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CHAPTER 1. GENERAL INTRODUCTION

LITERATURE REVIEW

Sphingolipids (SL) are a structurally diverse class of lipids found in the cell membranes of
all eukaryotes and some prokaryotes. They were noted by J. L. Wilhelm in 1884 during the
study of the chemical constituents of ox brain, and were named after the riddle of the ancient
Greek Sphinx (/). E. Klenk identified the chemical structure of sphingosine in 1929 (/).
Carter et al. proposed the term “sphingolipid” as a designation for lipids containing
sphingosine in 1947 (/). Since then, numerous researchers have explored their structures,
biosynthesis, biological functions, and health benefits. SL have been recognized as second
messengers involved in cell regulation, signal transduction, and cell apoptosis (2). However,
most studies focus on the SL of mammals or fungi. SL from plants have only been
investigated in recent years. This review will emphasize plant SL and will cover five parts: 1)
a brief introduction of the diversity of SL; 2) biosynthesis of SL in plants; 3) biological
functions of SL in plants; 4) potential health benefits of plant SL; and 5) SL in soybeans and

strategies to maximize SL content in soybean seeds.

Diversity of Sphingolipids

SL are a collection of different derivatives with a common backbone known as the long
chain sphingoid base (LCSB). More than 300 molecular structures have been identified and
described so far. Based on their functional groups, SL have been classified into four groups:
sphingoid bases, ceramides, glycosphingolipids, and phosphosphingolipids. Representative

substructures of these four groups are shown in Figure. 1.
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A second group of SL, ceramides (Cer), are formed by the addition of long chain fatty
acids to SB in an amide linkage. Besides the diversity of SB, the fatty acyl group of Cer
varies in the chain length, the degree of unsaturation, and/or the occurrence of a hydroxyl
group in the o or @ carbon. Similar to the abbreviation of free fatty acids, Cer are designated
by an h for hydroxyl fatty acids or ¢ for normal fatty acid with the carbon number and the
degree of unsaturation. Generally, h14:0 —h26:0 are the predominant fatty acyl moieties of
plant Cer, while ¢8:0 — ¢18:0 are in animal Cer (4). The fatty acid composition of Cer may be
different with tissues and maturity stages (4, 3).

Glycosphingolipids (GSL) are a third group of SL, typically found in the membranes of
eukaryotic cells (6). Based on their glycosyl head group at the primary alcohol of Cer, GSL
have been classified into two groups. One is glycosyl inositol phosphoryl ceramide (GIPC),
in which inositol-1-phosphate is linked to the primary hydroxyl of Cer to form a
phosphodiester and the inositol end is further extended by oligosaccharide chains. GIPC is a
free membrane lipid and membrane anchors of covalently bound proteins (3). The other
group of GSL is cerebroside, which is formed by the linkage of a monosaccharide to the
terminal hydroxyl of Cer. Cerebroside serves as the precursor of more complex SL such as
sulfatides and gangliosides. The simplest cerebrosides are glucosylceramides (GlcCer)
commonly found in animals, plants, and fungi, and galacosylceramide (GalCer) which are
unique in mammals (4).

Phosphosphingolipids (PSL) are a fourth group of SL. Compared with the
glycerophospholipids, PSL are formed by connecting phosphatyl groups to the terminal

hydroxyl of Cer. Sphingomyelin (SM) is a major PSL unique to animal cells, in which



phosphoryl choline attaches to the terminal hydroxyl of Cer (7). SM usually is quantified
with glycerophospholipids as part of total phospholipids (PL).

The animal or plant cells also contain a number of other SL, such as sphingosine-1-
phosphate (S1P), ceramide phosphate, and lyso-sphingolipid, which may be presented in
small amount but highly bioactive (3). They are not described in detail in this review. But the
understanding the bio-functions of these trace SL may be important in disease controls (3).

Some of the SL. mentioned above have been identified with the development of advanced
spectrometric techniques. Most of them have not been quantified accurately. Based on a
report by Heinz (&) and the recalculated data published by Sperling et al. (3), the approximate
SL contents in 1 kg fresh weight of plant tissues, including about 10% lipid on a dry weight
basis (dwb), were: S1P, 30 nmol; SB, 1-2 umol; free Cer, 10—30 umol; GlcCer, 100—400
umol; and glycerophospholipids, 2—5 mmol. The absolute quantities of SL and their specific
molecular distribution vary with the organelles, cells, and tissues studied, and with the

analytical methods (3).

Biosynthesis of Sphingolipids in Plants

SL have been found in relatively high concentrations in the plasma membrane and other
organelle membranes, such as the endoplasmic reticulum (ER) and the Golgi apparatus.
Spassleva et al. (9) reviewed plant SL and pointed out that GlcCer were not only present in
the plasma membrane, but in the tonoplast, chloroplast, and mitochondria membranes. The
GlcCer in the outer monolayer of plasma membrane account for about 7-30% of membrane
lipids (3). The distributions of GlcCer in other membranes remain to be investigated and

quantified.



The pathway of SL biosynthesis has been well studied in mammals and fungi (4). Because
it is difficult to identify enzymes and genes in plants, the pathway of plant SL biosynthesis
has only been proposed recently as shown in Figure 2. The de novo SL biosynthesis starts
from the condensation of palmitoyl-CoA and serine, generating the 3-ketosphinganine by
serine palmitoyl—transferase on the cytosolic side of ER (/0). The 3-ketosphinganine is
reduced to sphinganine at the same location. Once formed in plants, sphinganine has several
possible fates: (a) it may be acylated to form dihydroceramides directly by Cer synthase
using acyl-CoA as acyl donor, (b) be phosphorylated to S1P, (c) be hydroxylated to 4-
hydroxysphinganine. Cer synthesis takes place at the cytoplasmic leaflet of the ER, and Cer
can be further converted to GlcCer by GlcCer synthase or to other complex SL at the
cytosolic surface of the Golgi apparatus using uridine diphosphoglucose (UDP-glucose) as
the sugar donor or sterylglucoside (SG) as the glucose donor (2). In addition, the GlcCer can
be converted to Cer by GlcCerase to change the membrane structures and to regulate the cell
bioactivity (2). For the SL biosynthesis pathway, the condensation of palmitoyl-CoA with
serine is thought to the rate control step because this reaction is irreversible, and free SL and
Cer do not accumulate as biosynthetic intermediates in health cells (2, 4, /7).

Some important steps in plant Cer biosynthesis are the modifications of SB and the fatty
acyl chain (2, 4). These modifications provide specific substrates to synthesize unique
molecules in plant tissues. Three major SB modifications in plants are A4- desaturation, A8-
desaturation, and C-4 hydroxylation. Wright et al. (/2) examined the hydroxylation of free
sphinganine and suggested that the SB hydroxylation and desaturation may occur principally
after the Cer formation. The modification of fatty acyl chain includes the Cer hydroxylation

to form the majority of the a-OH fatty acyl Cer. Lych et al. (2) have pointed out that



sphinganine or sphingosine serve as substrates of Cer instead of 4-hydroxysphinganine,
which is a product of the Cer turnover rather than a precursor of the Cer formation.

Palmitoyl-CoA + Serine

* Serine palmitoyltransferase
3-ketosphinganine

* 3-ketosphinganine reductase

Sphinganine (d18:0) C4-hydroxylase ) )
——— - 4-hydroxysphinganine (t18:0)
J_ Ceramide synthase

) ' C4-hydroxylase
Ceramide (d18:0/c16:0) — = Ceramide (t18:0/c16:0)

Desaturase Fatty acyl amide a-hydroxylase

Ceramide (d18:1/c16:0) Ceramide (d18:0/h16:0)

Glucosylceramide * t Cerebrosidase
synthase

Glucosylceramide

Figure 2. Pathway of ceramide and glucosylceramide biosynthesis in plant (4)

Biological Functions of Sphingolipids in Plants

SL are both structural and functional lipids. Little is known about the biological functions
of SL in plants. Based on a review by Sperling et al. (3), the roles of plant SL are considered
to be involved in membrane stability, environmental stress, and cell signaling.

Membrane Stability. SL are important membrane components. GlcCer make up about
5—30 mol % of the total lipid in the plasma membrane and 9—23 mol % of the total lipid in
the tonoplast (2). SL tend to combine with sterols to form raft—like domains, which are
thought to increase the membrane stability and to decrease the permeability of membranes
because of the long chain hydroxyl acyl group and the intra- or inter-molecular hydrogen

bonds between amide and hydroxyl groups (/3). The highly hydroxylated SL in plants may



function as a barrier to stabilize membranes. In addition, a small amount of free Cer can
significantly stabilize SL—sterol rafts (3).

Environmental Stress. Plant GlcCer also demonstrate unusual physical behaviors and
cause gel-phase metastability, both of which are very important in tolerating environmental
stresses (3). Studies have shown that tri-OH SB with a cis double bond at the C8 position are
more prevalent in chilling resistant and frost tolerant plants, monounsaturated hydroxy fatty
acid chains (particularly h24:1) are common in frost tolerant plants, and saturated hydroxy
fatty acids are present exclusively in sensitive plants (/4, 15).

Cell Signaling. There is limited information indicating that SL are important cellular
mediators in plants. It has been reported that free SB have negative effects on the cell growth
and viability when they were presented at elevated concentrations (//, /6). Liang et al. (/7)
provided evidences that Cer and its derivatives Cer-1-P play a role in mediating cell death in

Arabidopsis thaliana.

Potential Health Benefits of Consuming Plant Sphingolipids

SL can be obtained from the diet as well as from de novo biosynthesis. The amount of SL
and their molecular species vary considerably with different dietary sources. In a
comprehensive review, Vesper et al. (/8) listed the approximate content of SL in 29 food
products and suggested that cream, cheese, and egg are good sources of SM (1.3—2.2
umol/g). Sugawara and Miyazawa (/9) determined the glycolipids from 48 edible plant
sources and found that cerebroside was one of the major groups, and accounted for about
12% of the total glycolipid content. Among these edible plants, soybean has been suggested

as a potential source of GlcCer.



Currently, there are no nutritional requirements for dietary SL. They still are important
dietary components. Exogenous SL can be hydrolyzed in the small intestine and converted to
bioactive molecules such as SB, Cer, and S1P, which regulate the cell growth, differentiation,
and apoptosis (2). The potential health benefits of SL have been studied in recent years.
Some animal studies showed that milk SL. (SM and GalCer) inhibited colon carcinogenesis
when fed to mice with induced colon tumors (20—22). SL from bovine brain reduced plasma
cholesterol level by about 30% when fed to mice (23). However, the Cer backbones of these
dairy SL are somewhat different from those of plant SL. In plants, sphinganine (d18:0)and
sphingosine (d18:1%) are found in trace amount, whereas sphingadienine (d18:2***) and
phytosphingenine (t18:1"%) are the predominant SB (4). The a-hydroxyl fatty acids are almost
exclusively fatty acids with 16, 20, 22, and 24 chain lengths in GlcCer (4). The different
structures of plant SL. may lead to unique heath benefits.

Few studies have been conducted on the physiological and biological activities of plant
SL. Aida et al. (24) investigated the properties and the physiological effects of cerebroside
from soybean, maize, wheat grain, rye grain, and rice bran. They suggested that dietary plant
cerebroside had a potential physiological function similar to that of animal SL from bovine
brain. Gossioux (25) reviewed cosmetic uses of plant Cer and indicated that plant Cer were
preferable to animal Cer for moisturizing skin because of their structural similarity to the Cer
of the stratum granulosum. Sugawara et al. (26) investigated the digestion of maize
cerebroside in rats and found that the digestibility of maize cerebroside was similar to that of
the cerebroside of mammalian origins. However, the isomers of sphingadienine (d18:2"* %)
obtained from maize cerebroside were poorly absorbed in digestive tract. A preliminary

study by Sullard et al. (27) showed that wheat and soybean Cer had a toxicity in a human



cancer cell compared to the Cer derived from SM. Sugawara et al. (28) reported that
apoptosis induction by wheat—flour SB (d18:1**) reduced the viability of human colon cancer
cells in a dose-dependent manner, which was similar to that caused by animal SB (d18:1*%).
By feeding soybean GlcCer to mice with induced colon tumors, Symolon et al. (29) found
that soybean GlcCer reduced colonic cell proliferation and the number of aberrant colonic

crypt foci. Their results suggested that the soybean GlcCer should be further examined as a

possible inhibitor of colon cancer.

Sphingolipids in Soybeans

Soybean is one ofthe most important oil seed crops and is widely used in food products.
The main polar lipids of soybeans are PL or soy lecithin, and they have been widely used as
an emulsifier in food products and as health-promoting ingredients in certain functional
products and nutritional supplements. The minor polar lipids, such as SL, have not been
given much attention in food products, even though they have functionalities similar to or
better than SL from animals or fungi and may confer health benefits (23, 25, 27, 29). The
reason might be their relatively low content and the limited amount of biological information.

SL in soybeans have been investigated for several decades. Ohnishi and Fujino (30) first
identified SL in soybean seeds and reported that Cer and GlcCer were the major SL
components. They found that the composition of these two SL classes were similar in both
immature and mature soybean seeds. The principle molecular species were t18:1°%/h24:0 for
Cer and d18:2*%h16:0—glucose for GlcCer. Ohnishi et al. (3/) investigated the SL in
soybean leaves and found that t18:1°% (t18:0) / ¢16:0 (c18:0) were the predominant Cer and

t18:0 (d18:2** *)/c16:0 (c18:0)—glucose were the predominant GlcCer. These two studies did
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CHAPTER 2. HPLC QUANTIFICATION OF SPHINGOLIPID IN
SOYBEANS WITH MODIFIED PALMITATE CONTENT

A paper has been accepted by the Journal of Agricultural and Food Chemistry

Liping Wang,” Tong Wang,” " and Walter R. Fehr®

ABSTRACT

Efficient separation and accurate quantification of sphingolipids (SL) are important for
studying SL concentrations and biological functions. The objectives of this study were to
develop effective methods for the separation and quantification of SL and to determine the
relationship between palmitate and SL contents of mature soybean seeds. Methods using
column chromatography and high-performance liquid chromatography—evaporative light
scattering detector (HPLC-ELSD) were developed to separate and quantify glucosylceramide
(GlcCer) and ceramide (Cer) in 15 soybeans lines in which palmitate content ranged from 3.7
to 40.7%. There were significant differences among the lines for GlcCer (83.4—-397.6 nmol/g)
and major Cer contents (8.4—20.7 nmol /g) on a dry weight basis. The correlations of
palmitate content with GlcCer and Cer concentrations were not significant. The results
indicated that the palmitate content of soybean seed did not affect their GlcCer and Cer
contents. Genetic factors other than those that control palmitate content seemed to be

responsible for the variation among soybean lines for GlcCer and Cer contents.

KEYWORDS: Sphingolipids; glucosylceramide; ceramide; palmitate content; HPLC

quantification; soybean
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INTRODUCTION

Sphingolipids (SL) are a class of complex membrane lipids found in all eukaryotic and
some prokaryotic cells, where they provide membrane structures and are involved in the
regulation of cell metabolism (/, 2). The de novo biosynthesis of SL starts from the
condensation of palmitoyl-CoA and serine to generate 3-ketosphinganine by serine
palmitoyl-transferase (3). After a series of enzymatic reactions, ceramide (Cer),
glucosylceramide (GlcCer), and other complex SL are formed. The formation of 3-
ketosphinganine has been reported as a regulatory step in SL biosynthesis (4-6).

Palmitoyl-CoA is one of the saturated fatty acid moieties involved in triacylglycerol
biosynthesis. In conventional soybean seeds, palmitate accounts for about 10—12% of the
total fatty esters. Alleles for elevated or reduced palmitate level have been developed by
treating soybean seeds with ethyl methanesulfonate (EMS) or N-nitroso-N-methylurea
(NMU) (7, 8). By combining independent mutant alleles, soybean lines have been developed
with palmitate content ranging from <4% to >40%. Merrill et al. (6) studied the influence of
extracellular precursors on the formation of sphingoid bases (SB) and reported that a high
concentration of free palmitic acid in cell culture enhanced the long-chain SB biosynthesis.
On the basis of the results reported in this previous paper, it is possible that SL. content may
be positively correlated with the palmitate content of soybean seeds. The relationship
between the two traits in soybean seeds that differ in palmitate content has not been
evaluated.

Separation and quantification of SL are important for studying SL concentrations and
biological functions. However, it has been difficult to isolate SL completely and effectively,

particularly the free Cer, because SL contents are typically <1% of the total extractable lipid
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(9, 10). Researchers have used different approaches to identify and quantify these minor
lipids. Ohnishi et al. (//) identified SL in soybean seeds using gas chromatography—mass
spectrometry (GC-MS) and found that GlcCer and Cer were the predominant SL. They also
showed that in soybeans, the major Cer species were trihydroxysphingenines with normal
fatty acids (TN) or with a -hydroxyl fatty acids (TA), which were structurally different from
mammalian Cer with dihydroxysphingosines and normal fatty acids (DN) or a -hydroxyl
fatty acids (DA). The structures of four Cer are shown in Figure 1. The quantification of
Ohnishi et al. (11) was based on the amounts in the extracts recovered from TLC bands. This
method is not considered to be accurate because the extracts might contain other lipid
components with polarity similar to SL.

Iwamori et al. (/2) determined that the free Cer concentration in rat brain was 1.5 umol/g
on a dry weight basis by quantifying benzoylated Cer with high-performance liquid
chromatography (HPLC)—ultraviolet (UV) detector. Other studies presented methods to
quantify SL using high-performance thin layer chromatography (HPTLC) and fluorescence
spectrodensitometry (/3) or reverse phase chromatography and GC-MS (/4). Even though
some of these methods can be used to determine the molecular species of free Cer or Cer
moieties, they all require derivatizations, which not only cause the partial degradation of SL
but also are time-consuming. In addition, derivatization reactions may not be complete if the
conditions are not fully tested or optimized. In recent years, tandem mass spectrometry has
become one of the most powerful and accurate techniques in analyzing complex lipid
mixtures. Sullards et al. (/5) developed a method to determine SL molecular species and
their compositions directly by using HPLC-MS-MS. However, the high cost of the tandem

mass detector limits its wide use as a routine analytical method. HPLC coupled with an
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evaporative light scattering detector (ELSD) has been widely used in the lipid analysis. In
general, HPLC-ELSD is a convenient tool that is better for quantification, whereas HPLC-
MS is better for molecular characterization.

Several methods have been reported on the quantification of SL using HPLC-ELSD
(16— 18). None of them were satisfactory in the separation and quantification of free Cer.
McNabb et al. (/9) analyzed yeast Cer and SB without any purification and derivatization.
The resolution between Cer and SB was acceptable, but the peaks of DN and DA overlapped.
Zhou et al. (20) effectively separated DN from DA by using a cyanopropyl bonded column
without derivatization. However, they could not separate DA from TA and DN from TN.
Farwanabh et al. (2/) developed methods using both HPLC-ELSD and HPLC—atmospheric
pressure chemical ionization mass spectrometry (APCI-MS) and found that HPLC-ELSD
was suitable for separating stratum sorneum Cer with a detection limit of 500 ng. Although
the four ceramides were well resolved by their method, one of the two peaks of TA still
overlapped with the peak of TN.

In our study, HPLC-ELSD was used to separate and quantify GlcCer and Cer in soybean
seeds. SL concentrations of 15 soybean lines that differed in the palmitate content were

determined to examine the effect of palmitate content on SL concentration.

MATERIALS AND METHODS

Chemicals and Standards. All solvents used were obtained from Fisher Scientific (Fair
Lawn, NJ). Sodium methylate (5.4 M in methanol) was purchased from Sigma Chemical Co.
(St. Louis, MO). Soybean GlcCer and phospholipid (PL) standards were obtained from

Avanti Polar Lipids, Inc. (Alabaster, AL). Bovine brain Cer from Matreya, Inc. (Pleasant
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Gap, PA) was used as DA and DN standards. Commercial Cer products ceramide IIT (N-
stearoylphytosphingosine) and ceramide VI [N-(2-hydroxy-octadecanoyl)phytosphingosine]
were used as TN and TA standards. They were generously provided by Goldschmidt (Essen,
Germany). Standards of monoacylglycerol (MAG), monogalactosyldiacylglycerol (MGDG),
plant sterols, ergosterol, sterylglucoside (SG), esterified sterylglycoside (ESG), and
digalactosyl diacylglycerol (DGDG) were purchased from Matreya. All standards were
stored in a freezer, and standard solutions were freshly prepared with chloroform/methanol
(4:1, v/v).

Soybean Planting, Seed Harvest, and Fatty Ester Determination. Seeds of 15 soybean
lines developed by the soybean breeding program at lowa State University were planted in
adjacent plots at the Agricultural Engineering and Agronomy Research Center near Ames,
IA, in May 2004. The selected lines had different combinations of the major genes that
control palmitate content (22, 23, 27). At maturity, 10 individual plants of each line were
harvested and threshed separately. The fatty ester composition of a five-seed bulk of each
plant was determined with the procedure described by Hammond (24). The seeds from plants
of each line with similar palmitate percentages were pooled, and about 50 g of each pooled
sample was stored in a well-ventilated room for further analysis.

Total Lipid Extraction of Soybean Seeds. The total lipid of soybean seeds was obtained
by the solvent extraction of two replicates of mature seeds. For each replicate, about 15 g of
seeds was ground in a Wiley mill equipped with a 20-mesh delivering tube (Thomas
Scientific, Swedesboro, NJ). Ten grams of the ground seeds was sequentially extracted by
stirring with 50 mL of chloroform/methanol (2:1, v/v) for 4 hr and with 50 mL of water-

saturated 1-butanol for 8 hr. The two extracts were filtered and pooled prior to the removal of
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solvents with a rotary evaporator. To remove the water-soluble sugars and proteinaceous
components, the crude lipid extract was redissolved in chloroform/methanol (2:1, v/v) and
purified according to the method reported by Folch et al. (25). The lower layer of the solvent
phase was collected and desiccated with anhydrous Na,SO4 before solvent evaporation. The
purified total lipid extract was redissolved in 0.5 mL of chloroform after the filtration and
evaporation of residual solvents and stored in a freezer

Separation and Fractionation of Total Lipid. The two replicates of the total lipid
extract were each fractionated into different lipid classes by column chromatography. To
separate 1 g of the total lipid extract, 10 g of silica gel (60A, Sorbent Technology, Atlanta,
GA) was mixed with hexane to form a mobile slurry. The silica slurry was added to a glass
column with standard fritted glass bed support (19 x 300 mm) (ACE Glass Inc., Vineland,
NJ). Compressed air was gently applied to the glass column to compress the silica and to
force solvent and air through the column. The top of the silica column should be below the
solvent level. About 100 mL of chloroform was added to rewash the column and to
equilibrate the silica. The total lipid extract in chloroform was loaded slowly onto the top of
silica along the column wall. The packed column was sequentially eluted with 100 mL of
chloroform, 100 mL of chloroform/acetone (95:5, v/v), 100 mL of chloroform/methanol (4:1,
v/v), 50 mL of methanol, and 50 mL of methanol/water (9:1, v/v). The neutral lipid fraction
(the first two eluates), intermediate polar lipid fraction (the third eluate, containing SL), and
polar PL fraction (the last two eluates) were obtained after column separation. During
collections, each eluate was monitored on a TLC plate (Sigma, St. Louis, MO), which was
developed with chloroform/methanol/ether/hexane/acetic acid (100:20:20:10:1.5, v/v) and

visualized with permanganate stain (KMnQO4/K,CO3/0.5% NaOH/H;O, 3:20:5:300) to
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confirm that no SL were lost in either the neutral oil fraction or the polar PL fraction. After
the solvents were evaporated, the intermediate polar lipid fraction was used for the HPLC
quantification of SL.

HPLC Method for Cer Quantification. A Beckman Coulter HPLC system (Beckman
Instruments, Inc., Fullerton, CA) consisting of an autosampler 508, a solvent delivery system
module 126, and an ELSD 2000 (Alltech Associates, Inc., State College, PA) was used. The
intermediate polar lipid fraction was separated with a 5-um Chromegasphere Si60 column
(150 x 3.2 mm) (ES Industries, West Berlin, NJ). Two mobile phases and a gradient program
were applied (Table 1). Solvent A was hexane, and solvent B was 2-propanol/ethyl
acetate/88% formic acid (50:50:0.5, v/v). The detection conditions were a drift tube
temperature of 60 °C, gain of 4, nitrogen flow rate of 0.8 L/min, and impactor in the off
mode.

HPLC Method for GlcCer Quantification. The HPLC method for the separation and
quantification of GlcCer was adopted from that of Gutierrez et al. (26) with modifications.
Mobile phase B was changed to methanol/methyl ferz-butyl ether (75:25, v/v), and mobile
phase A was hexane/tetrahydrofuran (99:1, v/v). The detection conditions were a drift tube
temperature of 60 °C, gain of 1, nitrogen flow rate of 1.4 L/min, and impactor in the off
mode. The HPLC column, gradient program, and mobile phase flow rate were the same as
reported by Gutierrez et al. (26).

Statistical Analysis. The fatty ester composition of each soybean line was evaluated with
three replications of five-seed bulks. GlcCer and Cer were evaluated with two replications of
the lipid extract of each soybean line. The data were analyzed as a completely randomized

design with SAS v. 9.1 (SAS Institute, Inc., Cary, NC). Soybean line was considered to be a
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fixed effect. An F test based on the analysis of variance was used to determine the
significance of differences for SL and fatty ester contents among the 15 soybean lines. The
correlation (Corr) procedure of SAS was used to compute the correlation coefficient (v)
between GlcCer and Cer contents and the correlation coefficients between palmitate content

and GlcCer and Cer contents.

RESULTS AND DISCUSSION

Chromatographic Separation and Quantification of GlcCer. The intermediate polar
lipid fraction was used for the quantification of GlcCer content. The GlcCer and other
glycolipids could be separated and quantified in a single HPLC run even in the presence of
certain nonpolar lipids and PL (Figure 2). Because plant sterols had a retention time (11.388
min) similar to that of ergosterol (10.855 min), ergosterol was used in the standard mixture.
The elution order was ergosterol, ESG, MGDG, SG, GlcCer, DGDG, and PL. The peaks of
GlcCer and SG were sharp without splitting compared with the chromatogram obtained with
the method reported by Gutierrez et al. (26). The system pressure was high and became
elevated after only several injections when methanol/2-propanol (50:50, v/v) was used as
solvent B in their method. To improve the separation efficiency and stability, substitutes for
solvent B were tested that had suitable solvent polarity and strength parameters.
Methanol/methylene chloride (70:30, v/v) and methanol/methyl zer#-butyl ether (75:25, v/v)
were found to have better resolutions than the solvents used by Gutierrez et al. (26).
However, the use of methylene chloride occasionally produced bubbles in our pump system
and had environmental and safety concerns. Thus, methanol/methyl zerz-butyl ether was used

as solvent B in our final HPLC method. The detection conditions were optimized and the
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most sensitive detection conditions obtained by changing the drift tube temperature from 69
to 60 °C and decreasing the nitrogen flow rate from 2.5 to 1.4 L/min.

The power relationship (Y= 143010X" % *>0.99) between peak area (¥) as integrator
counts and amount of GlcCer (X) was found in the 2—12 ug injection range. The limit of
detection (LOD) of GlcCer was determined as about 100 ng at a signal-to-noise ratio of 2.

When this HPLC method was used to separate and quantify Cer, it gave acceptable
separation of DN and DA when 1% of formic acid was added to solvent B, but the
resolutions among DA, TA, and TN were poor. The peaks of these three Cer overlapped and
combined with the peak of ESG. A new HPLC method was needed to separate and quantify
these Cer subclasses.

Chromatographic Separation and Quantification of Cer. A new method was
developed for the separation of four Cer enabling the baseline separation of Cer standards
according to the number and the position of hydroxyl groups in the Cer. Because the standard
TA was produced with a biofermentation process following N-acylation, the TA contains
racemic isomers of the a-OH fatty acid moiety. Two separated peaks labeled TA-1 and TA-2
were observed. The elution order was DN, TA-1, TN, DA, ESG, and TA-2 (Figure 3). In the
chromatogram of the intermediate polar lipid fraction of one soybean sample, TA and TN
peaks were observed, as well as a small peak at the retention time of DA (Figure 3B), but no
DN was detected in the soybean sample. Because TA and TN were reported to be the
predominant Cer in soybeans (//), they were considered further in this study. When the
chromatogram of standard mixtures of Cer (Figure 3A) was compared with that of the
soybean sample (Figure 3B), no peak was observed around the retention time of TA-1. This

suggested that only isomer TA-2 may be present in soybean. Because the product description
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of TA did not mention the relative percentage of TA-2, the proportion of TA-2 was estimated
by comparing the peak area of TA-2 with the total peak area of TA. This proportion of two
areas was relatively constant (55.0 £ 0.4%, n =5) at various levels of injections. Therefore, a
factor of 55% was used to quantify TA in soybean seeds.

The power relationships (72> 0.99) between peak area (') and amount of Cer (X) were
found in the 0.5—5 ug injection range. Calibration curve equations were ¥'=2x10"X"7%* for
TA-2 and Y=5x10°X""" for TN. The LODs were about 100 ng for TA-2 and 50 ng for TN at
a signal-to-noise ratio of 2.

Effect of Chemical Treatments on the Quantification of Cer Subclasses. Cer standard
mixtures could be separated from ESG when they were injected in similar amounts.
However, the ESG content in soybeans was reported to exceed the Cer content by 13-fold
(11, 18). The similar polarity and the concentration difference make the complete separation
of these components extremely difficult in the soybean lipid extract. To eliminate the
interference of ESG, saponification has been used in most SL quantification studies (//, 18),
and transesterification was assumed to achieve a similar purpose. However, Gutierrez et al.
(22) investigated the recovery of a Cer standard after the two treatments and found that only
76.5% of Cer was recovered after saponification and 75% of Cer was recovered after
transesterification. About 25% of Cer was degraded during these chemical treatments.

Experiments were conducted to examine the effect of chemical treatments on the
degradation of soybean Cer. The intermediate polar lipid fraction of one soybean sample was
equally divided into three parts. The first aliquot was saponified with 1 mL of 0.5 M NaOH
in methanol/water (19:1, v/v) at 50 °C for 1 hr. The second aliquot was transesterified with

0.5 mL of 0.5 M NaOCH3; in methanol at room temperature for 1 hr. The third aliquot was



24

used as the control. After the reactions were carried out, 0.1 M acetic acid was added to
neutralize the solution, and calculated volumes of chloroform and water were added as
described in the method of Folch et al. (25). Solvents in the lower layer were removed at
room temperature under nitrogen. The residues of the two treated samples were dissolved in
the same volume of chloroform as that of the third control aliquot. The three samples were
analyzed using the HPLC method developed for the separation of Cer.

The chromatograms of the control sample and the two samples after transesterification
and saponification are shown in Figure 3B. The area between 14 and 34 min was enlarged
and is presented as an inset in Figure 3B, and the chromatogram of TA and TN standard
mixtures was added into the inset. Transesterification and saponification removed most of the
ESG, but the peak areas of TA-2 of the two chemically treated samples decreased compared
with the peak area of the control sample. Only 45% of peak areas of TA-2 was retained after
the transesterification treatment, and 28% was retained after the saponification treatment.
The peak area of TN was 26% greater in the transesterified sample than in the control
sample. Some artifacts such as MAG may have been produced during transesterification and
contributed to the increase in the peak area of TN. To evaluate this possibility, drops of dilute
MAG standard solution were added to the transesterified sample to spike the TN peak. The
peak area of TN increased dramatically. In addition, an unknown peak with a retention time
of about 16 min, which is close to the retention time of DN, was observed in two chemically
treated samples. It probably was a degradation product from the complex lipids. A further
MS determination is needed to identify this unknown.

Both TA and TN were quantified during the initial HPLC analysis. The TN content was

~2 times greater than the TA content. This result disagreed with the Cer composition
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reported by Ohnishi et al. (//), who showed that TA accounted for >70% of the total free Cer
in soybean seeds. The insufficient separation of TN and MAG may have caused the
overestimation of the TN content. Therefore, TA was the only Cer subclass reported in our
study.

Fatty Ester Composition of Soybean Lines with Modified Palmitate Content. The
palmitate contents of the 15 soybean lines were significantly different (P <0.01), ranging
from 3.7 to 40.7% (Table 2). Palmitate content had significant negative correlations with
oleate ( = —0.93) and linoleate (» = —0.98) contents and significant positive correlations with
stearate ( = 0.52) and linolenate ( = 0.67) contents. Oleate and linoleate were the two fatty
esters most influenced by an increase in palmitate content. As the palmitate content
increased, the oleate content decreased from a high of 26.4% to a low of 8.9% and the
linoleate content decreased from a high of 61.2% to a low of 34.0%. Stearate and linolenate
contents of lines with 3.7% palmitate were lower than those for lines with the highest
palmitate. Our results agreed with those of Stoltzfus et al. (27), who evaluated lines with
elevated palmitate and reported significant positive correlations of palmitate with stearate
and linolenate and significant negative correlations with oleate and linoleate.

GlcCer and Cer Contents of Soybean Seeds with Modified Palmitate Content.
Significant differences (P < 0.01) were observed for GlcCer and Cer contents among the 15
soybean lines. The content of GlcCer ranged from 83.4 to 397.6 nmol/g among the lines
(Table 2). The average GlcCer content of the conventional soybean cultivars IA1008 and
[A2021 was 285.0 nmol/g, which partially agreed with reported data using different methods
(18, 26, 28). Sugawara et al. (/8) determined that the GlcCer content of a commercial

soybean was 110 nmol/g. Gutierrez et al. (26) reported that GlcCer content was 142 nmol/g
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in IA1008 and 283 nmol/g in IA2021. Takakuwa et al. (28) quantified GlcCer content in
different soybean tissues and reported that soybean cotyledon contained 280 nmol/g GlcCer.
The correlation between palmitate and GlcCer contents was not significant (# = 0.19, P =
0.30). The two lines with a palmitate content of 3.7% were significantly different from each
other in GlcCer content, and one of the lines was not significantly different in GlcCer content
from the line with the highest palmitate content of 40.7%. The content of Cer ranged from
8.4 t0 20.7 nmol/g among the 15 soybean lines (Table 2). The correlation between palmitate
and Cer contents was not significant ( =0.29, P = 0.12). The Cer content of one of the lines
with the lowest palmitate content was not significantly different from that of the line with the
highest palmitate. These results indicate palmitate content does not have a significant
influence on GlcCer or Cer content in the soybean seed. Genetic factors other than those
controlling palmitate contents seemed to be responsible for the significant differences among
lines for the two SL components.

The molar percentage of Cer to GlcCer was significantly different among the soybean
lines (P <0.01). The range among lines was from 4.3 to 10.1 mol % of Cer to GlcCer (Table
2). Lynch et al. (29) reported that Cer concentration in plant tissues was 10—20% of the
GlcCer content and that this concentration may be affected by environmental stress, diversity
of tissues, and different analytical methods. A significant positive correlation (» = 0.70, P <
0.01) was observed between Cer and GlcCer contents. Few studies have been reported on the
relationship between GlcCer and Cer in plants. Warnecke et al. (30) reported that plant Cer
may be synthesized during GlcCer turnover instead of being the precursors of GlcCer
biosynthesis because Cer and GlcCer in plants have different SB moieties. The major SB

moieties in soybean are trihydroxysphingenines for Cer and dihydroxysphingedienines for
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GlcCer (/7). Nakayama et al. (37) reported that the formation of GlcCer in radish seedlings
was enhanced by the addition of Cer with trihydroxy SB rather than the addition of the Cer

with dihydroxy SB.

Conclusions. The HPLC methods developed in this study can be effectively used to quantify
GlcCer and Cer (TA), as well as certain glycolipids in soybeans, without any chemical
treatment of the extracted lipid. SL contents were significantly different among soybean lines
that differed in palmitate content. No significant correlations were observed between SL and
palmitate contents among the 15 soybean lines. A significant and positive association (r =

0.70) was observed between GlcCer and Cer contents.
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Table 1. Binary Gradient Program for Ceramide Separation

Time. min Composition of mobile phase ¢
’ A, % B, %

0 94 6

2 94 6

6 91 9
21 89 11
22 88 12
30 88 12
38 0 100
48 0 100
49 94 6
59 94 6

“A was hexane, and B was 2-propanol/cthyl acetate/88% formic acid (50:50:0.5, v/v). Mobile phase

flow rate was 0.65 mL/min.
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Table 2. Fatty Ester Composition and SL Content of Seeds from 15 Soybean Lines

Lines Fatty ester composition, % Serrzrcl)iZt ’ mo?"e/z of

Cl6:0 C18:0 CI81 CI182 C183 GlcCer Cer  GleCer
B01769B019 3.7 3.1 23.7 612 3.3 33.4 34 10.1
1A2066 3.7 3.1 26.4 579 3.9 161.0 14.2 3.8
A22 6.6 4.2 24.0 56.7 3.6 298.1 16.4 55
IA1008 10.6 4.2 253 519 7.9 284.2 17.9 6.3
1A2021 10.6 4.4 22.2 552 7.7 2859 16.5 538
A30 13.5 4.4 24.1 50.6 7.5 2299 12.4 54
A24 153 43 20.6 499 938 264.5 173 6.5
A27 17.5 5.0 25.6 453 6.5 397.6 19.0 48
A2l 18.5 4.7 21.5 47.6 7.8 2337 10.0 43
A97877006 25.8 4.2 16.4 439 9.6 280.7 15.1 54
A96496018 282 4.1 13.2 439 10.5 252.6 20.7 3.2
A28 33.0 6.0 12.2 373 11.5 2978 19.2 6.4
97THP417 398 53 99 34.6 10.5 258.5 18.1 7.0
97HP12 398 49 9.7 344 112 2699 19.1 7.1
97HP307 40.7 4.5 3.9 34.0 11.9 186.1 10.2 55
LSDy 05 2.1 1.0 43 4.0 1.7 418 23 15

“The molecular weights used in calculation were Cer/654 and GlcCer/714. GlcCer and Cer contents

were calculated on a dry weight basis.
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CHAPTER 3. EFFECT OF SEED DEVELOPMENT STAGE ON
SPHINGOLIPID AND PHOSPHOLIPID CONTENTS IN SOYBEAN
SEEDS

A paper has been accepted by the Journal of Agricultural and Food Chemistry

Liping Wang,” Tong Wang, " and Walter R. Fehr®

ABSTRACT

Glucosylceramide (GlcCer) and ceramide (Cer) are the predominant sphingolipids (SL) in
soybeans. They have been recognized as functional components in plants and may have
health benefits for humans. The objective of this study was to evaluate the changes in SL and
phospholipid (PL) contents that occurred during seed development. Soybean seeds of three
cultivars (IA1008, IA1010, and IA1014) were harvested at S—day intervals from 28 days
after flowering (DAF) to 68 DAF (mature seed). SL and PL contents of seeds were quantified
using high-performance liquid chromatography (HPLC) with an evaporative light-scattering
detector (ELSD). SL and PL contents decreased significantly during seed development.
Averaged across cultivars, Cer content on a dry weight basis decreased from 51.4 nmol/g at
28 DAF to 22.2 nmol/g at 68 DAF, whereas GlcCer content decreased from 522.8 nmol/g at
28 DAF to 135.8 nmol/g at 68 DAF. PL percentage of the total lipid decreased from 9.1% at

28 DAF to 3.5% at 68 DAF.
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INTRODUCTION

Sphingolipids (SL) and phospholipids (PL) are structural and functional lipids found in
cell membranes. Soybean SL and PL have attracted considerable interest because of their
health benefits (/—4). Soybean PL, known as soy lecithin, have been utilized as a health-
promoting ingredient in functional food products. SL have potential applications in the
inhibition of colon cancer, reduction of low-density lipoprotein (LDL) cholesterol, and
protection against bacteria toxins and infections (/). Soybean glucosylceramide (GlcCer), the
predominant SL class in soybeans, has been identified as an inhibitor of colon cancer (4).

Few studies have been conducted on the content of the total SL in soybean seeds. Ohnishi
et al. (9) reported that ceramide (Cer) and GlcCer were the predominant SL in both immature
and mature soybean seeds, and that these SL were present in higher concentrations in
immature seeds than in mature seeds. Sugawara et al. (6) and Gutierrez et al. (7) found that
the GlcCer content of mature soybean seeds was about 110—472 nmol/g on a dry weight
basis. No research has been reported on the content of SL and PL during soybean seed
development. Consumption of immature soybeans as a green vegetable, commonly known as
edamame, is becoming more popular in the United States. Therefore, it is important to know
the contents of these minor, but potentially health-promoting components during different
stages of seed development.

The development of soybean seed is commonly divided into three stages (8). The cell
division of seed is completed at an early stage of development by 20—25 days after flowering
(DAF). Seed growth occurs from about 25 to about 60 DAF when the seed reaches

physiological maturity. During this stage, the majority of the lipids, proteins, and
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carbohydrates are synthesized and accumulated in the pre-existing cells. The last stage is
when the seed loses moisture and its color changes from green to its mature color.

In this study, it was hypothesized that the contents of SL and PL would decrease during
seed development due to a reduction in the relative proportion of membrane components in
the seed. To test the hypothesis, the contents of SL and PL were measured during soybean
seed development. The contents of protein, total lipid, and other lipid components also were
measured to determine the nutritional value of immature seeds at different stages of

development when they are consumed as a vegetable.

MATERIALS AND METHODS

Chemicals and Standards. All solvents and reagents were obtained from Fisher
Scientific (Fair Lawn, NJ). The ceramide VI (trihydroxysphinganine with a-hydroxystearic
acid, TA) used as the soybean Cer standard was donated by Goldschmidt (Essen, Germany).
The soy GlcCer and PL standards including phosphatidylethanolamine (PE),
phosphatidylinositol (PI), phosphatidylserine (PS), and phosphatidylcholine (PC) were
purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). The conjugated sterol standards,
including sterylglucoside (SG) and esterified sterylglucoside (ESG), were purchased from
Matreya (Pleasant Gap, PA).

Seed Planting and Harvest. Three soybean cultivars developed by the soybean breeding
project at lowa State University that differed in seed size and protein content were selected
for this study. IA1008 is a cultivar with the seed size and protein content of conventional
soybeans. IA1010 is a cultivar with the large seeds preferred for consumption as a green

vegetable. IA1014 is a cultivar with large seeds and high protein content for use in making
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tofu and other soyfoods. The three cultivars were planted in adjacent plots at the Agricultural
Engineering and Agronomy Research Center near Ames, A, in May 2004. On July 10 when
the plants were flowering, one flower at one node on each of 600 plants of each cultivar was
tagged. The petals of the tagged flowers were emerging from the sepals but were not
completely open. Tagged pods equivalent to about 30 g fresh seed weight were collected
every 5 days from 28 to 68 DAF, when the seeds were mature and yellow in color. The
number of pods harvested at each date was estimated on the basis of the data reported by
Schnebly et al. (9). The fresh seed weight was measured by shelling enough pods to obtain
30 seeds. Three replicates of 10 fresh seeds were weighed, and the weight was divided by 10.
The remaining pods were blanched in boiling water for about 5 min to deactivate enzymes
and stored in a freezer until analysis.

Total Lipid Extraction. To improve the efficiency of the solvent extraction, all
immature soybean seed samples were ground in a mortar and a pestle, whereas all mature
seeds were ground in a Wiley mill (Thomas Scientific, Swedesboro, NJ) equipped with a 20-
mesh delivering tube. After grinding, two replicates of the ground seeds were used for total
lipid extraction. For each replicate, 10 g of the ground seeds was extracted by stirring with 50
mL of chloroform/methanol (2:1, v/v) for 4 hr and with 50 mL of water-saturated 1-butanol
for 8 hr. The solvent extracts were filtered. The residual solid matter was air-dried in a fume
hood and saved for the protein determination. Solvents in the extracts were removed with a
rotary evaporator to obtain the crude lipid. To remove the water-soluble sugars and
proteinaceous components, the crude lipid was purified using the method described by Folch

et al. (/0). The lower layer of the solvent-lipid mixture was dried with anhydrous Na;SO..
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After filtration and evaporation of solvents, the purified total lipid was weighed, redissolved
in 0.5 mL of chloroform, and stored in a freezer.

Lipid Class Separation by Silica Column Chromatography. Because the amount of
total lipid extract from each replicate of immature seeds was too low to be used in the
separation and quantification of the SL contents, the two replicates of the total lipid extract of
each immature seed sample were combined. The total lipid was separated into the neutral
lipid fraction, the intermediate polar lipid fraction, and the polar lipid fraction using the
procedures described by Wang et al. (/7). The intermediate polar lipid fraction mainly
contained SL, glycolipid, and some PL. To accurately quantify the PL content, half of the
intermediate polar lipid fraction and half of the polar lipid fraction were combined and
marked as the PL fraction for the HPLC quantification of PL.

Moisture Content, Protein Content, and Fatty Ester Composition of Soybean Seeds.
Moisture content was measured from two replicates of each ground soybean seed sample. For
each replicate, 5 g of the ground seeds was dried in a vacuum oven at 55 °C until a constant
weight was obtained. Protein content was determined on the two replicates of residual solid
matter obtained after total lipid extraction by measuring the N content with an automated N
analyzer (Rapid N III, Elementar Americas, Inc, Mt. Laurel, NJ) and multiplying the N
content by 6.25. Fatty ester composition of the neutral oil fraction was analyzed with a 5890
series II gas chromatograph (Hewlett-Packard, Avondale, PA) equipped with a flame
ionization detector and a capillary column (15m x 0.25mm, 0.25 gm film thickness)
(Supelco, Bellefonte, PA). Transesterification and GC quantification were done according to

the methods reported by Palacios et al. (/2).
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HPLC Method for Sphingolipid and Conjugated Sterol Quantification. Soybean
GlcCer content was quantified using the HPLC method reported by Wang et al. (/7).
Because ESG and SG also are membrane lipid components, they were quantified in the same
run for the GlcCer quantification with HPLC—ELSD. Only the major Cer, TA, was
determined and quantified in this study using the HPLC method reported by Wang et al. (/7).
Different concentrations of the GlcCer, ESG, and SG standard mixtures and the TA standard
were used for establishing standard calibration equations (Table 1).

HPLC Method for Phospholipid Quantification. A Pholipidec certified silica column
(250 x 4.6 mm, Sum particle size) with a guard column (20 x 4 mm) from Advanced
Separation Technology Inc. (Astec, Whippany, NJ) was used to separate and quantify PL.
The HPLC method was modified from the method provided by Astec. Mobile phase A was
chloroform/methanol/30% ammonia (80:19:1, v/v), and mobile phase B was
chloroform/methanol/30% ammonia/water (50:48:1:1, v/v). In the binary program, B was
increased from O to 100% in 25 min, held at 100% for 15 min, and returned to 0 in 2 min.
The mobile phase flow rate was at 1 mL/min. For each run, the HPLC column was re-
equilibrated for 6 min with 100% A. The detection conditions of ELSD were a drift tube
temperature of 55 °C, gain of 4, nitrogen flow rate of 1.7 L /min, and impactor in the off
mode. Peaks of PE, PI, PS and PC were sharp and baseline separated (Figure 1). Different
concentrations of standard mixtures of PE, PI, PS, and PC were used for establishing
standard equations. Because PS was present in <1% of the total PL, only PE, PI, and PC were
quantified and calculated with the standard calibration equations as presented in Table 1.

Statistical Analysis. The data were analyzed as a two factorial design with SAS v. 9.1

(SAS Institute, Inc., Cary, NC). Cultivars and seed development stages were considered to be
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fixed effects. Seed weight had three replications; moisture, protein, and total lipid contents

had two replications; and SL, PL, conjugated sterol, neutral oil, and fatty ester contents had
one replication for each seed development stage of each cultivar. For the contents that were
measured with only one replication, the interaction between cultivar and seed development
stage was used to evaluate the significance of the main effects of cultivar and seed

development stage with an F test.

RESULTS AND DISCUSSION

Seed Weight, Moisture, Protein, and Total Lipid Contents. Significant differences
among the three cultivars were observed for mean fresh seed weight (Table 2 and 3). The
fresh seed weight and moisture content of the cultivars changed significantly during seed
development (Table 2 and 3). The mean fresh seed weight of the three cultivars increased
continuously from 28 to 53 DAF. From 53 DAF to seed maturity at 68 DAF, seed weight
declined due to the reduction in seed moisture.

Protein and total lipid contents were significantly different among the three cultivars and
among the nine development stages (Table 2 and 3). During seed development, the
percentage of protein in IA1008 did not change significantly, whereas the protein content in
IA1010 seed increased 10.4% from 28 to 68 DAF and that in IA1014 increased 14.8% during
the same period. The percentage ofithe total lipid of the three cultivars increased significantly
from 28 to 68 DAF by 24.2% for IA1008, by 20.7% for IA1010, and by 27.5% for IA1014.

Sphingolipid Contents. The intermediate polar lipid fraction was used for the SL
quantification. Significant differences were observed for Cer content among the three

cultivars, but not for GlcCer (Tables 2 and 4). GlcCer and Cer contents decreased
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significantly during seed development (Tables 2 and 4). Averaged across cultivars, Cer
content on a dry weight basis decreased 56.8% from 51.4 nmol/g at 28 to 22.2 nmol/g at 68
DAF, and GlcCer content decreased 74.0% from 522.8 nmol/g at 28 DAF to 135.8 nmol/g at
68 DAF. The changes of GlcCer and Cer during seed development were similar to those
observed in previous studies. Ohnishi et al. (5) reported a decrease in Cer content from 150
nmol/g in immature seeds to 37.5 nmol/g in mature seeds and in GlcCer content from 462
nmol/g in immature soybean seeds to 91 nmol/g in mature seeds, on an as—is moisture basis.
Because they did not report the moisture contents and the days after flowering of the
immature seeds, it is not possible to make a direct comparison of their SL contents with those
in our study. Their Cer content expressed as a percentage of GlcCer was 32 mol % for
immature seeds and 41 mol% for mature seeds, which were much higher than the range from
9.8 mol % at 28 DAF to 16.3 mol % for mature seeds in our study (Table 4).

The difference in the analytical methods of Ohnishi et al. (5) and those we used may
partially explain the differences in the levels of Cer and GlcCer observed in the two studies.
In a previous paper, we discussed that certain Cer subclasses could not be well resolved from
MAG, the polarity of which is similar to that of Cer (//). In our study reported herein, only
the major Cer subclass, TA, was quantified. As a result, our Cer to GlcCer percentages were
slightly underestimated. Ohnishi et al. (5) obtained GlcCer and Cer contents by weighing the
amount of extracts recovered from the thin layer chromatography silica band, which may
contain MAG and result in an overestimation of the Cer to GlcCer percentage. No other
studies have been conducted in the quantification of both GlcCer and Cer contents in soybean

seeds. Lynch et al. (/3) reviewed recent studies in plant SL and pointed out that Cer content
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was about 10—20% of GlcCer in plant tissues. Our results seemed to be in that range even
though only the major Cer was quantified.

Because SL is one of the important membrane lipids that affect membrane properties, the
molar percentage of SL (sum of GlcCer and Cer) in the polar lipids (sum of GlcCer, Cer, SG,
ESG, and PL) was calculated. SL. molar percentage in the polar lipids decreased significantly
from 2.8 mol % at 28 DAF to 1.4 mol % in mature seeds (Table 2 and 4). It is possible that
this change may be related to changes in the membrane physicochemical properties, such as
the ion permeability, fluidity, and bilayer stability during seed development. Berglund et al.
(/4) studied the bilayer permeability and monolayer behavior of GlcCer in PL mixtures and
found that the membrane permeability for glucose significantly increased when GlcCer
concentration was >7.5 mol % of PL. Steponkus et al. (/5) reviewed the plasma membrane
changes resulting from freeze-induced cell dehydration and reported that a low proportion of
GlcCer in mixtures containing PL and SL resulted in an increase in gel mixability. Similarly,
cell dehydration during soybean seed development may be accompanied by changes in
membrane physicochemical properties. However, no studies have been reported regarding
the influence of GlcCer concentration on cell dehydration during seed development.

Phospholipids. Significant differences were observed for the PL percentage in the total
lipid among the seed development stages but not among the cultivars (Table 2 and 4).
Averaged across cultivars, the PL percentage in the total extractable lipid decreased from
9.1% at 28 DAF to 3.5% at 68 DAF as the neutral oil content increased from 81.5% at 28
DAF to 92.9% at 68 DAF. The PL content on a dry weight basis decreased by 44.4% from
18.7 umol/g at 28 DAF to 10.4 umol/g at 68 DAF. The decrease in PL content during seed

development supported our hypothesis that there were higher relative proportions of
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membrane components in immature seeds than in mature seeds. Compared with the changes
in other polar lipids, PL content seemed to decrease more slowly than GlcCer, Cer, and SG
contents. It is possible that accumulation of oil bodies slowed the reduction rate of the total
PL content because PL occurs as the exclusive components of the half-unit membrane in the
oil bodies, in addition to being the predominant components of plasma membranes where SL
and SG are located.

Significant differences for PL subclasses were observed among cultivars and seed
development stages (Table 2 and 5). Averaged across cultivars, PC content in the total PL
decreased from 79 mol % at 28 DAF to 62 mol % at 68 DAF, which was accompanied by
increases in PE from 11 mol % at 28 DAF to 23 mol % at 68 DAF and PI contents from 10
mol % at 28 DAF to 15 mol % at 68 DAF. Among the three PL subclasses, PC was the
predominant PL. component followed by PE and PI in both immature and mature seeds. Our
data for PL contents of soybean seeds differed from those reported in previous studies
(/16—18). Privett et al. (/6) analyzed the PL in developing soybean seeds and found that
phosphatidic acid (PA) and PI accounted for >50% of the total PL in immature seeds,
whereas PC was the major one in mature seeds (45%) followed by PE and PI. Wilson et al.
(/7) determined phosphorus contents of separated PL and reported that V-
acylphosphatidylethanolamine (NPE) (>50 mol %) and PA (~15 mol %) were the two major
PL subclasses in immature soybean seeds, whereas PC (46 mol %), PE (25 mol %), and PI
(17 mol %) were the major ones in mature seeds. Wilson et al. (/&) also reported that NPE
(>50%) and PC (>14%) were the major PL in immature seeds, whereas PI content (~30%)
was higher than the others in mature seeds. In our study, NPE was not detected in the PL.

fraction. NPE has been considered to be a potential diacylglycerol donor for oil biosynthesis,
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and it would be degraded before seed maturation (/9). The discrepancy among studies may
be due to the differences in the analytical methods used.

ESG and SG Contents. The major conjugated sterols, SG and ESG, also are important
components in the cell membranes. There were significant differences among the seed
development stages, but not among the three cultivars for SG and ESG contents (Table 2 and
4). Averaged across cultivars, SG content decreased 72% from 1.8 umol/g at 28 DAF to0 0.5
umol/g at 68 DAF on a dry weight basis, whereas ESG content was similar for seeds at 28
DAF and 68 DAF (Table 4). SG was 3-fold higher than ESG in seeds at 28 DAF, but the
contents of the two conjugated sterols were similar at 68 DAF. Few studies have been
conducted on the content of conjugated sterols in soybean seed. Sugawara et al. (6) reported
that in mature soybean seeds, SG content was 0.2 umol/g and ESG content was 0.5 umol/g
on a dry weight basis, which were similar to our results for mature seeds. The changes in
conjugated sterols were investigated by Wojciechowski (20), who reported that
phytohormone levels and environmental factors controlled the interconversions between the
free sterols and the conjugated sterols and indicated that ESG and SG contents may be
altered substantially in response to changes in growth conditions, such as the dehydration and
a reduction in photosynthesis. In a review, Moreau et al. (2/) suggested that the levels of SG
and ESG can be rapidly modulated by other environmental and chemical factors such as
light, temperature, water stress, ozone, copper ions, and exposure to various enzymes.

Fatty Ester Composition of Neutral Oil. Significant differences were observed among
cultivars and seed development stages for neutral oil content (Table 2, 4, and 5). Averaged
across cultivars, neutral oil percentage in the total lipid increased significantly during seed

development from 81.5% at 28 DAF to 92.9% at 68 DAF. Fatty ester composition also
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changed during seed development. Palmitate and stearate content decreased significantly and
oleate content increased significantly from 28 to 68 DAF. Our finding was in general in
agreement with the data reported by Rubel et al. (22). They found that palmitate, stearate,
and linolenate contents decreased significantly while the oleate and linoleate contents
increased from 24 to 40 DAF, but there was no significant change in the fatty ester
composition from 54 to 72 DAF. Sangwan et al. (23) reported that oleate content decreased
and linoleate increased from 45 DAF to maturity. The variation in results among studies may
be due in part to the different soybean cultivars, environments, and analytical methods that
were used.

The harvest of soybean for use as a green vegetable generally occurs when the seed has
reached it greatest fresh weight. In our study, that occurred at 53 DAF. When the lipid
contents were calculated on a fresh weight basis for a single seed, the greatest SL and PL.
contents were observed in immature seed at 48—53 DAF for the three cultivars studied. A
single immature seed harvested at 48—53 DAF contained 34 ug of total SL in IA1008, 55 ug
in IA1010, and 37 ug in IA1014, whereas a mature seed had 21 ug of SL in IA1008, 29 ug in
[IA1010, and 33 ugin IA1014. Similarly, PL contents in an immature seed at 48—53 DAF
were 20 mg in IA1008, 28 mg in IA1010, and 20 mg in IA1014, whereas PL contents in a
mature seed were 19 mg in IA1008, 18 mg in IA1010, and 24 mg in IA1014. These results
indicated that green immature seeds harvested at their greatest fresh weight would have high
nutritional value for SL and PL contents.

Conclusions. SL and PL are two major membrane components of soybean seeds. Our
hypothesis was that the SL and PL contents would decrease during seed development as the

relative proportion of membranes in the seeds decreased during development. There was a
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significant decrease in the two lipid components during seed development, which supported

our hypothesis. The results also indicated that immature soybeans harvested at their greatest

fresh weight will have high SL and PL contents.
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Table 1. Standard Calibration Equations for Seven Classes of Lipids

Lipid class® Calibration equations” P

GlcCer Y =759199X — 10° 0.9977
ESG Y =502954X — 10° 0.9946
SG Y =992497X — 4%10° 0.9977

Cer Y=2 x10"x"7% 0.9987

PC Y=13273x"9% 0.9999

PE Y =23698X" %% 0.9992

PI Y =45383x" 742 0.9973

“GlcCer, glucosylceramide; ESG, esterified sterylglucoside; SG, sterylglucoside; Cer, ceramide; PC,
phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol. Lipid subclasses were
analyzed using HPLC columns and analytical conditions specific for GlcCer, Cer (TA-2), and PL.

®X is the amount of lipid in xg and Y is the peak area.
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Table 2. Significance of Differences among the Means of Three Cultivars and of Nine Seed
Development Stages As Measured in Days after Flowering (DAF)

Seed component DAF®  Cultivar” Seed component DAF®  Cultivar®

Seed weight ok o PL % in total lipid o ns
Moisture ok ok PE mol% in PL o o
Protein * ** PI mol% in PL ** o
Total lipid ok ok PC mol% in PL o ok
GlcCer i ns Neutral Oil ** **
Cer ** ** C16:0 *k *

SL mol% in the polar lipid ** * C18:0 ** ns
SG i ns C18:1 * *¥
ESG ** ns Cl18:2 ns **
PL o ns Cl18:3 ns o

“* * mean squares significant at the 0.01 and 0.05 probability level, respectively. ns, mean squares

not significant at the 0.05 probability level.
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Table 3. Composition of Developing Soybean Seeds”

Cultivar and

Days after flowering

component 28 33 38 43 48 53 58 63 68” LSDoos
1A1008
Seed wt, mg  223.1 3017 3675 4717 4894 5036 2513 2378 2196 114
Moisture, % 745 728 703 664 616 551 177 104 78 0.6
Protein, % 413 414 408 421 405 424 432 422 412 07
Total lipid, % 182 197 211 211 223 201 224 229 226 1.1
TA1010
Seed wt, mg 1269 239.0 4492 5371 7219 7854 4232 3737 3379 25
Moisture, % 80.1 769 731 702 660 640 426 184 105 06
Protein, % 402 402 383 402 413 422 400 427 444 24
Total lipid, % 184 187 187 192 191 189 184 189 222 1.9
1A1014
Seed wt, mg 1264 2437 3394 4275 5040 5277 5235 2977 2864 22
Moisture, % 790 759 716 689 656 620 522 194 113 12
Protein, % 419 446 438 449 458 454 492 465 481 2.0
Total lipid, % 167 190 220 209 223 212 204 214 216 13

“Protein and total lipid were reported on a dry weight basis.

> Mature seed.
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Table 4. Lipid Composition of Developing Soybean Seeds”

e Conjugated
SL PL Sterols
Neutral
DAF C?(r,/ SL.mol% oil ¢/
Ce’  GleCer ™M°7°  inthe 4 % SG  ESG
nmol/g  nmol/g polar 70" umol/g umol/g  pmol/g
GlcCer linid®
ipid
28 514 522.8 9.8 2.8 9.1 18.7 81.5 1.8 0.6
33 43 4 5115 8.5 27 7.8 18.1 86.0 1.9 0.6
38 445 428.0 104 2.5 6.3 16.1 872 2.1 05
43 333 330.0 10.1 1.9 6.4 16.7 88.3 1.8 05
48 326 286.9 114 1.9 58 14.6 89.8 1.2 05
53 27.0 199.5 135 1.7 5.1 12.1 90.2 1.0 04
58 20.7 163.1 12.7 1.7 4.0 10.2 913 0.7 03
63 22.1 146.7 15.1 1.7 38 9.0 923 0.5 0.6
68 22.2 135.8 16.3 1.4 3.5 10.4 92.9 0.5 0.6
LSDyos  14.0 86.2 5.1 0.6 1.8 4.9 2.2 0.6 0.1

“The molecular weights used in calculation were Cer, 654; GlcCer, 714; SG, 576 ESG, 814; PC, 758;
PE, 716; PI, 857.

PCer referred only to the major component TA.
“Polar lipids were the sum of GlcCer, Cer, SG, ESG, and PL.

“Percentage of the neutral oil and PL were calculated on the basis of the total lipid extract. Other

components were calculated on a dry—weight basis.
‘PL was the sum of PC, PE, and PI.

'The neutral oil was obtained by silica column fractionation and may include TAG, FFA, DAG,

tocopherols, and pigments.
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Table 5. Means of Phospholipid Subclass and Fatty Ester Content Averaged across Cultivars

PL composition, mol% Fatty ester composition, %

DAF PE PI PC Cl6:0 Ci18:0 Ci18:1 Cl182 (183
28 11.0 10.0 79.0 16.7 6.7 255 418 9.7
33 14.9 9.0 76.1 14.8 5.0 25.6 44 4 9.5
38 12.3 10.0 77.7 11.8 53 28.4 452 8.9
43 12.1 10.9 77.0 10.7 5.0 28.7 46.7 8.8
48 153 12.3 72.4 9.8 5.0 339 433 7.8
53 153 13.6 71.1 94 4.7 35.0 432 7.6
58 17.8 14.0 68.2 93 45 354 428 7.6
63 17.7 12.9 69.4 92 45 338 447 7.5
68 22.9 14.9 62.2 93 4.6 338 448 7.4

LSDy 05 34 25 4.7 22 1.0 7.4 6.8 1.6
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CHAPTER 4. GENERAL CONCLUSION

The HPLC methods developed in this study can be effectively used to quantify GlcCer
and Cer (TA), as well as certain glycolipids in soybeans, without any chemical treatment of'
the extracted lipid. SL contents were significantly different among soybean lines that differed
in palmitate content. No significant correlations were observed between SL and palmitate
contents among the 15 soybean lines. A significant and positive association (# = 0.70) was
observed between GlcCer and Cer contents. The results indicated that palmitate content of
soybean seed did not affect their GlcCer and Cer contents. Genetic factors other than those
that control palmitate content seemed to be responsible for the variation among soybean lines
for GlcCer and Cer contents.

Two major membrane components of soybean seeds, SL. and PL, were also quantified
during seed development. There was a significant decrease in the two lipid components
during seed development, which proved our hypothesis that the SL and PL contents would
decrease during seed development as the relative proportion of membranes in the seeds
decreased during development. Cer content on a dry-weight basis decreased from 51.4
nmol/g at 28 DAF to 22.2 nmol/g at 68 DAF, while GlcCer deceased from 522.8 nmol/g at
28 DAF to 135.8 nmol/g at 68 DAF. The PL percentage in the total lipid decreased from
9.1% at 28 DAF to 3.5% at 68 DAF. The results also indicated that immature soybeans

harvested at their greatest fresh weight would have high SL and PL contents.



58

APPENDIX A. ANALYSIS OF VARIANCE TABLES FOR CHAPTER 2

1 Cer

Source df. SS MS F Pr>F
Line 14 407.09 29.08 25.07 <0.0001
Error 15 17.40 1.16

Total 29 424.50

2 GlceCer

Source df. SS MS F Pr>F
Line 14 141766.03 10126.14 26.26 <0.0001
Error 15 5783.56 385.57

Total 29 147549.59

3 Cer mol% of GlcCer

Source df. SS MS F Pr>F
Line 14 70.33 5.02 9.61 <0.0001
Error 15 7.56 0.76

Total 29 77.89
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APPENDIX B. ANALYSIS OF VARIANCE TABLES AND ADDITIONAL
DATA FOR CHAPTER 3

1 Seed weight

Source df. SS MS F Pr>F
Cultivar 2 158019.4  79009.7 12931.2 <0.0001
DAF 8 1587423.2 1984279 324759 <0.0001
DAFxCultivar 16 316463.0 197789 3267.14 <0.0001
Error 54 3299 6.11

Total 80 2062235.5

2 Moisture Content

Source df. SS MS F Pr>F
Cultivar 2 710.27 4024.60 26089.9 <0.0001
DAF 8 32196.83  355.13 2302.8 <0.0001
DAFxCultivar 16 1004.98 62.81 407.2 <0.0001
Error 27 4.16 0.15

Total 53 33916.25

3 Protein

Source df. SS MS F Pr>F
Cultivar 2 216.41 108.20 127.22 <0.0001
DAF 8 772 9.65 11.35 <0.0001
DAFxCultivar 16 63.39 3.96 4.66 0.0002
Error 27 22.96 0.85

Total 53 379.98

4 Total Lipid

Source df. SS MS F Pr>F
Cultivar 2 37.12 18.56 38.61 <0.0001
DAF 8 76.90 9.61 19.99 <0.0001
DAFxCultivar 16 35.06 2.19 4.56 0.0003
Error 27 12.98 0.48

Total 53 162.06

5 GlcCer

Source df. SS MS F Pr>F
Cultivar 2 5925.57 2962.78 1.27 0.3081
DAF 8 552022.16 69002.8 29.69 <0.0001
Error 15 34867.25 2324.48

Total 25 592814.98



6 Cer

Source df. SS MS F Pr>F
Cultivar 2 979.16 489.58 7.55 0.0044
DAF 8 2789.98 348.75 5.67 0.002
Error 15 923.38 61.56

Total 25 4692.52

7 SL mol% of Total Polar Lipid

Source df. SS MS F Pr>F
Cultivar 2 1.13 0.57 5.05 0.0211
DAF 8 5.70 0.71 6.43 0.0011
Error 15 1.69 0.11

Total 25 8.52

8 SG

Source df. SS MS F Pr>F
Cultivar 2 0.16 0.08 0.71 0.5066
DAF 8 924 1.15 1.52 <0.0001
Error 15 1.65 0.11

Total 25 11.05

9 ESG

Source df. SS MS F Pr>F
Cultivar 2 0.015 0.007 1.06 0.3705
DAF 8 0.233 0.029 423 0.0079
Error 15 0.103 0.007

Total 25 0.351

10 PL

Source df. SS MS F Pr>F
Cultivar 2 30.60 15.30 2.07 0.1611
DAF 8 321.25 40.16 5.43 0.0025
Error 15 111.03 7.40

Total 25 462.88

11 PL Percentage of the Total Lipid

Source df. SS MS F Pr>F
Cultivar 2 0.89 0.44 0.43 0.6013
DAF 8 85.07 10.63 10.15 <0.0001
Error 15 15.72 1.05

Total 25 101.69



12 PE mol% of PL
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Source df. SS MS F Pr>F
Cultivar 2 54.58 27.29 7.53 0.0054
DAF 8 316.45 39.55 10.92 <0.0001
Error 15 5432 3.62

Total 25 42535

13 PI mol% of PL

Source df. SS MS F Pr>F
Cultivar 2 30.27 15.14 7.41 0.0058
DAF 8 9922 12.40 6.07 0.0014
Error 15 30.65 2.04

Total 25 160.14

14 PC mol% of PL

Source df. SS MS F Pr>F
Cultivar 2 140.03 70.02 10.28 0.0015
DAF 8 697.41 87.17 12.80 <0.0001
Error 15 102.16 6.81

Total 25 939.60

15 Neutral Oil

Source df. SS MS F Pr>F
Cultivar 2 37.68 18.84 12.58 0.0006
DAF 8 298.44 37.30 2491 <0.0001
Error 15 22.46 1.50

Total 25

16 Palmitate

Source df. SS MS F Pr>F
Cultivar 2 11.22 5.61 3.61 0.0524
DAF 8 173.88 21.73 13.99 <0.0001
Error 15 20.31 1.55

Total 25 208.42

17 Stearate

Source df. SS MS F Pr>F
Cultivar 2 1.13 0.66 2.27 0.1380
DAF 8 12.28 1.53 5.53 0.0020
Error 15 4.40 0.29

Total 25 18.01
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18 Oleat

Source df. SS MS F Pr>F
Cultivar 2 220.51 110.26 6.41 0.0097
DAF 8 372.23 46.53 2.71 0.0459
Error 15 257.82 17.19

Total 25 50.56

19 Linoleate

Source df. SS MS F Pr>F
Cultivar 2 272.88 136.44 9.40 0.0023
DAF 8 52.75 6.59 0.45 0.8692
Error 15 217.63 1451

Total 25 543.26

20 Linolenate

Source df. SS MS F Pr>F
Cultivar 2 12.65 6.33 8.14 0.0040
DAF 8 20.27 2.53 3.26 0.0232
Error 15 11.66 0.78

Total 25

21 SL and PL contents on a fresh weight basis for a single seed

Three soybean cultivars

DAF TA1008 TIA1010 1A1014
Cer GlcCer PL Cer  GlcCer PL Cer  GlcCer PL
ug/seed mg/seed ug/seed mg/seed ug/seed mg/seed

28 1.9 23.1 10.6 0.9 10.1 31 09 83 2.8
33 2.5 229 12.2 1.2 22.6 7.6 2 21.7 8.4
38 37 294 12.4 1.9 35 16.5 3.7 30 12.2
43 53 322 20.4 22 42 204 2.5 356 15.6
48 53 328 23.6 4.8 62.4 27.0 2.8 321 18.6
53 4.6 25.7 17.4 4.7 37.7 299 3.1 354 22.4
58 35 275 13.8 2 24 .4 20.4 - - -
63 37 214 17.3 2.7 30 19.2 39 272 14.5
68 34 17.9 19.1 2.7 26.1 18.1 4.4 28.9 21.0
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