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Abstract

The aerial surfaces of all land plants are covered by hydrophobic lipid barriers
that contain a core structure of polyesters derived from hydroxy fatty acids and glycerol.
One type of surface lipid polyester is found in the exudates of wet stigmas of
Solanaceae species, such as Nicotiana tabacum. These polyesters consist of w-hydroxy
fatty acids and glycerol, are extracellular, and have the experimental advantage of being
soluble in organic solvents. However, very little is known about the biosynthesis
mechanisms of stigma lipid polyesters. To gain insight into the biosynthesis of stigma
lipid polyesters, | have characterized their structure and composition through stigma
development and monitored polyester assembly through [**C]-acetate and ['“C]-glycerol
radiolabeling. Tobacco stigma lipids accumulate estolides consisting of ester-bonded w-
hydroxy fatty acids end-capped by normal fatty acids in the form of triacylglycerol,
TAG(n), diacylglycerol, DAG(n), and free estolides, FFA(n), where n denotes the estolide
bond count. These are composed primarily of oleic acid, linoleic acid, 18-hydroxyoleic
acid, and 18-hydroxylinoleic acid and the estolides were identified to form on any
position of the glycerol backbone. Chemical characterization of stigma lipid estolides
suggest that polyester assembly occurs within the glandular zone of stigmatic tissue and
then exported to the stigma surface; however, no distinctions have been made whether
this process is intracellular or extracellular. Phosphatidylcholine (PC) is involved in
stigma glycerolipid synthesis but not in acyl hydroxylation or estolide formation.
Radiolabeled substrate accumulation suggests non-estolide glycerolipids to be
synthesized through a combined de novo and PC-derived DAG(0)/TAG(0) pathways. A
precursor-product relationship was observed in TAG(n) species and suggests that
TAG(n) remodeling occurs, such that estolide polymerization occurs in a stepwise
manner. These oxygenated fatty acids and estolides have physiochemical properties
suitable for potential industrial uses, such as biolubricants. Identifying the mechanisms
involved in the production of stigma lipid polyesters will help develop alternative sources
of bio-based polymers by bioengineering plant surfaces or microorganisms. The
sustainable and environmentally friendly production of these polyesters by engineered

organisms is expected to result in substantial economic and environmental benefits.



Lay summary

With the impending risks associated with climate change, the demand for “green”
alternatives rises such that we may reduce our waste and adapt our agriculture and
industrial processes to a changing environment. The goal of this research is to further
our understanding of the production of naturally occurring plant-based polymers found
on the surface of the reproductive sites of tobacco flowers. This work has identified key
structural arrangements of these polymers and has established similarities and
differences to known biochemical processes in similar plant components. These
polymers contain large amounts of highly valuable chemicals that have demonstrated
use as industrial biolubricants and have the potential to replace certain petroleum-based
products. Understanding the series of biochemical reactions used to produce these
compounds may provide alternative ways to manufacture these valuable chemicals in a
more efficient, economic, and environmentally friendly manner. Moreover, further insight
into plant surface biochemistry will benefit our ability to engineer better drought and

insect resistant crops.
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Chapter 1: Introduction and Literature

Review

1.1 Plant glycerolipids

Glycerolipids constitute a large group of structurally and functionally diverse
molecules in plants. These consist of at least one hydrophobic chain connected through
either an ester or ether bond to a glycerol backbone. In a glycerolipid, the number and
the characteristics of the molecules linked to the hydroxyl groups in glycerol provides the
basis for its purpose. Such molecules include a variety of fatty acyl groups (e.g. oleic
acid) or non-acyl functional groups, such as carbohydrates (e.g. galactose) or charged
molecules (e.g. phosphocholine; Fig.1-B). These groups affect the overall glycerolipid
hydrophobicity, polarity, reactivity, and ability to form lipids bilayers. Thus, structural
variations in these molecules greatly impact their functions such that triacylglycerols
(TAGSs) of oil bodies act as storage for energy and carbon, phospholipids of cellular
membranes allow for compartmentalization of metabolism, the galactolipid-rich thylakoid
membrane acts as the reactive center for photosynthesis, and released glycerolipid acyl
groups can provide strong signaling for abiotic stress tolerance, pathogen defense, and

reproductive development (Wang et al, 2019).

One of the key adaptations of vascular plants to life on land was the ability to
produce complex, cell wall-specific macromolecule structures that interact with the
external environment (Delwiche & Cooper, 2015). All aerial plant surfaces are protected
by a hydrophobic lipid barrier. Such structures include two types of polymers of fatty
acids (FAs) that are associated with the cell wall, cutin and suberin (Yeats & Rose,
2013). These have protective functions against biotic and abiotic factors, providing a
physical barrier against pathogens and preventing drought stress through the control of
water exchange. Cutin is the framework of the cuticle layer synthesized by the epidermal
cells of aerial primary tissues of plants; it is deposited on the outside of the cell wall.
Suberin is deposited on the internal side of (facing the plasma membrane) of cork cell
walls of specialized tissues, including root, stem and tuber periderms, root endodermis
and bundle sheath cells. The focus of this thesis is on a less ubiquitous lipid polyester

found in the exudate of wet stigmas.
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Cutin, suberin and glycerolipids of wet stigma exudates are lipid polyesters of w-
hydroxy fatty acids (w-hFAs) and glycerol. However, cutin and suberin also contain other
oxygenated FAs including dicarboxylic acids, polyhydroxy FAs, and epoxy-FAs, as well
as phenolics (Kolattukudy, 1981; Pollard et al, 2008). Furthermore, suberin composition
is even more complex as it contains a lignin-like polyphenolic domain in addition to the
lipid polyester. The monomer composition of cutin and suberin allow for high levels of
interlinking which gets presented as an insoluble, tightly knit matrix (Fig.1-D). However,
wet stigma exudate polyesters consist of extractable triacylglycerides and
diacylglycerides (Matsuzaki, 1983a; Han et al, 2010). Between lipid polyesters, stigma
lipids are more chemically similar to cutin and are also found on the outermost side of
the cell wall, thus the remainder of this chapter focuses on cutin and stigma lipid

polyesters.

Studies on the metabolism of surface lipids can be challenging because they are
solely synthesized by epidermal cells, which are most active in developing tissues, and
because waxes and cutins are usually present in lower concentrations than membrane
and storage lipids. Interpolating the fluxes intended for general lipid metabolism and for
cuticular lipid secretion may therefore be difficult. Bayberry fruits were identified to be an
alluring model for studying surface lipid metabolism as they contain very high amounts of
lipids accumulated on their surface and these lipids are steadily synthesized on fully
grown tissue which allows for prolonged time course experimentation (Simpson &
Ohlrogge, 2016). The bayberry surface wax is composed almost exclusively of TAG,
diacylglycerol (DAG), and monoacylglycerol (MAG) which differs from typical plant
surface waxes. These glycerolipids are speculated to be synthesized in an alternate

manner than acylglycerols in oilseeds.

Similarly, the lipids found in wet stigma exudates contain primarily TAG and
DAG. However, a major distinction from both bayberry fruit wax and oilseeds (Fig.1-A) is
that these lipids contain unusual FAs, namely 18:1 and 18:2 w-hFA (Fig.1-C; Koiwai &
Matsuzaki, 1988). Tobacco stigma lipids have been previously characterized by
Matsuzaki et al (1983a; 1983b; 1983c; 1986) and prove to be good models to study
these extracellular lipid polyesters as they accumulate in large quantities on the stigma
surface, are present from early stages of development and continue to accumulate
through mature stages. Furthermore, similar lipid polyesters are found in the wet stigma

of petunia as well, another model organism, with much higher w-hFA content (96% vs


https://docs.google.com/document/d/1IiGndVTBu_Ei8Floi4ELDpA7o7dmKJFmOhC4PJfBN4U/edit#bookmark=id.h9uyqbk09sru
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56% in tobacco; Koiwai & Matsuzaki, 1988). However, petunia stigma lipids contain a
much higher acyl per glycerolipid ratio than tobacco, making it difficult to experimentally
manipulate these much longer polyesters. On the other hand, methods to separate and
isolate multi-acyl glycerolipid fractions in tobacco stigmas have been developed
(Matsuzaki et al, 1983b; 1986).
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Figure 1. Structure of common glycerolipids. A: Oilseed triacylglycerol. B: Membrane
lipids; phosphatidylcholine. C: Tobacco stigma polyester. D: Putative cutin polyester

arrangement.

1.2 Wet stigmas and their lipid exudates

The stigma is the part of the female reproductive organ in angiosperms (flowering
plants). It is located at the head of the pistil and acts as the pollen receptacle where it
captures and protects pollen, helps mediate selective pollen discrimination, and
promotes pollen hydration and germination. Typically, stigmas are distinguished into two
major categories: wet stigmas, commonly found in Solanaceae species, which contain a
free-flowing secretion, and dry stigmas which instead contain an overlaying pellicle
(Heslop-Harrison & Shivanna, 1977). The exudate secretion consists of a variety of
proteins, lipids, sugar, and pigments (e.g., chlorophylls) (Cresti et al, 1986). Stigma lipids
are thought to be necessary for directing the flow of water to pollen to allow for pollen-
tube growth (Wolters-Arts et al, 1998). These lipids are primarily polyacylglycerols, such
as diacylglycerol (DAG) and triacylglycerol (TAG), which are assembled from w-hFAs

3



and normal FAs in which composition varies between species (Koiwai & Matsuzaki,
1988) (Fig.1-C). In plants, generally seeds, pollen, and fruit mesocarp contain the most
abundance of TAG accumulation, although such TAGs rarely contain modified FAs such

as w-hFAs.

Oilseed crops generally accumulate lipids in the form of TAG which consist
primarily of normal FAs: for example, soybean (Pryde, 1980), rapeseed (Zaderimowski &
Sosulski, 1978), Arabidopsis thaliana (Li et al, 2006), and Camelina sativa (Abramovic &
Abram, 2005). The most common FAs present in seed oil TAG are palmitic acid (16:0),
stearic acid (18:0), oleic acid (18:1 A°®), linoleic acid (18:2 A%'?), and a-linolenic acid
(18:3 A%1215%) (Miklaszewska et al, 2021). However, in oilseeds, many other FAs have
been discovered in various oilseeds such as gondoic acid (20:1 A'") and erucic acid
(22:1 A®) in the Brassicaceae family (i.e., rapeseed), or ricinoleic acid (12-OH 18:1 A%) in
castor oil (Binder et al, 1962). In contrast, jojoba seed oil stores its lipids in the form of
liquid wax esters composed primarily of very long chain (20—24 carbons)

monounsaturated FAs and alcohols (Miwa, 1971).

Pollen TAG seem to be constructed of the same core oilseed FAs where in both
rapeseed and arabidopsis are composed primarily of 18:3 (50-65%) and 16:0 (20-25%)
(Piffanelli et al, 1997; McDowell et al, 2013). Similarly, both avocado and olive fruit
mesocarp TAG show very high amounts of monounsaturated FAs (65% and 75%,
respectively) and low saturated FAs (20% and 15%, respectively) (Gaydou et al, 1987,
Ollivier et al, 2003). However, bayberry fruit waxes contain TAG, DAG, and MAG that

are distinctly composed of saturated FAs (Harlow et al, 1965).

The presence of w-hFAs in plant TAG is demonstrated in both wet and certain
dry species’ stigmas and are composed of 18-OH 18:1 A® and 18-OH 18:2 A®'2 hFAs
(Koiwai & Matsuzaki, 1988). The dry stigma species with the highest w-hFA content was
found to be the snapdragon, Antirrhium majus, (33% of stigma lipid content), while that
in the wet stigma species is petunia at 96% w-hFA of total stigma lipid content (Koiwai &
Matsuzaki, 1988). Studies in tobacco (56% w-hFA content of stigma lipid fraction) have
determined that the structure of these w-hFA-containing TAG differs to that of traditional
TAG (Matsuzaki et al, 1983a; 1983b; 1986). The w-hFA can form estolides, such that
the terminal hydroxyl group of one acyl can be esterified to the carboxyl group of

another, forming a linear polyester. In stigma glycerolipids, these estolides are esterified
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to the glycerol backbone and can construct a TAG composed of more than three acyl
groups. Estolides have been shown to occur in both DAG and TAG species and the
polyester chains have been shown to contain w-hFAs end-capped by a normal FA
(Matsuzaki et al, 1983b; 1986).

These estolides, however, are not unique to stigma lipid TAG. The presence of
polyacylglycerols (PAG) containing more than three FAs, including hFAs, have been
reported in multiple plant species, namely their seed oils. Greek thistle, Chamaepeuce
afra, seed oil was shown to contain a pentaacyl TAG in which a 9,10,18-
trinydroxyoctadec-cis-12-enoic acid (9,10,18-OH 18:1 A'2), bound to the central position
of the glycerol backbone, has its terminal and one mid-chain hydroxyl groups acylated
(Mikolajczak & Smith, 1968). Chinese tallow tree, Sapium sebiferum, seed oil was found
to contain a tetraacyl TAG in which a trans-2,cis-4-decadienoic acid (10:2 A?4) is joined
in an estolide linkage to 8-hydroxy-5,6-octadienoic acid (8-OH 8:2 A%®) in the glycerol's
third position (Sprecher et al, 1965). The presence of tetra-ricinoleic acid (12-OH 18:1
A°) TAG was identified in castor oilseeds (Lin et al, 2006) and ergot oilseeds, Claviceps
purpurea, were found to contain up to hexaacyl TAG with ricinoleic acid estolides (Morris
& Hall, 1966). Tetra- and pentaacyl TAG containing isoricinoleic acid (9-OH 18:1 A'?)
was identified in Apocynaceae subfamily species Adenium obesum (desert rose) and
Nerium oleander (Smith & Zhang, 2016). A variety of Lesquerella and related species
were found to contain mono- and di-estolides derived from lesquerolic acid (14-OH 20:1
A')and auricolic acid (14-OH 20:2 A™'7) on the outer positions of glycerol (Hayes et al,
1995). Estolide-containing TAG in both kamala, Mallotus philippinensis, and false white
teak, Trewia nudiflora, seed oils consist of kamlolenic acid (18-OH 18:3 A®''%13!) in only
one position of the glycerol backbone with up to 14 total FAs, with the latter more likely
to be “end-capped” by a normal FA (Rajiah et al, 1976; Smith et al, 2013). Lastly,
estolides are not limited to TAG and DAG species but also seen in galactolipids: mono-,
di-, tri-, and tetra-galactosyldiacylglycerol (MGDG, DGDG, TriGDG, and TetraGDG)
were discovered to contain estolides in oat kernels, Avena sativa, with up to three
additional avenoleic acid (15-OH 18:2 A%'?) molecules (Hamburg et al, 1998; Moreau et
al, 2008).

Plant estolides have the potential to be used as lubricants, plasticizers, cosmetic
additives, and hydraulic fluid, for example, and show many physical properties in which

they outperform regular vegetable oils (Hayes & Kleiman, 1995; Isbell et al, 2001;



Zerkowski, 2008). Vegetable oils are generally prone to thermal oxidation and fail to
maintain their desirable properties at low temperatures such that additives are used to
supplement these properties but at the cost of biodegradability, toxicity, and price
(Becker & Knorr, 1996; Lal & Carrick, 1994). Estolides are a cost-effective and
biodegradable alternative to vegetable oils while maintaining a similar function. The
authors of Isbell et al (2001) identify the melting points and viscosity ratings of various
oils, FAs, and estolides which are important metrics in applications such as lubricants.
Their results show that the viscosity of oils increases exponentially with respect to the
increasing oligomerization of estolides while the pour point, the lowest temperature at
which the oil remains mobile, decreases with decreasing oligomerization of estolides.
Also, hydrogenation of unsaturated estolides was shown to increase the pour point but
had no significant effect of the viscosity. In another study, capping the hydroxyl moiety of
estolides, observed in kamala and false white teak seed oils, was shown to reduce
viscosity, and increasing the acyl chain length increases viscosity (Isbell et al, 2006).
Free acyl estolides containing both hydroxy and unsaturated FAs were shown to have
great potential for a wide range of industrial lubricant applications due to their oxidative

stability and useful properties at cold temperatures (Isbell, 2011).

The crucial distinction between oilseed and stigma estolides is that oilseed lipids
are stored in cytosolic lipid droplets while stigma lipids accumulate extracellularly and on
the stigma surface (Harlow et al, 1965). Surface lipids have been shown to be more
resistant to deterioration than internal lipids, especially during plant senescence (Yang &
Ohlrogge, 2009). Therefore, this may provide an advantage in harvesting desirable
estolides for large scale production. The potential for identifying a new pathway for
extracellular lipids may show important industrial applications in producing high value

estolides.

1.3 Traditional fatty acid and glycerolipid synthesis in plants

Glycerolipids are composed fundamentally of a glycerol backbone and acyl
groups. The glycerol backbone is derived from G3P (glycerol-3-phosphate) which can be
synthesized from three potential sources: 1) glucose via glycolysis (Margolis & Vaughan,
1962), 2) pyruvate and other intermediates in the citric acid cycle through
glyceroneogenesis (Reshef et al, 1969), and 3) glycerol through glycerol kinase (Turner
et al, 2003).



Fatty acid biosynthesis occurs in the plastid by two enzyme systems: ACETYL-
COA CARBOXYLASE (ACC) and FATTY ACID SYNTHASE (FAS) (Wakil & Stoops,
1983). A greatly simplified description of this process starts with two molecules of acetyl-
CoA, one is converted to malonyl-CoA through the enzyme ACC. Acyl transferases
replace the CoA portion of these two molecules with acyl carrier proteins (ACP) and then
subsequent acylation of acetyl-ACP and malonyl-ACP occurs to form ACP-bound
palmitic acid (16:0), stearic acid (18:0), or oleic acid (18:1). Such mechanism requires
recurrent condensation, reduction of a 3-keto group, condensation, and then double
bond reduction reactions for acyl chain elongation. This process is terminated by FATTY
ACID THIOESTERASE proteins (FAT) by releasing the acyl groups from ACP. The
release of 16:0 and shorter acyl groups is catalyzed by FATB, while 18:0 and 18:1 are
catalyzed by FATA (Ohlrogge & Browse, 1995). The desaturation of 18:0 to 18:1 occurs
in the plastid prior to release by STEAROYL-ACP DESATURASE (SAD). These three
FAs, along with linoleic acid (18:2) and linolenic acid (18:3) make up the maijority of all
vegetative oil acyl chains (Tépfer et al, 1995). Certain species will produce shorter chain
FAs, such as lauric acid (12:0), the most common medium chain FA found in coconut oil
(Laureles et al, 2002). Plastidial FAs are then activated to form coenzyme A thioesters
by LONG-CHAIN ACYL-COA SYNTHETASE (LACS; Lu et al, 2009; Schnurr et al, 2004)
and transported to the endoplasmic reticulum (ER), where further FA modifications, such

as elongation, reduction, or hydroxylation take place.

Various pathways exist for the biosynthesis of DAG and TAG in plants (Chapman
& Ohlrogge, 2012; Bates & Browse, 2012). The simplest is known as de novo DAG/TAG
synthesis, the Kennedy pathway, or the glycerol phosphate pathw