatoes and observed that no TYLCV genomic DNA was detected by
both hybridization and PCR amplification in the progenies transformed using
constructs containing at least part of the Rep gene and the IR. No viable seeds were
produced from plants transformed with the C4 gene, suggesting the toxic nature of
the gene. The Rep protein was found unnecessary for resistance and in contrast to the
study conducted by Brunetti et al. (1997, 2001). Praveen et al. (2005a, 2005b)
developed transgenic tomatoes using the antisense orientation of the untranslatable
ToLCV rep gene (1086 bp) with high level of resistance at the R, generation. Data
from different studies have shown the variability of the effectiveness of transgenic
plants transformed with similar silencing elements. The variability could be due to
differences in construct used, copy number and genome location of the transgene,
intactness of the insert, virus assay, and strain of the virus. Nevertheless, immunity
could be achieved and highly resistant transgenic plants developed when sufficient
numbers of transgenic events were generated.

8.4.3 Transgenic Plants Expressing Hairpin Vectors

Double-strand RNA molecules can be produced to generate small interfering RNAs
(siRNAs), either by creating sense or antisense transgene, self-complementary
inverted repeats, or through artificial microRNAs (amiRNA). It has been demon-
strated that siRNA molecules can trigger PTGS against a geminivirus infection in the
plant cell. Delivery of the synthetic siRNA molecules in tobacco BY2 protoplast
inhibits the accumulation of the African Cassava Mosaic Virus (ACMV) when
ACMYV DNA A and DNA B are coinoculated with the synthetic siRNA designated
to target the ACMV AC1 gene (Vanitharani et al., 2004). Transient and transgenic
approaches are used to exploit the siRNA-mediated resistance against TYLCV.
Fuentes et al. (2006) developed transgenic tomatoes using intron-hairpin RNA
constructs encoding 726 nucleotides of the 3’ end of the TYLCV C1 gene (Rep).
Transgenic lines harboring a single copy of the construct showed immunity to
TYLCYV even after exposing 300 to many hundred whiteflies per plant for 60 days.
Dot blot hybridization and ELISA revealed no TYLCV accumulation in the
transgenic plants and showed that siRNA accumulation was correlated with resis-
tance leading to PTGS. Ramesh et al. (2007) used the siRNA strategies to silence
ToLCV AC1 and AC4 genes. To evaluate the resistance to ToLCV, virus-infected
tomato plants were used as explants to develop transgenic tomatoes. Eighty to
ninety-five percent of the transgenic plants harboring the antisense T-Rep, IR, and
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Ihp genes were found to fully recover from ToLCV infection. It was reported that the
hairpin RNA-mediated resistance mechanism is due to the prevention of RNAi
suppression.

Abhary et al. (2006) constructed hairpin vectors using noncoding conserved
regions of the TYLCV-Malaga virus, TYLCV-mild, and TYLCSV-Spain. A broad
spectrum of resistance was obtained against different viruses that cause tomato yellow
leaf curl disease, and no virus was detected by both PCR and dot blot hybridization. A
positive correlation between resistance and the accumulation of TYLCV-specific
siRNA was observed. Similarly, Zrachya et al. (2007b) demonstrated that the
expression of hairpin vector containing 419 nucleotides of N-terminal TYLCV coat
protein gene in both transgenic tomato and transient studies revealed that the
resistance was mediated by siRNA and positively correlated with the accumulation
of siRNA.

To study the siRNA-mediated silencing studies against ToLCV, Praveen
et al. (2007) adopted two approaches. One approach was using an RNAI silencing
target sequence from the TYLCV genome, designated via amiRNA, and the other
approach was using transgene derived siRNAs. Both micro RNAs (miRNA) and
siRNAs are regulated in plant development through transgene- or virus-induced
silencing, respectively. The expression of amiRNA, intron spliced RNA, inverted
repeat RNA, and short hairpin RNA using constructs developed from the IR, AV1,
AC1, AC2, and AC4 showed 13-95% of the infected tomato plants recovered from
infection. The best performance was observed in transgenic tomatoes expressing an
amiRNA construct (95%).

8.4.4 Mechanism of Resistance

The mechanism of PDR is thought to be the inhibition of viral replication and
movement within the plant system for both RNA and DNA viruses, until recently
when the PTGS was discovered. TYLCSV DNA replication is inhibited by the
binding of the Rep transgene to the viral DNA and blocking of the functional Rep
synthesis by challenging the virus through transcriptional repression of the viral C1
gene through an interaction with its upstream recognition sequences (Noris
et al., 1996; Antignus et al., 2004). The T-Rep protein acts as a dominant-negative
mutant by competing with wild-type Rep for binding to the viral DNA (Brunetti
etal., 1997). However, the resistance conferred by TYLCV T-Rep gene is of a protein-
mediated type based on the correlation between the level of resistance and the degree
of expression of the transgene in the plant tissue and is active at the single-cell level
(Noris et al., 1996; Brunetti et al., 1997, 2001). Some plants initially resistant to
TYLCSYV became infected at a later stage (Brunetti et al., 1997; Noris et al., 1996).
Late infections were associated with down-regulation of Rep-210 protein and its
mRNA, and collectively suggested that the virus-mediated interference acts at a post-
transcriptional level (Lucioli et al., 2003). The system of the Rep-210 amino acids is
operated by two different types of mechanisms: (1) the homologous virus resistance is
achieved by the ability of the Rep-210 to tightly inhibit the C1 gene transcription
(RNA-mediated); (2) the heterologous virus resistance is due to the interacting
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property of the Rep-210 oligomerization domain, but the contribution of oligomer-
ization (protein-mediated) is secondary. The resistance can be overcome by the ability
of the challenging virus to silence the homologous transgene and the Rep-130 (Lucioli
etal., 2003). In contrast to protein-mediated resistance, the RNA-mediated resistance
through PTGS blocks the movement of the challenging virus within the plant (Yang
et al., 2004; Bendahmane and Gronenborn, 1997). Transient and transgenic expres-
sion of T-Rep gene of the TYLCSV revealed the efficient inhibition of the replication
of the donor virus but not to the related strain (TYLCV Murcia strain). While the C4
protein does not have any role in virus resistance, the slow migration of the viral DNA
was observed due to partial duplexes with incomplete minus strand.

After the discovery of the PTGS-mediated resistance, several studies were
conducted to produce siRNA by the introduction of sense and antisense constructs
to produce duplex RNA from various regions of the TYLCV. In the PTGS process,
longer dsRNAs are cleaved by a host ribonuclease III-like enzyme, termed dicer, into
siRNAs of 21-25 nucleotides in length. The resulting siRNA molecules associate with
a multiprotein complex known as RNA-induced silencing complex (RSIC) and
ultimately target homologous mRNA for degradation based on complementary base
pairing (Baulcombe, 2004). Although PTGS lines accumulate low or undetectable
amounts of Rep-210 protein and mRNA, and high amounts of siRNAs, the plants were
susceptible under high whitefly pressure but resistant under low whitefly pressure.
TYLCSV boosted the transgene silencing but it did not help with the recovery of the
plant from viral infection (Noris et al., 2004). The dsRNA formed by the transgene
antisense RNA with sense viral RNA (challenging virus) ultimately produced siRNA
and led to the recovery of TOLCV infection or complete resistance (Yang et al., 2004;
Praveen et al., 2005a). Positive correlation between resistance and accumulation of
siRNA was observed (Praveen et al., 2005b; Fuentes et al., 2006; Abhary et al., 2006;
Zrachya et al., 2007b). The RNA-directed DNA methylation resistance operated
where transgenic virus-resistant lines did not accumulate detectable level of siRNA
(Pooggin et al., 2003).

To counterattack the RNA silencing defense mechanism, most plant viruses have
evolved RNA silencing suppressors (Voinnet et al., 1999). Unlike most virus RNA-
mediated resistance that has been described, DNA viruses replicate through DNA
intermediates and not through dsRNA, and therefore TYLCV is less susceptible to
RNA silencing. The viral C2 and V2 protein of TYLCV-China and TYLCV-Is has
been reported as a silencing suppressor, respectively (van Wezel et al., 2003; Dong
et al., 2003; Zrachya et al., 2007a). The involvement of silencing suppressors helps
to overcome the transgenic plant resistance to TYLCV (Noris et al., 2004).

8.5 INTEGRATED APPROACH TOWARDS STABLE
RESISTANCE TO TYLCV

The dynamic changes in TYLCV and the development of pesticide resistance in
whitefly populations have made the management of whitefly-transmitted TYLCV
difficult in many areas. Successful management of this virus requires multiple
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components. Resistant cultivars are the easiest to implement and the most cost-
effective; they should be the cornerstone of an integrated TYLCV control program.
However, effective breeding for resistance and deployment of resistance genes
against TYLCV requires thorough knowledge of the virus. Screening programs have
to consider the virus strains used in identifying resistant sources. In parallel, shifts in
the virus populations have to be monitored to model the TYLCV management
Sstrategy.

Studies on known TYLCV resistance genes shows complementation between
genes when they are stacked together; this method frequently is used in breeding
programs to develop a horizontal form of resistance to TYLCV. Vidavsky (2007)
reported that the most resistant hybrids were those that combined more than one
source of resistance, and all sources of resistance appeared to be complementary.
The highest level of resistance was achieved by combining the resistant sources
derived from S. peruvianum and S. habrochaites. Complementation amongst 7y-1,
Ty-2, and Ty-3 resistance genes has been observed and is used in many tomato
breeding programs to develop resistance across geographies and multiple strains of
the virus.

Resistance to the whitefly vector is present in wild tomato relatives, albeit
genetically complex, which makes introgression of the trait challenging. Limited
attempts have been made to explore the host resistance to the whitefly while breeding
for resistance to TYLCYV in tomato. Channarayappa et al. (1992) first reported that
some of the wild accessions carry resistance to both whitefly as well as TYLCV
(Table 8.3). Momotaz et al. (2005) reported the presence of multiple genes controlling
resistance to both whitefly and TYLCV in LA1777 (S. habrochaites). The combi-
nation of those genes might probably have caused a high level of TYLCV resistance in
LA1777. Similarly, Kadirvel et al. (unpublished) observed the complementation of
resistances to the whitefly and TYLCV in tomato hybrid genotypes (Table 8.3).
LA1940 (S. pennellii) showed high level of resistance to both whitefly and TYLCV in
the field and greenhouse conditions. When LA1940 was crossed with CLN1621L,
a highly susceptible variety, the F; was susceptible to both whitefly and TYLCV.
When the LA1940 was crossed with CLN2498E, a variety with moderate resistance to
TYLCV carrying the Ty-2 locus, the F; showed higher resistance to both whitefly
and TYLCV when compared to CLN2498E (Fig. 8.2). Thus, the high level of
resistance to TYLCYV observed in the F; derived from the cross CLN2498E/LLA940
could be due to the complementation of whitefly resistance from LA 1940 and the Ty-2
TYLCYV resistance gene from CLN2498E. It was also observed that some of the
TYLCV-resistant breeding lines such as CA4 and FLA456 were not preferred by the
whitefly when compared to susceptible genotypes. Current research on genetics of
resistance to insects in tomato provides an opportunity for combining whitefly
resistance QTLs with TYLCV resistance genes, which could pave the way for
increasing the durability of TYLCV resistance in the field (Mutschler and Lobato-
Ortiz, 2006).

The use of genetic engineering has showed that immunity to TYLCV could be
achieved. This is a standard that is very difficult and rarely achieved in conventional
breeding. However, this type of resistance may impose considerable pressure for
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TABLE 8.3 Reaction of Tomato Genotypes for Resistance to TYLCV and its Whitefly
Vector, Bemisia tabaci

Reaction to

Reaction to

Genotypes Species Whitefly TYLCV Reference
PI390658, S. habrochaites Resistant Resistant Muniyappa
PI390659 et al. (1991)
PI127830 S. peruvianum Resistant Resistant
LA386 S. habrochaites Resistant Resistant Channarayappa
et al. (1992)
LA1777, S. habrochaites Resistant
PI390513
LA407 S. habrochaites Mildly resistant
f. glandulosum
Pusa ruby S. lycopersicum Susceptible Susceptible
LA1272 S. pennellii Susceptible
LA1407 S. cheesmaniae Susceptible
LA121 S. pimpinellifolium  Moderately Mildly resistant
resistant
LA375, S. pimpinellifolium Mildly resistant
LA1335,
PI19532
PI1127830 S. peruvianum Resistant
PI1126945 S. peruvianum Mildly resistant
LA385 S. peruvianum Mildly resistant
LA1954 S. peruvianum Resistant Moderately
resistant
LAA451, S. peruvianum Moderately
LA364, resistant
LA366
LA458 S. chilense Susceptible
LA1028, S. chimeleski Moderately
LA1306 resistant
LA1326 S. parviflorum Susceptible
LA364 S. parviflorum Moderately
f. glandulosum resistant
CLN1621L S. lycopersicum Highly Highly Kadirvel et al.,
susceptible susceptible unpublished
CLN2498E S. Iycopersicum Susceptible Moderately
resistant
CA4 S. Iycopersicum Moderately Resistant
resistant
FLA456 S. lycopersicum Moderately Resistant
resistant
LA1940 S. pennellii Highly resistant Resistant
CLN1621L x 8. lycopersicum x Susceptible Susceptible
LA1940 (F1)  S. pennellii hybrid
CLN2498E x 8. lycopersicum x Moderately Resistant
LA1940 (F1)  S. pennellii hybrid  resistant
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FIGURE 8.2 Reaction of S. lycopersicum (CLN2498E), S. pennellii (LA1940), and its F,
hybrid (CLN2498E x LA1940) to TYLCYV infection.

the virus to evolve and overcome the resistance. Although, there are transgenic
approaches to achieve resistance against multiple virus strains, combining conven-
tional and transgenic resistances has not been explored and may provide a more
effective and stable resistance to TYLCV. Similarly, transgenic solutions to control
the whitefly vector could complement the TYLCV resistance genes, or vice versa, in
providing an effective and durable solution to TYLCYV epidemics.

8.6 CONCLUSIONS

Tomato yellow leaf curl is a devastating disease and a major production constraint
worldwide. Control measures are available; however, no single method provides an
effectively stable solution to the TYLCV problem. Resistant varieties are currently
the most effective way to reduce damage from TYLCV. Sources of resistance are
available in the wild tomato species; resistance genes to TYLCYV identified to date are
introgressions from wild tomatoes. Breeding for resistance is confounded by the
diversity of TYLCV and its whitefly vector such that individual resistance genes may
be easily overcome by the virus. For example, Ty-2 under moderate to heavy disease
pressure does not provide resistance to TYLCV in Taiwan, compared to previous
years in which it effectively controlled the virus. Pyramiding genes for resistance to



REFERENCES 125

TYLCYV increases the efficacy of control and broadens the effectiveness of resistance
against multiple virus strains. Molecular markers linked to different sources of
TYLCYV resistance have been developed and have facilitated pyramiding of resistance
genes against TYLCV. This approach has provided tomato breeding programs with
a tool to effectively manage TYLCV. In addition, resistance to the whitefly vector
is available, which on its own may not provide effective control of TYLCV, but
may enhance the effectiveness and durability of the TYLCV resistance genes. The use
of genetic engineering provides remarkable promise in both TYLCV and whitefly
control. If public concern regarding genetically engineered vegetables is not
addressed, this potential will not be realized in the near future. Other methods such
as chemical control and manipulation of cropping practices could provide effective
control of the whitefly vector and thereby reduce the risk of TYLCV infection. Some
options available in combating TYLCV damage may not be highly effective on their
own, but in combination, these complementary measures would provide highly
effective, durable management of TYLCV epidemics.
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9.1 INTRODUCTION: LEGUME SEED CROPS

Pea (Pisum sativum L.) is an important agricultural legume (pulse) seed crop for
human and animal consumption. Pulses are rich, not only in protein and starch, but
also in other nutrients such as fiber, vitamins, and minerals (Wang et al., 2008), which
make pulses well suited to meet the demands of health-conscious consumers. Among
a growing list of health-beneficial effects derived from pulse consumption
(Leterme, 2002), the low glycemic index of pulses (Foster-Powell et al., 2002) can

Biocatalysis and Biomolecular Engineering, Edited by Ching T. Hou and Jei-Fu Shaw
Copyright © 2010 John Wiley & Sons, Inc.

133



134 CARBOHYDRATE ACQUISITION DURING LEGUME SEED DEVELOPMENT

help control blood glucose and insulin levels and ameliorate some complications of
diabetes (Rizkalla et al., 2002). Once referred to as “poor man’s meat” because they
are high in protein and inexpensive, pulses are valuable additions to a modern diet
because of their good taste, convenience, ease of use, and nutritional role in managing
and preventing diabetes (Leterme, 2002). By further understanding the mechanisms
of nutrient transport and storage during pea seed development, targeted manipulation
of specific aspects of these processes may lead to desirable changes in the seed
nutrient profile including starch and protein content for human consumption and/or
for industrial uses (Wang et al., 2003).

9.2 NUTRIENT PATHWAY FROM SEED COAT TO EMBRYO IN
LEGUMES

In pea, sucrose is the principal photosynthate sugar that is transferred between cells
and through vascular tissues to sink tissues (Smith and Denyer, 1992). The pea
embryo, a strong terminal sink for sucrose, is not vascularly connected to the maternal
seed coat tissue (Hardham, 1976). The seed coat sieve elements unload sucrose and
other nutrients symplastically into the seed coat parenchyma cells; subsequently
sucrose is unloaded into the endospermal apoplastic space between the seed coat and
the developing embryo (Thorne, 1985; Van Dongen et al., 2003). As the embryo
develops, the epidermal cells of the cotyledon play a key role in uptake of sugars and
other nutrients from the endospermal space for growth and storage in the parenchyma
cells of the cotyledons (Tegeder et al., 1999).

9.3 ROLE OF INVERTASES IN SUCROSE METABOLISM DURING
LEGUME SEED DEVELOPMENT

Invertases (B-fructofuranosidase; EC 3.2.1.26) catalyze the irreversible hydrolysis of
sucrose into its constituent monosaccharides fructose and glucose. Based on optimal
pH requirements and subcellular localization, invertases have been classified into
three isoforms (Sturm, 1999; Roitsch and Gonzalez, 2004). Soluble-acid invertases
are present in vacuoles, neutral or alkaline invertases occur in the cytoplasm, and
insoluble-acid invertases are localized to the apoplast, usually ionically bound to the
cell wall (cell wall invertases; CWI). CWI is active in growing zones and expanding
sink tissues and facilitates assimilate unloading by increasing the concentration
gradient of sucrose (Sturm, 1999; Roitsch and Gonzélez, 2004). The role of CWIs in
apoplastic cleavage of sucrose, and establishment and maintenance of sink metab-
olism has been studied and reported in different plant species, including faba bean
(Weber et al., 1996), tomato (Godt and Roitsch, 1997), rice (Cho et al., 2005), and
Arabidopsis (Sherson et al., 2003). A number of transgenic studies have also
strengthened a correlation between altered CWI activity and the modification of
sink strength in transgenic plants. Transgenic overexpression of CWI in potato
(Sonnewald et al., 1997), CWI antisense repression in carrot (Tang et al., 1999),
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and ectopic expression of a yeast-derived invertase targeted to the apoplast in the
legume Vicia narbonensis L.(Neubohn et al., 2000) have confirmed that apoplastic
invertases (CWI) play a crucial role in early differentiation and development of sink
organs.

In the legume Vicia faba, CWI is expressed in the sugar unloading area of the
seed coat, cleaving incoming sucrose within the apoplastic space separating the seed
coat and embryonic tissues (Weber et al., 1995). During early seed development,
seed-coat-associated CWI cleaves sucrose after it is unloaded from seed coat cells,
thereby generating a high hexose environment surrounding the embryo. Subse-
quently, invertase activity declines in the seed coat, hexose content decreases
(concomitant with an increase in sucrose content) in the surrounding embryo
environment, and cotyledonary differentiation into a storage organ is initiated,
including starch and storage protein accumulation. Generally, invertase activity
predominates during early seed development, and sucrose synthase activity (a
glycosyl transferase that converts sucrose into UDP-glucose and fructose) during
seed storage and maturation (Sturm and Tang, 1999; Weber et al., 1995). Persistence
of invertase activity at certain stages can delay embryo maturation (Weber
et al., 1996; Silva and Ricardo, 1992). Somatic embryogenesis in carrot tissue
cultures was characterized by an increase in alkaline invertase and a decrease in the
acid invertase (Silva and Ricardo, 1992). Nonembryogenic cell lines, on the other
hand, maintained very high acid-invertase activities. In V. faba, high hexose
conditions were correlated with an extended mitotic activity in a large-seeded
genotype when compared to a small-seeded genotype (Weber et al., 1996). In both
the large- and small-seeded genotypes, when the hexose to sucrose ratio decreased,
differentiation and storage activities were initiated in the cotyledons. Furthermore,
sucrose feeding to mitotically active V. faba cotyledons in vitro induced differen-
tiation (elongation of cells, enlargement of nuclei, appearance of starch grains and
storage protein bodies) whereas a high ratio of hexoses to sucrose maintained
mitotic activity in this tissue (Weber et al., 1996). It was concluded that the
development of the embryo is coordinately regulated with that of the seed coat
through metabolic signals that include the ratio of hexoses to sucrose.

9.4 PEA SEED COAT MORPHOLOGY AND SITE OF SUCROSE
UNLOADING

The developing pea seed coat consists of distinct cellular layers (Van Dongen
et al., 2003). The outermost cellular layer consists of epidermal cells that will
elongate and differentiate into macrosclereids. A single layer of hypodermal cells
islocated immediately below the epidermis. The remainder of the seed coat tissue is made
up of parenchyma cells that can be further classified into three distinct types: chloren-
chyma, ground parenchyma, and branched parenchyma (Van Dongen et al., 2003).
The chlorenchyma cells contain a greater amount of chloroplasts compared to the
other parenchyma cells in the seed coat. An important function of the chloroplasts in
the seed coat appears to be the transient accumulation of starch during seed
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development (Rochat and Boutin, 1992). The ground parenchyma cells are the most
abundant of the parenchymous cell types in the seed coat. They appear similar to the
chlorenchyma cells, but contain fewer chloroplasts. The innermost layer consists of
the branched parenchyma (small irregularly shaped cells with extensive intercellular
spaces). As the cotyledons of the embryo expand, the branched parenchyma and
the innermost layers of the ground parenchyma of the seed coat are compressed and
they deteriorate. The cell wall remnants of these tissues form a boundary layer
between the functioning seed coat parenchyma cells and the cotyledons (Van Dongen
et al., 2003).

The vascularly transported nutrients enter the seed through a single vascular
bundle in the funiculus (connects the seed coat to the ovary wall) that continues into
the seed coat as the chalazal vein and its two lateral branches (Hardham, 1976; Van
Dongen et al.,, 2003). The chalazal vein consists of a central xylem strand
surrounded by phloem elements and it extends approximately three-quarters around
the seed circumference. The two shorter lateral branches contain only phloem tissue
and run parallel to the radicle of the embryo (Hardham, 1976). Phloem-imported
sucrose moves symplasmically from the seed coat vascular tissue (phloem of the
chalazal vein and of the lateral branches) into the adjacent seed coat parenchyma
cells before release into the apoplast (Fig. 9.1, seed coat) (Patrick and Offler, 1995;
Patrick, 1997). Results from phloem-mobile fluorescent tracer experiments suggest
that the site of phloem unloading in P. sativum is the ground parenchyma/
chlorenchyma cells of the seed coat (Van Dongen et al., 2003). The branched
parenchyma layer is probably not involved in sucrose unloading into the seed coat in
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FIGURE 9.1 Symplasmic discontinuity between the seed coat (maternal) and embryo
(filial) tissues in legume seeds necessitates solute efflux from the seed coat (represented by the
black box in the innermost cell layer of the seed coat) and uptake by the embryo tissues
(represented by the black box in the outermost cell layer of the cotyledons of the embryo). The
activity of cell-wall invertases in the innermost layers of the seed coat parenchyma cells
regulates the ratio of hexoses to sucrose in the vacuolated endospermal space (seed apoplast)
of the seed.
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the legume species P. sativum and Phaseolus vulgaris (Patrick et al., 1995; Van
Dongen et al., 2003). Weber et al. (1997) have suggested that during the prestorage
phase of seed development, CWI is specifically expressed in the outermost layer of
V. faba seed coat parenchyma cells (likely homologous to the branched parenchyma
of Pisum; Van Dongen et al., 2003). Furthermore, Weber et al. (1997) proposed that
the developmentally regulated degradation of this layer (with loss of CWI activity)
initiates the storage phase of the embryo through a switch from high to low ratios of
hexoses to sucrose in the environment surrounding the embryo (vacuolated en-
dospermic space; Fig. 9.1).

The importance of the seed coat in legume seed nutrient acquisition is highlighted in
the studies with the pea seed mutant £2748. In this mutant line, the epidermal cells of the
developing cotyledons do not take on transfer cell morphology (Borisjuk et al., 2002);
instead they become enlarged, vacuolated, and tightly associated with adjacent seed
tissues, indicating that these cells do not functional normally in sucrose uptake. Seed
coat growth as well as composition, concentration, and dynamics of sugars within the
endospermal vacuole were unchanged in line E2748, suggesting that seed coat growth
is independent of that of the embryo and dependent on the maternal genotype.
Furthermore, the seed coat appears to modulate both concentration and composition
of sugars within the endospermal vacuole, regardless of normal embryo growth. This
observation has significant implications for seed development, confirming the impor-
tance of the maternally derived seed coat tissue in regulating seed size (Hedley and
Ambrose, 1980; Weber et al., 1996; Borisjuk et al., 2002).

9.5 EMBRYO ACQUISITION OF SUGARS

During the linear phase of storage acquisition in the pea embryo, the cotyledonary
epidermal transfer cells mainly function in the uptake of sucrose. Intercellular
movement of the symplasmic tracer 5-(6)-carboxyfluorescein suggests that symplas-
mic pathways interconnect the epidermal transfer cells to storage parenchyma cells
(Tegederetal., 1999). Sucrose/H + symporters located in the cotyledonary epidermal
transfer cells are suggested to play a central role in acquisition of sucrose from the
seed apoplast (Fig. 9.1, embryo) (Tegeder et al., 1999). Sucrose imported into the
cotyledons of the embryo is subsequently converted to starch, a major seed reserve for
subsequent seed germination. Sucrose is converted to starch during mid to late pea
seed development by the coordinate regulation of starch synthesizing enzymes
including ADP-glucose pyrophosphorylase, starch synthase, and starch-branching
enzymes (Smith and Denyer, 1992; Smith et al., 1997).

9.6 MODIFICATION OF NUTRIENT PATHWAY DURING PEA SEED
DEVELOPMENT

Agrobacterium tumefaciens-mediated transformation of pea has been demonstrated
to be technically feasible (Schroeder et al., 1993; Grant et al., 1995; Bean etal., 1997),
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which is an important prerequisite for metabolic engineering of sucrose metabolic
pathways to alter partitioning of assimilates between the seed coat and the embryo and
different storage products within the embryo. We have developed transgenic pea
plants with a pea CWI gene (Pslnv-1; Zhang et al., 1997) driven by a seed-coat-
specific promoter. Preliminary data suggests that developing seeds of these transgenic
lines have increased gene expression and activity of CWI, and decreased levels of
sucrose concomitant with increased levels of glucose (Reinecke, Bhowmik, and
Ozga, unpublished data). We will use these CWI-modified lines to determine the role
of this enzyme in modulating sink potential and carbohydrate status in the seed. As the
ratio of hexose to sucrose in the developing embryo environment is a key regulator of
starch synthesis in legume seeds, it was hypothesized that modulation of the hexose/
sucrose ratio after initiation of the starch accumulation phase may lead to production
of different types of starch, variation in starch granule size, and the ratio of starch to
protein in the mature seed, which are all important parameters for certain food and
nonfood applications.

REFERENCES

Bean, S.J., Gooding, P.S., Mullineaux, P.M., and Davies, D.R. (1997) A simple system for pea
transformation. Plant Cell Rep. 16, 513-519.

Borisjuk, L., Wang, T.L., Rolletschek, H., Wobus, U., and Weber, H. (2002) A pea seed mutant
affected in the differentiation of the embryonic epidermis is im