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The processes of pollen grain development and germination depend on the uptake and metabolism of pollen
sugars. In pepper (Capsicum annuum L.), initial sugar metabolism includes sucrose hydrolysis by invertase and
subsequent phosphorylation of glucose and fructose by hexose kinases. The main objective of this study was to
investigate changes in fructokinase (EC 2.7.1.4) and hexokinase (EC.2.7.1.1) activities in pepper flowers during
their development, and to study the possible roles of these enzymes in determining pollen germination capacity
under high temperature and under CO, enrichment, previously shown to modify sugar concentrations in pepper
pollen (Aloni et al., 2001 Physiologia Plantarum 112: 505-512). Fructokinase (FK) activity was predominant in
pepper pollen, and increased during pollen maturation. Pollen hexokinase (HK) activity was low and did not
change throughout pollen development. High-temperature treatment (day/night, 32/26 °C) of pepper plants
reduced the percentage of pollen that germinated compared with that under normal temperatures (26/22 °C), and
concomitantly reduced the activity of FK in mature pollen. High temperature also reduced FK and HK activity
in the anther. Under high ambient CO, (800 pl 1-!) pollen FK activity was enhanced. The results suggest that
pollen and anther FK may play a role in the regulation of pollen germination, possibly by providing fructose-6-
phosphate for glycolysis, or through conversion to UDP-glucose (UDPG) to support the biosynthesis of cell wall
material for pollen tube growth. High temperature stress and CO, enrichment may influence pollen germination

capacity by affecting these pathways.
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INTRODUCTION

The pepper crop is susceptible to various environmental
stresses. High temperature conditions commonly cause
flower abscission and seed abortion because of pollination
failure (Wien, 1997; Aloni et al., 2001). Development and
functioning of pollen are more susceptible to high tempera-
tures than are development and functioning of the maternal
part of the flower (Han et al., 1996; Peet et al., 1998).
Pepper pollen grains accumulate sucrose during their
maturation (Aloni et al., 2001), and following its hydrolysis
by invertase, the glucose and fructose liberated must be
rapidly metabolized at the onset of germination. Pollen acid
invertase activity has been demonstrated to vary under
environmental stresses leading to changes in pollen sucrose
concentration (Dorion et al., 1996; Sheoran and Saini, 1996;
Saini, 1997). We have recently demonstrated that high
temperature reduces pollen germination in pepper, whereas
high atmospheric CO, increases it, possibly by affecting
sucrose utilization in pollen grains under these conditions
(Aloni et al., 2001). Following sucrose cleavage by
invertase, the liberated glucose and fructose are phos-
phorylated before undergoing further metabolism.
Nakamura et al. (1991) demonstrated the existence of
fructokinase (FK) in Camellia japonica, Lillium longiflorum
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and L. lancifolium pollen grains, and showed that fructo-
kinase had a much higher specific activity than hexokinase
(HK). In the present research, the effect of high temperature
stress and high atmospheric CO, on FK and HK activity in
pepper pollen was investigated in relation to pollen
germination under these conditions.

MATERIALS AND METHODS
Plant material and growth conditions

Capsicum annuum L. ‘Mazurka’ seedlings were trans-
planted into 3 1 pots containing peat : perlite : sponge
(60 : 20 : 20, v/v/v) as the growth medium. Plants were
grown in a glasshouse with natural light and minimum/
maximum temperatures of 20/28 °C, respectively. Initially,
fruitlets were removed immediately after formation until the
plant had five internodes (approx. 45 d after transplanting).
During that period, plants were drip-irrigated with com-
mercial nutrient solution (‘Mor’, Deshanim, Haifa, Israel)
which included 100 mg 1I-' N with an NO,/NHj, ratio of
9 : 1, and micronutrients. Irrigation occurred once a day
with 50 % leaching. After 45 d plants were transferred to
growth chambers for application of the temperature treat-
ments. At the onset of the treatment each plant was fruitless
but bore an average of ten flowers at anthesis and additional
flower buds at various stages of development. The treat-
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ments imposed were either a normal temperature (26/22 °C
day/night) or high temperature (32/26 °C day/night),
regime. The photoperiod was 12 h and light was natural
with supplementary incandescent light, bringing the max-
imal light intensity (at 1200 h) to 500 umol photons m=2 s~!.
Management of irrigation and nutrition was as described
above except that the high temperature-treated plants
received an additional pulse of irrigation daily. Each
treatment was applied to three replicates of 20 plants each.

CO, enrichment

The CO, enrichment treatment was applied to plants
growing under normal temperature conditions. CO, enrich-
ment involved flowing pure CO, into the glasshouse and
began when plants had reached the stage of fruit setting in
the fifth internode. Temperature and humidity set points for
the CO, enrichment treatment were 30 °C and 90 %,
respectively. When the set points were reached, glasshouse
ventilation was initiated for 5 min during which the CO,
flow was halted. The minimum light level for enrichment
was 200 umol photons m=2 s~! and the maximum ambient
CO, concentration was 800 ul 1-'. Temperature and
humidity conditions in the control, non-enriched glasshouse
were similar to those in the CO,-enriched glasshouse.

Pollen extraction and in vitro pollen germination assay

Flower buds at various stages of development [designated
as days to anthesis, A, A-1, A-2, etc.] were collected from
plants in each treatment following 12 d of treatment and were
incubated with their peduncles in water for 24 h at 26 °C in
light (500 pmol photons m=2 s~1), until the corollas were fully
open. Anthers of each flower were harvested and weighed,
and pollen grains were collected from some of them.

Five replicates of two anthers per flower were used in the
pollen germination assay. Each anther was cut transversely
and shaken to release the pollen grains into 200 ul of
germinating solution containing 100 g 1-! sucrose, 2 mM
calcium nitrate, 2 mM magnesium sulfate, 1 mMm potassium
nitrate and 2 mM boric acid. The released pollen grains were
allowed to germinate for 24 h at 25 °C under constant
fluorescent light. Drops of the germinating solution contain-
ing pollen grains were mounted on a haemocytometer slide
and the grains were counted under a light microscope. The
percentage of germinating pollen was determined by count-
ing the number of germinating pollen grains in eight fields
(each containing at least 50 pollen grains). Germinating
pollen grains were classified into the following size groups:
1, tip-germination (pollen grains with an extended tip only);
2, > X10 (grains with elongated pollen tubes); and 3, non-
germinating grains. The percentage of pollen grains in each
group was calculated.

Sugar assays

To assay pollen sugars, 30 flowers at A, A—1, A-2, A4,
A-6 and A-8 were collected and their anthers were
separated from the corolla. Each anther was cut transversely
and immersed in a tube containing 5 ml cold (4 °C)

Aloni and Karni— Fructokinase and Hexokinase from Pollen Grains of Bell Pepper

germination solution without sucrose. The tubes were
shaken thoroughly to release the pollen. The suspended
pollen grains were pelleted by centrifugation at 10 000 g for
10 min. Sugars were extracted by resuspending the resulting
pollen pellet in 10 ml of 800 ml I-! ethanol at 80 °C for
30 min, and the suspension was centrifuged (10 000 g for
10 min) to remove non-extractable residue. This procedure
was repeated twice. The ethanolic solutions were combined
and evaporated to dryness at 40 °C with the aid of
continuous ventilation. The dried sugars were dissolved in
1 ml distilled water and stored frozen (-80 °C) until
determination. Sucrose, the principal soluble sugar in
pepper pollen grains, was determined using the anthrone
reagent method as modified for determination of non-
reducing sugars (Van Handel, 1968). The ethanol-insoluble
residue was used for determination of starch concentration
in the pollen. The insoluble material was dissolved in 2 ml
0-2 M KOH, incubated at 100 °C for 30 min, cooled and then
adjusted to pH 5-0 using 2 M acetic acid. Digestion of starch
was carried out by incubating samples with 3 ml water
containing 200 units of amyloglucosidase for 1 h at 55 °C
(Dinar et al., 1983). The released glucose was determined
colorimetrically using dinitrosalicylic acid (Miller, 1959).

Extraction and assay of soluble and insoluble enzymes

FK and HK were determined as described by Schaffer and
Petreikov (1997a). Twelve days after the start of each
treatment 30 flowers at each stage were collected from ten
plants per treatment. The flowers were allowed to open as
described above and their anthers were separated. Each
anther was cut transversely in half and the pollen grains
were released into 5 ml extraction buffer by vigorous
shaking. Pollen grains were counted in 0-5 ml of the pollen
suspension. The rest of the pollen mixture was pelleted by
centrifugation (10 000 g for 10 min). The pollen pellet and
the residual anther tissue were kept at —80 °C until assayed.
The anther tissue (1 g f. wt) and the pollen pellet were each
ground with a mortar and pestle in 2 ml chilled extraction
solution containing 50 mM HEPES-NaOH buffer (N-(2-
Hydroxyethylpiperazine-N (2-ethane-sulfonic acid) (pH
7-5), 1 mM MgCl,, 1 mM EDTA, 10 mm KCI, 2-5 mm DTT
(DL-Dithiothreitol), 20 mg insoluble PVP (polyvinylpoly-
pyrrolidone), 3 mM DIECA (diethyldithiocarbamic acid)
and centrifuged at 10 000 g for 30 min. The supernatant was
precipitated with 80 % ammonium sulfate, centrifuged at
10 000 g for 10 min, resuspended in 1 ml of extraction
buffer and desalted on a Sephadex G-25 column with
washing buffer containing 50 mMm HEPES-NaOH (pH 7-5),
1 mM EDTA and 1 mM DTT. The desalted extract (soluble
enzymes) was used for the enzyme assays. The pellet was
washed three times with extraction buffer containing 20 mm
HEPES-NaOH (pH 7-5) with all other ingredients as above.
The final pellet was resuspended in 1 ml of the latter
solution.

Soluble HK and FK activities were assayed according to
Schaffer and Petreikov (1997b) as follows: a total volume of
1 ml of the assay solution contained 200 pl of the extracted
enzyme, 50 mM HEPES-NaOH (pH 7-5), 5 mM MgCl,, 1| mm
EDTA, 15 mMm KCI, 1 mM NAD, 1 mM ATP and 2 units of
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F1G. 1. Changes in the activity of fructokinase and hexokinase over the course of pollen development in relation to changes in pollen grain starch
content. Stages of pollen development are designated in relation to days before anthesis (A, A—1, A-2, etc.). Data are means (n = 5) = s.e. Assay
mixtures contained 1-30 pg protein.

NAD-dependent  glucose-6-phosphate  dehydrogenase
(G6PDH) (from Leuconostoc; Sigma, St Louis, USA). In
some experiments MgCl, or CaCl, concentrations were
varied. The HK reaction was initiated with 1 mM or varying
concentrations of glucose. To assess FK activity, two units
of phosphoglucose isomerase (PGI) (type III; Sigma) were
added and the reaction was initiated with 1 mMm or varying
concentrations of fructose. Reactions were carried out at
37 °C and absorbance at 340 nm was monitored continu-
ously. Enzymatic activities were expressed on the basis of
protein content (Bradford, 1976), pollen grain number or
fresh weight. Insoluble enzymes were assayed as follows:
200 pl of the resuspended pellet was incubated in 1 ml of the
reaction mixture excluding NAD and G6PDH for 10 min at
37 °C. The mixture containing the resulting fructose-6-
phosphate (F6P) or glucose-6-phosphate (G6P) was boiled,
centrifuged at 10 000 g for 10 min, and NAD and G6PDH
were added to the supernatant. The reduction of NAD was
recorded as above.

RESULTS
FK and HK activity

FK and HK activity was found mainly in the soluble fraction
of pepper pollen, with little activity (less than 10 % of the
total) in the insoluble fraction (data not shown). Therefore,
further study was restricted to the soluble fraction. The
activity of FK increased during pollen grain development.
There was a sharp increase in enzyme activity 1 d before
anthesis that lasted until anthesis. This pattern parallelled
the change in pollen sucrose concentration, but the rise in
FK activity occurred as pollen starch content declined

(Fig. 1). In contrast, HK activity was low and did not change
significantly during pollen grain development.

FK activity from the pollen grains and the anther tissue
was reduced as the fructose concentration was increased
above 1 mM. On the other hand, HK activity was not affected
by high glucose concentrations (Fig. 2). Magnesium was
essential for FK activity in both pollen and anther tissue, and
calcium was no substitute (Fig. 3). However, there were
some differences in the response of FK activity from the
different organs towards magnesium: Mg>* was slightly
inhibitory above 5 mM to pollen grain FK, but FK activity
from the anther tissue was not reduced by high Mg?*
concentrations. In the presence of optimal magnesium
concentrations (0-5 mMm), calcium was strongly inhibitory
towards pollen and anther FK, even at the lowest concen-
tration tested (100 um).

Effects of high temperature and high CO,

Exposing pepper plants with flower buds to 12 d of high
temperature, beginning when microspores were at meiosis
and continuing until anthesis, caused a substantial reduction
in the percentage of mature pollen grains germinating and
also reduced the percentage of pollen grains with an
elongated germination tube. On the other hand, pollen
grain germination was enhanced in plants grown under
normal temperature conditions with increased concentra-
tions of CO, (Table 1).

High temperature caused a reduction of approx. 50 % in
the activity of FK in mature pollen grains. The activity of
HK in pollen grains was relatively low and was not affected
by high temperature (Fig. 4). In the anther tissue, activities
of both FK and HK were also reduced by high temperature
treatment. CO, enrichment increased pollen FK activity,



610

700

Pollen
600 -

500 -
Fructokinase
400
300
200

100 J-

Hexokinase
Y i 0 T O S Y S

Anther

Fructokinase

FK or HK activity [nmol (mg protein)~! min~!]

00 05 10 I-5 20 25 30 35 40 45 50
Fructose or glucose conc. (mMm)

F1G. 2. The effect of substrate concentration in the reaction mixture on

the activity of fructokinase extracted from pollen grains (A) and anther

tissue (B). Data are means (n = 5) * s.e. Assay mixtures contained 20 ug
protein.

whereas that of HK was increased only slightly by this
treatment. Anther FK and HK activities were also increased
when the flower reached anthesis under CO, enrichment
(Table 2).

DISCUSSION

Fructokinase and hexokinase are both pivotal enzymes for
the initial step of sugar utilization in sink tissues (Quick and
Schaffer, 1996). Pollen grains are considered to be a sink,
and during pollen development the incoming sucrose is
initially cleaved by invertase to fructose and glucose and
these are subsequently phosphorylated by FK and HK,
respectively. Therefore, these two enzymes are expected to
exhibit similar rates of activity. However, Nakamura et al.
(1991) found that, in pollen, FK was predominant whereas
the activity of HK was relatively low. In agreement with this
finding, the present experiments showed that the activity of
soluble FK is several times higher than that of soluble HK in
pepper pollen, and that a sharp increase in FK activity
occurred just before anthesis (Fig. 1). It has been reported
that part of the HK protein is particulate, especially in
mitochondrial membranes, and that this form is strongly
inhibited by micromolar concentrations of ADP (Da Silva
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TABLE 1. Effect of high temperature and CO, enrichment
on pollen germination and on the fraction of elongated
pollen tubes

Pollen germination

Treatment % of % of Elongated pollen
(temp. °C) total control tubes (% of total)
26/22 373 100 152
32/26 12+2 32 0

26/22 31 £3 100 17 =3
26/22+ CO, 48 =5 154 29 =3

Control treatment is considered as 26/22 °C (day/night) at normal CO,
concentration. Data are means (n = 8) * s.e.

et al., 2001). Nevertheless, in the present study less than
10 % of FK and HK activities were associated with the
pollen pellet (data not shown). The particulate form of HK
might have been inhibited by ADP, but the ADP concen-
trations generated in the reaction mixture were calculated to
be in the nanomolar range in the present study, which would
make any such inhibition insignificant. The pattern of
change in FK activity suggests that this enzyme has an
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means (n = 5) * s.e. Each assay mixture contained 10-30 pg protein.

TABLE 2. Effects of CO, enrichment on the activities of
soluble fructokinase and hexokinase from different organs of

pepper flowers

Enzymatic activity

Fructokinase Hexokinase

Organ Control High CO, Control High CO,

nmol (107 pollen grains)~' min™!

Pollen 322 48 £ 3 30 £ 01 3-8 = 0-1
nmol (mg protein)~! min!

Pollen 650 = 100 1080 = 85 56 =17 84 £ 8

Anther 3.6 £ 05 4.9 £ 02 13 £ 02 2:6 £ 03
nmol (g f.wt used in test)”! min™!

Anther 1512 25 £ 18 2:0 =03 2.:8 = 0-2

Control treatment is 26/22 °C (day/night) and high CO, is 26/22 °C +
high CO,.
Data are means (n = 5) * s.e.

important role in pollen germination. FK has been suggested
to be associated with starch accumulation (Kanayama et al.,
1998). However, this enzyme seems to have a different role
in the pollen grain, since FK activity reached a maximum at
anthesis, while starch content in the pollen grain was
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maximal at 4 d before anthesis, and had almost completely
disappeared at anthesis (Fig. 1). These findings suggest that
in pollen, FK may function either to provide fructose-6-
phosphate for glycolysis or, through conversion to
UDPglucose, support the biosynthesis of cell wall material
for pollen tube growth. Since HK activity in the mature
pollen grain was low, the metabolic fate of glucose liberated
by pollen invertase remains unclear. A possible explanation
is that the demand for glucose-6-phosphate for the germin-
ation process is low and the low HK activity is sufficient to
meet that demand. On the other hand, fructose-6-phosphate
may rapidly be produced and utilized in different metabolic
processes with only part of it being diverted to pollen
germination. In agreement with this suggestion, Nakamura
et al. (1980) have shown that the concentration of glucose-
6-phosphate is two to five-fold higher than that of fructose-
6-phosphate in mature pollen grains of Camellia japonica.

FK from the pollen grains and from the anther tissue was
inhibited by high fructose concentrations (Fig. 2) and
required Mg?* for activity, indicating that this enzyme is
similar to other FKs, designated as FK II, which are found in
other plant species (Copeland et al., 1978; Copeland and
Morell, 1985; Nakamura et al., 1991). Activity of HK from
pollen grains and from anther tissue was not inhibited by
glucose, as found previously in Lilium (Nakamura et al.,
1991). It is still not clear whether the differing substrate
responses of FK and HK have any physiological signifi-
cance. Pollen FK activity was inhibited slightly by 10 mm
Mg?*, while anther FK was not affected by this Mg+
concentration. It has recently been demonstrated that there
are at least three isoforms of FK (Pego and Smeekens, 2000;
Petreikov et al., 2001), of which only FK II is inhibited by
Mg?* (Schaffer and Petreikov, 1997b). This suggests that
FK II is more abundant in pepper pollen, whereas additional
FK forms also operate in the anther tissue. FK activity in
pollen grains and anther tissue was strongly inhibited by
Ca?* in the presence of an optimal magnesium concentration
(Fig. 3). The inhibition of FK by calcium may have a
physiological significance; this needs to be explored further.

High temperature and high ambient CO, concentration
were shown here to have contrasting effects on in vitro
pollen germination (Table 1). It has been suggested that
these two environmental factors act via their influence on
photosynthesis and on sugar supply to the developing
flowers (Aloni et al., 2001). Aneja et al. (1992) found that
CO,; and temperature had direct effects on pollen germin-
ation in cocoa. We have previously shown that high
temperature and CO, enrichment caused a decrease and
an increase, respectively, in pepper pollen acid invertase
activity, but the enzyme specific activity was not changed
(Aloni et al., 2001). FK activity in pepper pollen grains was
reduced at high temperature (Fig. 4) and enhanced under
conditions of CO, enrichment (Table 2). In the anther, both
FK and HK activities decreased under high temperature
conditions (Fig. 4) and were enhanced by CO, enrichment
(Table 2), suggesting that in this tissue HK and FK are
regulated in the same fashion. Fructokinase and hexokinase
in the anther tissue that surrounds the pollen may also have a
role in determining pollen development and germination
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capacity, since the anther walls control sugar nutrition in
Lilium pollen grains (Clement and Audran, 1995).

Overall, it remains to be seen whether the high tempera-
ture and high CO, effects on FK and HK activities are
specific. Recently Aloni et al. (2001) observed similar
responses to these environmental treatments in pollen grain
acid invertase. This suggests that sugar metabolism may
change in a coordinated manner to these environmental
conditions. It should be noted that FK and HK activities
were affected even if calculated on a protein basis (Table 2),
indicating that this was not merely a result of changes in
overall protein synthesis or degradation.

One possible approach to verify the role of FK and HK in
pollen grains and anther tissue is to transform plants with the
corresponding genes under pollen- or anther-specific pro-
moters and to assay their expression and their effects on
pollen performance. Such research is currently underway in
our laboratory.
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