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Algemene Inleiding

Studies betreffende vitaliteit en houdbaarheid van stuifmeel hebben een
praktische kant enerzijds, waar het de plantenveredeling aangaat, anderzijds
kunnen ze het inzicht verruimen omtrent bestuivingsfysiclegische processen in
samenhang met oecologische factoren.

Vitaliteit van pollen kon eerst worden geschat nadat pioniers op het gebied
van de pollenfysiclogie, waaronder van Tieghem (1869), Mangin (1886), Molisch
(1893) en Lidfors (1896), er in waren geslaagd op kunstmatige wijze kieming en
pollenbuisgroei tot stand te brengen. In later onderzoek werden de kunstmatige
media verder geoptimaliseerd door toevoeging van suiker ( zie de reviews van
Visser, 1955, en Johri en Vasil, 1961), calcium (Brewbaker en Kwack, 1963) en
borium, dat van nature in stempelsekreet bleek voor te komen (Schmucker, 1932).

De drijfveer van het zoeken naar omstandigheden en methoden die kummen lei-
den tot verlenging van houdbaatheid van stuifmeel was van praktische aard., Im-
mers, behoud van vitaliteit zou verzending mogelijk maken van pollen ten behoe-
ve van hybridisering. Bovendien zouden kruisingen kunnen worden gemaakt tussen
planten die op uiteenlopende tijdstippen in bloei komen. De relatieve lucht-
vochtigheid {RV} als factor van belang voor behoud van vitaliteit, werd grondig
onderzocht door Pfundt (1910) bij een groot aantal pellensoorten. De keuze van
deze factor lag voor de hand, omdat pollen van nature aan de invloed van de
sterk variabele luchtvochtigheid is overgeleverd, zodra het de beschermende
anthere heeft verlaten. Pfundt kwam tot de conclusie dat in veel gevallen
bleotstelling aan de lage RV van 30% cen betere owerleving van pollen mogelijk
maakt dan blootstelling aan de hoge RV van 90%. Sommige pollensoorten trokken
de aandacht vanwege hun extreem lange of korte houdbaarheid. Echter, Pfundt's
pogingen om hierin ordening aan te brengen naar taxonomische verwantschap,
hadden geen succes. Holman en Brubaker (1926 presenteerden een aanzienlijke
aanvulling op Pfundt's 1ijst, met daarbij aangegeven de beste overlevings-RV,
Ze kwamen met de classificatie niet veel verder, behalve in het geval van
Gramineae pollen dat opviel door zijn lage bestendigheid tegen reeds geringe
uitdroging, hetgeen later door Goss (1968) werd bevestigd. Afgezien van deze
irreversibele daling in vitaliteit bij Cramineae, werd bij ander pollen soms

een lage kiembaarheid waargenomen als gevolg van de zeer sterke uitdroging
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bhoven geconcentreerd zwavelzuur. Echter, in het licht van meer recent onder-
zoek ( Lichte, 1957; Jensen, 1970; Gilissen, 1977 en 1978) kan de oorzaak
van dit schijnbare vitaliteitsverlies worden toegeschreven aan onvoldcende
rehydratatie in vochtige lucht, voorafpaand aan kieming <» vitro.

Bij angiospermen komt het pollen vrij in een twee- of driecellig stadium.
Het tweecellige, ook wel binucleaat type genoemd, bezit &&n vegetatieve en
éen generatieve cel, welke laatste tijdens pollenbuisgroei nogmaals een mitose
ondergaat. Het driecellige type (trinucleaat type} heeft &&n vegetatieve en
twee generatieve cellen. De tweede mitose vindt reeds plaats tijdens de ont-
wikkeling van de pollenkorrei in de anthere. Zeventig percent van de planten-
families bezit stuifimeel dat vrijkomt in het binucleate stadium. Van de overipge
plantenfamilies, waaronder de landbouwkundig belangrijke Gramineae, Chenopodia-
ceae, Compositae en Cruciferae, leveren enkele of alle generz trinucleaat
stulfmeel. Voorncemde verdeling in binucleate en trinucleate families werd
opgesteld aan de hand van cytologisch onderzoek aan ongeveer 2000 scorten be-
horende tot 265 families (Brewbaker, 1967). Brewbaker (1957) en Pandey (1960)
claimen voorts, dat trinucleate typen uitsluitend worden aangetroffen in fylo-
genetisch recente plantenfamilies.

Het is de grote verdienste van Brewbaker (1957, 1959) dat hij wees op het
verband tussen enige pollenfysiologische eigenschappen, waaronder houdbaarheid,
en het aantal cellen. Binucleaat pollen blijft gedurende een lange periode
levensvatbaar, levert een hoog percentage kieming in vitro, en de taxa worden
gekarakteriseerd door het gametofytische type van incompatibiliteit. Trinu-
cleaat pollen daarentegen heeft slechts een beperkte vitaliteit, kiemt moei-
lijk in vitro, en de taxa worden over het algemeen gekarakteriseerd door het
sporofytische type van incompatibiliteit. Men nam aan dat de beperkte vitali-
teit van trinucleaat pollen het gevelg was van gebrek aan metabolieten, ver-
ocrzaakt door de tweede mitotische deling, Vergelijkende bepalingen van gehal-
ten aan suikers en andere metabolieten (Stanley en Linskens, 1974), onder-
steunen deze opinie echter niet.

Ondariks deze belangrijke correlaties is er nauwwelijks vergelijkend onderzoek
gedaan aan de fysiologie van twee- en driecellig pollen, terwijl juist veel
informatie beschikbaar is met betrekking tot de kieming van tweecellig pollen.
In het onderhavige proefschrift wordt uitgebreid aandacht besteed aan de
fysiologische en metabolische eigenschappen die leiden tot het unieke karak-
ter van trinucleate pollensoorten., In de discussies van de aparte hoofdstukken
worden deze eigenschappen besproken in relatie tot het evolutionair geavanceer-
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de karakter van trinucleaat pollen.

Voor het gcede verloop van dit cnderzoek moest eerst een aantal trinucleate
pollensoorten met succes kumnen worden gekiemd <m witro, De weinige voorbeel-
den daarvan uit de Iiteratuur geven aan dat de wijze van waterdosering eemn
precaire kwestie is. Kubo (1955 en 1956) loste dit probleem op door pollen van
Compositae en Tritiown te laten kiemen op zeer dumne laagjes suikerhoudend
medium, dat een zeer hoog gehalte aan gelatine bevatte (60%). Goede kieming
van Cruciferae pollen geschiedt in media waaraan het osmotisch actieve poly-
ethyleenglycol is toegevoegd (Ferrari en Wallace, 1975). Recente studies geven
aan dat de cruciale factor voor het mislukken van kieming bij trinucleate
typen de te hoge snelheid is waarmee water wordt opgenomen ( Bar-Shalom en
Mattsson, 1977). Oprmerkelijk zijn in dit verband de resultaten van het verge-
lijkend cnderzoek naar het vocrkomen van droge of natte stempels ( Heslop-Har-
tison en Shivamna, 1977). Planten met trinucleaat stuifmeel zijn voornamelijk

in het bezit van droge stempels, zonder overvlcedig exudaat.

In Hoofdstuk I { Hoekstra en Bruinsma, 1975 a) worden media geformuleerd veor
optimale pollenkieming ¢» witfro van vertegerwcordigers van een aantal gene-
ra der trinucleate Compositae. Bijzondere aandacht is besteed aan de cal-
cium- en boriumbehoefte. Het effect van voorafgaande equilibratie in voch-
tige lucht cp het percentage gerealiseerde kienbuizen is bestudeerd, en het
weglaten van deze behandeling wordt bediscussieerd in relatie tot eerdere
literatuurgegevens.

De relatieve luchtvochtigheid en temperatuur tijdens vrijkomen van stuif-
meel zijn onderzocht ap hun betekenis woor de dagelijkse variatie in kiem-
kracht. Omstandigheden worden aangegeven voor de meest gunstige bewaring
van dit trinucleate Compositae stuifmeel.

In Hoofdstuk II (Hoekstra en Bruinsma, 1975 b) wordt een vergelijkend onder-
zoek beschreven naar de ademhalingsactiviteit in vochtige lucht (RV=97%)
en de daarmee gepaard gaande vitaliteitsdaling van trinucleate pollensoor-
ten ten opzichte van enkele binucieate typen. Deze studies zijn gedaan om-
dat de indruk was verkregen dat speciaal trinucleaat stuifmeel in een toe-
stand van hoge metabolische activiteit verkeert [zie Hoofdstuk I). De gas-
wisseling is gemeten met behulp van gaschromatografie. De ademhaling van
heterogene pollenmonsters is gecorrigeerd voor slecht functionerende indi-
viduen via een speciale kleurmethode. Voorts is de adermhaling van verschil-
lende pollensoorten bij lagere RV bestudeerd in relatie tot hun overleving.
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Ock de specifieke gevoeligheid van trinucleaat Gramineae stuifmeel voor

uitdroging is deor middel van ademhalingsmetingen nader geanalyseerd.

Hoofdstuk III { Hoekstra, 1979) behandelt een uitvoerig onderzoek betreffende
de activiteit en de mate van ontwikkeling van mitochondrién in ongekiemd
pollen, en veranderingen daarin tijdens kieming <n witro. Vergeleken wor-
den 3 binucleate pollenscorten en 1 typisch trinucleate soort. Deze soerten
zijn gekozen op grond van hun zeer uiteenlopende ademhalingsactiviteiten
in vechtige lucht. Dit onderzoek is opgezet omdat verschillen in ontwikke-
ling van mitochondrién mogelijkerwijze de basis zouden kunnen vormen voor
de waargenomen verschillen in ademhalingsactiviteit tussen bi- en trinu-
cleaat pollen. Methoden zijn uitgewerkt ter isolering van actieve mitochon-
drign uit diverse typen pollen. Het vermogen tot oxydatieve fosforylering
in vitro is geregistreerd met behulp van polarografische zuurstofmeting.

Mitochondrién uit de diverse typen pollen worden gekarakteriseerd op
grend van de snelheid waarmee de maximale capaciteit van elektronentrans-
port wordt bereikt bij kieming in wizro., Deze snelheid wordt gecorreleerd
met die waarmee de kiembuizen verschijnen. Voornoemde gegevens uit isole-
ringsexperimenten worden voorts ondersteund door de bepaling van de adem-
halingssnelheid van intacte korrels en door directe extractie en meting
van adenylaatfosfaten. Met behulp van het laatste wordt de 'energy charge'
(EC) berekend, die een aanwijzing geeft voor het al dan niet kumnen voldoen
door het ademhalingssysteem aan de vraag naar ATP door anabolische stof-
wisselingswegen. Mitochondriéle ontwikkelingsverschillen tussen bi- en tri-
nucleaat pollen en tussen verschillende binucleate typen worden bediscus-
sieerd,

In het geval van een relatief lage mitochondriéle ontwikkelingsgraad is
ook getoetst of de novo synthese van eiwit een onmisbaar element is voor
opbouw van het elektronentransportsysteem en of veranderingen optreden in
de concentraties van de verschillende cytochromen. Mede naar aanleiding
van deze gegevens worden parallellen besproken met de ontwikkeling van
mitochondri&n in kiemende zaden.

In Hoofdstuk IV (Hoekstra en Bruinsma, 1979 a) is getracht de efficiency aan
te geven waarmee ademhaling in vochtige lucht, voorafgaande aan kieming
in vitro, plaats vindt. Eerder onderzoek (Hoofdstuk I1) wees uit dat onder
vochtige condities de houdbaarheid van bi- en trinucleaat pollen veel meer
uiteenloopt dan de ademhalingssnelheid. Een onderzoek is ingesteld naar
een mogelijk lage efficiency van de fosforylatie in de cytochroomroute en
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naar de betrokkenheid van de minder effici&nte, alternatieve, CN -cngevoe-
lige route bij incubatie in vochtige lucht, De participatie van de verschil-
lende routes van elektronentransport wordt vastgesteld na infiltratie van
het pollen met specifieke metabolische remmers. De aanpak via infiltratie
was noodzakelijk omdat in de meeste gevallen directe metingen aan mitochon-
drién, gefsoleerd uit ongekiemd stuifmeel, wegens iscleringsproblemen niet
juist verliepen ( zie Hoofdstuk III), Specificke effecten van ontkoppelaars
worden bediscussieerd, en waar mogelijk wordt de ATP-turnover geschat. Spe-
ciale aandacht is gericht op het van nature voorkomen van cen geremd adem-
halingssyteem.

In Hoofdstuk V {Hoekstra en Bruinsma, 1979 b) wordt bestudeerd in hoeverre een
geavanceerd mitochondrieel systeem in pollen samengaat met een actief eiwit-
synthetiserend apparaat. Daartoe wordt tritium-gelabeld leucine geinfil-
treerd in pollen,en de snelheden van incorperatie zijn bepaald tijdens adem-
haling in vochtige lucht en kieming <n vitre, al dan niet in aamwezigheid
van de remstof cycloheximide. Ter ondersteuning van de incorporatiegegevens
is de aanwezigheid van polyribosomen nagegaan met behulp van gradiéntcentri-
fugering. De waarnemingen worden ge&valuserd in relatie tot de lengte van
de te bestuiven stijlen en bediscussieerd in het licht van de evelutionaire
trend tot wersnelling van de bestuivingsfase.

Dit proefschrift wordt besloten met een samenvatting van de resultaten waar-
na een slotbeschouwwing volgt betreffende de evolutie van pollen in de Tich-
ting van een beperking van het aantal zelfstandig door de manlijke gametofyt
uit te voeren processen, de essentie van het trinucleate aspect daarin, en
de implicaties voor bloei en blcem,
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Viability of Compositae Pollen: Germination in vitro and
Influences of Climatic Conditions during Dehiscence

F. A. HoexsTra and ]. Bruinsma

Association Euratom-TITAL, Wageningen, and Department of Plant Physiology, Agricultural
University, Wageningen, The Netherlands

Summary

Effects of various components upon germination in witro were studied in order to de-
velop an optimal germination medium for Compositae pollen. Equilibration of pollen in
humid air, preceding germination, improved the reliability of results considerably.

Trregular germination ability of pollen samples, originating from different collections,
was studied by exposing flowering plants to different climatic conditions. High relative
humidity and temperature at dehiscence cavse a rapid decrease in pollen vitality. Data for
an optimal germination medium and for acquisition of good pollen quality are presented.

Introduction

Media for the in vitro germination of pollen have been developed for a large
number of plant species (Jourl and Vasi, 1961; Visser, 1955). Sugars are used
as osmotic agent and a source of energy (O’KELLEY, 1955; STANLEY and LINSKENS,
1964). For optimum germination and tube growth sucrose concentrations from 5 to
4090 are preferred by different pollen species {Visser, 1955). Agar or gelatin are
added to solidify the medium.

The importance of boron during germination and tube growth was discovered by
Scumucker (1932). Up to 100 pg/ml HyBO; greatly enhances germination and tube
growth in vitro (Visser, 1955). Lack of Ca causes an increase in membrane perme-
ability, resulting in leakage of metabolites (BREWBAKER and Kwack, 1963; Dickin-
sON, 1967). A much neglected aspect of pollen germination in witre is reconditioning
in humid air (Visser, 1955; LicuTE, 1957). Upon storage at low temperatures, low
relative humidities, or freeze drying, high germination percentages could not be
obtained without equilibration under humid conditions (Jensen, 1970). Ignorance of
the importance of reconditioning may be the cause of repeatedly observed irregular
germination percentages (Hoiman and BruBAkeR, 1926; NeseL and RUTTLE, 1936).

Germination in vitro of Compositae pollen is difficult, requiring high sugar per-
centages {30-40 %4} and special water-restricting conditions, Other trinucleate pollen
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species behave similarly, their longevity being very restricted (BrEwpaker, 1959).
When Compositae pollen was successfully germinated, short pollen tubes have fre-
quently been noticed (Prunpt, 1910; PobDUBNAJA-ARNOLDI, 1936; MATSUBARA and
TsukaMoTo, 1968). In the present study the optimum conditions for the in witro
germination of Compositae pollen are established and the effects of climatic condi-
tions during dehiscence on the pollen viability studied.

Material and Methods

Different species of Compositae were grown in soil in plastic pots in growth chambers,
at 30,000 lux fluorescent light (Philips TL 33 R) at flower height during 14 hrs per day
at 24 °C, night temperature 17 °C, relative humidity (RH), day 65 %0 and night 92 %,.

In order to climinate the influence of differences in desiccation, pollen was equilibrated
on a slide in an atmosphere saturated with water vapour at 30 °C prior to germination
in vitro. In each germination test, 0.5 mg pollen was incubated on a slide in 150 1] medium
at 30 °C, allowing for optimum oxygen supply. Germinated grains were stained with an
aqueous, decolorized aniline blue solution and the germination percentage was determined
under an ultraviolet microscope. For the observation of tube growth in wvive, styles were
macerated in 1 N NaOH prior to staining in aniline blue and squashing {Linskens and
EssEr, 1957).

Chrysanthemum cinerariaefolium Vis. is chosen as an average representative of the other
species.

Resules

Although Chrysanthemum cinerariacfolinm pollen could be successfully germinated
in vitro on solid media containing agar and/or gelatin, the composition of a suitable
liquid medium was searched for. Germination percentages obtained with solid media
turned out to be irreproducable, perhaps because of different water-restricting con-
ditions due to varying thickness of the layers.

Effect of sucrose

As can be seen in figure 1, good germination of C. cinerariaefolium pollen can be
obtained at about 1 M sucrose. With small adaptations in sucrose concentration, this
medium was suitable for pollen germination of 34 species belonging to the genera
Cichorium, Cosmos, Dablia, Helianthus, Zinnia, Aster, Inula, Helichrysum, Senecio,
Tussilago, Helenium, Tagetes, Gazania, Calendula, Chrysanthemum, and Tanacetum,

Effect of boric acid

In contrast with the solid medium, addition of boric acid was essential in the
liquid medium, omission resulting in rupture of the intine. Figure 2 shows that
10-100 pg/ml H;BO; largely prevents bursting and allows for germination. In-
teraction of boric acid, sucrose and temperacture could be established, showing a di-
minished need of boric acid at lower temperature and higher sucrose concentrations.
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Fig. 1: Germination in vitro of Chrysanthemum polien ar different sucrose concencrations.
The liquid medium also contained 100 wg/ml HBO; and 2 mM Ca{OH), adjusted with
concentrated H;PO, at pH = 6.8.
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Fig. 2: Effect of boric acid concentration on bursting and germination of Chrysanthemnm
pollen. The liquid medium also contained 1.32 M sucrose and 2 mM Ca(OH), adjusted with
concentrated HyPO, at pH = 6.8.

Effect of calcium

Like boric acid, Ca is indispensable in the liquid medium, 2 mM Ca(OH).
adjusted with concentrated HyPQ, at pH = 6.8 turned out to be satisfactory. The
pH had to be kept within 6.2 and 7.5.

Effect of temperature

In figure 3, the effect of temperature on the germination percentage in vitro is
demonstrated, 25-32 °C being optimum.
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Fig. 3: Effect of temperature upon germination of Chrysanthemum pollen. The liquid me-
dium contained 1.32 M sucrose, 2 mM Ca(OH); and 100 ug/ml HyBO, pH = 6.8.

Effect of reconditioning

Omitting equilibration in humid air prior to germination in vitro frequently caused
low germination percentages. Particularly dried and stored pollen lost its germination
ability in witro due to considerable leakage of U.V.-absorbing marterial out of the
grains. Equilibration in humid air at 30 °C for at least 15 min. prevented excessive
leakage and restored germination ability in vitro to a great extent.

Germination in vitro and in vive showed identical results, also with different
pollen qualities. Apparently, the requirements for optimum germination are realized
at 30 °C in a liquid medium containing 0.9-1.4 M sucrose, 100 pg/ml H;BO,
and 2 mM Ca(OH),, adjusted with concentrated HsPO, at pH = 6.8. Tube growth
in witro, however, ceased within ten minutes after emergence, resulting in short tubes
of 70-1C0 u. The protrusions formed were real pollen tubes, staining with aniline
blue revealed callose under the ultraviolet microscope, in contrast with the so called
instant pollen tubes, which can be obtained by a shock treatment with sulfuric acid
to a final concentration of 4 9/ {LiNskENs and MULLENEERS, 1967).

Germination in vitro of fresh pollen samples from plants in the field revealed un-
expected fluctuations in daily viability, indicating strong short-term influences of
climatic conditions. Effects of relative humidity and temperature during dehiscence
were analysed as possible causes of this daily variation.

Effect of RH at debiscence

Figure 4 shows the influence of the RH at 24 °C upon the viability of fresh
pollen during anthesis. The wind velocity had to be at least 0.3 m/sec. in order to
maintain the RH, insufficient ventilation allowing for a layer of high humidity
to be built up by anther transpiration. High RH during anthesis considerably de-
creased the vitality of Chrysanthemum cinerariaefolium pollen. Pollen of the earlier

20




F. A. Hoekstra and ]J. BruiNsma

100

T

275} -

=

Pt

£

Bsor .
B 1

—l 1 1

0 25 50 75 100

relative hurmidity { °)

Fig. 4: Effect of relative humidity during dehiscence on germination under optimum con-
ditions in vitro of Chrysanthemum pollen collected three hrs. after dehiscence at 24 °C.

mentioned genera of Compositae showed similar adverse effects. The best pollen

quality was obtained at relatively low temperacures (17 °C), high temperatures
(35 °C) being detrimental.

Effect of RH during storage

Storage of fresh Chrysanthemum pollen turned out to be unfavourable at water-
saturated armospheres, the vitality being limited to hours, particularly at higher
temperatures (Figure 5). Longevity could be extended to several days by exposing
pollen to lower relative humidities, e.g. 60 % (Figure 6). At high temperatures, e.g.
30°, the beneficial effect of decreased RH was only small. Preservation of vitality

for aver one year was achieved by drying over NaOH pellets at 5 °C for 20 hours,
prior to storage at — 20 °C.
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Fig. 5: Vitality decrease of Chrysantbemum pollen in the course of incubation in humid
air at different temperatures.
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Fig. 6: Vitality decrease at 20 °C and RH = 60% of three samples of Chrysanthemum
pollen of different qualitaties.

Discussion

The difficulties with the in vitro germination of Compositae pollen turn out to
be caused by several factors. Relative humidities of 50%a and lower, occasionally
occurring in the field, rapidly desiccate pollen. This considerably reduces germination
in witro because of leakage of protein and carbohydrate (CHing and CHing, 1964;
Jensen, 1970; Davies and Dickinson, 1971). Membrane integrity can be restored
by equilibration of pollen in humid air. Germination media, containing agar or ge-
latin, may obviate this leakage to some degree by hampering the diffusion of pro-
tein . In liquid media, however, omission of equilibration of pollen in humid air,
prior to germination, undoubtedly is one of the main causes of irregular germination
behaviour of Compositae pollen. None of the authors dealing with pollen germina-
tion of Compositae (PrunpT, 1910; PobpuBNaja-ArNoLp1, 1936; Kuso, 1954 and
1955; Matsusara and Tsukamoro, 1968) applied this method of preliminary
equilibration in humid air,

Concerning the germination medium, several components affected germination.
Early investigators of pollen physiology avoided the need for calcium and boron by
applying media with agar and gelatin, thus reducing the rate of water uptake. Re-
peated germination of the same sample, however, gave fluctuating results due to the
varying consistency in the surface of the medium. Therefore a liquid medium was
preferred. Ca and boric acid are then essential, omission causing protein leakage
and bursting of grains, respectively,

The results obtained with the medium described in this paper quantitatively agree
with those from in vivo experiments. Although tube growth ceases readily ir witro
for unknown reasons, the percentage germination can be looked upon as a measure
of germination ability.

This germination method enabled for a frequent observation of the daily variarion
in vitality of fresh pollen and thus revealed another cause of the irregular germina-
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tion of Compositae pollen. The apparent fluctuating vitality of fresh pollen origi-
nates from the conditions prevailing during dehiscence. High relative humidity and
high temperature at anthesis have a detrimental effect on pollen viability, causing
the pollen to loose its ability to germinate within a few hours.

This rapid decrease in vitality suggests a rapid activation of the metabolic system.
It is interesting, therefore, to compare the metabolic activity of these short-living
trinucleate Compositae pollen with that of longer living pollen of other plant fa-
milies (HoEkSTRA and BruiNsms, 1975).

Also under storage conditions high relative humidities and temperatures are detri-
mental. However, Compositae pollen sampled and tested under the optimal circum-
stances, described in this paper, can be successfully stored under dry and cold condi-
tions.
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Abstract

The respiration znd vitality of ungerminated bi- and trinucieate
pollen were studied in order to determine the influence of relative
humidity and temperature on metabolic activity. The gas ex-
change, germination capacity and staining with tetrazolium
bromide were followed under standardized conditions.

A constant respiration rate occurred under conditions of high
relative humidity (9797). Per mg pollen, the trinucleate grains of
Compositae and Graminege respired 2 to 3 times as intense as 6
species of binucleate grains. Per unit of pollen protein the
differences were even larger. In contrast to binucleate pollen,
the longevity of trinucleate pollen was very short and the ability
to germinate was lost twice as fast as the respiration capacity.
This limits the use of tetrazolium bromide as an indicator of
viability.

At reduced relaztive humidities respiration was strongly
restricted, but the longevity of bi- and trinucleate pollen con-
siderably increased,

Pollen of Gramineae, however, was very sensitive to changes
in relative humidity; short exposure to low relative humidity
decreased both the vitality and the capacity to respire.

Introdaction

Pollen of angiosperms is bi- or trinucleate at the time of
dehiscence. Binucleate grains contain one generative and
one vegetative nucleus; the geperative one undergoes a
second rnitosis during pollen tube growth, The trinucleate
type, on the contrary, contains one vegetative and two
generative nuclei, the second mitosis occurring already
prior to anthesis.

Brewbaker (1957) investigated 199 plant families, 130
of which turned out to have binucleate pollen and 48
trinucleate pollen; in 21 families both types were found, A
connection was established between several physiclogical
properties and the number of nuclei of the pollen grain
{Brewbaker 1959). Germination in vifre of the trinucleate
type was difficult and irregular, very short pollen tubes

being formed. High amounts of sugar had to be applied in
the germination medium to prevent bursting of the grains,
which retained their viability during a very short period
only. As far as incompatibility is concerned, the site of
inhibition turned out to be linked with the number of nuclei,
genera with trinucleate pollen generally showing inhibition
of tube growth at the stigma. Binucleate pollen, on the
contrary, germinated readily and produced long tubes in
media containing low sugar concentrations. The pollen
could easily be stored without loss in vitality. The incom-
patibility is gametophytically determined with the site of
inhibition in the style,

An earlier study on trinucleate pollen of Compositae
revealed a relation between decrease of vitality and increase
of temperature (Hoekstra and Bruinsma 1975). In addition,
vitality was seriously affected when high relative humidities
were applied at anthesis. The two factors turned out to
cause the strong daily fluctuations in germination ability,
The rapid loss in vitality of this trinucleate pollen suggests
an easy activation of the metabolic system before the onset
of germination. In order to investigate this, the respiratory
behaviour of bi- and trinucleate pollen grains was analysed
in connection with their capacity to germinate and their
staining with tetrazclium bromide as a marker of vitality.

Materials and Methods
Polien collection, staining, and germination

Pollen was collected from freshly opened flowers grown
in climate chambers at 23°C, low relative humidity (RH),
50-60%, and an air flow of at least 0.3 m/s. The pollen was
dried over NaOH pellets prior to storage at —20°C.

The percentage of viable pollen was examined by adding
1 mg/ml MTT (=3,(4,5-dimethylthiazolyl-2)2,5-diphenyl-
monotetrazolinm bromide) to the germination medium,
This vital stain reacts with dehydrogenasés, the formazan
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complex produced colouring the grains. After 1 h at 26°C
the percentage of stained grains was microscopically
determined.

Germination in vitro was preceded by equilibrating the
pollen in humid air (RH=100%) for 30 min at 30°C,
The medium consisted of 148 ug/ml Ca{OH),, adjusted with
concentrated H;PO, to pH 6.8, 100 xg/ml HyBO,, and
sucroae concentrations varying from 0.94 M to 1.32 M for
the following Compositae: Aster tripolium L., Calendula
officinalis L., Chrysanthemum cinerarigefolium Vis., Chrys-
anthemum segetum L., Cosmos bipinnatus Cav., Helenium
autumnale L., Helichrysum bracteatum Willd., Innia
squarrosa L., Senecio jacobaea L., Tanacetum vuigare L.,
and Tussilago farfara L, Pollen of Gramineae was not
germinated in vitro. For 6 species with binucleate grains
the following medium was used: 300 gg/fml Ca(NOj),-
4H,0, 20 pgg/ml H,BO; and 0.53 M sucrose for Corvius
avellana L., 0.30 M for Nicotiana alata Lk. et Otto and
Lycopersicon peruvianum Mill., 0.20 M for Typha latifolia
L., and 0.15 M for Impatiens balsamina L. and Narcissus
poeticus L.

Pollen was germinated by incubating 0.5 mg in 150 ul
medium on a slide under humid conditions at 30°C. Tri-
nucleate pollen germinated in about 10 min, binucleate
pollen in up to 2 h. After staining with aniline blue, the
grains were examined under an ultraviolet microscope
(Linskens and Esser 1957).

For the control of tube growth in vive, styles of cut
flowers were pollinated at 30°C. After 2 h in the case of
Compositae flowers, and the next day in the case of lowers
with binucleate pollen, the styles were excised and macer-
ated in 1 ¥ NaOH prior to staining in aniline blue and
squashing.

Measurement of respiration

The respiratory activity was analysed with samples of
5 mg pollen, incubated in 6.0 ml vessels type ne. K749000,
Kontes Glass Cy., Vineland, N.J.,, US.A,, fitted with
Microflex valves no. K749100 to avoid gas leakage. This
amount of polien did not inhibit its own respiration by
accurnulation of CO,, The pollen sample was placed on a
filter paper disk, 10 mm diameter. A high relative humidity
of 97 %; was maintained with 0.2 ml glycerol : water = 15:85
(w/w) on a rolled 3 x 5 cm filter paper.

CQO;, 0, and N, concentrations in the flasks were deter-
mined with & F&M Dual model 700-00 gas chromatograph
at 105°C, using a katharometer detector at 135°C. One
stainless steel column, 120 ¢cm, 4 indiameter, was packed with
silicagel 3060 mesh, the other, 200 cm, } in diameter, with
Becker Molecular Sieve 5A 45-60 mesh. Sample size was
60 ul, flow rate 28 ml/min with helium as catrier. Retention
times for €O, O, and N; were 60, 160 and 240 s, respec-
tively. According to Leijten (1967), a linear relation was es-
tablished between the amount of a component and the peak
area.
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Protein content was determined after Lowry ef al, (1951},
using samples of 15 me pollen, extracted with 2 ml 3%
WNaCl in a Potter glass homoegenizer at 0°C. To avoid
interference from phenolic compounds, the protein from
100 pl extract was precipitated with 0.9 ml 105 trichloro-
acetic acid and dissolved in 0.3 ml 1 ¥ NaOH.

Results
(A) Respivation and vitality ai 97 %, relative humidity

Although variations in incubation temperatures were
limited within 0.5°C, a reduced humidity of 979 had to be
applied to avoid condensation of water on the pollen sur-
face, At six different temperatures, respiration was followed
simultaneously with germination as a measure of vitality.
Figure 1 represents the CO, production and the decrease in
vitality of the trinucleate pollen of Aster tripolium and of the
binucleate pollen of Corplus avellana. The oxygen uptake
usually matched the CO; production, the RQ values being
mostly about 1.0 (Table 1). CO; production and O; uptake
occurred at initially constant rates. The respiration of
binucleate Corylus pollen was much lower than that of
trinucleate Aster pollen at all temperatures, and its longevity
much more pronounced, except at temperatures over 26°C
(Figure 1).

According to its germination capacity, Aster pollen lost
its vitality about twice as fast as its capacity to respire. The
germination capacity of Aster pollen was also measured
jn vive, with similar results. This rapid loss in viability of
still normally respiring pollen grains was found to occur in
all Compositze tested (Table 1}, Dehydration of pollen which
had just lost its vitality preserved its metabolic activity.
For example, Cosmos bipinnatus pollen, normally respiring
for 7 h at a rate of 0.48 pmol CO»/mg x hat30°Cand RH =
97%, when desiccated after 1.5 h under these conditions
over NaOH pelleis at 5°C, showed upen reincubation a
reduced constant respiration rate of 0.20 gmol/mg x h
during 5 h, without practically any germination. Prelimi-
nary incubation for 3 h, however, completely destroyed the
respiration capacity of the reincubated material.

Staining with tetrazolium bromide (MTT) gave the
highest percentage of formazan-coloured grains and the
most intensive colour during the linear part of the respir-
ation curves. As might be expected, no more formazan
complex was formed as soon as the CO, production came to
an end. Because most pollen samples lost their vitality
much faster than their capacity to respire (Table 1), MTT
obviously is not always suitable as a vital stain for pollen.
However, a polien sample consists of grains from many
flowers. Stainmg with MTT enables to discern the per-
centage of pollen in the sample responsible for the CO,
production, a linear correlation being found between the
respiration rate and the percentage of stained grains
(Figure 2). In this way, the MTT-staining allowed for a
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Figure 1. Respiration of trinacleate Aster and binucleate Corylus pollen at 97 %, relative humidity and at different temperatures, and the
vitality of this pollen as determined by germination of samples ar 30°C in vitro at intervals during the experimenys. Single determinations.

Figure 2. Correlation between rate of CO; production and percentage of MTT-stained poilen grains, Results of samples from different

collections. Single determinations.

Table 1. Respiration and longevity of pollen species ar 30°C and relative humidity = 97%.

CO,, pmol
Duration Interval until
per h x mg per h x mg until cease of 50% of initial
Species pollen protein RQ respiration, h germination, h

Binucleate

Corplus vvellana 0.11 1.0 0.73 >40 5.0
Impatiens balsamina 0.10 — — =30 24.0
Narcissus poeticus 0.10 0.5 095 =50 350
Nicotiana alate 0.14 0.8 1.07 30 15.5
Lycopersicon peravianum 0.14 1.1 098 40 —
Typha larifolia Q.12 — 1.00 >24 —
Trinucleate

Aster tripolium 0.37 4.0 0.87 13.5 3.7
Calendula officinalis 0.61 — 1.00 4.5 —_
Chrysanthemum segetim 229 -— 0.95 4.5 —_

C, cinerariacfolium 0.34 5.3 1402 13.0 2.3
Casmos bipinnatus 048 — 0.95 7.0 22
Helenium autumnale 0.35 -— 1.59 5.5 —
Helichrysim bracteatum Q.31 — 1.04 5.5 1.7
Inuig squarrosa 0.36 —_ 1.01 9.0 22
Senecio jacobaea 0.31 — 1.35 7.5 —
Tanacetum vulgare 0.41 — — 4.0 —
Tussilago farfara .42 4.9 1.10 1.5 22
Triticurm sp, 032 4.9 1.33 38 -

correction for the percentage of non-viable pollen grains in
the samples,

No correlation could be found between the respiratory
activity of different pollen samples of one species and their
protein content, Storage at low temperature did not affect
the protein content, while only a slight decrease could be

observed during incubation in humid air. Because only the
MTT-stained grains contribute to the CO; production,
measurements of respiratory activity per unit of pollen
protein were also corrected according to the percentage
MTT-staining of the grains,

Figure 3 shows the effect of temperature on the respiration
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Figure 3. Respiration rates of trinucieate Aster and Chrysanthe-

muim pollen and binucleate Corylus and Nicotiana pollen at different
temperatures at 97 % relative humidiry. Triplicate determinations.
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rates of bi- and trinucleate pollen. At about 35°C, the rates
of CO, production were less than could be expected accord-
ibg to the Q,, values, Therefore, 30°C is a more favourable
temperature to compare respiration and viability of the
two types of pollen. In Table 1 the rates of CO, production
of 6 species with binucleate pollen and of 11 species with
trinucleate pollen are compared. The respiration of trinuc-
leate pollen was always higher than that of binucleate
pollen, per mg pollen about three times as large on an
average. Per unit of pollen protein the difference becamne
more accentuated,

(B) Influence of relative humidity on respivation and vitality

Polien respiration requires a high relative humidity. As
can be seen in Figure 4, the respiratory activity considerably
decreased at reduced RH, no evolution of CO; could be
detected at RH = 779%. On the contrary, the vitality was
much longer maintained at reduced humidities, particu-
jarly at the lower temperature. Apparently respiratory
activity and decrease in vitality are closely linked.
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Figure 5. Effect of predrying for 30 min on Triticum pollen res-
piration at 30°C and 97 % velative humidity. Single determinations,

Storage of Gramineae pollen, particularly, is known to be
difficult. Freezing procedures cannot be applied because of
the high water content of the fresh pollen, while preliminary
drying also terminates the germination ability.

The respiratory behaviour of Triricum pollen was tested
by incubating one part of a freshly collected sample directly
at 30°C and RH = 97%, the other part being kept under
laboratory conditions (20°C and RH = 50%;) for 30 min
prior to incubation. Figure 5 shows the respiratory behav-
iour of both samples, of which high percentages of MTT-
stained grains were obtained. Within 2 h of incubation,
however, the predried pollen no lenger stained with MTT,
Drying of Gramineae pollen, therefore, has not only a
detrimental effect on vitality, but also affects the respiratory
system.

Discussion

Drickinson (1965, 19565, 1967, 1968}, and Davies and
Dickinson {1971) described the respiratery behaviour of
the binucleate Liliwm pollen during germination ir vitre,
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Figure 4. Respiration rates arnd longevity of tri Chrysanth (CHRY} and binucleate Nicotiana (NIC) pollen at different

relative humidities. Longevity is expressed in hours until 5094 of initial germination (Gso). Triplicate determinations.
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but the respiration of **dry"” pollen has not been studied
until now. Knowlten’s data (1922), concerning storage,
suggest that it might be interesting to measure the respir-
atory activity of trinucleate pollen.

Accelerated respiration can be obtained by incubating
pollen under conditions of high relative humidity. The
water vapour will be rapidly taken up and subsequently the
metabolic activity starts. Respiration, however, involves
a decrease in vitality, short-living pollen having a high rate
of respiration as compared with longer living pollen. Both
types correspond with the tri- and binucleate nature of the
grains, respectively.

The respiration of pellen in humid air did net follow the
three-phase pattern of germinating lily pollen as described
by Dickinson. Conversion of his data for lily pollen into
umol/mg x h, allowing a comparison, shows that the
respiration rate in the germination medium corresponds
with the respiration rate of Compositae pollen in humid
air. Tt might have been of interest to compare these data with
those from germinating Compositae pollen. Unfortunately,
however, no reasonable measurements of the respiratory
activity could be obtained, tube growth ceased within 10
min after emergence. The formed protrusions were real
pollen tubes, staining with aniline blue revealed callose
under the UV microscope.

As a measure of vitality, staining with tetrazolinm
bromide (MTT) is of limited value only because it involves
the activity of respiratory enzyme. Since the capacity to
germinate decreases much faster than that to respire,
particularly with trinucleate pollen, staining can still be
obtained with grains that lost their germination ability
already.

Under natural conditions, respiratory activity and deteri-
oration of vitality can easily occur. Pollen samples from
different origins showed different germination percentages
and durations of respiration, indeed. Generally, pollen
with a reduced permination produced less carbon dioxide
during a shorter period of time.

Data concerning the respiratory activity per unit of pollen
protein have to be considered with reservation because the
Lowry method fails to discriminate between enzymes and
structural proteins. Measurements on isolated mito-
chondria might allow for safer interpretations. However,
on a basis of protein content the respiratory data were
even more uniform than expressed per unit of pollen weight,

POLLEN RESPIRATION AND VITALITY

accentvating the metabolic difference between bi- and
trinucleate pollen,

Pollen looses its vitality proportionally to temperature,
which apain demonstrates that respiration is related to the
processes leading to the functional death of the grain.
Reducing the relative humidity, however, which strongly
reduces respiration, does not simply remove the decrease
in vitality. In Gramineae pollen, particularly, reduced
humidity itself is very detrimental to the vitality of the pollen.

The present study is a first attempt to analyse the re-
lations between external conditions, metabolic activity, and
longevity of bi- and trinucieate pollen. Tentatively, because
of their rapid activation and decline, trinucleate pollen,
in which the generative nucleus has divided already, can
be looked upon as a less dormant dispersal organ than the
siower developing binucleate grain.

The authors are very grateful to Ir. G, Sauer for allowing
the experimental part of this work to be performed in his labor-
atory and for his stimulating interest and advice.

References

Brewbaker, J. L. 1957, Pollen cytology and selfincompatibility
systems in plants. — J. Hered. 48: 271-277.

— 1959, Biclogy of the angiosperm pollen grain. -~ Indian J.
Genet, Plant Breed. 19: 121-133.

Dayvies, M. D, & Dickinson, D. B. 1971. Effects of freeze drying
on permeability and respiration -of germinating lily pollen.
— Physiol. Plant. 24: 5-9.

Dickinson, D. B. 1965, Germination of lily polien: respiration
and tube growth. — Science 150: 1818-1819.

— 1966, Inhibition of pollen respiration by oligomycin. —
Nature 210: 1362-1363.

— 1967. Permeability and respiratory propertics of germinating
pollen. — Physiol. Plant. 20: 118-127.

— 1968, Rapid starch synthesis associated with increased respir-
ation in germinating lily pollen. — Plant Physiol. 43: 1-8.
Hoekstra, F, A, & Bruinsma, J. 1975. Viability of Compositas
pellen; germination in vitro and influences of climatic con-
ditions during dehiscence. — Z. Pflanzenphysiol. 76. In press.,

Knowlton, E. H. 1922, Studies in pollen with special reference to
longevity, — Cornell Univ. Agric. Exp. Stn. 52: 747-794.

Leijten, J, F, 1967, Clinical gas analysis based on gas chromato-
graphy, — Thesis Univ. Nijmegen, Netberlands.

Linskens, H. F. & Esser, K. L. 1957, Uber eine spezifische
Anfirbung der Pollenschliluche im Griffel und die Zahl der
Kallosepfropfen nach Selbstung und Fremdung. — Natur-
wissenschaften 44: 16-17.

Lowry, O. H., Rosebrough, N. J,, Farr, A. L. & Randall, R. L.
1951. Protein measurement with the Folin-phenol reagent.
—J. Biol. Chem. 193: 265-275.

29




Planta 145, 25— 36 (1979)

Hoofdstuk Il

Mitochondrial Development and Activity

Planta

ity by Springer-Verlag 1979

of Binucleate and Trinucleate Pollen during Germination in Vitro

Folkert A. Hoekstra

Department of Plant Physiology, Agricultural Universily, Arbaretumlaan 4, Wageningen, The Nethertands

Abstract. Bi- and trinucleate pollen generally differ
in the extent of their mitochondrial development at
anther dehiscence and in the rate of their attainment
of maximum-phosphorylative capacity during germi-
nation in vitro, as judged from experiments with rep-
resentatives of both groups.

The typically trinucleate pollen of Aster tripolium
L. immediately respired at a high rate, maintaining
a high energy charge. Mitochondria attained maxi-
mum electron-transducing capacity within 2 min of
incubation, while tube growth started within 3 min.
In contrast, the binucleate pollen of Typha latifolia
L. only gradually reached a relatively low rate of
respiration, concomitant with a temporary decrease
in energy charge, upen immersion in the germination
medium. Development of the mitochondrial, electron-
transducing system occurred in about 75 min, after
which the first pollen tubes emerged. Starting from
a poor differentiation, mitochondria became increas-
ingly normal in appearance as germination proceeded.

The binucleate pollen of Nicotiana alata Link el
Otto and Tradescantia paludosa Anders. et Woods.
showed intermediate characteristics: Nicotiana resem-
bled Typha but mitochondria developed at a higher
rate; Tradesconria germinated more rapidly and re-
sembled the trinucleate pollen of Asrer.

Inhibitors of mitochondrial or cytoplasmic
protein synthesis failed to affect the development of

Abbreviations: BSA = bovine serum albumine: CAP = D(-)
threo chloramphenicol; CHI=cycloheximide; DNP=2-4 dini-
trophenol; EBr = ethidium bromide ; EC = enerpy charge: EGTA
= ethyleneglycol-bis (2-aminoethy] ether) N,N'-tetra-acetic acid.
EM = electron micrescope; ETC = electron transfer chain;
HEPES = N-2-hydroxysthyl piperazine N'-2-ethane sulfonic acid;
LSD = least significant difference; PYP = polyvinyl pyrrolidone:
RCR = respiratory control ratic; RH = relative humidity; TCA
= tricarboxylic acid; TES = N-ins (hydroxymethyl) methyl-2-
aminoethane suifonic acid; URCI = uncoupler respiratory conirol
index (Hunter et al., 1976)

the mitochondrial, respiratory capacities during pol-
len germination. It is concluded that the duration
of the lag period is determined by the level and rate
of mitochondrial development and not by the division
of the generative cell.

Key words: Cytochromes - Energy charge — Germi-
nation (pollen) — Mitochondrial development -
Pollen - Protein synthesis.

Introduction

Brewbaker (1957, 1959, 1967) extensively surveyed
the occurrence of bi- and trinucieate pollen species
among plant families. Seventy percent were found
to shed their poiien in the binucieate stage and the
rest in the trinucleate stage, except some families in
which both types occur. Trinucleate species were en-
countered exclusively in phylogenetically-recent plant
families (Brewbaker, 1957; Pandey, 1960).

This type, in which the generative cell has already
divided prior to dehiscence, is generally characterized
by a4 syndrome of physiological phenomena. In con-
trast to binucleate pollen, trinucleate are difficult to
germinate in vitro. They often require water-restrict-
ing conditions (Bar-Shalom and Mattsson, 1977) or
high concentrations of sucrose, and develop only
short tubes. Vitality is easily lost, even in conditions
routinely used for storage. In vive, they germinate
mostly on “dry” stigmas without exudate (Heslop-
Harrison and Shivanna, 1977). In incompatibility
reactions, trinucleate pollen is generally rejected on
the stigma. The genetic basis of the incompatibility
system is either sporophytic, or gametophytic based
on a complex, S-gene system, as in Gramineae
(Lundgvist, 1975). Whereas the incompatibility of
the binucleate species is always gametophytically de-
termined.
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Trinucleate pollen of Compositae is found to loose
its vitality in about 3 h upon incubation in an atmo-
sphere of 97% RH at 30° C (Hoekstra and Bruinsma,
1975a). This rapid loss of vitality is accompanied
by a respiratory activity 2 to 3 times higher than that
of six species of binucleate grains (Hockstra and
Bruinsma, 1975b).

In the present investigation, in order to clarify
the nature of this difference, mitochondria from bi-
and trinucleate pollen were isolated and character-
ized, and their development during germination in
vitra was followed.

Materials and Methods

Pollen Sources, Coltection, Storage, Pretreatments,
and Germination in Vitro

Four plant species were selected for their widely-differing rates
of pollen respiration in humid conditions (Hoekstra and Bruinsma,
1975b}: the binucleate species Typha latifolia L., Nicotiana aluta
Link et Otte, and Tradescantio paludosa Anderson et Woadson,
and the typically trinucleate species Aster tripohivom L.

Pollen was collected at anther dehiscence, desiccated over
NaOH pellets at 4° C to 5-10% H,0 and stored at —20° C until
use.

Prior to germination in vitre, pollen was washed three times
with diethyl ether, dried by evaporation, and incubated in an atmo-
sphere of 97% KRH for 12 h at 4° C. This washing procedure en-
banced germination and tube growth (lwanami and Nakamura,
1972; Iwanami, 1973}, and micrebial contamination of the pollen
was strongly reduced. The ether washings did not affect the respira-
tory capacities of the mitechondria from these pollen species.

Germination in vitro was performed by suspending about
500 mg of pollen in 25 ml of the liquid medium. The wide-necked
Erlenmeyer flasks were vigorously shaken at 24° C. The composi-
tion of the medium was, for Typha: 0.2 M sucrose, salts according
to Brewbaker and Kwack (1963), and 1.6 mM H,BO,; for ¥icoria-
wa: 0.3 M sucrose, 0.3 mM Ca(NO,), 4H,0 and 9.5 mM H,BQ,;
for Tradescantia: 0.15 M sucrose, 2.1 mM Ca(NO;);-4 H,0, and
[.6mM H,BO,; and for Aster: 1.0M sucrose, 2.1 mM
Ca(NO,);-4 H,0, and 1.6 mM H;BO,. Tube emergence and
growth were examined by light microscopy. Oniy highly-viable
pollen samples were used for the isolation of mitochondria.

Freparation of Mischondria

Germinating pollen (500 mg) was ¢oliected on mullipore filters and
homogenized in a Teflon-glass, Polter homogenizer in 10 mi of
extraction buffer. Non-germinated contrels were presoaked in the
cold germination medium (4° C) for 2 min prior 1o collection and
hiomogenization. The extraction medium consisted of 0.3%% (w/v)
fatty acid-poor BSA in 10 mM TES-KOH, pH 7.2, and was sup-
plemented with 0.3 M mannitel, 0.4 M manoitol, 0.3 M su-
crose + 0.3 M mannitol, and {.0M mannitol+02M su-
crose + 10 mM cysteine + 0.5% (wfv) PVP-insoluble, for pollen of
Typha. Nicoviane, Tradescantizc and Aster, respectively. Finally
EGTA, previcusly neutralized with KOH to pH 7.2, was added
to each medium to a concentration of 1 mM.

The homogenate was immediately clarified by successive filter-
ings ihrough a 37 ym pore-size nylon and 12 and 8 ym pore-size
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millipore Milters. The filtrate was centrifuged at 1,500 g for 10 min.
The supernatant was further centrifuged at 35,000 g for 2 min,
with the exception of the Aster mitochondria, with which centrifu-
gation was extended to 10 min to compensate for the higher viscos-
iy and density ol the isolation medium. The supernatant was
removed by suction, and the pellet resuspended in a few drops
of the grinding medium without cysteine and PYP. No further
washings were performed. All steps were carried out at 0-4°C

Respiration Measurements

Mitochondrial O, consumption was measured polarographically
with a Clark-type O; electrode (Yellow Springs Instrument Comp.,
Yellow Springs, Ohio, USA) insérted in a 3 ml glass, reaction
chamber with continuous magnetic stirring at 24° C. Aliquots of
the mitochondrial fraction were mixed with the reaction medium
consisting of 0.1% (w/v) BSA, 10 mM TES-KOH, pH 7.2, 5 mM
KH,PO,, and 5 mM MgCl, as the basal medium, supplemented
with 0.5 M, 0.5 M, 0.7 M, and 1.0 M mannitol in case of Typha,
Nicotiana, Tradescaniia, and Aster, respectively. As for the isola-
tion, 1 mM of neutralized EGTA was finally added to each me-
dium. Respiratory rates were calcelated from a recorder trace on
the basis of 241 yM O, in the aerated medium at 24° C. The
rates were expressed as nmol O, taken up per min by mitechondria,
which were isolated from 100 mg of dry pollen. The ADP/O ratio
was calculated as the quotient of the amount of ADP added to
the reaction medium and the extra (O, uptake which resulted from
this addition (Lehninger, 1970). The respiratory control ratio (RCR
= ratie of respiration state 3: respiration state 4) was calculated
according to Chance and Williams (1956). Respiratory substrates
and inhibitors, from Sigma Chemical Comp., St Louis, Mo., USA,
were injecied into the reaction chamber through a st in the Clark
probe, to a finai concentration of ! mM for NADH, and 10 mM
for succinate, pyruvate, malate, and x-ketoglutarate. Oligomycin,
antimycin A, and DNP were administered in acetone solutions
to give a final concentration of 5pg ml™ ', 5uM, and 0.1-0.5 mM,
respectively. The acetone ¢oncentration in the mitochondrial sus-
pension was kept below 2%/,, to avoid any side effecis.

0, censumption of intact pollen, incubated in the germination
medium, was determined with the same electrode at 24° C. Aliquots
of germinating pollen, 20 mg ml™ ', were transferred to the 3 ml
reaction cell and diluted four times with fresh medium.

Exiraction and Assay of Adenylate Phosphates

Fifty mg of pollen, incubated on a 2x4em nylon' cloth, with
a pore diameter of 37 pm, was quantitatively transferred into 15 ml
of 0.3 M ice-cotd HCIO, and extracted for 45 min at 4° C with
magnetic stirring, Homogenization did not improve the yield of
adenylate phosphates and was, therefore, emitied. The pollen incu-
bated in the germination medium was mixed with a more concen-
trated HCI1O, solution to attain the same final molarity of 0.3 M.
The acid-precipitable material was centrifuged at 5,000 g for 10 min
and 1G ml of the supernatant was neutralized with 10 M KOH
and 0.5 M HEPES to a final buffer concentration of 20 mM at
pH 7.6, After standing in the cold for 15 min, the KCIO, was
remeved by centrifugation. The two separate centrifugations were
necessary Lo avoid recovery of enzymatic activity upoen neutraliza-
tion, which has resulied in considerable losses of ATP (Davison
and Fynn, 1974 ; Swedes et al., 1975). After diluting the neutralized
extracts 100 to 200 times with a buffer containing 20 mM MgSO,
and 20 mM HEPES, pH 7.6, ATP was assayed by an adapted
luciferase reaction, usinga Nuclear Chicago Mark I liquid scintilla-
tion spectrometer with the instrument setling as indicated by Van
Dyke (1974).




F.A, Hoekstra: Mitochondrial Development in Germinatng Pollen

Thirty pt of a concentrated firefly luciferin-luciferase extract
(Boehringer, Mannheim), which was continuously kept on 1¢¢, was
injected into a scintillatior vial containing 0.5 ml of the diluted
extract and thoroughly mixed. Exactly 10s after injection, the
bioluminescence was measered for 6 s at 18° C. (ATP+ADP), and
(ATP+ADP+ AMP) were determined similacly after enzymatic
conversion of ADP and AMP into ATP (Pradet, 1967; Ching
and Ching, 1972). ADP and AMP were determined by difference.
The recovery of pure adenylate phosphates throughout the entire
extraction procedure ranped from 97-108% for ATP. 99-103%
for ADP, and 93-100% for AMP. These resulis were .in
accordance with those obtained by Swedes et al., (19753). Re-
peated quenching and rapid decay in the activity of the crude
enzyme preparation necessitaled internal standardization. After
S1. John (1970), samples with and without an internal standard
were alternately counted. In each extract, the ATP, (ATP +ADP).
and (ATP+ADP +AMP), were assayed 5 times. (The standard
error of the mean refers to wriplicawe extractions.) From these
values, the adenylate energy charge, defined as EC = {{ATP)+
(ATP+ADP)}: 2 (ATP+ADP+AMP), (Alkinson, 1968) was
calculated. The standard error of the mean for the EC was
calculated using the appropriate methods of the propagation o
errors, and ranged from 0.03 to 0.04 EC units.

Cytochrome Spectra

Measurement of cytochrames in pollen grains was performed by
determining the difference spectra of homogenates at the tempera-
ture of liquid N;. Two g of non-germinated pollen were suspended
ir 20ml of the germination mediun immediately frozen and
completely disrupted in a precooled X-press cell desimtegrator
(LK B); the homogenate was clarified by centrifugation at 100 g for
5 min. Homogenates from germinated pollen were obtained in
the same way from pollen suspensions concentrated by filtration
1> the same density ; the filtrate did not contain significant amounts
of cytochromes.

One part of the homogenaie was reduced by the addition
of dry Na,8;0,, the other part was oxidized with 30% H,0,;
the germination medium was treated similarly as a blank. Oxidized
and reduced samples were placed in a 1.5 mm light-path, plexiglass
cuvette and cooled in liquid N, duning the scanning of the spec-
trum. Spectra were recorded with a specially designed, single-beam
spectrophotometer, which was connected with a Laben multichan-
nel analyzer by using a fixed-slit width, corresponding with a band
width of 6 nm, and an E-Prom photomuliiplier tube-mediated,
base-line correction (Jupijn and Desmet, 1979). The device was
equipped with an end-on PM tube to minimize the effects of light
scattering. Calculations of reduced minus oxidized difference
spectra were made with a Digital PDP 11 computer after appropri-
ate subtraction of a blank difference spectrum.

Cytochromes of mitochandria, isolated from germinated pol-
len, were identified according to Hacketr (1964) at the temperature
of liquid N,. The absorbancy of cytochromes » and ¢ was measured
from the tangent-line, connecting points of the spectrum at about
540 and 570 nm ; thal of cytochrome ae, from the line, connecting
points of the spectrum at 580 and 610 nm. Quantities of cyto-
chrames were roughly estimated on the basis of the molar-extinction
coeflicients given by Chance and Williams (1956), and corrected
for the about 7 times intensification of absorption peaks at 77°K
(Lance and Bonner, 1968; Dizengremel, 1975).

Cytachrome ¢ Oxidase Activity

The activity of cytechrome ¢ oxidase (EC 1.9.3.1) was measured
spectrophotometrically with an appropriate amount of mitochon-
dria diluted in 2ml of 0.01 M phosphate buffer, pH 7.2, and

reduced cytochrome ¢ (Boehringer, Mannheim} to a final concen-
tration of about 45 pM. Facultatively, 0.5 M mannito! was added
to the phosphate buffer to maintain a high osmolarity, The oxida-
tion of reduced cytochrome ¢ was followed for 5min using a2
Hitachi Perkin-Elmer Model 356 duat wavelength specirophoto-
meter at 550 nm with the reference beam at 340 nm (Wilson and
Bonner. 1971). Finally, the optical density of the oxidized cyto-
chrome ¢ was determined by adding a small drop of saturated
K3Fe{CN); solution. Acuvities were calculated from the absorb-
ance changes as the first-order, rate-constant ks~ ! per mitochon-
dria isolated from | g pollen for the 2 ml reaction mixture.

Elecrron Microscepy

fsolated mitochandria were fixed with neutralized glutaraldehyde,
pH 7.2, at the final concentration of 2% {v/v) in 10 ml of grinding
buffer, without cysteine and PVP. After 60 min at 4° C, mitechon-
dria were pelleted at 12,000 g for 10 min and the pellet mixed,
either with a drop of warm 3% (w/v) apar or with 4 ml of 0.1 M
phosphate buifer, pH 7.2. With the latter, an additional high-speed
centrifugation at 160,000 g for 60 min was performed, to obtain
a dense pellet. After several cycles of washing in the 0.1 M phos-
phate buffer, pH 7.2, the pellet or agar was postfixed in a 0.75%
(w/v) KMnO, solution in the same buffer for 40 min at 0°C.
Fixed material was washed, dehydrated in ethanol and propylene
oxide, embedded in Epon-812 {Luft, 1961), sectioned, stained with
lead citrale (Reynolds, 1962), and examined in a Philips 300 elec-
1oN Microscope.

Results
Account of the Isolation Method

Since the first intact plant mitochondria, showing
respiratory controf, were isolated (Bonner and Voss,
1961), many different isolation media have been de-
scribed (e.g. Hanson and Hodges, 1967). Combina-
tions were selected for the isolation of pollen mito-
chondria. Although final prescriptions for isolation
are given in Materials and Methods, we would like
to emphasize the improvements made during our
studies. Apart from the beneficial effect of fatty acid-
poor BSA (Hanson and Hodges, 1967}, respiratory
control was enhanced by the rapid filtering done
through millipore filters, which resulted in a rapid
separation of cell debris from the mitochondrial sus-
pension, as proposed earlier by Palmer (1967) and
Sarkissian and Srivastava (1968). Repeated washing
of mitochondria did not significantly improve the re-
sults and was, therefore, omitted. Except in the case
of Aster, insoluble PVP and cysteine were also left
out, since they gave no beneficial effects. The replace-
ment of EDTA with EGTA, that selectively chelates
Ca with a high stability coefficient (Marhol and
Cheng, 1970), was an important improvement. It in-
creased the RCR by about 30% with NADH as the
substrate. However, the interpretation of the results

33



M MALATE+

F.A. Hoekstra: Mitochondrial Development in Germinating Pallen

RCR=56
ADPIQ-2 5

Fig. 1. Polarograph traces of the oxidation of diffgrent substrawes by mitochondria isolated from Typha pollen after 3 h germination.
ADP and DNP were added to give a final concentration of 100 pM. Numbers represent rates of O, uptake in nmol per min per
amount of mitochondria, isolated from 100 mg dry pollen; M, addition of mitochondria. ADP/O ratios and RCR values are also

indicated

would in no way have been different if EDTA had
been used instead.

Oxidation of Different Substrates

First, isolated mitochondria were characterized by
studying their oxidative phosphorylation. Figure 1
shows the rates and efficiencies of oxidation of differ-
ent substrates by mitochondria isolated from binucle-
ate Typha pollen which was incubated for 3 h in the
germination medium. The relatively high RCR values
are indicative of the good condition of these mito-
chondria (Palmer, 1976).

Effects of the uncoupler DNP on the rate of O,
vptake were also studied with these different sub-
strates. At 100 uM, DNP is supposed to completely
uncouple phosphorylation from the electron transfer,
enhancing O, uptake to a large extent. However, it
may also act as an inhibitor of respiration through
the limitation of substrate transport due to collapse
of the proton gradients (Day and Hanson, 1977). Such
inhibition is clearly demonstrated for the three TCA-
cycle substrates in Figure 1, which shows a DNP-
mediated decrease in the rate of O, nptake compared
to the ADP stimulated rate. Since exogenous NADH
fully relieved the uncoupler-inhibited oxidation of the
TCA-cycle substrates, confirming Day and Hanson’s
(1977) results, this substrate is not likely to interfere
with the ETC. Moreover, the rate of NADH oxida-
tion after addition of DNP always exceeded the ADP-
mediated rate. Because the rate-limiting steps evi-
dently occur before the entry of electrons from exoge-
nous NADH into the ETC, from the onset of germi-
nation in vitro, mitochondrial development was fol-
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Table 1. Differential respiratory and functional characteristics of
3 binucleate and 1 typical trinucleate pollen species in humid condi-
tions (RH=97%, 30° C) and in the germination medium {(24° C)

Species
binucleate tri-
nucl
Typha Nico-  Trades-
tiana cantia Aster
Incubation in humid air
Rate of O, uptake 0.06 0.11 0.26" 0.34
(umol b mg Y
Interval until 50% >35 15.5 1o° 37
of initial viability
(h)
Incubation
in germination medium
Rate of O, uptake (.40 0.65 110 1.00
(pmol h™! mg™ 1)
Interval until constant 12 7 < 0.5 <{.5
rate of respiration
(min}
Iuterval until first out- 70 35 6 3
growth of pollen tubes
(min)

*  Measured at 22° C, but computed for 30° C
b Measured at 22* C

lowed by determining the capacity of the ETC with
NADH as the substrate.

Activity and Structural Integrity
of Mitochondria During Germination

Table 1 summarizes the respiratory and longevity
characteristics in humid air of the 4 pollen species.
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Fig. 2A-D. Polarograph traces of O, consumption by mitochondria isolated from 4 pollen species at intervals during incubation in
the germination medium. Numbers along the traces are rates of O; uptake in nmol per min per amount of mitochondria isclated
from 100 mg dry pollen, NADH being substrate; M, mitochondria. ADP was administered at each ¢ycle to a final cencentration
of 100pM, DNP up to maximum stimulation of O, uptake (mostly about 200 pM), aligomycin 5pgml™', and antimycin A at 5pM

Typha and Nicotiana behave as a typical binucleate,
and Aster as a typically trinucleate species. Because
of its relatively high respiration and rapid decrease
of vitality, the binucleate pollen of Tradescantia forms
a transition to the trinucleate character.
Mitochondria isolated from non-gefminated Ty-
pha pollen had no respiratory control (Fig. 2A), even
at much higher densities than presented in the figure.
In the course of germination, however, this property
improved significantly, until, after 3h, an RCR of
about 4.9 was reached. Figures2B,C, and D show
the much more rapid development of respiratory con-
trol of Nicotiana, and particularly of Tradescantia
and Aster. The high rates of initial and state-4 respira-
tion indicate the extreme difficulty of the isolation
of property-functioning mitochondria from the latter
two. The nature of this rapid, basal respiration was
analyzed using the antibiotics oligomycin and antimy-

¢cin A. The minor contribution of phosphorylative
processes to this O, uptake was clearly demonstrated
by the relatively small inhibition by oligomycin,
whereas the strong inhibition by antimycin A pointed
to the exclusive flow of clectrons through the main
ETC (Fig.2,C and D). Mitochondria of trinucleate
Zea mays pollen exhibited a similar, loose coupling
of phosphorylation and high rate of electron trans-
port.

These high rates occur after a few minutes, as
shown by the URCI determinations. The increase of
the URCI, in the course of germination in vitro, is
shown in Figure 3. Maximum URCI values for Aster
and Tradescantia are reached within 2min after im-
mersion in the medium, in about 30 min for Nico-
tiana, and 75 min for Typha. These periods coincide
strikingly with the lag periods of germination in vitro,
i.e. the periods up to the first outgrowth of pollen
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Fig. 3. Change in respiratory capacities of mitochondria isolated
from different pollen species during incubation in the germination
medium, expressed as uncoupler respiratory control index (URCI).
The index is expressed as the ratio of the rates of NADH respiration
in the presence of oligomycin + DNP, and oligomycin alone. DNP
was introduced into the reaction chamber up 10 a cencentration
which gave maximum Oz-uplake after addition of 0.7 pmol ADP
and subsequent inhibition of phasphorylatien by oligomycin. Each
point is the result of two determinations

tubes can be observed (Table 1). These lag periods
can be regarded as intrinsic since attemps to shorten
them by application of such lectins as concanavalin A
and phytohaemagglutinin-M, as described for lily pol-
len by Scuthworth (1975), were not successful.

In order to distingunish whether the poor respira-
tory control of mitochondria from fresh Tvpha pollen
is an intrinsic property or due to membrane disrup-
tion during isolation, the oxidation of exogenous
reduced cytochrome ¢ was studied. Since the outer
mitochondrial membrane is thought to be imperme-
able for cytochrome ¢ (Pfaff et al., 1968; Woytczak
and Zaluska, 1969; Van der Plas etal, 1976), an
extremely limited oxidation is to be expected by
the inner membrane-located cytochrome ¢ oxidase
(Douce etal., 1972; 1973) for intact mitochondria.
The enzyme activity of freshly-isolated mitochondria
as a percentage of the activity of osmotically shocked
ones may then be considered as the injury suffered
during isclation. Table 2 shows the improvement in
integrity of mitochondria isolated from Typha pollen
at intervals during germination in vitro. The calcu-
lated RCR is the ratic which should be obtained
only when integrity problems are involved. From the
course in the discrepancy between the measured and
calculated RCR values, the actual development of
the mitochondrial ETC during germination in vitro
can be followed, Attempts to improve the integrity
of mitochondria from the non-germinated pollen by
varying the osmelarity and pH, and application of
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Table 2. Cytochrome ¢ oxidase activity of mitochondria isolated
from Typha pollen at intervals during germination in vitro. The
percentage intact mitochondria is the counterpart of the injured
fraction that is calcnlated as the ratio of the activities of non-
shocked and osmotically shocked omes. The calculated RCR is
composed assuming full respiratory capacity at the onset of germi-
nation of the intact mitochondria (as at 180 min) and the injured
ones at the basal level (RCR=1)

min of  Activity k(s™ ' g~ ")  Per- RCR
incuba. ————————  centage
tion shocked non- intact cal- mea-
15 mOsm shocked mito- culated  sured
500 mOsm  chondria
0 0.44 0.26 40 29 1.0
15 0.56 0.32 42 3.0 L1
30 0.80 0.38 52 35 1.5
60 0.97 0.19 80 4.8 3l
180 1.02 0.19 81 58 49

Table 3. Stoichiometry of ¢lectron carriers in Typha pollen mito-
chondria isolated after 0 and 2 h incubation in the germination
medium. The subscript refers to the position of the peak in the
low temperature difference spectrum. Identification and guantita-
tion of cytochromes as indicated in Materials and Methods. The
concentration of cytochrome ga, is taken as unity. Each value
is the average from three different isolations

hin Relative concentration of cytochromes
germination

medium cyt gay,  Cyl bssy ¥t bss;  Cyt begy ¥t e
] 1.00 1.34 1.21 095 1.06
2 1.00 1.45 1.24 1.01 1.82

kinetin in the isolation medium (Banerji and Kumar,
1975), were not successful.

Cytochrome Spectra

Results of low-temperature difference spectrometry
indicated differences in the relative concentrations of
electron carriers in mitochondrial fractions from ger-
minated and non-germinated Typha pollen (Table 3).
Only half of the cytochrome ¢ present in mitochondria
from germinated pollen was found in those isolated
from the non-germinated sample. This can be inter-
preted as leakage from fresh pollen mitochondria as
a result of reduced integrity. Alternatively, however,
if this low value were an intrinsic characteristic of
these mitochondria, then it might explain their low
respiratory activity. In order to distinguish between
these alternatives, whole pollen grains were
completely disrupted and homogenized, allowing for
a complete recovery, and cytochrome spectra of
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Fig. 4. Difference spectra of oxidized and reduced samples from
the crude homogenate (X-press) of non-germinated and 2 h germi-
nated Typhka pollen (100 mg dry pollen ml™*) at liquid nitrogen
temperature

Table 4. Cytochrome content of Typha pollen during germination
in vitro as the absorbance in the crude homogenate (100 mg dry
pollen per ml) at liquid N, temperature. Mean from 4 different
homogenates

NCE
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Fig. 5. Low temperature difference spectrum of oxidized and
reduced mitochondria isolated after 2 b germination of Typha pol-
len, using the normal Potter homogenization procedure. Identifica-
tion of cytochromes as indicated in Materials and Methods

Table §. Adenylate enesgy charges in 4 pollen species during ges-
mination in vitro. Mean values from three extractions. EC values
calculated with the technique of propagation of errers. The
standard error of the mean varied from 0.03 to 0.04

hof Cytochrome content in absorbance units Species min of germination in vitro (24° C)
germination

eyt beyssyy eyt bissy, €yt aa; 0 2 5 25
] 0.028 0.025 0.010 Typha latifolia 0.86 0.56 0.66 0.85
Y, 0.029 0.027 0.011 Nicotiana alate 0.40 0.68 0.69 0.30
2 0.024 0.023 0.010 Tradescantia pafudosa  0.46 0.84 0.84 0.80
LSD (P=0.05) 0.004 0.003 0.002 Aster tripeiium 0.90 091 6.9t 0.80

the crude extracts were analyzed (Fig. 4). «-Bands,
present at 598, 557 and 551 nm, correspond with cy-
tochrome oxidase, cytochrome &5, and a non-sepa-
rated combination of cytochromes b and ¢, respec-
tively {Lance and Bonner, 1968; Ikuma, 1972). The
B-bands (510-535 nm) are in accordance with the
same references. Changes in band position in the
course of germination were not noticed and no in-
crease in the contents could be established (Table 4).
The low cytochrome ¢ content in fresh pollen mito-
chondria must, therefore, be ascribed to the reduced
integrity of the outer mitochendriai membrane. The
complex of cytochromes at 551 nm was found only
in crude pollen extracts, and may, in part, have a
non-mitochondrial origin (Jesaitis et al., 1977). Iso-

Table 6. Effect of cyclobeximide (CHI), D(—)hreo chlorampheni-
col (CAP), and ethidium bromide (EBr) on development of mito-
chondrial respiratory capacities and tube growth of Typha pollen
after 2 h germination. Mean values of four isolations

Inhibitor DPN stimulated rate URCI Tube
of O, uptake growth
nmol min~' 100 mg™"'

control 224 6.03 +

CHI (100 pgml~t} 223 5.96 -

CAP(230pgml™") 261 6.47 +

CAP(1mgml-%) 239 550 —

EBr(25pgml~") 237 6.09 +

LSD (P=0.05) 28 0.64

37



F.A. Hoekstra: Mitochondrial Development in Germinating Pollen

Fig. 6 A~H. Electron micrographs of the mitochondrial fraction isoluted from pollen in the non-germinated or germinated condition.
A and B non-germinated and germinated (2 h) Typha pollen; € and D non-germinated and germinated (I h) Nicotivne pollen; E
and F non-germinated and germinated {15 min) Tradescanria pollen: G and H non-germinated and perminated (10 min) Aster pollen.

Magnification, x 22,500

lated mitochondria clearly showed a cytochrome ¢
peak at 548 nm; three cytochrome & peaks at 553,
557 and 562 nm: and a cytochrome aa; peak at
598 nm (Fig. 5), identified according to Hackett
(1964).

Onset of Respiration and Change
in Adenylare Energy Charge (EC)

During germination, together with the rise in URCI
of their isolated mitochondria, pollen of Typha and
Nicotiana exhibited a rise in respiration rate. Those
of Tradescantia and Aster, however, respited maxi-
mally at the first measurement. The intervals up to
the stabilization of respiration and related rates of
O, uptake are given in Table 1. Although with lower
accuracy, the above-mentioned rise in rate of O,
uptake was also observed with the Warburg method.

Such a slow rise in regpiration may originate from
a slow rise in the rate of anabolic processes or from
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a slowly developing mitochondrial system. In the first
case, the ATP requiring, biosynthetic processes remain
in equilibrium with the ATP generating systems, re-
sulting in a high EC in the cell. In the latter case,
a disparity between generating and wtilizing systems
can be anticipated, with a concomitant low EC. Mea-
surement of the content of adenylate phosphates dur-
ing the early phase of germination in vitro resulted
in the EC’s given in Table 5. Paraile] with the slow
rise in respiration rate, Typha pollen was found to
exhibit a temporary, sharp decrease in the EC. After
25 min, the EC had returned to the normal, high
level again, which demonstrates that, initially, the
ATP generating systems failed to cope with the need.
By contrast, the trinucleate pollen of A4ster tmme-
diately reached a high rate of respiration upon immer-
sion in the medium, and the EC remained high. This
is an indication of the presence of highly organized
mitochondria at anthesis. The other two pollen
species behaved intermediately, with anabolic
processes already occurring at a considerable rate
with the onset of germination.
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Effect of Protein Synthesis Inhibitors
on the Development of Mitochondria

Many poilen species perform protein synthesis during
germination in vitro (Mascarenhas, 1975). Typha pol-
len was found to incorporate approximately 5.5 pmol
leucine min~' mg~' into proteins (Hoekstra and
Bruinsma, 1979). Since it takes Typha mitochondria
about 75min to attain to maximum respiratory con-
trol, protein synthesis might be a limiting factor.
Cycloheximide (100 pg ml™"), an inhibitor of cy-
toplasmic protein synthesis, completely abolished the
incorporation of [*H]leucine into acid-insoluble
protein (Hoekstra and Bruinsma, 1979) and pre-
vented outgrowth of pollen tubes. However, cyclo-
heximide did not affect either the rise in the URCI,
as presented in Figure 3, or the uncoupler-stimulated
rate of oxygen uptake (Table 6}. Similar results were
obtained with I} —)threo choramphenicol, an inhib-
itor of mitochondrial protein synthesis administered
in two concentrations, 250 ugml ™' and 1000 pgml ",
the latter of which markedly inhibited germination
(Table 6). As expected, the inhibitor of mitochondrial
DNA synthesis, ethidium bromide, had no effect.

Electron Microscopy ( EM)

That differences exist in mitochondrial development
among fresh pollen species at dehiseence, was further
supported by EM observations. In isolations from
non-germinated Typha and Nicotiang pollen, which
showed high activity of the mitochondrial marker-
enzyme, cytochrome oxidase, particles with only a
faint electron density and a scanty matrix material
could be observed (Fig. 6A and C). Moreover, these
particles were so fragile, that the preparation had
" to be embedded in agar instead of being pelleted by
centrifugation at 160,000 g, However, complex,
cristae-like structures were visible in particles isolated
from Typpha and Nicoriana pollen after germination
(Fig. 6B and D). By contrast, mitechondria prepared
from Tradescantia and Aster (Fig. 6E, F, G, and H)
always showed highly-organized inner structures.
The slight differences between non-germinated and
germinated states probably originate from swelling
and contraction phenomena (Malone etal, 1974;
Pomeroy, 1976).

Discussion

Since Dickinson (1966, 1967) discussed the probabil-
ity of oxidative phosphorylation in germinating pol-

len, no successful isolation of mitochondria, showing
in vitro phosphorylation of ADP, has been made,
until now. The general inability to generate ATP of
mitochondria, isolated from non-germinated pollen,
will certainly have contributed to this failure, particu-
latly because species with relatively low-developed mi-
tochondria have been routinely used in pollen re-
search. In the present paper, the preparation of
highly-functional mitochondria is demonstrated from
three binucleate pollen species and from one typical
trinucleate species,

Mitochondrial preparations from Typha latifolia
pollen, germinating for 3 h, showed good respiratory
control with all the substrates tested. With the oxida-
tion of malate/pyruvate and a-ketoglutarate, ADP/O
ratios approximated fairly well the theoretical values
of 3 and 4, respectively, suggesting the operation of
3 sites of phosphorylation in pollen mitochondria. As
might be expected for plant mitochondria (Ikuma and
Bonner, 1967), the oxidation of exogenous NADH
and succinate occurred at a lower efficiency, approxi-
mating the theoretical value of 2. This demonstrates
the suitability of media for the isolation and assay
of pollen mitochondria. The excess of Ca, necessary
for optimal permination in vitro, was chelated by
the non-penetrant EGTA (Reed and Bygrave, 1974),
restoring coupling and permeahbility, and improving
the Ca:Mg ratio {Hunter etal, 1976). Inhibition
by EGTA of oxidation of exogenous NADH (Cole-
man and Palmer, 1971) did not occur.

Polarograph traces of mitochondrial respiration
from preparations of germinating Typha and Nico-
tiana pollen show the orthodox pattern, with high
rates of state-3 respiration and low rates of both initial
and state-4 respiration. Isolations from germinating
Aster and Tradescantia pollen, however, showed high
rates of initial and state-4 respiration soon after the
beginning of incubation in the germination medium.
This uncoupling was probably brought about by the
isolation procedure. A slow start of mitochondrizl
activity upon germination in vitro was visible in Nico-
tiana and Typha pollen. The gradual development
of their electron-transducing system in the course of
germination in vitro cannot solely be ascribed to dif-
ferences in mitochondrial integrity, although the im-
provement in mitochondrial functioning coincides
with improved resistance of the particles to injury
during homogenization (Table 2).

Maximum stimulation of , uptake by uncoup-
ling, in the presence of NADH as a substrate, proved
effective for estimating the electron-transducing ca-
pacity of a mitochondrial preparation. The URCI
provided a means to determine this capacity indepen-
dent of the amount of mitochondria present in the
probe. In Figure 3, it is the shape of the curve that
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counts rather than its height, because partly uncou-
pled, basal respiration alse contributes to the URCIL.
When the URCI becomes constant, mitochondrial
development is completed. In contrast to Typha and
Nicotiana pollen, those of Tradescantia and Aster
showed virtually no mitochondrial development from
the onset of germination in vitro. The latter two are,
therefore, equipped with fully-differentiated mito-
chondria already in the freshly-dehisced condition.

The rapid increase in O, uptake of the intact ger-
minating Typha and Nicotiana pollen grains contrasts
with the prolonged rise of URCI of their mitochon-
dria. This can be understood by comparing the energy
demand at the level of the individual mitochondrion
prior to, and at the time of cutgrowth of the pollen
tube. Taking germinating Typha polien as an example,
it was calculated that, on a volume basis, the total
content of the grain would fit in about 300pm of
the pollen tube. Therefore, mitochondria must be sep-
arated spatially from each other. It is considered
unlikely that the local requirement for ATP is com-
pensated for by the forward plasma streaming of
about 50um min~ ' (Jaffe etal., 1975). Assuming the
energy demand to be localized mostly at the tip of
the tube, with a total demand for ATP of approxi-
mately 30 nmol min~ ' mg~*! pollen, at a pool tumn-
over of at least 7 per min (Hoekstra and Bruinsma,
1979), it is obvious that the phosphorylative capacity
of the individual mitochondrion, during tube growth,
must be far larger than after 12 min incubation in
the germination medium. This also explains why the
periods in which mitochondria develop, correspond
so strikingly with the lag period of germination in
vitro, Apparently tube growth cannot start until the
mitochondria are fully developed.

Decisive results have been obtained by direct ex-
traction and assay of adenylate phosphates from the
germinating grains. The temporary, sharp decrease
in the EC in germinating Tvpha pollen shows that,
in intact pollen, the mitochondria were not able to
cope with the demand for ATP, confirming the results
of the isolation experiments. Fully functioning mito-
chondria must be present in Aster pollen, since their
EC remained high from the start of incubation in
the germination medium. Pollen of Nicotiana resem-
bled those of Typha with respect to their attainment
of a high EC, but the discrepancy between ATP gener-
ating and utilizing systems was already evident in
the non-germinated condition. Non-germinated pol-
len of Tradescantia also had a low energy charge.
Since this pollen species respired maximally at the
start of incubation and, moreover, the EC increased
to 0.84 within two min of incubation, we may consider
the low ATP content of the non-germinated sample
as a protection against rapid loss of vitality, rather
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than as a sign of limited mitochondrial differentiation.
Electron micrographs of particles in the mitochon-
drial pellet of non-germinated Tradescantia pollen re-
vealed, indeed, recognizable mitochondria with well-
developed, complex inner structures. Mo such well-
defined particles were visible on electron micrographs
of pellets from non-germinated pollen of Typha and
Nicotigna, since inner structures were recognizable
but poorly differentiated. In Tradescantia pollen, these
poorly structured vesicles are present in the develop-
ing young microspore prior to dehiscence, as observed
by Maruyama (1968).

Striking similarities occur in the early stages of
germination of slowly-germinating pollen and seeds.
Together with an increasingly normal appearance of
mitochondria as seed germination proceeds (Mayer
and Shain, 1974; Webster and Leopold, 1977), respi-
ratory control ratios also rise, and phosphorylative
capacities are improved (Sato and Asahi, 1975; Moro-
hashi and Shimokoriyama, 1975). Mitochondrial de-
velopment could not be ascribed solely to hydrata-
tion, since active, temperature-dependent differentia-
tion occurred (Nawa and Asahi, 1973a; Morohashi
and Shimokoriyama, 1977). As for germinating pea
seeds (Nawa and Asahi, 1973b), we conclude from
our experiments with protein-synthesis inhibitors
that, notwithstanding their development, mitochon-
dria do not need de novo synthesis as a prerequisite
for acquisition of the capacity to generate ATP. Ac-
cordingly, all the cytochromes were found to be al-
ready present in the non-germinated grains of Typha.
Mitochondria probably become functional and stable
through assembly of pre-existing proteins into their
membyanes, prior to the outgrowth of the pollen tube.

The differences in the rate of respiration between
intact bi- and trinucleate pollen in humid air, as de-
scribed earlier (Hoekstra and Bruinsma, 1975b), can
now largely be explained by the condition of their
mitochondria. Some rapidly germinating binucleate
species, e.g. Tradescantia, however, are exceptional
in that they are equipped with highly organized mito-
chondria, but exhibit a relatively low rate of respira-
tion. However, this pollen has low energy charges that
reach normal values as soon as the grains become
wet. We conclude that, compated to the trinucleate
system, longevity is certainly favoured by the appar-
ent blockade of the respiratory system, since un-
controlled loss of substrate and nonsense biosyntheses
are prevented.

This paper demonstrates that rapidly-germinating
pollen must be equipped with fully-developed mito-
chondria already at dehiscence, which is in contrast
to slowly-germinating types. The latter, evolutionarily
more primitive types (Hoekstra and Bruinsma, 1978)
as independent, male gametophytes complete the
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structural and functional development of their mito-
chondria as a requirement for the outgrowth of their
pollen tubes.
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Hoofdstuk IV

Control of Respiration of Binucleate and Trinucleate
Pollen under humid Conditions

F.A. Hoekstra and J. Bruinsma, Department of Plant Physiology, Agricultural
University, Arboretumlaan 4, 6703 BD Wageningen, The Netherlands

ABSTRACT

The equal rates of water vapour abscrption by both bi- and trinucleate
pollen indicate that their widely-differing rates of respiration have an in-
trinsic, biechemical basis. This was investigated with various metabolic in-
hibitors that were previously introduced into dry pollen via arhydrous acetone,

The uncoupler, CCCP, inhibited the O; uptake of rapidly respiring pellen
and stimulated that of slowly respiring types to similar absolute values, that
probably reflect the rates of subsirate transport across the mitochondrial
membranes .

The extent of inhibition of the O, uptake by oligomycin, DXCD, antimycin A,
and SHAM, alone and in combinations, indicates that hardly any oxidative phos-~
phorylation and anabolic activities occur in slowly respiring, binucleate pol-
len species, having low-developed mitochondria and high EC values, The presen-
ce of the alternative pathway was insignificant,

In other binucleate pollen species, characterized by recognizable mitochon-
dria and low EC values, a limited ATP synthesis was established. The low EC
values point to imbalance between phosphorylative and anabolic activities.

In rapidly respiring, trinucleate pollen, containing well-developed mito-
chondria, a significant activity of the alternative oxidase was found. The EC
values were high notwithstanding the large demand for AIP, moumting to 1.7
wmel n! ng pollen_1 .

In some pollen species, oligomycin highly stimulated the flow of electrons
through the cytochrome pathway, which made an estimation of the ATP synthesis
impossible.

Abbreviations: Butyl-PBD, 2-biphenylyl-{4)-5-(4-tert—butylphenyl)-1,3,4-oxadia-
20l; CCCP, carbonyl cyanide m-chlorophenyl hydrazone; DCCD, N N'-dicyclohexyl

carbodiimide; EC, energy charge; RH, relative humidity; SHAM, salicyl hydrox-
amic acid.
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INTRODUCTION

Angiosperm pollen species can be classified intc two groups according to
whether they contain 2 or 3 nuclei. Many physiological phenomena have been re-
lated to this cytological character (Brewbaker, 1957; 1959; 1967; Heslop-Har-
rison and Shivama, 1977). Generally, trinucleate pollen respires at much
higher rates in humid air than the binucleate type, which is associated with
a rapid loss of vitality (Hoekstra and Bruinsma, 1975 b). The phylogenetically
advanced trinucleate pollen is equipped with fully developed mitochondria at
dehiscence, enabling it to germinate more rapidly in vitre and on the stigma
(Hoekstra en Bruinsma, 1978). By contrast, binucleate pollen species show
various stages of mitochondrial development, connected with delays in germ
tube emcrgence.

It has been suggested that the differences in the rate of respiration in
humid air between bi- and trinucleate pollen are determined by the different
conditions of their mitochondria (Hoekstra, 1979). Since longevity is far more
divergent than respiration, there may be large differences in the efficiency
of phosphorylation. Moreover, the data of Okunuki {1939) concerning the res-
piration of germinating pollen, indicate the occurrence of the less efficient
alternative pathway of electren tramsport.

We have compared the ways of electron flow and the ATP turnover in the two
types of pollen under humid conditions prior tc germination, This could only
be realized by the use of specific inhibitors acting on intact pollen, since
experiments with mitochondria, isclated from non-germinated pollen, generally
failed owing to isolation difficulties {Hoekstra, 1979).

MATERIALS AND METHODS
Polien sowrses, storage, pretreatments, and germination in vitro

One phylogenetically primitive gymnosperm species, and 5 binucleate and 6
trinucleate angiosperm pollen species were selected for respiration studies
{Table 1). Collection, storage, pretreatments, and germination were performed
as described earlier (Hockstra and Bruinsma, 1975 a; Hoekstra, 1979). Only
highly viable pollen samples were used in the respiration experiments.
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Uptake of water vapour

Dry pollen, with a water content of 5 to 8%, was exposed to an atmosphere
of 97% RH, containing tritiated water vapour with a specific activity of
3 pCi g_]. At intervals during the incubation at SOOC, S-mg samples in small
cellulose nitrate cups were transferred to an Intertechnique sample oxidizer
and immediately combusted. The water recovered from the instrument was collec-
ted in 20 ml of a mixture of 700 ml dioxamn, 300 ml toluene, 20 g naphthalene,
and 7 g butyl-PBD. The radicactivity was determined by scintillation spectro-
metry with an efficiency of about 35%, using the chamnels ratic method of
quench correction,

The abserption of tritium-labeled water vapour was a better way to estimate
the water uptake than the increase in weight, since comparatively small, well-
spread samples could be used, which assured the free accessibility of water

molecules to the individual grains.
Measurement of resptration

The procedures of pollen incubation in air of 97% RH and measurement of res-
piration were described earlier (Hoekstra and Bruinsma, 1975 b), except that
some improvements were introduced. Samples of 25 mg pollen were incubated in
the vessels instead of 5 mg, to enable the determination of the respiratory
activity within an hour. To establish unrestricted 02 supply, the pollen was
spread uniformly over a nylen mesh { 37 ym pore size diameter), fixed onto a
frame that fitted the vessel. Furthermore, the sensitivity of the gaschromato-
graphic detection was enhanced by an additional amplifier, connected with a
Solartron digital volt meter, with a maximum and minimum setting.

Rates of 0, uptake and €O, relcase were calculated by linear regression
analysis of 4 measurements during respiration. The error, as expressed by the
correlaticn coefficient, was negligible compared to errors originating from
replications within the treatment. Standard deviations refer, therefore, to

sample replications.
Extraction and assay of adewnylate phosphates

At intervals during incubation in humid conditions, samples of 50 mg pollen
were extracted in 0.3 M perchloric acid as described previcusly (Hoekstra,
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1979) . ATP was determined with the firefly luciferin-luciferase enzyme system
and a liquid scintillation spectrometer. Analyses of ADP and AMP were performed
after enzymic conversion into ATP.

Application of ivhibitors

The efficiency of oxidative phosphorylation and the occurrence of different
pathways of electron transport in 'dry' pollen, respiring in humid conditions,
were studied after infiltration of inhibitors via acetone. The soaking of pollen
in some organic solvents has been reported not to affect its vitality (Iwanami,
1973; Iwanam and Nakamura, 1972). Prior to the addition of inhibitors, three
washings with diethyl ether were performed to remove the sticky, lipophylic
material from the pollen wall, Pollen was dried in air at room temperature and
mixed for 10 min with anhydrous acetone containing the inhibitor in the ratio
of Z pollen / 3 solvent (w/v). The acetone was removed by vacuum evaporation
and the pollen was mixed and sieved to obtain a homogeneous sample. Prior to
determining respiration at 30°C, pollen was incubated in 97% RH for 12 h at 4°c
and subsequently for 1.5 h at 30°C, allowing for the internal distribution of
the inhibitors. Oligomycin was dissolved at a concentration of 200 ug per ml of
acetone, CCCP in the range of 0.2 -~ 200 pg ml_], antimycin A at 500 pg m1_1,
SHAM at 1.5 mg m1_1, and DCCD at 1 mg mi~'. Controls were treated with compara-
ble amounts of anhydrous acetone. Diethyl ether and acetone washes did not exert
any significant effect on the rate of respiration in humid cenditions as com-
pared to that of non-treated blanks.

Treatment differences were subjected to an analysis of variance, following
Bartlett's test of homogeneity of variance (Snedecor and Cochran, 1967).

Reagents

Antimycin A, CCCP, and oligomycin were purchased from Sigma Chemical Comp.,
S5t. Louis, MO, USA, SHAM from Aldrich Chemical Comp., Milwaukee, Wis., USA,
and DCCD from E. Merck, Darmstadt, W-Gexmany.

RESULTS

Uptake of water from the humid environment




Differences in respiratory activities in humid air (30°C, RH = 97%) between
binucleate and trinucleate pollen species {Table 1) might depend on differences
in the rate at which pollen inbibe water from the environment, or on differen-
ces in intrinsic metabolic properties. Figure 1 shows that bi- and trinucleate
pollen exhibit the same biphasic pattern of water uptake from the surrounding
vapour at approximately the same rate.

06 - -
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o 97% RH at 30°C. The absorption was
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of - —L e p ated water vapour. Values are the
nours of mcubation averages from two dererminations.

Effects of CCCP and oligomyein on respirvation

Table 1 shows the effects of CCCP and cligomycin on the O2 uptake of the
rehydrated pollen. The gymnosperm and most of the binucleate pollen species
with relatively slow respiration, showed the expected enhancement in respi-
ration upon the addition of the uncoupler CCCP. However, the O2 consumpticn
of Tradescantia and the trinucleate species was inhibited to about the same
level as in the afore-mentioned species.

The dose-response curve of CCCP in the respiratory activity of a represen-
tative of each of the two groups is shown in Figure 2. Not only Nicotiana
shows a stimulation of respiration, alsc the 0, wptake of the trinucleate
Cosmos is slightly increased at low concentrations of CCCP. This indicates
that the unceupler is able to produce the expected stimulation of O2 utiliza-
tion in rapidly respiring pollen, too. This stimulation, however, is abolished
by a much stronger irhibitory effect at concentrations higher than 2 yg w7,

47




Table 1. Effects of the wuncoupler CCCP { 20 ug per ml acetone) and oligomycin
on the rate of Os consumption of pollen iwm air of 87% BH at 30 C. Each value

is the average from at least &4 replicates.

rate of 02 uptake ( nmol h_lmg-])

Species

control cccp oligomycin
Gymosperms
Pinug sylvestris L. 71 103b 64
Angiosperms
binucleate
Nareissus poeticus L. 61 ]l]: 66
Typha latifolia L. 65 129, 66,
Alnus glutinosa GHrtn. 109 163, 130,
Nceotiana alata Link et Otto 113 232, 189,
Tradescantia paludosa Anders. et Weoods. 256 a0 140
trinucleate
dster tripolium L. 340 76 521
Tussilago farfara L. 401 100, 128
Tanacetum vulgare L. 403 101 I14b
Aster nowvi-Belgii L. 411 - 75,
Chrysanthermm leucanthemum L. 412 b 13ﬁb
Cosmos bipirmatus Cav. 589 192 175

a) measured at 22°C, and computed for 30%

b} significantly different from untreated control at 5% level
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Fig. 2, Effect of COCP on the rates
¢f Oy consumption of trinucleate
Cosmos and binucleate Nicotiana pol-
Zeg ineubated in humid aiv (RH = 977,
307C). Single determinations.

Oligomycin severely inhibited the O, uptake of most of the rapidly respiring
pollen species (Table 1), indicating an active oxidative phosphorylation. In
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addition, increased RQ values pointed to a stimulation of glycolytic activity,
which is a well known side effect of this inhibitor of oxidative phosphoryla-
tion.

In Aster tripolium and in some binucleate species, oligomycin caused stimula-
tion of the O2 uptake, leaving the question of operation of oxidative phos-
phorylation undecided. The 02 uptake of the other, slowly respiring types was
not significantly affected by oligomycin. This may be due to a lack of penetra-
tion of the inhibitor. To further analyze these oligomycin effects, ATP measure-

ments were performed simultaneocusly.
Effects of oligomycin on the ATP content
As could be expected for most of the Compositae species and Tradescantia,

where oligomycin largely inhibits the O2 utilization, the ATP content steadily
decreased (and the ADP and AMP contents proporticnally increased) (Figure 3).

4 — T : T
3 CHRYSANTHEMUM TRADESCANTIA TYPHA
3 control
2
—IE
2 4
% oligomycin
3 0 t : : + } }
gg: control
&)
< 3} TER tripolium + NICQTIANA - PINUS .
4
2r o
control 1
1 ‘ ) ?4>}__<i:
( oligomycin 9 oligomyein |
0 1 1 1 L 1 1
[¢] 2 4 0 2 4 o 2 4 ]

hours of incubation

Fig. 3. Effect of cligomycin on the ATP conilent of pollen, respiring in mmid
atr ( RH = 97%, 30°C). FEach point is the result of triplicate extractionms.
The standard error of the mean is indicated by bars.
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Such decreases in ATP content also occurred in pollen species with an increased
rate of oligomycin-mediated O2 uptake, e.g. Aster tripoiium, Alnus, Nicotiana.
On the contrary, the ATP level did not change in pollen of Typha and Pinus with
or without oligomycin, which indicates that the occurrence of oxidative phos-
phorylation remains obscure for at least 6 h from the start of incubation. After
8 h, however, a slight reducticn in ATP level was sometimes noticed, With DCCD,
a compound acting similarly as oligomycin, this decrease occurred somewhat
sooner.

Aderylate energy charge during respiration

The pool sizes of the different adenylate phosphates and the resulting EC
values during respiration are shown in Table 2, In Pinus and Typha pollen, with
low rates of respiration and only a slight indication of ATP tumover, the high
EC values indicate that the low anabolic activities and the energy-generating
sequences are in balance. By contrast, the high EC values of the actively res-
piting Aster and Chrysanthemum pollen result from the capacity of the fully
developed mitochondria to cope with the large demand for ATP, The low EC values
in NMcotiana and Tradescantia, on the contrary, indicate that the ATP-generating
processes are limiting. In these two species, high amounts of ADP and AMP
occurred. Artificially, low EC values were obtained when oligomycin induced
a decrease in ATP level (Figure 3), with a proportional increase of ADP and AMP.

Table 2, Amounts of adewnylate phosphates after 4 h vespiration tn humid airv
( RH = 971, 30°C). EC = ATP + $ADP [ ATP + ADP + AMP,

Adenylate phosphates (nmol mg-l)

Species EC
aTp® app? Amp?

Pinus sylvestris 1.3 +0.0 0.7+0,1 0,0=¢0,2 0.84 = 0.07
Typha latifolia 2,100 1,1 £0.1 0.1 0,2 0.8 % 0,05
NMeotiana alata 1.5 0.2 3.9 0.3 0.6%0.3 0.58 + 0.03
Tradescantia paludosa 3,3+ 0.3 3.6 +0,4 4.3 ¢0,5 0.46 = 0.03
Aster tripolium 3.6 + 0,1 0,6 % 0.1 0.0 £ 0,2 0.93 ¢ 0.02
Chrysanthemun leucanthemum 2.7 + 0.1 1.0 £ C.1 0.0 £ 0.1 0.86 = 0,04

a) ¥ standard error of the mean of triplicate extractions
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The alternative pathway

The different behaviour of 2 binucleate and 2 trinucleate pellen species
upon treatment with inhibitors of the two respiratory pathways and combinations
thereof are shown in Table 3. Because of its specificity for the cytochrome
pathway and its solubility in acetone, antimycin A was preferred over cyanide.

A combination of sufficiently high concentrations of SHAM and antimycin A
is supposed to block the flow of electrons through the two pathways completely.
The difference between this complex inhibition and that of antimycin A alome
is indicative of the presence of the antimycin A-resistant, alternative res-
piration., The nature of the oligomycin stimulaticn of the O2 uptake was analyzed
by camparing it with the effects of SHAM plus oligomycin and antimycin A plus
oligomycin. The combination containing SHAM should at least partly abolish a
suspected stimulation of the alternative pathway, whereas the combination with
antimycin A should completely inhibit such of the cytochrome pathway. SHAM
alone was wsed for comparison with the combined treatments.

The trinucleate Cosmcs pollen exhibited the pattern typical of a cell able
to show activity of the alternative oxidase, amounting at the highest to 28%
of the total respiration. The inhibitory effect of SHAM alone is also consis-
tent with the occurrence of the alternative pathway,

In Aster pollen, this activity was hardly significant (8%). The combination

Table 3. Effects of tnhibitors of oxidative phosphorylation, the cytochrome
pathway, and the alternative pathway, and combinations thereof, upon the 0
utilization of binucleate and trinucleate pollen species during inoubation

in humid conditions ( BRI = 97%Z, 30°C). Each value is the average from 3 deter—
minations, AA stands for antimycin A.

Percentage inhibition

Species SHAM SHAM AA LSD
+ + +

oligomycin AA AA SHAM oligomycin oligomycin P=0.05

binucleate
Typha latifolia -5 77 8 -5 -2 85 10
Neotiang alata =71 38 47 =43 -146 39 10
trinucleate
Aster tripolium =57 85 93 -2 ~4] 86 6
Cosmos bipirnatus 71 70 98 40 81 72 6
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of SHAM and cligomycin demonstrates that oligomycin does not induce the alter-
native pathway. Accordingly, the extent of inhibition by antimycin A, and
antimycin A plus oligomycin, show that the stimulation brought about by oligo-
mycin alone is probably due to uncoupling, since the e¢lectrons must have passed
through the main chain.

The alternative oxidase activity was insignificant in the binucleate pollen.
This insignificance was also due to the relatively low rates of respiration. In
Wieotiana pollen oligomycin, as well as SHAM, caused a considerable 02 COnsump-
tion, resulting from the flow of electrons through the cytochrome pathway. How-
ever, the conbination of antimycin A and SHAM only partly inhibited the O2 uti-
lization, probably due to a third oxidative pathway of a non-mitochondrial
origin,

DISCUSSION

Although the absorption of water vapour is essential for proper swelling and
germination {Gilissen, 1977), its rate apparently does not determine the dif-
ferénces in respiratory activity between the various pollen species. Intrinsic
biochemical properties, therefore, form the hasis of the chserved differences.

The further experiments attempt to give information as to how far respiration
in humid air of 2- and 3-celled pollen leads to phosphorylation, and how the
electron transport is controlled. For this purpose, various metabolic inhibitors
were previously infiltrated in the intact grains, and respiration and EC were
measured,

Application of CCCP was meant to examine as to how far respiration could be
stimulated, a substantial increase indicating that a proton gradient across the
inner mitochondrial membrane exists. This is the case with the slowly respiring
pollen species, however, it needs not necessarily invelve oxidative phosphoryla-
tion. Respiration of the rapidly respiring pollen species was severely inhibited
by CCCP, with O, consumptions of about 100-200 nmol ! mg_1
the slowly respiring types. These results can be explained by the fact that the
respiratory substrates, succinate, malate and pyruvate, are actively transported
across the inner mitochondrial membrane (Day and Hanson, 1977 a; 1977 b). True
uncouplers such as CCCP bring about a collapse of the proton gradient across the

, similar as with

membrane and stimulate ATPase activity, resulting in an impaired transport of
these substrates, and inhibition of respiration under conditions of high energy
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demand. Such high energy demand occurred in the trinucleate Compositae pollen
and, to a lesser extent, in the binucleate pollen of Tradescantia. The similar
rates of 0, wtake, therefore, may well reflect diffusion characteristics of
substrates across the membrane. In the rapidly respiring pollen this means in-
hibition of respiration, probably due to substrate limitation, and in the slowly
Tespiring ones a stimulation caused by an emhanced rate of electron flow.

Inhibitors of oxidative phosphorylation turned out to be far more suitable
for establishing the turnover of ATP. Oligomycin and DCCD are known to inhibit
ATP synthesis in mitochondrial suspensiocns, where they also abolish the phos-
phorylation-linked 02 consumption (Slater and Ter Welle, 1969).

In most of the trinucleate Compositae species, oligomycin caused a consi-
derable reducticn both in the rate of O2 uptake and in the ATP content, demon-
strating that turnover of ATP is required for anabolic processes. The oligo-
mycin-inhibited part of the 0, consumption allows for an estimation of the ATP
synthesis on the basis of a P/O ratio of 3. This synthesis amounted to at least
0.7 x 400 x 3 x 2 = 1680 nmol ATP per hour per mg Compositae pollen, that
showed an irhibition of about 70% of the average 0, consumption of 400 nmol h™
mg_1 (derived from Table 1). For Tradescantia pollen, having an oligomycin
inhibition of about 55%, a net synthesis of at least 840 nmol ATP h™ ! mg™’

1

mg ' was
calculated.

Contrary tc the expectations, stimulation of 0, uptake was cbserved in dster
tripoliwn, Nicotiana and Alnus pollen, coupled with decrease of their ATP con-
tents. This offers evidence for the active tumover of ATP in these pollen
species but their rate of ATP synthesis could not be estimated properly. The
rapid adjustment to a higher ATP level in the controls of Tradescantia and
Nieotiana ( Figure 3 )}, resulted from the establishment of a new EC due to
transfer of the pollen from 1°C to 30°C, and is also an indication of ATP turn-
over.

It remains obscure whether the absence of effects on 02 uptake and ATP con-
tent in Typha is due to the slow penetration of oligomycin or to the absence
of oxidative phosphorylation. Because of the low respiratory activity in this
pollen, a constant ATP level could very well have been maintained by, e.g.,
glycolysis-linked phosphorylations, leaving a limited ATP-requiring anabolism
undetected, The slight reduction in ATP level, scmetimes observed after 8 h of
incubation with oligomycin, and the somewhat more rapid effect of DCCD indicate
that slow penetration of the compounds may also be involved to some extent,

The absence of direct oligomycin effects on respiration and ATP content of
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Typha and Pinus pollen drew our attention to a possible role of the less effi-
cient alternative pathway. Moreover, its involvement in the stimulated rate of
oligomycin-mediated O2 uptake could well have been explained by an indirect
effect of AMP, that was reported to have induced the cyanide-insensitive path-
way in the yeast Monilielle (Hanssens and Verachtert, 1976). However, only the
main respiratory chain was invelved when oligomycin stimulated the 02 uptake
(Table 3).

The altemative pathway is routinely demonstrated by the use of specific in-
hibitors, e.g. SHAM (Schénbaum et al., 1971; Henry and Nyns, 1975). A way to

calculate the percentage of CN -insensitive O, consumption is to take the SHAM-

sensitive respiration as the proportion of thxze total inhibition by a combina-
tion of HCN and SHAM (Rissler and Millar, 1977). In intact cells, however,
hydroxamic acids are reported to stimulate O2 consumption (Harley et al., 1977).
We observed a SHAM-mediated stimulation in pellen of Nieotiana. Such effects
make the use of SHAM alone unfit for demonstration of the altemative oxidase
in intact cells. Therefore, we calculated the contribution of this pathway
from the difference in inhibition of 02 consumption between antimycin A and
SHAM plus antimycin A. This difference represents the maximum activity, since
inhibition of the cytochrome pathway may result in stimulation of the alter-
native pathway (Bahr and Bonner, 1973}. Recently, Lambers and Smakman (1978)
showed Zn viveo activity of the alternative oxidase in young Senecio roots. On
the other hand, using another method, Theologis and Laties (1978) found the
in vive contribution of the cyanide-insensitive pathway to be zero in aged
potato slices which were demonstrated tc contain the alternative oxidase. We
found the presence of antimycin A-insensitive respiration only in the trinu-
cleate pollen of Aster tripolifim and Cosmos bipinnatus. The maximum contribu-
tion to the overall O2 consumption was 8 and 28%, respectively. Because in the
slowly respiring pollen species the alternative pathway was insignificant, it
cannot have interfered with the energy conservation.

Although ATP synthesis of slowly respiring pollen species cculd not be es-
timated properly, we assume that it occurs in conformity with their rates of
respiration. The large divergence in longevity among pollen species can then
be ascribed to highly advanced anabolic syntheses, requiring the ATP, A rapid
loss of vitality which occurs under humid conditions, probably results from
inadequate syntheses rather than from loss of substrate. This is strongly sug-
gested by the observation that respiration continues steadily in Compositae
pollen for a considerable period after the germination capacity is lost (Hoek-

54




stra and Bruinsma, 1975 b). In nature, this imminent danger of loss of vita-
lity may have led to the daily release of fresh pollen from newly opened
florets (Hoekstra and Bruinsma, 1978).

Establishing ATP turnover in combination with EC values offers the oppor-
tunity to discern whether activities in vespiring pollen are controlled by
respiratory or anabolic sequences. Nicottana and Tradeseantia pollen were
restraingd in their respiratory activity, which point to either a poor dif-
ferentiation of mitochondria or the presence of endogenous inhibitors of the
respiratory chain, which are reported to be widely distributed in the plant
kingdom (Rapoport and Schewe, 1977). Although this remains uncertain in Ncot-
Zang, such inhibitors in Tradescantia pollen can be anticipated since the
mitochondria are fully developed and the EC rises immediately upon immersion
in the germination medium (Hoekstra, 1979). We suggest that they allow for
active maintenance of vitality in pollen prepared for a rapid anabolism. This
may be considered as another approach to accelerate fertilization and to
shorten the independent life cf the male gametophyte, probably without the
necessity for daily release of fresh pollen as in Compositae.

The authors acknowledge the hospitality of the Institute for Atomic Scien-
ces in Agriculture (ITAL) at Wageningen, where the measurements were performed,
and wish to thank Dr. G.M., Desmet (ITAL) and Dr. A. Goffeau (University of
Louvain—-la-Neuve) for their valuable suggestions during the course of this
work as well as Dr. A.A. Khan (Cornell University) for critical reading of the
manuscript.
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Hoofdstuk V

Protein Synthesis of Binucleate and Trinucleate Pollen
and its Relationship to Tube Emergence and Growth

F.A, Hoekstra and J. Bruinsma, Department of Plant Physiology, Agricultural
University, Arboretumlaan 4, 6703 BD Wageningen, The Netherlands

ABSTRACT

Under humid conditions both bi- and trinucleate pollen species incorporate
very low amownts of ieucine, 0.4 pmol min~! mg pollerf1 on an average. During
germination ir vitro, however, the two types of pollen greatly differ in their
capacity for protein synthesis.

Binucleate pollen species such as Typha, which are characterized by slow
respiration in humid air and proleonged lag periods during germination in vitro,
contain large amounts of monoribosomes at dehiscence. Polyribosomes are formed
soon after the pollen is wetted in the germination medium and a considerable
incorporation of leucine is initiated after 10-15 min.

More rapidly respiring, binucleate pollen, such as Tradescantia, showing a
short lag period, may contain many polysomes at dehiscence already and incor-
porates leucine within 2 min of incubation,

On the contrary, rapidly respiring, trinucleate Compositae pollen contains
very limited amounts of ribosomal material and never attains any substantial
level of incorporation.

Cycloheximide completely inhibited both protein synthesis and tube emergence
and growth in the slowly respiring binucleate pollen species. The more rapidly
respiring types are less dependent on protein synthesis, while germination of
the phylogenetically advanced, trinucleate Compositae pollen proceeds completely
independently.

It is concluded that the level of phylogenetic advancement of the male ga-
metophyte 1s characterized by its overall state of metabolic development at
dehiscence rather than by the number of its generative cells,

Abbreviaticms: BSA, bovine serum albumin; CEI, cycloheximide; EGIA, ethylene-

glycol-bis(f-aminoethyl ether) N,N'-tetra-acetic acid; R, relative humidity;
TCA, trichloroacetic acid.
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INTRODUCTION

Incubation in humid air allows pollen to absorb water vapour and to exert
metabolic activities. In general, under these conditions the phylogenetically
advanced, trinucleate pollen species respire at much higher rates than binu-
cleate ones, a phenomenon associated with rapid loss of vitality (Hoekstra
and Bruinsma, 1975). In trinucleate Compositae pollen, this rapid respiration
is connected with a high turnover of ATP (Hoskstra and Bruinsma, 1979).

Trinucleate pollen contains fully developed mitochondria at dehiscence,
allowing for a rapid germination (Hoekstra, 1978). In contrast, many binucle-
ate pollen species have far less developed mitochondria; these are further
assembled during a lag phase prior to emergence of the pollen tube. Interme-
diate types also occur which are binucleate, but equipped with fully developed
mitochondria, e.g. Tradescantia. Their respiration in humid conditions is res-
trained, but when immersed in the germination medium they produce pollen tubes
within a few minutes (Hoekstra and Bruinsma, 1979}.

It is interesting to know in how far the stage of development of mitochon-
dria at pollen dehiscence is accompanied by an analogous condition of the pro-
tein-synthesizing apparatus. Protein synthesis during the lag period on the
stigma might be particularly essential for tube growth in pollen species having
less developed mitochondria. Literature data on the presence of polysomes in
fresh pollen and the effect of CHI on tube growth, as reviewed by Mascarenhas
(1975), are rather confusing and indicate that, indeed, many differences exist
among pollen species.

In this paper we describe protein synthesis and the occurrence and assembly
of polysomes in pollen species with widely differing respiratory capacities.
We also studied to what extent protein synthesis requires the energy generated
during respiration in humid air.

MATERIALS AND METHODS

Pollen sourcee, collection, storage, pretreatments, and germination in vitro

Pollen species were selected on the basis of widely differing stages of

mitochondrial development at dehiscence and rates of respiration in humid air
(Hoekstra, 1979; Hoekstra and Bruinsma, 1975}: the binucleate species Typha
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latifolia L., Weotiana alata Link et Otto, and Tradescontia paludosa Anderts,
et Woods., and the trinucleate species Aster tripcliwm L., Chrysanthemum
leucanthemuen L., and Cosmos bipirmatus Cav.. Pollen collection, storage, pre-
treatments, and germination #n vitro have been described elsewhere (Hoekstra,
1979) , Chrysanthemmen and Cosmos pollen were germinated in the same way as
Aster. Only highly viable pollen samples were used.

Extraction and determination of free leucine pools

Lots of 200 mg, originally dry pollen were homogenized in a teflon-glass
Potter homogenizer for 2 min in 4 ml icecold extraction medium consisting of
70% (v/v) cthanol, 1% (v/v) thiodiglycol and 0.7 mg citric acid ml™ ' (Linskens
and Schrawwen, 1969). After centrifugation of the homogenates for 10 min at
7000 g (2°C), the pellets were re-extracted with 2 ml of the extraction medium,
and the washings centrifuged. The combined supernatants were shaken with three
volumes of chloroform, and after spimning at 1000 g for 10 min the aqueous
layers containing the amino acids were pipetted from above the interphase and
frozen at -20°C until analysis. Prior to the extraction, 0.57 umol norleucine
was added as an internal standard.

Pollen, incubated in the germination medium at a density of 20 mg ml_] R
was homogenized in such amounts of extraction medium that the final concentra-
tion of ethanol reached 70% (v/v). Sugars were subsequently removed by passing
the extract over a Dowex 50X8, 20-50 mesh column according to Stein (1953).
Eluates were evaporated in a rotating vacuum evaporator at 35°C.

The concentrated fractions were then passed through an automatic amine acid
analyzer and the free leucine determined directly from the recorder tracings.
From each pollen species duplicate extractions and determinations were perfor-
med at intervals during incubation in humid air and in the germination medium.

Amino acid composition of scoluble proteins

Aliquots of pollen were suspended in a buffer containing 0.15 M NaCl and
0.1 M NaEDTA, pH 8.0, (Hess et al., 1974), immediately frozen and completely
distupted in a preccoled, X-press cell desintegrator (LKB, Bromma, Sweden).
After thawing, the homogenate was centrifuged at 40,000 g for 30 min, and the
supernatant dialyzed overnight against 0.01 M phosphate buffer, pH 6.9, The
soluble proteins were lyophilized and submitted to hydrolysis for 24 h at
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105°C in 6 N HC1 prior to analysis in the amino acid analyzer. Operations were
performed at 2-4°C.

Levcineg inecrporation into protetn

Suitable amounts of (4,5-°H)L-leucine in a 2% cthanolic solution (The Radio-
chemical Centre, Amersham, U.K.), with a specific activity of about 55 Ci mmol™’,
were frozen in a precooled scintillation vial and subsequently lyophilized to
near dryness. Immediately, anhydrous acetone was added, thoroughly mixed, and
the homogeneous distribution of radicactivity assessed by combustion cf samples
in a Packard sample oxidizer and subsequent counting in a Nuclear Chicago,

Mark I, liquid scintillatiocn spectremeter. The acetone containing the radioac-
tive leucine was added to diethyl ether-washed, dry pollen in the ratio 3
acetone / 2 pollen (v/w). After 10 min, the acetone was removed by vacuum eva-
poration, with the vial only slightly opened to prevent pollen from being blown
away. The dry pollen was thoroughly mixed in the closed vial, and tested for
both homogeneous distribution of radioactivity and germination capacity. Samples
showing heterogeneous distribution of radicactivity, or loss of vitality caused
by traces of water in the acetone (Iwanami and Nakamura, 1%72), were discarded.
On the basis of an average pool size of about 1 nmeol per mg pollen, the spe-
cific radioactivity of the (“H)-leucine was calculated to be reduced to 30 mCi
per mmol as a result of the mixing with the endogenous pool of free leucine.
This means that about 66,000 dpm (°H)-leucine was infiltrated per mg pollen
without substantially centributing to the leucine content.

Triplicate samples of 30 mg of radicactive pollen were incubated on slides,
either directly in an atmosphere of 97% RH at 30°C, or for 12 h in Rd = 97%
at 4% prior to germination in wvitre (24°C) at a density of 20 mg ml_]. Alter-
natively, comparable amounts of labeled leucine were pipetted directly into
the germination medium., Interference with the incorporation by possible micro~
bial contamination could be ruled out since germinaticn media were filter
sterilized, and the previous ether washings practically freed pollen from
microorganisms.

Incorporation of labeled leuwcine was terminated by adding 15 ml of an ice-
cold 10% (w/v) TCA solution containing 40 mM cold leucine, Small amounts of
BSA solution (0.3%) were added to promote coagulation. After 30 min at 4%,
the precipitated protein and pollen grains were collected by centrifugation,
washed once with icecold 5% (w/v) TCA washing solution containing 10 oM leucine,
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heated for 15 min at 90°C, chilled on ice, and collected on 0.6 um, pore-size
menbrane filters (Sartorius, Gdttingen, West Germany, no. SM 11605). After three
more washings with 5% TCA and one with 80% ethanol, the filters were dried at
70°C. Filters and contents were combusted in a Packard sample oxidizer, and the
3HZO recovered was mixed with Packard Monophase 40 scintillation cocktail.
Tritium was counted with an efficiency of 31-36%, using the chamels ratio
method of quench correction. The radicactivity in non-incubated controls was
entirely washed out by the procedure mentioned above. Application of the method
of combustion circumvented previous homogenization of the pollen.

CHI was infiltrated into the dry pollen together with the labeled leucine,
at a concentration of 250 pg per ml acetone; in the germination medium, the
concentration was 100 pg m1™ .

The incorporation of leucine was estimated considering each periodical in-
Ccrease in radioactivity of the acid-insoluble protein fraction to be the result
of the labeling in the interval between two samplings, taking into account the
specific activity of leucine at each interval. The method of calculation applied
was mathematically elaborated by Swedes and Agnew (1975). Possible degradation
of freshly labeled protein was not taken into account, since the amount of de
nove synthesized proteins was negligible compared to that already present in
the grains, and protein profiles of newly synthesized proteins and those al-
ready present did not differ (Frankis and Mascarenhas, 1978).

Polysome tsolation and fractionation

The equivalent of cne gram dry pellen was separated from the germination
medium by filtration, mixed with 10 ml of icecold high salt is¢lation buffer
which prevents RNase action (Davies et al., 1972) and immediately frozen in
liquid N,. The isolation buffer for both free and membrane-boumd polysomes con-
sisted of 0.15 M KC1, 50 mM MgClZ, 0.2 M sucrose, 5 mM 2-mercaptoethanol, and
1% Triton X-100 (v/v), in 0.2 M Tris-HCl buffer, pH 9.0, adapted according to
Jackson and Larkins (1976). Finally ECTA, previously adjusted to pH 9.0 with
KOH, was added te a concentration of 25 mM. Non-germinated control samples
were directly mixed with the isclation medium.

The frozen suspensions were passed through a precooled X-press cell des-
integrator, and the disrupted mass was thawed. Recovery of membrane-bound poly-
somes was enhanced by magnetic stirring of the homegenate for 10 min at 0%
prior to centrifugation for 10 min at 30,000 g. The supernatant was immediately
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layered on a 2 ml pad of 1.75 M sucrose in gradient buffer {see below) for a
rapid separation of polysomes from the ribonuclease activity in the medium.
After centrifugation at 280,000 ¢ for 90 min at 2-4%C in the Ti-52 swing-out
rotor of a Hereaus-Christ Omega II ultracentrifuge, the supernatant was removed
by suction and the pellet resuspended in a minute amount of gradient buffer.
Occasionally, a supplementary cycle of 10 min at 10,000 g was required to re-
move large particles contaminating the polysome preparation. The polysome sus-
pension was either immediately layered upon sucrose gradients or stored at
-196°C. The susceptibility of polysame preparations to pancreatic ribonuclease
A was tested by incubation with 5 pg m~}! for 10 min at 30°C.

Suitable amounts of pclysomes were centrifuged at 230,000 ¢ for 90 min at
2-4°%C in a Ti-40 swing-out rotor through gradients formed by layering 7 portions
of 1.8 ml buffer containing 0.20, 0.44, 0.67, 0.91, 1.14, 1.37, and 1.61 M
sucrose in 14 ml cellulese nitrate tubes. The gradient buffer contained 0.1 M
KC1 and 30 mM MgCl, in 40 mM Tris-HC1 buffer, pH 8.5, and 5 mM EGIA that was
dissolved in buffer and adjusted to pH 8.5 prior to addition, Gradients were
allowed to equilibrate for 40 h at 0°%C before use. Profiles were scamed by
passing the gradients through an LKB Uvicord LIl ahsorptiometer, with the ab-
sorbance monitored at 254 nm.

Since monosomes and subunits are easily lost in the sucrose pad (Larkins
and Davies, 1975), ribosomal material was alsc collected by centrifugation
without a pad at 280,000 g for 2 h which, however, resulted in an almost com-
plete degradation of polysomes. After gradient centrifugation, the amounts of
ribosomal material recovered were quantitatively evaluated by determining the
weight of the paper cut from the area's under the peaks, and establishing a
relationship between weight of paper and absorbance at 254 mm.

Sedimentation values of the various particles were determined with the
Schlieren optics accessory to discern the positions of the small and large ri-
bosomal subunits, and monosomes in the polysome profiles. After cerrection for
the sucrose present in the sclution (Clark, 1976), S-values were found to be
39.2, 60,5, and 80.9, respectively, which will be arbitrarily designated 40,
60, and 80, in the figures.

RESULTS

Changes in the pool size of free leucine

In nearly all pollen species tested, the pool size of free leucine during
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Table 1, Effecis of incubation in humid air and in the gevmination medium
on the pool size of free leucine in bi- and trinucleate pollen.

free leucine pool (nmol mg pollen-])

Species
non-— incubated for 6 h germination in witro
germinated in humid air for 20 win at 24°C

binucleate

Typha latifolia 1.07 1,26 1.06

Nicotiana alata 1.94 2.02 2.01

Tradescantia paludosa 0.64 1,32 2.34

trinucleate

Aster tripolium C.88 1,10 1,69

incubation in both humid air and germination medium increased (Table 1). For
incorporation experiments, this implicated an accelerated decrease of the spe-
cific radicactivity of leucine, resulting in a gradual wnderestimation of the
rate of protein synthesis. The correction method, mentioned in Materials and
Methods compensated for possible discrepancies. In no case, however, would the
interpretation of results have been different if the corrections for changes

in specific activity had not been made.
Leucine incorporation during vespirvation in humid air

Figure 1 shows the extent of protein synthesis in both binucleate and tri-
nucleate pollen species during respiration in humid air. Although the pollen
had not previously been incubated in RH = 97% at 4°C, coenstant rates of incor-
poration were observed already after Z h of incubation, strongly inhibited by
CHI. In contrast to all the other pollen species, Tradescantia showed hardly
any incerporation at all. Originally, this was thought to be the result of
desiccation. However, fresh pollen, containing 21% water, which retained vita-
lity despite washing and application of label in diethyl ether, also failed to
incorporate {31-[)-1eucine during respiration in humid air, as opposed to an im-
mediate incorporation during germination in »itro (cf Fig. 2).

From the curves the rate of leucine incorporation was calculated to be approx-
imately 0.44 pmol min-1 per mg Aster pollen; 0.22 pmol min_] per mg Typha pollen;

for #Meotiana initially 0.13 pmol min.qmg*1 up to 4 h, whereafter the rate fur-
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ther increased to 0.80 pmol min! mg_T; and 0.0% pmol min~

tia. Analyses of the amine acids in soluble proteins revealed lewcine to parti-

1 mg_] for Tradescan~

cipate in the total amino acid composition for 9, 73, 6, and 7! mole per cent
in the cases of Typha, NMeociiona, Tradesconiia and Aster pollen, respectively.
Rates of leucine incorporation may thus be translated into moles of peptide
bonds produced per unit of time, assuming that proteins are synthesized with a
similar average composition as those already present in the grains at dehiscence
(Mascarenhas et al,, 1974). Since ultimately about 5 mecles of nucleotide tri-
phosphates are required per mole of amino acid bound {Pemming de Vries, 1975),
this means that 0.44 x 195’- x 5 = 29 pmol ATP min~ ! will sustain protein syn-
thesis in dsier pollen. 'quis is only one per thousand of the rate of ATP ge-
neration in Compositae (Hoeckstra and Bruinsma, 1979).

Leucine incorporation during germination in vitro

Much higher rates of leucine incorporation occurred during pollen germination
in vitro, except for the trinucleate dster and Chrysanthemum (Fig. 2). The re-
lated rates are indicated in Table 2. CHI reduced incorporation more than 99%
in each case. Application cf labeled leucine straight into the medium led to
rates very similar to those shown in Fig. 2. However, previous infiltration of
(*H)-leucine and subsequent eguilibration in humid air for 12 h at 4°C, was
essential for the detection of rapidly labeled protein in the early stages of
germination in vitro. Tradescantia pollen showed incorporation already within
2 min of incubation in the medium (Fig. 2). Nlcotiana and Typha started more
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slowly but ultimately incorporated more leucine prior to the cutgrowth of their
tubes because of longer lag phases (Table 2).

Since the time required for the incorporation to start might be indicative
of the condition of the protein-synthesizing apparatus at dehiscence, the

occurrence of polysomes was analyzed at intervals during germination Zn vitro,

Table 2. Rates and total amowunts of leucine incorporation in bi- and trinu—
cleate pellen during the lag phase of germination in vitro. Pollen species
are arranged according to their respiratory activity in humid conditions,
The effects of (HI on germination are also indicated.

0, uptake Lag phase of Leucine incorporation Germinationm
Species {humid air), germination 3;’;:“813;%% P}zii‘;l in CHI
nmol h ]mg-l {min) min ‘mg pmol mg_] (100 ug qu)
Typha 65 70 5.5 375 -
latifolia
Wcotiana 113 35 3.5 87 *
alata
Tradescantia 256 6 27.0 38 +
paludosa
Aster 340 3 0.2 0.8 ++
tripolium
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Polysome profiles and protein synthesis

During incubation of the pollen species in humid air an increase in the
amount of polyribosomes was never noticed.

Fig. 3 shows polysome profiles from Typha pellen during germination Zn wvitro,
The germinating pollen contained polysomes as evidenced by the observation that
RNase treatment removed the heavier particles from the profile in favour of the

80 S material. At the start of germinaticn, no recognizable polyscmes were cb-
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Tig. 3. Polysome profiles from Typha
o1k 4 J pollen at intervals during germination
in vitro at 24°C. The amounts applied
o correspond to 350 mg, originally dry,
4——SEDIMENTATION pollen in each case.

served, but assembly had begin already after 5 min. However, the presence of a
few polysomes in non-germinated Typha pollen was demonstrated by the slight in-
crease of the 80 S peak after treatment with RNase. These polysomes accounted
for only 0.23% of the ribosomzl material recovered from the gradient in Table 3.

The pollen of Nicotiane'exhibited a slightly more rapid assenbly of poly-
somes than that of Typha.

In contrast, Tradescantia pollen contained many polysomes already in the
non-germinated condition (Fig. 4). This explains the extremely rapid incorpora-
ticn of label wpon incubation in the germination medium. Similarly, in other
experiments it was observed that non-germinated, trinucleate maize pollen also
contains a large amount of polysomes.

From non-germinated Compositae pollen, neither recognizable polysome profiles
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nor monosomes could be recovered; also subunits were scarcely noticed (Fig. 5).
RNase treatment, however, demonstrated that some polysomal material did occur.
Scans of gradients from the germinated samples resembled those from non-ger-
minated pollen, indicating that a detectable assembly of polysomes does not
occur during germination of Compositae pollen. Freshly collected dester and
Chryaanthemum pollen sanples were also analyzed to prevent possible errors due
to desiccation and storage. However, the scans were similar as for the stored
material, Therefore, Compositae are not expected to perform any appreciable
protein synthesis during germination. The low values in Fig. 1 and Z are in
accord with this conclusion.

For the comparison of amounts of riboscmal material recovered from the dif-
ferent species of pollen, degraded polysomes, monosomes, and subunits were cen-
trifuged over gradients, collected and measured spectrophotometrically as in-
dicated in Table 3. In the two Compositae species, indeed, relatively small
amounts of ribosomal material were present at a low A 260 / A 280 ratio. Com-
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Table 3. Comparison of the amownts of riboscmal material in 2 bi- and
2 trinucleate pollen species. The material was recovered from gradients
after previous centrifugation without a pad. Purity of the preparation
is indicated by the ratio Azgg : Angge

Amounts of ribosomes in
Species absorbance units (260 nm) Agen t Aggg
per gram dry pollen

Typha latifolia 20,2 1,92
Nicotiana alata 53.6 2,00
Aster tripoilium 2,2 1.50
Chrysanthemum Leucanthemum 2,0 1.62

parison with the weight of the paper cut from the areas under the peaks lear-
ned, that after subtraction of an underlying, slowly sedimenting peak of non-
ribosomal origin, with an Aygy / Aygy ratio of 1.07, the remaining ribosemal
peaks accounted for only 1.2 absorption units per gram of both Aster and
Chrysanthemum pollen. This indicates that the trinucleate Compositae pollen
contains only about 5% of the ribosomal material present in the binucleate

Typha.

Importarce of protein syntheais for tube emergence and growth

During germination of Compositac pollen, hardly any leucine incorporation
was demonstrated. Since tubes emerge about 3 min after immersion in the medium,
protein synthesis cannot play an important role in tube emergence and growth,
Accordingly, CHI, even applied at 1 mg ml_1 , did not interfere with these pro-
cesses (Table 2}. However, the more protein was synthesized during the lag
pericd in the different pollen species, the more severely CHI inhibited tube
emergence and growth (Table 2). With the considerable incorporation of 375
pmol leucine per mg pollen during the lag period, Typha pollen did not even
show short protrusions at 100 ug CHI per ml medium. In contrast, short tubes
were formed by Nicotiama pollen, but growth was readily arrested. In Trades-
eantia, pollen emergence and early tube growth were observed to be rather in-
sensitive to CHI, but at later stages the growth rate diminished.
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DISCUSSION

The present paper attempts to relate the development of the mitochondrial
respiratory system to the state of the protein-synthesizing apparatus in pollen
before and during germination. For this purpose, the leucine incorporation and
the presence of (poly)ribosomes were followed.

An increase in the free leucine pool, comparable with what we found after
6 h of incubation in humid air at 30°C, was described for maize pollen during
storage for some days in humid air at 2°C (Linskens and Pfahler, 1973), Since
in all pellen species tested protein synthesis was very limited during respi-
ration in humid air, the pool size is not likely to be reduced under these
conditions. During germination, however, the amount of free leucine will be
determined by the rates of its synthesis or liberation, on the one hand, and
incorporation, on the other hand.

An important assumption in the incorporation experiments is the homogeneous
distribution of label after previous infiltration into the grain., Linskens and
Schrauven (1969) reported that a rapid release of free amino acids from ger-
minating pollen occurs within 1 min after immersion in the germination medium.
It is plausible, therefore, that the leucine if not yet homogeneously distri-
buted rapidly diffuses during the absorption of water vapour.

Calculations indicate that in Compositae pollen the energy required for
protein synthesis in humid air is negligible compared to the amount of ATP
produced (Hoekstra and Bruinsma, 1979). Other biosyntheses must therefore be
connected with this ATP production. Alsc in Typha and Nicotiana the amounts
of ATP required for protein synthesis were low,

The extremely low incorporation in humid air of Tradescantia pollen is
particularly surprising, since a large amount of polysomes is present. An ex-
planation might be that protein synthesis is actively repressed by a similar
inhibitor as suggested earlier for dormant Artemia cysts (Grosfeld and Lit-
taver, 1975). Also, the mitochondrial respiratory system in Tradescantia pollen
was shown to be partially repressed (Hoekstra and Bruinsma, 1879).

Linskens et al. {1970) demonstrated the gradual assembly of polysomes in
germinating Petunia pollen. Polysomes, however, could not be found in the
non-germinated control. In ungerminated ¥iecotiana tabacum pollen, Tupy (1977)
showed 12% of the ribosomes to be present as polysomes, the assenbly of which
rapidly increased as germination proceeded. On electron micrographs, Cresti
et al. (1975) could detect only monosomes in ungerminated Lycopersicom peruv-
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ianmum pollen, All these typically binucleate species behave like the Typha
latifolia and Nieotiana alata pollen in the present paper. A minute amount of
polysomes was detected in their non-germinated grains, only demcnstrable upon
treatment with pancreatic ribonuclease A. This treatment vielded 80 S mono-
somes that were resistant to dissociation due to the stabilizing effect of the
nascent polypeptide (Martin, 1973; Yamamoto et al., 1975). These polysomes are
likely to account for the scant protein synthesis during incubation under
humid conditions {Fig. 1).

In contrast, excellent polysome profiles were chtained from ungerminated
Tradescantia pollen. The occurrence of polysomes was deduced earlier from the
considerable increase of the 80 S peak after RNase treatment (Mascarenhas and
Bell, 1969), This indicates that protein synthesis must have occurred in con-
siderable amounts prior to dehiscence. Incorporation of leucine was immediately
resumed within 2 min of germination. These results suggest that the binucleate
Tradescantia, with its fully developed mitochondria at dehiscence, is better
adapted to rapid tube initiation and growth than the binucleate pollen species
with less developed mitochondria, which have to start with the assembling of
polysomes.

Because of the apparent connection between rapid tube initiation and an
advanced, though restrained, protein-synthesizing apparatus in Tradescantia,
the rapidly germinating, trinucleate Compositae pollen were also expected to
contain many polysomes. However, with these evolutionary advanced species,
protein synthesis must have completely lost its importance at dehiscence al-
recady, The amount of ribosomal material present in the grains and the incor-
poration of leucine were very low. Only few polysomes tumned out to be present
(Fig. 5) which can account for the very limited incorporation., Since Composi=-
tae pollen tubes emerge rapidly, with Zn vive growth rates of 1-2 cm h_l and
fertilization in about 30 min (Hoekstra and Bruinsma, 1978), protein synthesis
must be completed already prior to dehiscence of the grains. Moreover, it is
wnlikely that de nove synthesis of mBNA and rRNA will be initiated within this
short period, particularly since the vegetative nucleus is reported to have
a degenerated appearance (Poddubnaja-Armoldi, 1936). Accordingly, even high
concentrations of CHI were wnable to affect germination of Compositae pollen.

The reported inconsistencies in the inhibition by CHI of tube emergence and
growth among pollen species (Mascarenhas, 1975), can now be explained in terms
of differences in developmental stage. It is evident from our experiments that
advanced pollen species which had a considerable protein synthesis prior to

70




| T

dehiscence, are less sensitive to application of CHI than species that start
assembling of polysomes only upon incubation in the medium. Advanced species
are characterized either by the presence of many polysomes or, altermatively,
by the paucity of any ribosomal material in their non-germinated grains.

Precocious protein synthesis in the different types of pollen may also be
accompanied by an early synthesis of specific RNA species. In Tradescantia
only mRNA's are transcribed during tube growth (Mascarenhas and Bell, 1970;
Mascarenhas and Goralnick, 1971). The syntheses of other RNA species are ter-
minated prior to dehiscence (Peddada and Mascarenhas, 1975). On the contrary,
in Meotiana alata pollen the syntheses of rRNA, tRNA and mRNA proceed during
germination (Tup§ et al., 1977; Siiss and Tupy, 1978). These examples very
well fit the hypothesis that fresh ¥ieotiana pollen represents a less developed
gametophyte than Tradescantia, at all levels of syntheses involved.

The trinucleate nature, their highly developed mitochondrial respiratory
system, and the extremely limited de nove protein synthesis suggest that tube
formation is the only task left for the phylogenetically advanced Compositae
pollen to be carried out as independent gametophyte. That this conclusion is
not necessarily valid for other trinucleate families is demonstrated by the
presence of a large amount of polysomes in fresh maize pollen. In this case,
however, the functioning of a protein-synthesizing apparatus is understandable
because pollen tubes of maize have to grow an extremely long distance, up to
30 cm. Exceptionally, the reverse also occurs: the short-styled Impatiens
walleriana sheds binucleate pollen that initiates tube growth in 2-3 minutes
(Linskens and Kroh, 1970). Accerding to Hoekstra (1979}, a short lag period
is indicative of the presence of fully developed mitochondria. Respiration,
however, was extremely repressed during incubation under humid conditions, as
indicated by low EC-values (Hoekstra, unpublished results). Electron micro-
graphs show mitochondria with numerous cristae, indeed, but also indicate the
rave occurrence of ribosomes and the absence of polysomes (Van Went, 1974).
Accordingly, CHI turned ocut not to interfere with tube emergence and elonga-
tion (Johri and Shivamma, 1977). The length of the style, therefore, certainly
is of importance for whether additional protein synthesis is required or not.

We conclude that rapid tube initiation and growth are invariably connected
with fully developed mitochondrial systems and with a completed or rapidly
proceeding protein synthesis in the fresh polien. This fully developed meta-
bolic state occurs not only in trinucleate pollen but also in a number of ad-
vanced binucleate species that germinate and grow at comparable rates. We
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therefore suggest that this stage is a prerequisite for the division of the
generative cell., In the phylogenetic trend towards increased speed of tube
initiation and growth for rapid fertilization (Hoekstra and Bruinsma, 1978),
the attainment of the fully developed metabolic state is more essential than
that of the trinucleate nature.

The authors acknowledge the hospitality of the Institute for Atomic Scien-
ces in Agriculture at Wageningen, where the measurements were performed, and
are indebted to Mr. C.R. Vonk of the Cehtre for Agrobiological Research at
Wageningen for carrying out the amino acid analyses, We wish to thamnk Dr. L,C.
van Loon for critically reading the manuscript.
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Samenvatting

VITALITEIT EN METABOLISCHE EIGENSCHAPPEN VAN RIJP

BINUCLEAAT EN TRINUCLEAAT STUIFMEEL

Dit proefschrift behandelt fysiologische en metabolische verschillen tussen
binucleaat en trinucleaat stuifmeel, Alvorens deze verschillen te kummen onder-
zoeken werd een studie verricht met betrekking tot de levensvatbaarheid van
trinucleaat Compositae pollen, waarvan verslag i1s gedaan in Hoofdstuk I,

HOOFDSTUK I
Levensvatbaarheid van trinucleaat Compositae pollen: Kieming in vitro en

invloeden van temperatuvr en RV

Alhoewel Chrysanthemun cinerariaefoliwn pollen met succes kon worden gekiemd
op vaste media die agar en/of gelatine bevatten, werd toch een vlceibaar medium
ontwikkeld, met het doel de reproduceerbaarheid van de kieming te verbeteren.

- Het optimale vlceibare medium bevatte suiker (1,32 M), boorzuur (100 ug/ml)
en calcium ( 2 mM), bij pH 6,8 (zie pag. 19 Fig. 1en 2 ).

- Met geringe individuele aanpassingen in suikerconcentratie bleek dit me-
dium geschikt voor pollenkieming van tenminste 34 scorten behorende tot
16 genera der Compositae (voor een opsemming zie pag. 18).

- Blootstelling aan vochtige lucht van 30°C gedurende 15 minuten, vooraf-
gaand aan incubatie in het kiemmedium, verbeterde zowel het percentage
kieming als de reproduceerbaarheid.

- De optimale temperatuur voor kieming im vitro bleek 25-30°C (pag. 20
Fig. 3).

- De pollenbuis bereikt iz witro slechts een lengte van 70-100 micron. Ge-
bleken is dat ongeveer 10 minuten na het mengen van de korrels met het
medium de groei stopt.

- Het percentage kieming ¢n vitro bleek echter goed overeen te stemmen met
het percentage korrels dat op de stempel kiemt.

Dankzij bovengencemde technieken was het mogelijk de pollenvitaliteit nauw-
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keurig te bepalen. Dit leidde tot een nader onderzoek van uitwendige factoren,
die betrokken bleken te zijn bij processen die leiden tot verlies van vitali-
teit.

- Hoge temperatuur en RV bekortten sterk de levensduur tijdens bewaring (zie
pag. 21 Fig. 5, en pag. 22 Fig. 6) en verminderden ook de kwaliteit van
pas vrijgekomen stuifmeel bij blootstelling van de bloeiende plant aan
deze condities (zie pag. 21 Fig. 4). Gesuggereerd wordt dat fluctuaties
in deze exogene factoren de achtergrond vormen van de dagelijkse schom-
meling in vitaliteit van vers stuifmeel.

- Gedrecogd pollen bleek bij -20°C tot meer dan een jaar zonder verlies van

vitaliteit te kunnen worden bewaard.

De zeer snelle daling in vitaliteit als gevolg van hoge temperatuur en RV

suggereert een hoge metabelische activiteit in trinucleaat Compositae pollen.

Hiervan werd een indruk verkregen via meting van de ademhaling (Hoofdstuk II).

HOOFDSTUK IT
Vergelijkende studies tussen binucleate en trinucleate pollensoorten I:
Ademhaling en vitaliteit in vochtige lucht

- De ademhaling in wvochtige lucht bleek met een constante snelheid te ver-
lopen {pag. 27 Fig. 1).

~ Per gewichtseenheid ademde het trinucleate pollen van Compositae en
Gramineae 2 & 3 maal intensiever dan 6 soorten binucleaat pollen (zie pag.
27 Tabel 1). Omgerekend per eenheid polleneiwit waren de verschillen nog
groter. De verschillen bleken te gelden voor het gehele fysiologische
temperatuurbereik (zie pag. 28 Fig. 3).

- Indien pollenmonsters voor een deel waren samengesteld uit dode indivi-
duen, werd de ademhaling gecorrigeerd voor ongekleurde korrels, nadat was
vastgesteld dat een lineair verband bestond tussen de ademhaiingssnelheid
en het percentage korrels dat door tetrazoliumbromide (MIT) was gekleurd
(zie pag. 27 Fig. 2).

- De verschillen in overleving tussen bi- en trinucleaat pollen bleken nog
groter te zijn dan die in ademhalingssnelheid. Bovendien verlcor trinu-
cleaat Compositae pollen zijn vermogen tot kieming minstens 2 maal snel-
ler dan zijn vermogen tot ademhalen (zie pag. 27 Tabel 1). De bruikbaar-
heid van MIT als "vital stain", welke berust op dehydrogenase activiteit
is bij dit type stuifmeel dus twijfelachtig.
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- Een vrij hoge RV bleek noodzakelijk om gaswisseling te kumnen registreren,
met als ondergrens van detectie ongeveer 77%. Bij dalende RV nam de houd-
baarheid van binucleate typen flink toe, maar die van trinucleate typen
bleef toch gering (zie pag. 28 Fig. 4).

- Tijdelijke blootstelling van trinucleaat TritZcum pollen aan droge labora-
toriumlucht bleek niet alleen fataal voor de vitaliteit, maar leidde ook
tot een sterke daling van de ademhaling na her-incubatie in vochtige lucht
van RV = 97% (zie pag. 28 Fig. 5).

De waarneming, dat de metabolische activiteit van trinucleaat pollen op een
hoger niveau ligt dan die van enkele binucleate typen, leidde tot de gedachte
dat ontwikkelingsverschillen tussen de mitochondrién van beide typen stuifineel
een rol kunnen spelen. Dit werd in Hoofdstuk ITi onderzocht.

HOOFDSTUK I1I
Vergelijkende studies tussen binucleaie en lrinucleate pollensoorten II:

Ontwikkeling en activiteilt van mitochondrién tijdens kieming in vitro

[soleringsproblemen waren ten dele de oorzaak van de zeer geringe activiteit
van mitochondrién uit ongekiemd stuifmeel., In de volgende studies werd daarcm
de ontwikkeling van mitochondrién vervolgd tijdens kieming in vitro. Uit de
kinetiek van deze ontwikkeling kan worden afgeleid hoe de situatie is in on-
gekiemd pollen.

- Media werden samengesteld waarmee actieve mitochondrién kumnmen worden ge-
isoleerd uit de binucleate soorten: Typha latifolia, Nicotiana alata en
Tradescantia paludosa, en uit de trinucleate Aster tripoliwn.

- De oxydatie van verschillende substraten suggereert de werking van 3 fos-
forylatieplaatsen in pollenmitochondrién (zie pag. 34 Fig. 1).

- Trinucleaat Aster pollen bereikte de maximale capaciteit van elektronen-
transport binnen 2 minuten na mengen met het kiemmedium. Binucleaat Typha
en Niecotiana pollen bereikten deze maximunsnelheid pas veel later, na 75
respectievelijk 30 minuten; binucleaat Tradescaniia stuifmeel daarentegen
even snel als het trinucleate type (zie pag. 35 Fig. 2, en pag. 36 Fig. 3).

- De periode tot het bereiken van de maximale capaciteit van het elektronen-
transport bleek opvallend ocvereen te komen met die tot het verschijnen
van de eerste kiembuizen {(vergelijk pag. 36 Fig. 3 met pag. 34 Tabel 1).

- Binucleaat Typha pollen bleek in vitro een aanlooptijd van 12 minuten
nodig te hebben voor het bereiken van een constante ademhalingssnelheid.
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Gedurende die periode was de "energy charge' (EC) laag. Trinucleaat Aster
pollen ademde direct op een constante snelheid en de EC bleef hoog. De
overige twee onderzochte soorten gedroegen zich intermediair (zie pag. 34
Tabel 1, en pag. 37 Tabel S5).

- Elektronenmicroscopische opnamen geven aan dat mitochondrién uit ongekiemd
trinucleaat 4dster en binucleaat Tradescantia pollen goed ontwikkeld zijn,
en dat die uit binucleaat Typha en Nicotiana pollen nog een verdere ontwik-
keling behoeven (zie pag. 38, Fig. 6).

- Uit integriteitsmetingen aan mitochondrién uit Typha pollen gedurende het
eerste halve uwur in het kiemmedium bleek, dat de geringe capaciteit tot
oxydatieve phosphorylering tenminste ten dele moet berusten op intrinsie-
ke eigenschappen (zie pag. 36 Tabel Z}. De ontwikkeling van de mitochon-
driéle eigenschappen werd niet gestoord door remmers van de eiwitsynthese,
terwijl het gehalte aan cytochromen constant bleef (zie pag. 37, Tabel 0
en Fig. 4).

Bovengenoemde waamemingen tonen aan dat het niet alleen het privilege van
trinucleaat stuifmeel is volledig ontwikkelde mitochondrién te bezitten, maar
dat ook sommige binucleate soorten ermee zijn uitgerust. Hoe de controle van
de ademhaling verloopt bij pollen met verschillen in ontwikkeling van hun mito-
chondrién tijdens incubatie in vochtige lucht, werd beschreven in Hoofdstuk IV,

HOOFDSTUK IV
Vergelijkende studies tussen binucleate en trinucleate pollensocrten III:

Controle van de ademhaling in vochtige Lucht

- De gelijke snelheden van waterdampopname waren een aanwijzing dat de ver-
schillen in ademhalingsactiviteit tussen bi- en trinucleaat pollen in
vochtige lucht een intrinsieke, biochemische achtergrond moeten hebben (zie
pag. 47 Fig. 1).

- De ontkoppelaar CCCP bleek een langzame ademhaling te versnellen en een
snelle ademhaling te vertragen tot ongeveer gelijke waarden, die waar-
schijnlijk bepaald worden door de snelheid van actief substraattransport
door de mitochondriéle membranen (zie pag. 48 Tabel 1}.

- De mate van remming van de zuurstofopname door oligomycine, NCCD, antimy-
cine A en SHAM, alleen en in combinaties, bleek aan te geven dat nauwe-
lijks oxydatieve fosforylering en anabolische activiteit optreedt bij lang-
zaam ademende, binucleate pollensoorten,die worden gekarakteriseerd door
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lange levensduur, hoge waarde van de EC en laag ontwikkelde mitcchondrién
(zie pag. 50 Tabel 2, en pag. 51 Tabel 3). De alternatieve oxydase bleek
niet significant aantoonbaar,

- Andere binucleate typen zoals Tradescantia, die herkenbare mitochendrién
bezitten, maar opvallen door lage EC-waarden, bleken slechts een gelimi-
teerde hoeveelheid ATP te produceren tijdens ademhaling in vochtige lucht
(zie pag. 50 Tabel 2, en pag. 51 Tabel 3}. De lage EC-waarde kan duiden
op een geremd ademhalingssysteem,

- Bij snel ademend, trimucleaat pellen, dat goed ontwikkelde mitochondri&n
bezit, bleek de alternatieve oxydase significant aarwezig. De EC-waarden
waren hoog, cndanks de grote vraag naar ATP van ongeveer 1,7 umol h_]
mg pollen” | (zie pag. 50 Tabel 2, en pag. 51 Tabel 3),

- In gevallen waar oligomycine, tegen de verwachtingen in, de elektromen-
stroom via de cytochroomroute sterk stimuleerde, bleek toch een daling in
ATP-gehalte op te treden, hetpeen oxydatieve fosforylering in deze soorten
aannemelijk maakt. Een schatting van de AlP-productie was echter onmoge-
lijk (zie pag. 49 Fig. 3, en pag. 51 Tabel 3).

Aldus werd ATP-synthese aangetoond in trinucleate en de meeste binucleate
typen pollen tijdens incubatie in vochtige lucht. In Hoofdstuk V werd onder-
zocht in welke mate deze ATP-productie ten dienste stond van de eiwitsynthese
en in hoeverre een geavanceerd mitochondrieel systeem in pollen samengaat met
een actief, eiwitsynthetiserend apparaat.

HOOFDSTUK V
Vergelijkende studies tussen binucleate en trinucleate pollenscorten IV:

Fiwitsynthese in relatie tot pollenkieming en ~buisgroet.

- Zeer geringe hoeveelheden leucine bleken te worden geincorporeerd tijdens
pollenademhaling in vochtige lucht (zie pag., 64 Fig. 1). Deze incorporatie
vergde niet meer dan een fractie van de hoeveelheid ATP die oxydatief
werd gegenereerd,

- Tijdens de kieming <n vitro verschilden de twee typen pollen aanzienlijk
wat betreft het vermogen waarmee leucine werd geincorporeerd (zie pag. 65
Fig. 2).

- Binucleate pollensoorten, die worden gekarakteriseerd door geringe adem-
haling in vochtige lucht, }ange levensduur, lange 'lag'periode bij kie-
ming <n vitro en laag ontwikkelde mitochondrién, zijn zeer gevoelig voor
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de eiwitsyntheseremmer cycloheximide in het kiemmedium (zie pag. 65 Tabel
2) . Polyribosomen worden eerst gevormd na mengen met het Kiemmedium en

de leucine-incorporatie begint na 10-15 minuten (zie pag. 66 Fig. 3, en
pag. 65 Fig. 2}.

Sommige binucleate soorten en de trinucleate typen, gekarakteriseerd door
een goed ontwikkeld mitochondrieel systeem en door een korte 'lag'periode
bij kieming in vitrc,bleken meer of minder ongevoelig voor cyclcheximide.
Dit wijst op het in aanzienlijke mate plaatsvinden van eiwitsynthese ten
behoeve van buisgroei v86r het vrijkomen van het pollen uit de anthere,
Verschillende capaciteiten van eiwitsynthese werden gevonden: van het
voorkomen van een grote hoeveelheid polyribosomen in de ongekiemde korrel,
met daaraan gekoppeld een zeer snelle hervatting van de leucine-incorpo-
ratie bij kieming in vitre in Tradescaniia, tot een zeer geringe incor-
poratie bij trinucleaat Compositae pollen, waarin zelfs ribosomen zeer
schaars bleken te zijn (vergelijk pag. 65 Fig. 2 met pag. 67 Fig. 4 en 5}.

80




Slotbeschouwing

Deze studie toont voor het eerst aan, dat rijp stuifmeel van angiospermen
onderling aanzienlijk verschilt in metabolische ontwikkeling en activiteit. De
experimenten laten onder andere verschillen zien in de snelheid van pollenadem-
haling in vochtige lucht, met daaraan gekoppeld verschillen in overlevingsduur.
Ze tonen ook verschillen aan in ontwikkelingsgraad van mitochondrién en in het
verloop van de eiwitsynthese. De indruk wordt verkregen dat de verschillen be-
trekking hebben op het totaal van morfologische en biochemische processen in
stuifmeel.

Wanneer we de ontwikkeling van de pollenkorrel beschouwen als te verlopen
vanaf de betrekkelijke rust in de anthere tot aan de hoogste activiteit tijdens
de buisgroei door de stijl, dan kunnen we de verschillen in metabolische ont-
wikkelingsgraad tussen de diverse soorten verklaren in relatie tot het moment
waarop het pollen tijdens dit ontwikkelingsproces uit de anthere wordt vrijge-
maakt. Een relatief laat vrijkomen leidt dan tot pollen met een hoge metaboli-
sche ontwikkelingsgraad, zoals bij de Compositae, waarbij het aantal zelfstan-
dig uit te voeren processen sterk is gereduceerd: de tweede mitose tot de beide
gameten heeft reeds plaats gehad, eiwit- en RNA-synthese spelen geen rol van
betekenis meer tijdens kieming en buisgroei en de mitochondrién zijn reeds goed
uitgerust voor de onmiddellijke levering van grote hoeveelheden ATP ten behoeve
van een snelle buisgroei. Een relatief vroeg vrijkomen zal daarentegen resul-
teren in het pollentype zoals Typha latifolia bezit, waarbij tijdens kieming de
mitochondrién nog een voortgezette ontwikkeling behoeven, de eiwitsynthese
start met de assemblage van ribosomen, de kiembuis 4x witrc pas na een uur ver-
schijnt, en de tweede mitose pas na vele uren van kieming in de stijl plaats
vindt.

Vanzelfsprekend is het aantrekkelijk te trachten het voorafgaande te relate-
ren aan de onderverdeling in bi- en trinucleaat pollen met hun specifieke eigen-
schappen. Echter, wat is er overgebleven van Brewbaker's (1957) cerrelatie tus-
sen het driecellige type stuifmeel en de vermeend problematische eigenschappen,
zoals slechte bewaarbaarheid en moeilijke kieming Zn vitro ? Veel van deze pro-
blemen konden worden teruggebracht tot een onvoldoende rekening houden met het-
geen in Hoofdstuk I is besproken, namelijk het belang van tcepassing van equi-
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libratie in vochtige lucht, voorafgaand aan kieming Zn vitre, alsmede de essen-
tie van suiker, calcium en borium, voornamelijk met het doel de snelheid van

de wateropname binnen bepaalde grenzen te houden. Heslop-Harrison en Shivanna
(1977) suggereren dat de noodzaak tot vocrzichtige waterdosering veeleer samen-
hangt met het type stempel, dan met het aantal cellen in het pollen. Ten op-
zichte van de soorten met binucleaat pollen echter is een proportioneel groot
aantal van de trinucleate soorten in het bezit van droge stempels, hetgeen heeft
geleid tot de correlatie tussen pollencytologie en kiembaarheid ¢n vitro. De
slechte reputatie op het gebied van houdbaarheid is cok in de hand gewerkt door
het specifieke gedrag van Gramineae stuifmeel, dat niet bestand blijkt tegen
uitdrogen. Trinucleaat Compositae pollen daarentegen kan, mits droog, bij -20°C
minstens 1 jaar worden bewaard, en voor Cruciferae is een veilige periode van

2 jaar gemeld (Ockendon, 1974).

Door toepassing van het zeer natuurlijke medium waterdamp kunnen echter de
moeilijkheden met kiemmedia grotendeels worden omgaan. Bovendien treedt ook
geen ongewenste lekkage van materiaal uit het pollen naar het medium meer op.
Als gevolg van de waterdampopname bleken trinucleate pollensoorten sneller te
ademen dan binucleate typen. Dit duidt juist wel weer op het bestaan van fysio-
logische verschillen tussen de beide typen.

De aamwezigheid van 3 kernen, reeds in het rijpe pollen, wijst op een reduc-
tie van het aantal als zelfstandige gametofyt uit te voeren processen. De ver-
gevorderde mitochondrigle ontwikkeling en eiwitsynthese dragen nog verder tot
deze reductie bij. Het reeds be&indigd hebben van deze ontwikkelingsprocessen
maakt een zeer snelle start van buisgroei mogelijk: bij Compositae op de stem-
pel in ongeveer 10 minuten (Hoekstra en Bruinsma, 1978}. Pollen komt dus in
een vergevorderde staat van ontwikkeling vanuit de beschermende anthere op de
stempel terecht en de pollenbuis kan vrijwel direct penetreren. Opmerkelijk is
dat ook enkele binucleate soorten (Tradescantia, Impatiens) deze eigenschappen
vertonen, de snelle start van buisgroei inbegrepen, uiteraard met uitzondering
van de tweede mitose.

Nu wordt het interessant nogmaals de geclaimde fylogenetische progressie van
de families met trinucleaat stuifmeel in beschouwing te nemen. Bij bestudering
van de afstamming der angiospermen constateerde Brewbaker (1967) dat trinucleate
taxa polyfyletisch afstammen van binucleate taxa, maar dat het omgekeerde niet
voorkomt. Nu is het gevaarlijk af te gaan op dit soort stambomen omdat betrek-
kingen tussen families vaak moeilijk zijn vast te stellen en idee&n daaromtrent
snel kunnen wisselen. Om meer zekerheid te krijgen over deze geclaimde fylage-
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netische nieuwheid van taxa met trinucleaat pollen, heb ik de cytoclogische waar-
nemingen van Brewbaker (7967} vergeleken met het model van Sporne (1969). In
zijn omvangrijke werk heeft Sporne 202 dicotyle families een "index of advance-
ment"” gegeven op grond van correlaties van 21 specifieke eigenschappen. Families
waartoe trinucleate taxa behoren blijken hierbij een gemiddelde te scoren van
65% tegen binucleate families 52%. Families met driecellig pollen hebben dus
gemiddeld een hogere "index of advancement” dan die met binucleaat pollen, maar
het interessante is, dat binucleate families soms ook een zeer hoge index is
toegekend. Het is treffend, dat aan de Balsaminaceae (Impatiens), met metabo-
lisch goed ontwikkeld, snel kiemend, binucleaat stuifmeel een index van 80% is
toegekend, even hoog als aan de trinucleate Compositac.

Het voorafgaande leidt tot de gedachte, dat wellicht de gevorderde metabo-
lische toestand van het pollen een typisch fylogenetisch recente eigenschap is,
met een voltrokken tweede mitose als een weliswaar vaak voorkomend, maar niet
noodzakelijk kemmerk. De gevorderde metabolische toestand kan echter wel worden
beschouwd als voorwaarde voor de voltrekking van de tweede mitose.

Snel kiemend pollen bleek minder gevoelig te zijn voor remming van de eiwit-
synthese in het kiemmedium door cycloheximide (CHI) dan hun langzaam kiemende
tegenhangers. Het ligt voor de hand dat om deze snelle buisgroei te kummen re-
aliseren, reeds eerder, tijdens de ontwikkeling in de anthere,eiwit is gesynthe-
tiseerd, uiteraard niet te beinvloeden door CHI in het medium. In dit verband
is de correlatie interessant die i1s gevonden tussen de relatieve gevoeligheid
van pollen voor CHI en de levensduur van de bloem (Lin et al., 1971). Van de
9 onderzochte taxa, waarvan bleemen verleppen op de dag van opengaan, is het
pollen relatief ongevoelig voor CHI, terwijl taxa waarvan de bloemen langer open
blijven polien bezitten dat door CHI sterk wordt geremd in kieming en buisgroei.
Deze gegevens kunnen ook worden geInterpreteerd in de zin van een snelle ethy-
leenvorming vanwege de zeer snelle penetratie en doorgroei van de pollenbuizen,
welk ethyleen een snel verleppen van de bleem induceert. Dit zou betekenen dat
ook het snelle verleppen van bloemen als gevolg van snelle penetratie en groei
van stuifmeelbuizen, een relatief recent fenomeen in de evolutie van de angio-
spermen is.

De overleving van de soort wordt onder andere gewaarborgd door optimale over-
dracht en verspreiding van het genetisch materiaal, via zaad zowel als via pol-
len, onder veoortdurende aanpassing aan veranderende externe omstandigheden.

Wat het pollen betreft, dient binnen de levensduur van de eicellen een voldoen-
de aantal compatibele pollenbuizen de stijl te doorgroeien om te komen tot het
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maximale aantal vitale zaden. Om dit te realiseren zullen dus adaptieve veran-
deringen in de fysiologie van de bestuiving nodig zijn. Wat klaarblijkelijk
polyfyletisch optreedt is een trend naar snelle ontwikkeling van de stuifmeel-
buis. Anders geformuleerd, als er ook maar enige genetische basis is voor een
sneller uitgroeien van de ene pollenbuis ten opzichte van een willekeurige an-
dere, zoals wordt gesuggereerd door Mulcahy (1974}, zal er in de loop van de
evolutie een verhoging kumnen gaan optreden in de metabolische ontwikkelings-
graad van vers stuifmeel. Immers, spermacellen uit die pollenbuizen, die door
sneller in te groeien eerder de embryozak weten te bereiken, zullen in propor-
tioneel grotere aantallen met de eicellen versmelten.

Echter, een hoge metabolische ontwikkelingsgraad houdt ook een gevaar in,
namelijk de snelle daling in vitaliteit als gevolg van de toegenomen kwetsbaar-
heid. Gezien de polyfyletische ontwikkeling van het trinucleate karakter, zul-
len ook vele wegen zijn gevolgd om selectieve nadelen van kwetsbaar stuimeel
het hoofd te bieden. Hierbij kan gedacht worden zan een coévolutie van de bloei-
wijze, met als voorbeeld het hoofdje bij de Compositae, dat iedere dag een
nieuwe rij bloempjes met vers stuifmeel levert (Hoekstra en Bruinsma, 1978),
of de geleidelijk verbloeiende bloemtros zoals bij Cruciferae. Consequenties
voor de stand van de bloem in verband met beinvioceding van het stuifmeel door
regen zijn reeds eerder bediscussieerd (Bisikowitch en Woodell, 1975). Het se-
lectieve nadeel van een hoge ontwikkelingsgraad kan wellicht goed worden gecom-
penseerd via specifieke remming van de metabolische activiteit, zoals waar-
schijnlijk in binucleaat, snel kiemend stuifmeel van Tradescantia en Impatiens
plaats vindt.

Het vermogen tot de snelle vorming van kiembuizen biedt ongetwijfeld grote
voordelen, omdat het leidt tot een verlenging van de effectieve bestuivings-
periode, in het bijzonder van belang onder klimatologisch minder gunstige om-
standigheden. Bovendien zal bij snelle penetratie van de stempel de kans ver-
minderen op wegwaaien en afregenen van het pollen van, met name droge stempel-
oppervlakken. Wellicht is snelle kieming vooral gunstig in gematigde klimaten
met een groot verschil in dag- en nachttemperatuur, om dezelfde redenen. Het
optreden van trinucleaat stuifmeel bij het merendeel der waterplanten met on-
dergedoken bloemen (Brewbaker, 1957), doet vermoeden dat een snelle start van
de pollenbuisgroei ook in water selectief voordelig is. De snelle kieming zal
wegdrijven van het pellen kunnen beperken. Het is everwel te verwachten dat
zulk stuifmeel in een dergelijk nat milieu metabolisch geremd is, welke rem-
ming pas wordt opgeheven bij contact met de stempel.
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