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Stellingen

1 De factoren die de transitietemperatuur van de membraanlipiden beinvloeden, bepalen

de levensduur van pollen.
dit proefschrift

2 Pollenveroudering wordt veroorzaakt door vrije radicalen.
dit procfschrift

3 Bij de snelheid van pollenbuisgroei spelen behalve het cytoskelet ook de

membraanlipiden een rol.
Steer MW & Steer JM (198%9) New Phytol 111: 323-358; dit proefschrift

4 Jain en Shivanna gaan er ten onrechte van uit dat het voorkomen van lysolipiden in
lipidextracten van verouderd pollen een isoleringsartefact is.
Jain A & Shivanna KR (1989) Phytochem 28: 999-1002; dit proefschrift

3 Uttspraken omtrent de chemische samenstelling van biologische systemen dienen
gerelateerd te worden aan hun fysiclogische betekenis

Caffrey M et al (1987) Biochim Biophys Acta921: 124-134; Gunarsekaran M & Andersen WR (1973)
Res Com Chem Pathol Pharmacol 6: 633-642

6 Aguegia & Fatokum houden bij de bepaling van geschikte bewaarcondities voor
Xanthosoma sagittifolium L. pollen geen rekening met het optreden van
imbibitieschade bij herbevochtiging.

Aguegia A & Fatokum CA (1988) Euphytica 39: 195-198; Hoekstra FA, Van der Wal EW (1988) §
Plant physiol 133; 257-262

7 Het is onwaarschijnlijk dat de door Maguire et al. geconstateerde verandering in
phospholipidenasyminetrie in de erythrocytenmembraan ten gevolge van infectie met

de malaria parasiet ook in vive optreedt.
Maguire PA, Prudbomme J, Sherman IW, Parasitology (1991) 102: 179-186



8 Met de stelling dat elke vooruitgang zijr eigen achterlijkheid schept, geeft Kellendonk
aan dat literatuur en natuurwetenschappen meer overcenkomen dan vaak wordt
gedacht.

Kellendonk F, (1987) Idolen. /rn: De veren van de zwaan, Meulenhof Nederland bv, Amsterdam, pp
149-164 '

9 De uitspraak "The scientist wants to discover a cause for everything’ is in tegenspraak

met de inhoud van 'Fantasia of the Unconscious’.
Lawrence DH, (1922} Fantasia of the Unconscious, Penguin Books Lid, Harmondworth, Middlesex,
England

10 Positieve discriminatic maakt negatief onderscheid.

Stellingen behorende bij het proefschrift *Pollen viability and membrane lipid composition’,
DGIL van Bilsen
Wageningen, 4 oktober 1993
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1. General introduction



Pollen

Pollen is the male gametophyte of sced plants. Pollen grains develop in the anthers
of flowering plants. A mature pollen grain consists of a vegetative cell in which one or two
generative cells are embedded. During the development in the anther, most pollen becomes
desiccation tolerant {Hockstra and Van Roekel, 1988; Hoekstra et al., 1989a). After
maturation in the anther is completed, the pollen is usually shed in a partly desiccated
condition. Upon arrival on a compatible pistil, pollen germination starts. First the dry grain
takes up waier and swells, the vegetative cell gets activated and grows out to produce the
pollen tube, Visibility of the pollen tube is the criterion for germination. The pollen tube
penetrates into the pistil and further elongates until it reaches the ovary. Through the pollen
tube the two sperm cells, derived from the generative cell(s), are transported to the female
gametophyte. One sperm cell fuses with the egg cell, thus generating the zygote. The other
sperm cell fuses with the central cells which will further develop into the endosperm. This
double fertilization is the first step of seed development (Shivanna and Johri, 1985; Stanley
and Linskens, 1974).

Mature pollen of angiosperms is either bi- or tricellular (formerly called bi-and
trinuclear). The bicellular type contains ome generative and one vegetative cell; the
generative one undergoes a sccond mitosis after pollen tube growth has already started, the
rate of its metabolism and germination are relatively slow. The tricellular type contains one
vegetative and two sperm cells; the second mitosis has already occurred during develop-
ment in the anther and the highly active pollen readily germinates (Hoekstra and Bruinsma,
1975b; Knox, 1984). In general, metabolic activity is much higher in tricellular pollen
species than in the bicellular ones. The higher metabolic activity is associated with a shorter
lag time and a faster pollen tube growth upon rehydration, but is also correlated with a
higher vulnerability resulting in a shorter life span (Hoekstra, 1979). In seeds metabolic
activity and longevity are related (Benson, 1990). Probably metabolic activity is also
directly related to pollen longevity and might thereby play a key role in pollen viability.

Pollen viability



Functional pollen that retains its viability until its transfer to the stigma and
succesful completion of pollen tube growth into the pistil are necessary for fertilization and
seed development. In vive, the pollen viability can be monitored as the degree of seed set
after pollination (Matthews and Bramlett, 1983; Smith et al., 1990). Viability assays in
vitro, i.e. in sugar-containing, artificial media, can be performed by determining pollen
germination (Hoekstra and Bruinsma, 1975a). For plant reproductive biology and plant
breeding purposes, pollen is often stored for prolonged time (Knox and Singh, 1987; Smith
et al., 1990; Stanley and Linskens, 1974; Toriyama et al., 1988). During storage a severe
loss of pollen viability can occur (Al-Helal et al., 1988; Matthews and Bramlett, 1983;
Pfundt, 1910; Shivanna and Johri, 1985). Usually a decline in viability coincides with an
increase in leakage of endogenous solutes, e.g. K*, into the surrounding germination
medium (Hockstra, 1986; Hoekstra and Van Roeckel, 1988; Hoekstra et al., 1992). The rate
of this loss of viability is related to storage conditions such as humidity and temperature.
For each species optimal conditions are different, and under identical conditions longevity
can vary widely among different species (Pfundt, 1910; Shivanna and Johri, 1985). In
general, storage at low humidity and low temperature is favourable to extend longev'ity of
the pollen, because these conditions drastically reduce metabolism and the rate of degrada-
tion processes (Pfundt, 1910; Shivanna and Johri, 1985; Weaver and Timm, 1938; Yates
and Sparks, 1990).

As stated, leakage of endogenous K* increases when pollen viability decreases
{Hoekstra, 1986). The leakage of cellular components usually points to problems at the
membrane level (Hoekstra et al., 1989b). The aim of this study was to investigate the
mechanism underlying the decline in pollen viability during storage, especially in relation to
the condition of the pollen membranes. Pollen was also used because it may serve as a

model system for other dry cells, organs and organisms, e.g. seeds.
Membranes in the dry condition
Membranes are important parts of every cell. They fence off the cell from its

environment and provide the necessary compartmentalization that is required for optimal

functioning of the cell. Becanse of their selective permeability they allow the transport of a



restricted set of compounds between cellular compartments or the environment, and
chemical signals and energy are transduced through their interfaces. Thereby, the mem-
branes provide the conditions for the functioning of all molecules that are associated with
transport and signal and energy transduction. The average membrane has a thickmess of
about 5 nm and contains about equal amounts of protein and lipid molecules. In the lipid
moiety, the phospholipids play the important role. Their general structure is formed by a
diacylglycerol whose free primary hydroxyl group is phosphorylated. The variety of
residues that are linked to this phosphate group reflects the various molecular forms of
phospholipids (Evans and Graham, [989). Apart from the polar membrane lipids, pollen
may contain large amounts of neutral storage lipids in the form of lipid bodies (Shivanna
and Johri, 1985).

Due to their amphipatic character, phospholipids tend to aggregate in ordered,
usually lamellar bilayer structures (Fig. 1). This phospholipid bilayer structure is
hydrophobic (non-polar) in the acyl chain region and hydrophilic (polar) at the headgroup
region, and forms an integral part of biological membranes, the polar headgroups lining the
aqueous medium at both sides. Liposomes, composed of synthetic or natural lipids, are
often used as model membranes to study the lipidic part of membranes. Phospholipid
bilayers exist in two mesomeric crystalline forms: a solid state and a fluid state. In the fluid
state, the hydrocarbon chains have a high flexibility and rotation, whereas in the gel state
the intramolecular distance between the head groups is reduced and the C-C bonds of the
acyl chains are tightly packed and rigid. At the lipid phase transition temperature (T,) the
bilayer changes from the solid state, the gel phase, to the fluid state, the liquid crystalline
phase (Chapman et al., 1967; Evans and Graham, 198%; Hauser et al., 1981). The tempera-
ture at which pure hydrated phospholipids undergo a gel to liquid crystalline phase trans-
ition (T,) rises considerably during dehydration. In some pure phospholipids and isolated
membranes T,, rises as much as 70°C, Consequently, a fully hydrated phospholipid that is
in liquid crystalline phase might very well undergo a transition to gel phase when it is dried
at the same temperature, followed by a transition back to liquid crystalline when it is
tehydrated (Crowe et al., 1987). The coexistance of gel phase and liquid crystalline phase
at the transition temperature causes the leakage of entrapped soluies which accompanies
phospholipid phase transitions. When hydrated phospholipid bilayers are heated through
their T, leakage occurs (Blok et al., 1975) as well as when dry gel phase liposomes are



rchydrated (Crowe et al., 1985).

Drying of polien is usually achieved through a direct evaporation of cellular water in
the presence of dehydrating agents or on air. Drying is generally accompanied by a
membrane transition from the liquid crystalline state to the gel phase (Fig.1). Because this
transition occurs in the presence of only limited amounts of water, there will be hardly any
leakage of intracellular components. When the dry pollen is immersed in water transition
from the gel phase back to the liquid crystalline phase occurs. Under this condition, the
phase transition proceeds in excess water and is accompanied by leakage of cellular solutes.
This process is a major cause of damage when desiccation-tolerant pollen is rehydrated
{Crowe et al., 1989b). However, when the right precautions are undertaken to evade a

phase transition in excess water, imbibitional damage can be avoided and the pollen

rehydrated
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Figure 1. Diagram of events which may occur in membranes of pollen during dehydration and rehydration at
room temperature. The hydrated membranes are in liquid crystalline phase and after dehydration the
membranes are in gel phase. During rehydration the membranes return from the gel phase to the liguid
crystalline phase. Without the pretreatinents, preheating or prehydration in water vapor, this membrane phase
transition oocurs in excess water and is thus accompanied by leakage of intracellular solutes. Due to the
pretreatments this phase transition occurs in a (semi-dry) state, before cxcess water is present and leakage of
intracellular solutes is prevented (adapted after Crowe et al., 1989b)



remaing viable upon rehydration {Crowe et al., 1989a). This can be achieved by either a
prehydration in water vapor, which decreases the average transition temperature, or rehy-
dration at a temperature above the gel to liquid crystalline phase transition (Fig. 1). Still,
even when imbibitional damage is minimized, leakage of endogenous K* increases upon
storage, indicating that the membrane integrity of the pollen deieriorates during storage
{Hoekstra et al., 1992).

Membranes and cellular aging

Similarly as pollen, seeds show an enhanced leakage of K* as their vitality declines
(Wilson and McDonald, 1986). In seeds loss of viability is partly auributed to0 membrane
damage caused by lipid peroxidation (Benson, 1990; Buchvarov and Gantchev, [984;
Gidrol et al., 1989; Harman and Mattick, 1976; Pukacka and Kuiper, 1988). The mem-
brane lipids contain unsaturated bond systems, which are electron-rich and thus provide
ideal targets for free radical and 'O, attack. The lipid peroxidation process includes four
separate phases: initiation, propagation, termination and decomposition. The initiation
consists of the reaction of a free radical with a double bond in one of the lipid acyl chains,
giving a lipid radical and a hydrogen radical. The initiat fatty acid radical undergoes an
intramolecular rearrangement in which the double bond system forms a conjugated diene.
This rearranged lipid radical reacts with molecular oxygen, to form a peroxide radical. The
peroxide radical can then abstract a hydrogen radical from another lipid, thus initiating a
chain reaction (propagation). These chain reactions are terminated by the interaction of two
lipid radicals (termination). The radicals and hydroperoxides that are generated during the
process are not always stable. Their decomposition produces a whole range of breakdown
products, which are often cytotoxic. At the phospholipid level the major antioxidant
guarding against oxidative stress is vitamin E (c-tocopherol), which is embedded in the
lipid bilayer and scavenges the free radicals present in that region. Enzymes also partake in
the defense against oxidative damage at the lipid membrane level. To prevent oxidation,
superoxide dismutase catalyses the dismutation of the superoxide radical into hydrogen
peroxide and oxygen. Hydrogen peroxide is further broken down into oxygen and water by
catalase, Gluthatione, a sulfur containing tripeptide, detoxifies membranes that contain



peroxidized lipids by converting them into lipid hydroxides. These lipid hydroxides are
removed from the membranes through excision by phospholipase A, (Benson, 1992;
Caffrey et al., 1987).

Lipid peroxidation is generally accepted as a senescence-promoting factor (Benson,
1990; Leshem, 1988; Platt-Aloia, 1988). Pollen lipids contain high levels of esterified
polyunsaturated fatty acids, mainly linoleic (18:2) and linolenic (18:3) acid, in their polar
and neutral lipid fractions (Caffrey et al., 1987; Evans et al., 1987; Hoekstra, 1986;
Hoekstra and Van Roekel, 1988; Sekiya et al., 1990; Seppinen et al.,1989; Toriyama et
al., 1988). These are known to be very susceptible to lipid peroxidation (Benson, 1990;
Chan, 1987). A striking correlation was found between pollen longevity and the linolenic
acid content in their total lipids: pollen species with short longevity tend to have a high
linolenic acid content and vice versa. Furthermore the time required between the immersion
of the pollen in the germination medium and the appearance of the first pollen tubes (the
lag period) is also negatively correlated with linolenic acid (Hoekstra, 1986). This suggests
that lipid peroxidation is involved in the aging process. In the dry state, free radicals are
immobilized in pollen and seeds. Upon rchydration they are liberated, but their exact
contribution to aging processes during dry storage is yet unclear (Priestley et al., 1983).
There is sofar no direct evidence that lipid peroxidation is involved in the aging of pollen.

Phospholipids may decompose into free fatty acids and the remaining lysophospholi-
pids. During storage of seeds these deesterification products can accumulate (McKersie et
al., 1988; Nakayama et al., 1981). Because of this change in membrane lipid composition,
the membranes of aged seeds have undergone lateral phase separations which result in the
formation of coexisting gel phase and liquid crystalline phase domains (McKersie et al.,
1988). In contrast to the reversible phase transition of phospholipid domains that is solely
the result of drying (Hoekstra et al., 1989b), fhe effects of a phase transition resulting from
irreversible changes in lipid composition might not be reversed as easily by prehydration.
Decline in pollen viability might be attributed to a similar mechanism, involving the
deesterification of phospholipids and phase separation during storage which, then, through

a loss of membrane integrity resulis in imbibitional damage upon rehydration.
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Outline of the research

Is there any evidence for a deterioration of membrane lipids during storage of
pollen? So far most reports on pollen' viability are not concerned with changes in phosp-
holipid composition and their implications for membrane integrity. There are reports on the
effects on germination of humidity and temperature during storage (Al-Helal et al., 1988;
Knox and Singh, 1987; Matthews and Bramlett, 1983; Polito and Luza, 1988, Watanabe
and Takahashi, 1989), on the storage of pollen in organic solvents (Iwanami et al., 1988;
Jain and Shivanna 1988a; Jain and Shivanna 1988b), and on the effect of oxidative stress on
pollen tube growth (Feder and Shrier, 1990). Few papers report on the loss of viability
owing to a degradation of total membrane phospholipids, but the authors do not attribute
any role to specific degradation products such as free fatty acids or lysophospholipids (Jain
and Shivanna, 1989; Shivanna and Heslop-Harrison, 1981). To gain more insight in the
mechanism involved in the loss of integrity of th(;. pollen membrane during storage a detai-
led study of changes in phospholipid composition during storage and their implication for
membrane integrity is necessary. In this thesis the changes in lipid composition during
storage of pollen from several bicellular species, each having a different linolenic acid
content, have been monitored, and implications for membrane integrity and membrane
phase behaviour during rehydration have been investigated. Because of their extreme
vulnerability and sensitivity tricellular species were not used (Hoekstra and Bruinsma,
1975a).

Germination, K* leakage and phospholipid composition of Typha latifolia L. pollen
were monitored during storage in air at 40 and 75% relative humidity and 24°C. The fatty
acid composition of the pollen phospholipids prior and after aging treatment was deter-
mined, to study whether lipid peroxidation and/or phospholipase A, were involved. To
investigate whether age-related changes in lipid composition increase membrane permeabil-
ity, liposome studies were performed with extracted pollen lipids (Chapter 2).

Fourier transform infrared spectroscopy can be used to monitor membrane phase
behaviour in vive and in vitre (Hoekstra et al., 1991). This technique was performed on
isolated membrancs and whole Typha pollen, to study whether aging changed membrane
phase behaviour. The time course of the leakage of endogenous K* from aged, reimbibed

pollen was monitored in relation to its phase behaviour. Leakage and phase behaviour were
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also studied in liposomes whose composition mimicked that of aged pollen (Chapter 3).

To assess whether phospholipid degradation is a common feature during pollen
storage, regardless of the endogenous linolenic acid content, two other bicellular species
were studied. For this purpose pollen from Papaver rhoeas L. and Narcissus poeticus L.
were chosen, because these pollen species have high levels of linolenic acid. Germination,
K* leakage and phospholipid composition were monitored during storage. Pollen was stored
at 40 and 75% relative humidity and 24°C (Chapter 4).

Since the longevity of pollen is correlated with its linolenic acid content (Hoekstra,
1986), attempts were undertaken to manipulate the level of linolenic acid in vive by cataly-
tic hydrogenation, wsing Pd-alizarine as the catalyst (Chapter 5).

Not only longevity, but also the start of pollen tube growth is suggested to be
related to the linolenic acid content (Hockstra, 1986). To study whether high levels of
linolenic acid enhance pollen tube growth rate, Arabidepsis thaliana (L..) Heynh. mutants
with altered lipid composition were used (Chapter 6).

Results are discussed and conclusions drﬁwn with regard to the implications of
membrane deterioration during pollen storage for biological and plant breeding purposes
(Chapter 7).
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ABSTRACT

Aging of cattail (Typha latifolia L.) pollen was studied at 24°C under conditions
of 40% and 75% relative humidity (RH). The decline of viability coincides with
increased leakage at imbibition; both processes develop much faster at the higher
humidity condition. During aging phospholipids are deesterified and free fatty acids
(FFAs) and lysophospholipids (LPLs) accumulate, again, much more rapidly at 75% RH
than at 40% RH. The fatty acid composition of the remaining phospholipids hardly
changes during aging. This suggests limited involvement of lipid peroxidation in the
degradation process. Tests with phospholipase A, revealed that the saturated fatty acids
occur at the sn-1 position of the glycerol backbone of the phospholipids. The fatty acid
composition of the LPLs is similar to that of the phospholipids from which they were
formed, indicating that the deesterification occurs at random. This favors involvement
of free radicals instead of phospholipases in the deesterification process.

Liposome studies were carried out to characterize components in the lipid
fraction that might account for the leakage associated with aging. Entrapped
carboxyfluorescein leaked much more from liposomes when they were partly made up
from total lipids from aged polien than from non-aged pollen. The components causing
the leakage were found in both the polar and the neutral lipid fractions. Further
purification and subsequent interchanging of the FFAs and LPLs between extracts from
aged and non-aged pollen, revealed that in neuntral lipid extracts the FFAs are entirely
responsible for the leakage, while in the phospholipid fraction the LPLs are largely
responsibie for the leakage. The leakage from the liposomes is not caused by fusion. We
suggest that the observed loss of viability and increased leakage during aging are due
to the non-enzymatic accumulation of FFAs and LPLs in the pollen membranes.
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For plant breeding studies and germplasm conservation, long term storage of polien
is often required. The applied storage conditions can have a large effect on pollen viability
(Pfundt, 1910; Hoekstra and Bruinsma, 1975; Shivanna et al., 1991). Particularly at elevated
temperatures and humidities, longevity is much reduced. This loss of viability may coincide
with an increased leakage of soluble cytosolic components from the pollen upon rehydration
and with increased endogenous levels of FFAs, which are typical signs of reduced membrane
integrity (Hoekstra, 1986; McKersie et al., 1988).

Senescence of plant cells and organs is generally associated with lipid peroxidation
processes in which polyunsaturated fatty acids are preferentially degraded (Benson, 1990).
Toxic products of this degradation accumulate intracellularly, and gel phase domains are
formed in the membranes (Barber and Thompson, 1980; Benson, 1990; Yao et al., 1991).
Pollen species are rich sources of polyunsaturated fatty acids (Hoekstra, 1986, Hoekstra ¢t
al., 1989). As much as 70% of the total fatty acids of their PLs and storage lipids may
consist of linoleic and linolenic acid, which renders pollen lipids favorable substrates for
peroxidation reactions (Hoekstra, 1986; Hoekstra et al., 1989; Benson, 1990). Free radicals
not only affect the degree of unsaturation of PLs, but can also cause a deesterification of fatty
acids from the glycerol backbone of the PL in virro (Nichaus, 1978; McKersie et al., 1988).
These in vitro deesterification studies mimic the membrane changes observed in situ in stored
sceds, from which McKersic et al. (1988) conciuded that free radical-mediated
deesterification also occurs during natural aging of seeds. Similarly as in seeds, free radicals
were demonstrated in Typha latifolia pollen, in which they are trapped in the dry state
(Priestley et al., 1985). This suggests that free radical activity might indeed play a role in
the membrane degradation observed during aging of pollen.

PLs can also be deesterified enzymatically. Phospholipase A, deesterifies PL by
cleavage of the ester bond at the sn-2 position of the glycerol backbone and thus generates
FFAs and LPLs (Rosenberg, 1990). In liposomes composed of unsaturated PL, phespholipase
A, activity is enhanced by lipid peroxidation, implying a possible activation of the enzyme
as a consequence of the peroxidation (Scvanian et al., 1988). Moreover, treatment with
exogenous phospholipase A, and phospholipase D simulates the observed lipid degradation
and the changes in the lipid-protein interaction in membranes from senescent cotyledons of
bean seedlings (Duxbury et al., 1991). However, at low water content, enzyme activity
should be suppressed, and the diffusion of the enzyme and its substrates is restricted
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(McKersie et al., 1988).

To determine whether the enhanced membrane permeability of pollen after dry
(semidry) aging is caused by PL deesterification and/or peroxidation, lipids from fresh and
aged cattail pollen were extracted and analyzed. To evaluate whether the altered phospholipid
composition may affect bilayer permeability we performed liposome studies involving lipids
from aged and non-aged pollen. Evidence is presented here that the FFA and LPL generated
during storage are the major components responsible for the increased membrane

permeability.

MATERIALS AND METHODS
Plant Material and Treatments

The collection and handling of Typha latifolia L. pollen were performed as previously
described (Hoekstra et al., 1991). Dry pollen was incubated at 24°C, either in an atmosphere
of 40% RH (corresponding to a moisture content of 0.06 g H,O g' dry matter} or in an
atmosphere of 75% RH (moisture content 0.17 g H,0 g dry matter). Equilibrium moisture
contents were reached within 24 h of exposure at these RHs. Germination and leakage of
cellular K* were determined as described elsewhere (Hoekstra et al., 1992). Pollen was
prehydrated in water vapor at 24°C for one h before germination.

Lipid Analysis

Total lipid extracts from the pollen were prepared as described elsewhere (Hoekstra
et al., 1989; Hoekstra et al., 1991). Prior to lipid extraction pollen was washed with hexane
to remove hydrocarbons from the pollen wall. Lipids were separated into a neutral and a
polar fraction by standard methods (Hoekstra et al., 1989). PLs were separated into their
different subclasses by 2-dimensional chromatography on preactivated HPTLC-plates
(Brockhuyse, 1969). The plates were first developed in CHCl;:MeOH:NH,OH:H,O
(90:54:5.5:5.5, v/viviv) and subsequently in CHCl;: MeOH: HAC: H,0 (90:40:12:2, v/v/viv).
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The individual PLs were visualized with iodine vapor, scraped from the plate, and oxidized
by 60% perchloric acid for 30 min at 180°C, and the inorganic phosphorus was measured
spectrophotometrically at 797 nm after formation of an ammonium molybdate complex
(Bsticher et al., 1961). The NLs were separated on TLC-plates using
hexane:diethylether: HAc (80:20:1, v/v/v) as the developing solvent and heptadecanoic acid
as the internal standard (Hocksira et al., 1989). After the plates were sprayed with 0.1%
ANS in MeOH and inspection with UV-light the FFA-band was scraped off. After extraction,
the FFAs were methylated using freshly prepared diazomethane in diethylether (Hoekstra et
al., 1989). Fatty acid methylesters were routinely analyzed on a Shimadzu GC8A GC,
equipped with a 30 m J&W DB225 megabore column (J&W Scientific, Folsom CA}, éoupled
to a Spectra Physics SP410¢ integrator. Identification was by comparing with standards
(Sigma, St Louis, MO) and GC-MS analysis. GC-MS spectra were recorded on a Hewlett
Packard 5970B GC-MS system equipped with a CP-Sil-88 fused silica column (Chrompack,
50 m x 0.25 mm x 0.20 um film thickness). Electron impact spectra were obtained at 70 eV
electron energy. Peroxidation of polyunsaturated fatty acids was determined by monitoring

diene specific absorption at 235 nm (Chan, 1987).

Membrane Isolation

Microsomal membranes from control and aged pollen were obtained as follows.
Pollen was prehydrated in water vapor at 4°C for one h to minimize imbibitional damage and
increase the yield of membranes. The pollen was then ruptured in an ice-cooled French
pressure cell at approximately 15,000 p.s.i. in a 10 mM TES buffer containing 0.1 mM
sodium-EDTA and 0.1 M mannitol, pH 7.4 (buffer I). The homogenate was centrifuged at
800g for 10 min to remove unruptured pollen and pollen wall debris. The supernatant was
centrifuged at 10,000g for 10 min. The resulting supernatant was centrifuged at 100,000g for
60 min at 4°C. The membrane pellet was then washed with 10 mM TES, 0.1 mM Na-
EDTA, pH 7.4 (buffer II) and recentrifuged at 100,000g for 60 min. After centrifugation the
membrane peliet was resuspended in a small volume of buffer IT and passed over a Sephadex
G50 column to remove adhering carbohydrates (Hoekstra et al., 1991). The isolated
membrane fraction was then lyophilized and stored at -80°C until further use.
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PL Purification

Pollen PLs were also subfractionated by HPLC (Kaitaranta and Bessman, 1981). They
were loaded on a semipreparative HPLC-column (15 cm length, 9.4 mm diameter, Sperisorb
85W, Merck, Darmstadt, Germany) connected to a Spectra Physics isochrom isocratic pump.
" Elution was with CH;CN:MeOH:H,O (80:15:6.5, v/v/v) at approximately 340 p.s.i. Eluting
PLs were detected with a Spectra Physics SP770 UV detector at 213 nm and a Spectra
Physics SP8430 refractive index detector. Subfractions obtained were freed from the eluents
by rotary evaporation and subseqﬁent lyophilization. The subfractions were then resuspended
in CHC, and stored at -80°C until use. PL content was determined by phosphorus analysis
(Bottcher et al.,, 1961). Purity was verified by one-dimensional TLC using
CHCl1,:MeOH:HAc (60:25:8, v/v/v) as the developing solvent (Hockstra et al., 1989),

Larger quantities of PC from nonaged pollen were purified as follows: a total lipid
extract from 2 g of pollen was loaded on a BioSil A column (18 cm length, 16 mm
diameter), that was prewashed with 110 mL CHCl;. The NLs were eluted by washing the
column with 150 mL of CHCl,, pigments were subsequently removed with acetone (100
mL). The polar lipids were subfractionated with MeOH (200 mL). Subfractions were
analyzed on TLC (Hoekstra et al., 1989), and those containing pure PC were combined. The
MeOlH was evaporated, and the isolated PC was stored in CHCI, at -80°C until further use.
PL content was determined by phosphorus analysis (Béticher et al., 1961).

Phospholipase A, (from porcine pancreas, 700 U/mg protein, catalog No. 161454,
Boehringer, Mannheim, Germany) incubation of purified pollen PC was as described by
Brockerhoff (1975).

Liposome Studies

PLs were purified as described above. The CHCI, was evaporated in a stream of
nitrogen and after additional drying under vacuum for 1 h, 0.1 mM sodium-EDTA in 10 mM
Tes buffer (pH 7.4) was added (0.5 mg lipid/mL buffer). After three cycles of freezing and
thawing and intermittant vortexing, LUV (with an average diameter between 80-100 nm, on

account of the trapped volumes, using the calibration curve of Deamer and Uster [1983])
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were prepared by rapid extrusion through two stacked polycarbonate filters (100 nm pore
size; Nuclepore Corp, Pleasanton CA) at 500 p.s.i. (five times). The LUV were composed
of 50% Typha pollen-PC and 50% lipids, isolated as described above. For leakage studies
the hydrophylic dye 5(6)-CF, purified according to the procedure of Klausner ct al. (1981),
was encapsulated at 200 mM during the preparation of the vesicles. Leakage of entrapped
CF was recorded essentially as described elswchere (Hoekstra et al., 1989). The excitation
wavelenght was 492 nm and the emission wavelength was 520 nm. Vesicle fusion was
estimated by resonance energy transfer between the fluorescent probes N-(7-nitro-2,1,3-
benzoxadiazyl-4-yl)phosphatidylethanolamine (donor) and N-(lissamine rhodamine B
sulfonyl)phosphatidylcholine (acceptor) incorporated in the bilayer (Hoekstra, 1982; Deleers
et al., 1987). The dyes were added separately via CHCI, to two similar lipid preparations at
0.5 mol percent each. After the production of LUV the donor and acceptor vesicles were
combined in a 1:1 ratio. The excitation wavelenght was 450 nm and the emission wavelength

was 590 nm.

Chemicals

All organic solvents, HPTLC and TLC plates (Kieselgel 60) were purchased from
Merck (Darmstadt, Germany), CF came from Serva (Heidelberg, Germany), heptadecanoic
acid was obtained from Fluka (Buchs, Switzerland), ANS and diheptadecanoyl-PC were from
Sigma (St Louis, MO), SEP-PAK silica cartridges were obtained from Waters (Millipore
Corp, Milford, MA), BioSil A was from Bio-Rad (Richmond, CA). Di-(1-pyrenedecanoyl)-
L-o-phosphatidylcholine was a generous gift of Dr E.H.W. Pap from the Department of
Biochemistry, Agricultural University Wageningen, The Netherlands.
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RESULTS

Viability

Figure 1 shows the effect of internal moisture content of the pollen (0.06 and 0.17
g H,0 g’ dry matter corresponding to exposure to 40 and 75% RH, respectively) during
storage on viability and leakage of endogenous K™ upon reimbibition. In contrast to dry
storage, incubation at elevated moisture content considerably reduced longevity. Reduction
of viability was always accompanied by an increase in leakage of endogenous K* from the
grains, which was measured over the first 5 min of imbibition. Increased leakage of
endogenous solutes is indicative of decreased membrane integrity (McKersie et al., 1988;
Hoekstra et al., 1989).
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Figure 1. Effect of pollen storage at two RHs (24°C) on viability (open symbols) and leakage of endogenous
K* (closed symbois). Leakage of K* was measured over the first 5 min of imbibition, RHs of 40% and 75%
give internal moisture contents of 0.06 and 0.17 g H,0 g' dry matter, respectively.

Lipid Degradation

Loss of viability through membrane deterioration is often attributed to lipid
peroxidation and the subsequent formation of toxic peroxidation products (Barber and
Thompson, 1980; Benson, 1990). However, no significant increase in diene-specific
absorption was observed in lipid extracts from aged pollen (data not shown), and no large

selective loss of polyunsaturated fatty acids cccurred during storage (Table I},
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Table 1. Fatty acid composition of PLs isolated from Typha pollen, during dry (semidry) aging at 24°C
Moisture contents were 0.06 and 0.17 g of H,O g' dry weight. Average of daia of 2 or more

extractions.
Storage and Aging PL Fatty Acid Composition
Condition 16:0 18:0 18:1 18:2 18:3
mol percent
Control {no aging) 28.8 0.9 0.6 62.5 7.2
0.06 g of H,0 g dry wt
50% of iv* (70 d) 30.5 0.2 0.4 62.1 6.9
0% of iv (120 d) 29.0 0.8 0.8 62.0 7.3
0.17 gof HO g' driy wt
50% of iv (10 &) 31,3 0.7 0.9 59.0° 84
0% of iv (18 d) 357 1.1 1.1 56.1° 6.0

* Abbreviation: iv, initial viability (92%). The number of days to reach reduced viability are in parenthesis.
b Significantly different from the control at P=0.025 and ¢ at P=0.001, Wilcoxon rank sum test.

This is an indication that another mechanism of lipid degradation, different from peroxidation
operates during (semi-)dry aging of pollen. In seeds, loss of viability coincides with the
accumulation of free (i.e. unesterified) fatty acids (McKersie et al., 1988). To determine
whether PL deesterification occurred during storage, the phospholipid content and that of the
breakdown products (FFA and LPL) were monitored during storage (Fig. 2). The PL content
of the pollen remained stable (at 0.06 g H,0 g" dry weight) or declined (at 0.17 g H,0 g dry
weight) during storage, whereas the FFA content increased under both conditions. There was
also a significant accumulation of LPL during storage, At the higher humidity the
accumulated LPL were further degraded.
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Figure 2. Effect of pollen storage at the two internal moisture levels (24°C) on the contents of total PL, FFA

and LPL. A, At 40% RH, B at 75% RH. Average of data of 2 or more extractions; error bars are SD. DW

dry weight.

Origin and Localisation of the Degradation Products

In an attempt to demonstrate that the FFAs and LPLs as found in total lipid extracts

do occur in the membranes, lipid extracts from pollen and from isolated pollen membranes
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Table IL. Composition of PL extracted from intact Typha pollen grains and from membranes isolated from them
Pollen was either antreated or aged for 18 d in 75% RH at 24°C. The amount of FFA is also given.
Each value is the average of four HPTLC separations and phosphorus determinations.

Phospholipids _
Source LPC  PC LPE PE Pps PA PG cL ML
mol percent mg/mg
Pollen
control 0.0 63.2 0.0 18.3 7.8 1.0 7.0 27 0033
aged 10.5* 37.9* 5.2 4.7 10.4 8.6° 55 7.1 0.203
Membranes
control 1.8 57.9 1.0 17.9 6.3 3.5 6.6 51 0.036
aged 8.5 49.2° 3.7 16.8° 8.5° 42 45 44 0204

* Abbreviations: LPC, lysophosphatidylcholine; PC, phosphatidylcholine; LPE, lysophosphatidylethanolamine;
PE, phosphatidylethanolamine; PI, phosphatidylinositol; PS, phosphatidylserine; PA, phosphatidic acid; PG,
phosphatidylglycerol; CL, cardiolipin,

® Significantly different from the control at P = 0.005.

¢ P = 0.05, Wilcoxon rank sum test,

were compared (Table IT). The increases in LPC and LPE in the aged pollen are at the
expense of PC and PE. The accumulation of FFA and the LPL in the pollen coincides with
that in the membranes. To ascertain that formation of LPL in the aged pollen is a true aging
phenomenon and not an isolation artifact, the aged pollen was homogenized and extracted in
the presence of di-(1-pyrenedecanoyl)-L-a-phosphatidylcholine (25 nmol for 30 mg pollen).
After two-dimensional chromatography the HPTLC-plates were monitored for fluorescent
spots. No fluorescence was detected in the LPC spot, nor was there any fluorescence at the

solvent front indicative of the presence of FFA generated during the extraction procedure.
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Mode of Deesterification

As shown in Table II, the main polar product of PL deesterification is LPC. To study
the mechanism of this deesterification, the fatty acid distribution of PC had to be determined.
For this purpose, PC was incubated with phospholipase A,, which deesterifies acyl chains
at the sn-2 position of the glycerol backbone (Rosenberg, 1990). In the resulting LPC, the
mol % of 16:0 was considerably increased and that of 18:2 decreased, as compared to the

mol % of these two fafty acids in the original PC (Table III).

Table I1L. Fatty acid composition of poilen PC and LPC

Polien PC (from untreated pollen) was either analvzed directly or after treatment with phospholipase
A, to produce LPC that was purified on TLC, scraped off, and methylated. The LPC (theoretical) was
calculated on the basis of a hypothetical phospholipase A, treatment, assuming the fatty acids 16:0, 18:0 and
18:1 at the sr-1 position and 18:3 at the sn-2 position, The cndogenous LPC was formed after 18 d of aging
at 75% RI (24°C). Data are average of 2 determinations.

Fatty acids
Source 16:0 18:0 18:1 18:2 18:3
mol percent
PC (non-aged) 28.5 0.7 0.2 63.8 6.7
LPC (aging) 31.5 16 1.3 61.8 3.8
LPC (PLase A)) 55.7 0.6 0.0 43.5 01
L5D (P=0.05) 7.7 0.5 0.1 6.3 0.9
LPC (theoretical) 57.1 . 1.4 04 41.1 0.0

Assuming that the fatty acids, 16:0, 18:0 and 18:1 are at the sn-1 position and that 18:3 is
entirely at the sn-2 position {(e.g. Brown et al., 1987), the theoretical composition of sn-1-
LPC is very similar to that found after phospholipase A, incubation. This confirms the
preference of 16:0 in pollen PC for the sn-1 position. Table III further shows that the LPC
formed during aging has a fatty acid composition that is very similar to that of PC.

Deesterification of acyl chains during aging predominantly occurs at random at both the sn-1
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and sn-2 positions,

Leakage and Fusion Studies

To study whether the accumulation of LPL and FFA could account for the changed
bilayer permeability during aging, liposome studies were undertaken. The liposomes were
composed of 50% purified pollen PC and 50% other lipids. The presence of a polar lipid,
50% PC in this case, is a prerequisite for the stability of liposomes containing NL, because
NL alone does not permit formation of liposomes. Figure 3A shows that liposomes
containing total lipids extracted from aged pollen leak considerably faster than those
containing total lipids from conirol pollen. As a reference, liposomes composed solely of
Typha pollen PC are very stable. After separation of the crude extract into a neutral and a
polar fraction, liposomes were prepared for similar studies. When the liposomes contain
neutral or polar lipids from aged pollen, they leak, whereas they leak considerably less so
in the controls (Figs. 3B and C). This demonstrates that the compounds responsible for the
leakage in Figure 3A do occur in both lipid fractions.

Purification of the lipid extracts into their respective subclasses may reveal whether
FFAs and LPLs are specifically involved in the increased leakage of entrapped solutes. For
that purpose NLs from aged and control pollen were purified on TLC, and their FFA
fractions were interchanged. Figure 4A shows that the LUV containing control NLs supplied
with FFAs from aged pollen, leak CF similary as the LUV from aged NLs in figure 3B.
Alternatively, LUV containing aged NLs from which the FFAs were exchanged for the small
amount of FFAs in control NLs, exhibit an excellent retention (Fig. 4B). The increased
leakage of entrapped CF is clearly related to the increased FFA content of the aged pollen.
Similarly the PL from aged and control pollen were separated into their subclasses by HPLC
and then recombined after interchange of their LPL. Subsequendy, LUV were prepared of
these purified, recombined pollen PLs, and lcakage of entrapped CF was recorded (Fig. 4,
C and D). The raie of leakage was enhanced when the PLs from control pollen were
combined with the LPLs from aged pollen (Fig. 4C). When PLs purified from aged pollen
were recombined with the small amount of LPLs from control pollen leakage was suppressed
(Fig. 4D}, which indicates that leakage depends on the presence of LPL in the phospholipid
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Figure 3. Leakage of entrapped CF from LUV composed of Typka polten lipids. The LUV were produced from
polien-PC and pollen lipid mixtures, in the ratio 1:1 (weight percentage). The lipid mixtures (50% of the LUVY)
are: A, total lipid extract from aged pollen or from control pollen, and pollen-PC as a reference; B, NL lipid
extract from aged potlen or from control pollen; C, polar lipid extract from aged pollen or from control pollen.
Aging treatment was for 18 d at 24°C in 75% RH. Pairs of aged and control leakage curves were repeated three
times. The differences between the curves in A,B and C are significant at P==0.001 (sign test for paired

comparisons).

fraction.
Leakage of entrapped solutes is often related to fusion, especially for liposomes
containing LPLs or FFAs (Van Echteld et al., 1981; McKersie et al., 1989 ). To verify
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Figure 4. Leakage of entrapped CF from LUV composed of purified Typha pollen lipids. The LUV were
composed of 50 % pollen-PC and 50 % purifie¢ pollen lipids. A and B, Purified NLs from control or aged
pollen before and after exchange of their FFAs. D and C, Purified PLs from controf or aged pollen before and
after exchange of their LPL. Aging trcatment was for 18 d at 24°C in 75% RH. Triplicate testing of pairs of
aged and control vesicles. Curves are significantly different at P=0.01 (sign test for paired comparisons).

whether the observed leakage was the result of vesicle fusion, resonance energy transfer
studies were performed (Fig. 5). No fusion was detected in liposomes composed of lipids
from aged pollen. To ascertain that this observation was not caused by a malfunctioning of
the resonance energy transfer assay, fusion was also monitored in the presence of AI’*,

which is very fusogenic (Deleers et al.,1987). In the presence of Al’* fusion occurred within
10 min.
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Figure 5. Fusion of LUV composed of 50 % pollen-PC and 50 % polien lipid mixtures. A, NLs from aged
pollen; B, polar lipids from aged pollen, purified as in Figure 3B and C. Vesicle fusion was estimated at 590
nm, by resonance energy transfer between the fluorescent probes N-NBD-PE and N-Rh-PE, incorporated in
different LUV populations, The fusogenic agent, AP*, was added to verify the proper functioning of the

resonance energy transfer assay.

DISCUSSION

As expected, storage of T. iatifolia pollen at elevated moisture content accelerated its
aging (Pfundt, 1910; Hoekstra and Bruinsma, 1975; Hoekstra, 1986; Shivanna et al., 1991),
The extremely rapid leakage of endogenous K* from aged pollen, within the first 5 min of
imbibition is an indication that membrane integrity is impaired. Aging experiments with seeds
at elevated humidities and temperatures also show a rapid decline of viability and loss of
membrane integrity that is often accompanied by peroxidation of polyunsaturated fatty acids
(Benson, 1990). Thus, significant changes in fatty acid composition are generated (Benson,
1990). However, in the present aging experiments with pollen at 40% RH, no significant
decrease in mol % of linoleic acid occurred, whereas at 75% RH only a slight decrease of
linoleic acid and increase of palmitic acid were observed (Table I). Apparently, peroxidation
of polyunsaturated fatty acids is not the main degradation process in membranes of aging
cattail pollen.

The extractions of lipids from the aging pollen in Tables I and IT were done directly

from the dry pollen without preceding addition of water or isolation of membranes. Such
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procedure provides the best estimate of the actual status of lipid degradation in situ, and
enabled us to conclude that pollen PL are deesteﬁﬁe::l during dry aging. Use of a fluotescent
dipyrene-PC probe during crushing of the pollen and subsequent lipid isolation verified that
the deesterification process developed during aging, and did not occur during the isolation
procedure. Analyses of lipid changes in membranes isolated from the aged material might
be less reliable due to the possibility of further degradation during the isolation procedures.
Nevertheless there is no indication that the large amounts of LPLs and FFAs found in
isolated membranes of the aged pollen (Table IT) do not represent the accumulation of these
compounds in membranes in situ. As 10 the question whether the mechanism of lipid
degradation differs at the two humidity conditions, the following remarks can be made. At
75% RH there is a large decline in total PL content and a 5-fold increase in FFA content
during the gradual loss of vitality (Fig. 2). In contrast, the content of PLs does not
significantly decline at the dryer storage condition of 40% RH, and the FIFA content only
doubles. During the large PL degradation at 75% RH, LPLs rapidly accumulate and level
off in the course of the incubation. Apparently, a further decomposition of LPL occurs at the
higher RH. At 75% RH triglycerides were also degraded (data not shown), which indicates
the breakdown of storage lipids as well. Therefore, relatively small differences in storage
conditions may have a large effect on the the rate of lipid degradation and on the degree to
which the degradation process progresses.

Also in seeds aging leads to PL deesterification (Senaratna et al., 1988). In smooth
microsomal membranes isolated from rehydrated, naturally aged soybean seeds, the PL
content was decrcased with only minor changes in fatty acid composition, and the FFA
content was increased (McKersie et al., 1988; Senaratna et al., 1988). No LPL were found,
which is a general observation in published work on seed aging (Thompson, 1988). Problems
with the isolation of these sirongly polar LPL from ocily seeds might account for their
seeming absence upon aging, because work in Japan on storage at room temperature of
soybean seeds having 13% moisture content revealed an increase in LPL content (Nakayama
et al., 1981). These authors made lipid extractions directly from the aged seeds without
previous rehydration (Nakayama et al., 1981), which excludes possible decomposition of the
LPLs during rehydration or membrane isolation. It is possible that aging at elevated moisture
contents allows for a rapid decomposition of LPL as is also suggested by our data. This
contributes further to the opinion that the observed lipid degradation depends on the applied
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aging treatment (Priestley et al., 1985).

Phospholipase A, is generally involved in the formation of LPC in situ (Sevanian et
al., 1988; Rosenberg, 1990). We show here, on the account of the fatty acid composition of
the LPC and its presumed precursor, PC, that phospholipase A, or A, can not be responsible
for the deesterification during pollen aging. Similarly as in PLs of most other organisms, in
pollen PC the saturated palmitic acid is present exclusively at the sa-1 position {Table IH).
Phospholipase A, activity would thus result in a significant increase of palmitic acid in the
LPC, and phospholipase A, in a significant decrease (Sevanian et al., 1988: Rosenberg,
1990). No such increase or decrease was observed, because the fatty acid composition of
LPC from aged pollen is very similar to that of non-aged PC (Table III). Alternatively,
phosphoﬁpase B could have been active because it can act on both the sn-1 and the sn-2
position of the glycerol backbone and can degrade PL as well as LPL (Rosenberg, 1990).
Because the aforementioned enzymes have not convincingly been demonstrated in higher
plants the typical plant PL degrading enzyme, lipolytic acyl hydrolase, may be involved,
yielding FFA in a non-specific manner (Paliyath and Thompson, 1987). However, enzyme
activity is not very likely at all at the low water content in the present experiments, since
metabolic activity and respiration are strongly suppressed (Hoekstra and Bruinsma, 1975;
McKersie et al., 1988; Benson, 1950). For the same reasons, lipid deesterification in aged
seeds is attributed to free radicals rather than to phospholipase activity (McKersie et al.,
1988).

The liposome studies show that PL bilayer permeability is increased by the addition
of FFAs or LPLs that were produced during dry aging of pollen. This applies to the relative
proportion of these two compounds as they occur in the lipid extracts. Results from model
membrane studies show that fusion can be the cause of the leakage, e.g. from DPPC vesicles
that contained palmitic acid (McKersie et al., 1989) or palmitoyl-LPC (Poole et al., 1970;
Van Echteld et al., 1981); however, when the unsaturated oleic acid was used instead, the
increased leakage of entrapped solutes was not due to fusion (McKersie et al., 1989). Figure
5 demonstrates that the leakage is not the result of fusion between the vesicles. The
liposomes composed of the aged pollen lipids contain complex mixtures of saturated and
polyunsaturated FFAs or LPLs, Apparently these mixed FFAs and LPLs erhance leakage,
but they do not induce vesicle fusion. Leakage is proportional to the amounts of FFAs or
LPLs included in the liposomes (Poole et al., 1970; Van Echteid et al., 1981; McKersie et
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