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A bstract. In vitro studies of germinating Lilium longiflorurn pollen showed that starch
increased more rapidly during the first 30 minutes of incubation than during the next several
hours. Ihe period of rapid starch formation coincided with the first period of high respiration.
An estimate was made of the extra ATP utilized to form extra starch during the first 30
minutes, and this estimate indicates that starch synthesis accounts for a significant portion of
the initial high rate of respiration. This pattern of respiration and starch synthesis was not
altered when pollen germinated in a pentaerythritol medium that could not be metabolized
instead of the standard sucrose medium.

Sucrose was the predominant sugar in mature lily pollen. This sugar decreased 50 %
during several hours incubation in pentaerythritol culture medium. Reducing sugars remained
low during incubation which may indicate that sucrose breakdown is regulated by the rate of
utilization of hexose units.

The work on pollen germination reported here
is part of a continuiing study to learn the meta-
bolic steps required for polleni tulbe initiation and
to learn how tube growth is controlled throuigh
regtulation of the raltes of the underlyiing metabolic
processes.

Germinating lily pollen exhibits an inlitial high
rate of respiration which is followed hy a period
of decreased respiration; the transiition occurs after
30 minutes of incubation (7). A second period of
high respiration occurs after abotut 2 houlrs of
incubation, coinciding wi:th extensive tulbe growth.
Experiments with oligomycin and 2,4-dinitrophenol
showed that respiration of lily pollen was limited
by the rate of oxidative phosphorylation, and it
was stuggested that the d?istinctive respiratory pat-
tern resulted from variations in rates of ATP
synthesis (8). ATP utilization associated with cell
wall synthesis cotuld accotunt for the second period
of high respiration, butt the cause of the initial
high rate of -respiration was not clear. It was
hypothesized that a brief period of rapid synthesis
of starch or membranes was responsible for the

1 This work was supported by grant GB-4239 from
the National Science Foundation.

initial high rate of respiration. Experiments; to
test ithe hypotheses are reported here.

Other studies were conducted 1) to filu(d a
clultture medium which permitted normal pollen tuibe
growth bult which lacked organic substances that
could be metabolized by lily pollen, and 2) to
learn how endogenous sugars and starch change
dturing germinaltion in a metabolically inert mediium.
To prevent bursting of the pollen grains, a suigar
stuch as sucrose (10%, w/v) is routinely addedl to
the ctulture medium, so it is difficult to stuldy inter-
conversions of endogenotus carbohydlrates dulring
germination.

Materials and Methods

Pollen from Lilium longiflorurn, variety Ace,
was used unless otherwise noted. Methods of
germinating the pollen and of meassuring ttube
length were reported earlier (7). Respiration was
measured manometrically at 300, and each 15 ml
Warburg flask contained 10.0 mg pollen and 1.7 ml
of culture medium. The standard culture mediuim
(pH 5.2) contained 0.29 M sucrose, 1.27 mm
Ca(NO3)2, 0.16 mm H3BO3, 0.99 mm KNO3, and
10 ag/ml tetracycline. In some culture mediums,
stucrose (Mallinkrodt) was replaced by 0.29 M
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mannitol (Eastman-Kodak), 0.29 M pentaerythritol
(Matheson), or other organic suibstances.

In the radioisoto-pe studies a 7 mg sample of
polllen was spread on a 2.1 cm diameter fiber glass
filter disc (Reeve Angel grade 934AH) which was

placed in a 25 ml Erlen-neyer flask. Cuiltuire
mediuim (0.15 ml) containing the isotope was added,
and the flask wa,s closed ith a seruim sto'pper

from whiich hung a glass cuip (5) containing 0.2 ml
of 2.5 N NaOH. These assemblies were incu;baated
in a water bath shaker set at 300. Experiments
were terminated by placiing the flasks in ice. Each
ccup with its NaOH was immediately put into a

scintillation bottle containing Cab-O-Sil and the

toluene-ethanol scintillation flutid of Harlan (12).
Pollen an;d disc were rinsed on a stuctioln filter with
7 ml of ice cold non-radioactive cuiltture mediuim
an(l placed in 80 % (v/v) ethanol at 700 for 30
minutes. Pollen anid glass fibers were dispersed
with a spaltuLla aInd sedimente(d by centrifuigation
(20,000 X 9, 15 min). The residuie was rinsed
repeatedly in ethanol until a negligible amotunt of
radioactivity appeared in the ethanol wash, and
then the resi-due was oxi&dzed with Van Slyke
dichromate reagent (1). 14CO.. was absorbed in
2.5 N NaOH and cotunted accordin.g to Harlan
(12). The same scintillation fluid with Cab-O-Sil
oomittedl was ulsed for aqtueotus or ethan-otic solul-
tionls; countIng efficiency was determined by the
channiels ratio method.

Plastic foils coated with cellu,lose (Brinkmannii
Instrtuments) were -used for thin layer chroma-

tography of ethanol extracts from polleil. Radio-
active compounds were located with a Packar(d
radiochromatogram scanner, and stugars were vis-
ualized with analine-diphenylamine reagent (11).
Solvents 1 (formic acid :methyl ethyl ketone :tert.-
btvtvl alcohol :wa,ter, 15:30:40:15, v/v) aild 8 (iso-
propyl alcohol :pyridine :acetic acid :water, 8:8:1:4,
/ ) of Vomhof and Tucker (24) were used to

study pollen sugars. Three developments (1 di-
mension) in solvent 1 separated stucrose, glucose,
anid fructose from one another. Pentaerythritol
-was chromatographed in solvent C (ethanol :water,
9:1, v/v) of DiCailo, et al. (6) and(l solvent 1 of
Vomhof and Tucker (24). The RF in solvent C
was 0.73. A single development in solvent 1 gave

good separation of pentaerythritol (RF aboult 0.62)
from sucrose, glucose, and frtuctose (RF valuies of
0.10-0.23). In several experiments, pollen extracts
-were incubaited with inventase (2 mg/ml) for 15
minuttes at 30° before the extracts were spotited oni

chromatogra'ms. The invertase was grade II from
Sigma (122 units/mg). Isotopes use(d were sl1-
crose-U-14C (10.0 mc/mmole) from Nuiclear-Chi-
cago iand pentaerythritol- 1,2- '4C (283 uc/mmole)
from Baird-Atomic. Pentaerythritol-14C used in
preliminary expeniments was obtained from War-

ner-Lambert Research Institute through the cour-

tesy of Edward J. MIerrill.

For studies of starch anid suigar content, samples
of pollen (10 mg) were inctubated in a water bath
shaker (30°) in 25 ml Erlenmeyer flasks con-
taining 1.3 ml of ctultuire mediuim. Inccubation was
terminated by adding hot ethanol (final concen-
tration 80 % ethanol) and holding the flasks at
abouit 750 for 15 minutes. Groups of 5 replicate
flasks were pooled, and a starch fraction was
determined according to Hassid and Neuifeld (13).
The ethanol sutperinatant was analyzed for reducing
sugars (20), and total ethanol-soltuble suigars were
meastured by the anthrone method (15). Gltucose
standards were used, so starch and sutgar content
was calcutlatedI as glulcose. Pentaerythritol did not
react with anthrone reagent. Similar samples of
pollen were extracted with me'thanol-chloroform
according to Bligh and Dyer (3), and( lripd phos.-
phate w,asc determined on the extract (18).

Results
and Interpretation

Germmiaitiiot in Various Cultu rc Media. Lily
pollen was incuibated in cultutre media which con-
tained the salts listed uinder methods pltus a ran,ge
of concentrations of a nuimber of substances wlhich
acted as osmotic agents buit wh,ich might not be
metabolized. These sulbstances included Ficoll,
pentaerythritol, mannitol, sorbitol, glycerol, ethyl-
ene glycol, and propylene glycol. Several poly-
ethylene glycols (molectular weights 380-7500) aind
polypropyleile glycols (molectular weights 400 and
1200) were also tried. Rapidly growing pollen
tuibes which resembled those in suicrose were ob-
served only in pentaerythritol, mannitol, andu
sorbitol.

Pentaerythritol andl mannitol w-ere selected for
more detailed stuldies of tuibe growth aind respira-
tion. Figuire 1 shows O., ulptake of lily polleni
germinatilng in media that contained stucrose, man-
nitol, pentaerythritol, or 1:1 mixtuires of suicrose
with 1 of the alcohols. Average perceilt germina-
tion and tuibe length were determ.ned at 3 hoturs
when the respiration experiment was terminated.
The pattern of resipiration was not affected by
suibstitutting ail alcohol for one-half of the stucrose,
buit fthe second periood o,f high respiration was
markedly redulced when pollen germinated in either
alcohol alone. Percent germination was abotut 70 %
in all1 media, anid the pollen tuibes looked similar in
them all. Average tuibe length at 3 houirs was

abouit 1.0 to 1.2 mm for all except the maninitol
meditum in which 'the length was about 0.7 mm.

Pentaerythritol was selected for fuirther stuldy be-
cauise 1) mannitol may cause a slight inhibition of
tuibe growth, and 2) mannitol is metalbolized by
some species of higher plants (23).

Radioisotope Stuidies. It was decided to stuidy
absorption and possible m-etabolism of pentaery-
thritol-14C uinder conditions where at least 1 % of
administered sticrose-14C appeared as 4.Co.,. Mlore
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FIG. 1. 02 uptake, percent germination, and tube lengths of lily pollen germinating in various culture media.

The culture medium contained the indicated sugar or alcohol, 3.0 mM KH2PO4, and the salts described in

the text. Each point on the curves is an average from duplicate Warburg flasks; vertical bars show dispersion
between duplicates. Numbers near the curves are rates of 02 uptake in /Al/min. Growth data (lower right) is

from the same samples after 180 minutes of incubation, and horizontal bars indicate dispersion between duplicates.

Numbers near the bars indicate how many pollen grains were counted or tubes measured in each duplicate.
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Table I. Radioactivity of Various Fractions From Lily Polleni I)ncubated with SIcrosc-S_-14C or
Pentaerythritol-1,2-14C

Samples of pollen (7.0 mg) were incubated 6 hours at 300 with 0.15 ml sucrose or pentaerythritol culture
medium as described under Methods.

Treatment 1 Treatment 2
Fraction Sucrose-14C Penitaervthritol-14C

dp ii dpni %
Radioactivity administered 2,075,000 100 1,999,000 100

to each replicate
14CO evolved

Repl. A 40,600 2.0 0.004
Repl. B. 40.400 2.0 55 0.003
Repl. C 31,500 1.5 62 0.003

Activity absorbed (total of
the pooled replicates)

Soluble in 80 % ethanol 439,700 7.1 271.900 4.5
Not soluble in 80 % ethanol 216.600 3.5 275 0.005

than 1 % of a(lminiisteredl suicrose-14C did appear

after 6 hoturs of inclll)ation when 7.0 mig pollen
was placed with 0.15 ml ctul,ttire meditnm on a fiber
glass dlisc. This procedulre was adopted in stubse-
quent studies. Lily pollen was incubated for 6
hoturs with pentaerythritol-14C oIn 3 separate occa-

sions, andI1 no ' 4CO, was detected. The thircd ex-

periment is summarize(l in table I. Data for
evolved '4CO.. is given for each replicate, and the
replicates were pooled dturing extraction with
ethanol. Both pentaerythrittol and sucrose were

absorbed by the pollen; some albsorbecl suicrose was

metabolized to 14CO., andl to an alcohol inisoltuble
fraction. In contrast, the absorbed pentaerythritol
didl not appear as 14CO., nior was it converted to
prodtucts insoltuble in ethanol. Radioactivity ab-
sorbed from the pentaerythritol ctultture medium
migrated as a single compouind when chroma-
tographed in 2 different solvents. RF valtues were

similar to those of atuthenitic pentaerythritol.
Sucrose-14,C was the predominant ethanol soluble
compound when pollen germinated in suicrose-14C

ctultture medium. This was demonstrated by similar
RF valutes of the uinknown and(l auithenitic sulcrose
and by comple,te hydrolysis of the tunknown to
gluicose and fruictose after incuibation with invertase.

Measutrement of Endogenotus Conistituents Dur-

ing Germ1iiination. Similar patterns of starch accui-

mulation duiring germination wvere observed in
preliminary experiments, and in 2 experiments
shown in figuire 2. Nongerminated lily l)olen coIn-
tained little or no starch. Starch accumullated
ra,pidly after pollen was placed in the cliltilre
meditum, but a sharp decrease in rate of accumuiiiila-
tioln occurred at abouit 30 minultes. Data of Rosen
et al. (22) antl Iwanami (14) also ini-dicated that
starch w-as absent from nongerminated lily pollen
btut that starch grains appearedl dlurinlg germination.
Starch contenit and respirati'on wvere (letermined on

replicate sam,ples in experimenet B (fig 2). De-
creases in rates of respiratioln andf starch acctumul-
lation occturred abouit the same time. Pollen tuibe
growth began at 45 to 60 minlutes, and rapid tuibe
elongation ensuied (fig 2). 'Tlhuis, the chang-es in

Table II. Balanlce Sheet for Estimated Extra ATP Formiation anid Utilizationi Duri-inig the First 30 M1inutes
of Germiination

These calculations are based onl data in figure 3.

Description Expt A Expt B

AI 02 absorbed/10 mg pollen
0 to 30 mins incubation 39.6

30 to 60 mins incubation 26.9
Extra 0, absorbed during the first 30 mins 12.7

Estimated ATP formation resulting from the extra
02 absorbed (nm,moles ATP/pollen grain)1 0.082

Increase in starch (calculated as ,umoles glucose/10 mg pollen)
0 to 30 mins incubation 1.58 1.84

30 to 60 mins incubation 0.23 0.59
Extra starch formed during the first 30 mins 1.35 1.25

Estimated ATP utilized in synthesis of extra
starch (m,umoles ATP/pollen grain)2 0.058 0.063
1 Assuming an average P/O of 3 in the intact cells.
2 Assuming 2 ATP utilized/l hexose incorporated into starch.

4 PLANT PH YSIOLOGY'
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FIG. 2. Starch content and respiration of germinating pollen. All samples were incubated in the standard culture
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mination (Expt. A, lower left; B, lower right). Vertical lines indicate variation between duplicate samples.

Ix

IC.4

IT

qz.

I-

180

5

T T T

l I I



PLANT PHYSIOLOGY

rates of respiration an(l starch accumulation oc-
cuirredl at least 15 minuites prior to ttibe initiation.

Asstuming ani average P/O of 3 in the intact
cells and formation of starch from free hexoses,
an estimate may be ma(le whether rapi(d starch
formation contriblutes significantly to the initial
high rate of respiratLoni. Extra O., uptake (itiring
the first 30 minuites of inicuibation may be equated
to A'I'P formationi; extra starch formed (hiiring the
same time may be equated to ATP uitilizationi.
Phosphorvlations duiring the reactiolns catalyzedl by
hexokinase and(I ADP-glicose pyro,)hosphorylase
wouldlutilize 2 moles of ATP for each mlole of
hexose incorl)orate(l inlto starch. 'he asstiml)tiOI
'that the average P/O e(quials 3 seems juistified by
earlier (lata (8) which indicated that mitoclondr(l-ial
O., utptake accounted for- the huilk (if O., ilptake by
ilntact polleii grains.

Table II shows estimates of ATP formation an(l
utilization which are based oni the (lata in figure 2.
The estimate of extra ATP forme(d is 0.082
mp.mole/polleni grain. Estimates of AklT' litiliza-
tion for extra starch formatioii ar,I 0.058 anl
0.063 mJumole/pollen gra,in. Hence, starch synithesis
accolilnte(l for ahouit three-fourths of the extra
ATP ultilizationl, a miniimumi estimate sinice starch
turnover is not taken inito accouniit. Only one-half
as mulch AT'FP wNouild be uitilized if starch arises
from suicrose by the actioln of suicrose-UDP g11uco-
syltransferase. This enzyme has not beeni studied
in lily lpollen, but it is wvidely distribilted amoig
higher p)lants (4). The enizyme has an eqtilibriutm
constant niear uniity (2), and it may be ilivolved
in starch synthesis in matuiriIlg see(ls of corn (9)
and rice (19). Iilium pollen contains suicrose as
well as glicose and fructose (14) so starch may
form either from hexoses or it may 1) synthesized
via the step involving suicrose tranisglicosylase.

In a suihsequent exper.ment, the patterin of
starch accumulation was abouit the same whether
pollenl germinated in suicrose or pentaerythritol
('fig 3). Althouigh some starch was present initi-
ally, this pattern resembledl earlier d(ata in that
starch accuimuilated more rapidly diring the first
30 miniltes of incuibation ithan (luring the next
several hours. In silcrose cilttiure med,iuimil, extra
starch formed duiring the first 30 miniltes compared
to the secon(l 30 miniutes of inctullbation Was equllfiva-
lent to 0.11 jmole gilucose/10 mg polleni. The
fiiguire for pentaerythritol mediuim was 0.07 Itmole
glucose/10 mg pollen.

Total sugars decrease(d continually dIi ring ger-
minatioin in pentaerythritol meldiuim, and the greatest
decline occurred duirilng the first 30 miniltes of
incubation when starch increased moist rapidly
(fig 3). Reduicing sutgars were aboutt 2 % of total
sugar in nongerminated pollen and 16 % after 3
hours incuibation. Growth data for this pollen are
also given in figture 3. In a second experiment
total and reduicing suigars were determined on Ace
and Georgia pollen germiniating in pentaerythritol

mediuim, anid the resullts were similar to those givenl
above. In both varieties the re(luciiig sugar con-
tent was about 1 % of total suigar in nongerminated
pollen and 6 % after 4 houtrs of incubation. In a
third experiment with Georgia l)ollen, reduicilig
stigars were unusually high, 140 ,ug/mg pollen, and
(leclined to abouit 40 jig/mg pollen after 3 houtrs of
incuibation. Total stigar declined from abotit 270
to 180 rig/mg polleni (tiring the saiie perliod. Thius,
non-reducing stigars always were p)redonminanit iir-
ing germination.

Thin lay-er chromatography showed that sticr-ose
was the noniredticing stigar in Ace and Georgia
pollen. Chromatograms of ethaniol extracts fromii
g,erminated aand( nongerminated polleni showedI a
siligle spot after development with solvenits 1 oir 8
of Vomhof and( Tulcker (24). Identity was coIn-
firmel when inicubatinig the extract with invertase
before dlevelopmenit in solveent 1 caiised conpl)lete
disappel)lranice of the suipposed sticirose anl appear-
aliicC of 2 niew compolind(s wh,ich cocliromatographe(l
w\\ith glticose anli frtictose.

lII 2 seliarate exl)erimenits, lip-d 'phoslphate was
(leternillnecl on1 nonigerminated and(I on1 germin.iatinig
pollen. Inl both experimenits the pollen coitained
about 1.75 jug lipidl P/mg pollen (0.01 mpmole lipid
I/Wpolleii -raiin), and(I th,is amoiinit remainied colnstanit
(Ilr' ng several houirs of inctilhationi. In both ex-
perimelnts gernminationi was abotit 50 %, and average
tuibe leiigth exceede(d 1 mm.

Discussion

A sionificanit l)ortion of the initial higih rate of
respiration appears to be catised by starch svnthesis
with}lin the pollen grains. End,ogen,ouis sticrose de-
creases rapidly (ditring inctibation, and(i this conm-
potinid is the probable sotirce o'f carbon skeletons
for starch synthesis anid respiratory l)rocesses. The
resp)ira'tory qtiotient was 1 during 2 hotirs inictiba-
tion in pentaerythritol mediu-m whichl also inidicates
that ani endogellotus carbohydIrate was the major
respiratory stibstrate.

The first steps of sucrose metabolism Iay be
hydrolysis by fl-frtucto'furanosidase to yield free
hexoses which are trainsformed into hexose phos-
phates by hexokinase. Alternatively, suicrose gltico-
syltransferase (4,19) may conivert sucro,se to
UDP- or ADP-glticose pltis fructo,se which is subl)-
sequiieniltly Iphosphorylated. In either case, control
of sticrose breakdown is inidicated by the fact that
redticing stigars (glucose and fructose accotin't for
this fraction) remain low while sucrose decreases
abotit 50 % in 4 hoturs. Furthermore, absorbed
sucrose-14C was present primarilly as sticrose even
after 6 hours of incubation. Some regulatory
mechanism may link the rate of sticrose metabolism
to synthetic and respiratory processes. Such a
mechanism may involve regulatio-n in vivo of the
activity of sticrose glucosyltransferase or ,8-fructo-

0
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FIG. 3. Starch and sugar content of lily pollen germiniating in stanidar(d stucrose anid pentaerythritol mnediums.
Each point for starch and sugar (left) is a determination made on a 50 mg sample of pollen. Results are ex-

pressed as ug glucose/mg pollen. There were 4190 167 (mean + S.E.) pollen grains/'mg pollen. Average tube
length and percent germination of replicate samples are on the right. The number of tubes measured or grains

counited is placed next to the point whiclh is an average value.

fturanosidase. Kidby found that the latter enzyme

is activated by Pi and several organic and amino
acids (17). Perhaps this enzyme is also reversibly
inhibited by some other metabolite which increases
at 30 minutes when starch synthesis and respiratioln
decrease. The same may be true of suicrose gltuco-
syltranlsferase; Pridham et al. (21) report that
this enzyme is strongly inhibited by D-glucose and
D- fructose.

Regutlation of starch synthesis is indicated by
1) the marked redtuction in rate of starch accuimui-

lation in the presence of relatively abtundant
endogenlous sugars and 2) finding that the patterni
of starch synthesis is the same for at lea,st 2 houirs
whether Lily pollen is incubate-d in 10 % sticrose

or in a metalbolically inert culture medium. Iden-
tifying the site(s) of regulation is difficuilt without
knowing whether lily starch is formed from free
hexoses or whether sucrose-UDP gltucosyltrans-
ferase plays an important role. In either case

ADP-glucose pyrophosphorylase wouild act oni at
least part of the hexose being transformed to
starch, and regulation might occur at this step.
This enzyme is though't to regtulate starch synthesis

in spinach chloroplasts ( 10). Its catalytic activity
is greatly enhanced by several glycolytic intermedi-
ates, andl the most effective compotund (3-phos-
phoglycerate) catuses as much as 58-fold activation-
NWhether the lily pollen enzyme has reguflatory
p)roperties remains to be seen.

Formation of lipid phosphate does not contribute
signi)ficantly to either the first or second period of
high respiration duiring germination, barring the
unlikely possibility of extensive breakdown aind
resyinthesis of pollen membranes. Dictyosomes
which are secreting vesicles are found in lily pollen
tutbes, and lthese vesicles seem to be the source of
new cell membrane at the ti,ps of the growing
tulbes (22). Suich new membranes may represent
a very small percentage of the total lipid P in the
cells, and this probably accotunts for the apparent
constancy of lipid P reported here.

Lily pollen lacks an alcohol dehydrogenase
capable of ox'idizing pentaerythri'tol since the com-

potund remained tunchanged within the cells. Suich
an enzyme does occtur in some Ihiving cells, how-
ever. Pentaerythritol is oxidized by a partictilate
fraction fro'm Glitconobacter oxydans (16).
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