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ABSTRACT 

The formation of mature and fertile pollen grains, taking place inside the anther, depends on supply of assimilates, in 
the form of sucrose, provided mainly by the leaves. Data is limited, however, with respect to the understanding of su-
crose metabolism in microspores and the supporting tissues. The aims of the present work were to 1) follow the changes 
in total and relative concentrations of sucrose, glucose, fructose and starch in the stamen parts and microspores up until 
anthesis; 2) Follow the activities of sucrose-metabolism-related enzymes, in the anther walls fraction and microspores 
of the crop plant tomato. Sucrose was found to be partially cleaved in the filament, decreasing by more than twofold in 
the anther wall layers and the locular fluid, and to accumulate in the mature pollen grains, constituting 80% of total 
soluble sugars. Thus, sucrose was both the starting sugar, supporting microspore development, and the main carbohy-
drate accumulated at the end of the pollen-development program. The major invertase found to be active in both the 
anther wall layers and in maturing microspores was cell-wall-bound invertase. High fructokinase 2 and sucrose phos-
phate synthase activities during pollen maturation coincided with sucrose accumulation. The potential importance of 
sucrose accumulation during pollen dehydration phase and germination is discussed. 
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1. Introduction 

The formation of mature and fertile male gametophytes, 
which takes place inside the anther, depends on assimi- 
lates, in the form of sucrose, provided by the leaves [1], 
with some contribution from the sporophytic tissues of 
the anther [2,3]. Male gametophyte development involves 
meiosis of pollen mother cells to form haploid tetrads 
which are covered by callose. Release of single, free 
microspores from each tetrad is achieved by callase se- 
cretion from the tapetal cells, comprising the innermost 
layer of the anther wall, which nourish the microspores 
and degenerate thereafter [4-6]. At this stage, the incom- 
ing sucrose molecules that arrive through the phloem 
continue to the developing microspores through the an- 
ther wall layers and the locular fluid that surrounds the 
microspores. Clement et al. [7] have suggested that the 
locular fluid represents the chemical link between the 
anther wall and the symplastically isolated pollen grains. 
Therefore, sugar nutrition of pollen widely depends upon 
the physiology of the sporophytic fraction, which regulates 
the amount of carbohydrates reaching the male gameto- 

phyte [2]. During the anther maturation phase, when the 
tapetum disappears and is unable to control any more the 
nutrient flow to the maturing gametophytes, it was dem-
onstrated that the anther wall middle cell layer (ML1) is 
involved in the control of pollen sugar nutrition exhibit-
ing a buffering effect [2]. Along the way from the vascu-
lar system to the gametophytes, sucrose molecules are 
cleaved and metabolized, serving as an immediate energy 
source or stored in the form of starch [8]. Castro and 
Clement [8] have recently demonstrated that in the anther 
of Lilium, glucose and fructose levels progressively de-
crease from the anther wall to the locular fluid and from 
the fluid to the microspores/pollen, suggesting that the 
developing pollen may act as a sink for carbohydrates 
that reach the anther. The same authors also suggested 
that the anther wall tissues may have a buffering function, 
storing nutrient surplus in starch grains and thus regulat-
ing the availability of soluble sugars in the whole anther. 

Sucrose utilization is initiated by hydrolysis, catalyzed 
by two different enzymes: invertase (EC 3.2.1.26) and 
sucrose synthase (EC 2.4.1.13). The latter, localized in 
the cytoplasm, cleaves sucrose reversibly into fructose 
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and UDP-glucose [9]. Three types of invertase are dis-
tinguished on the basis of their localization, solubility 
and pH optima [10,11]. Invertases with acidic pH optima 
are bound ionically to the cell wall (cell-wall-bound or 
extracellular invertases, termed CWI) or accumulate as 
soluble proteins in the vacuole (soluble or vacuolar in-
vertases); those with neutral or slightly alkaline pH op-
tima (neutral or alkaline invertases) are thought to accu-
mulate in the cytoplasm [11,12]. All invertases cleave 
sucrose irreversibly to glucose and fructose. Following 
sucrose cleavage by invertase, the liberated fructose and 
glucose molecules are phosphorylated before undergoing 
further metabolism. 

Sucrose phosphate synthase (SPS), is the enzyme that 
plays an important role in carbon partitioning—regula- 
ting starch production versus sugar accumulation in ma- 
ny physiological and developmental processes [13], such 
as water stress [14], diurnal carbohydrate allocation within 
the plant [15,16], and during flower [17], fruit [18] and 
cell-wall development [19]. SPS is the major enzyme 
involved in sucrose synthesis, using both UDP-glucose 
and fructose-6-P. Fructose-6-P, in turn, may be formed 
by phosphorylation of fructose by fructokinase [20]. 

In the present work, we followed soluble sugar and 
starch concentrations, as well as the sucrose: glucose: 
fructose ratios, in the four main parts of the stamen (the 
filament, anther walls, locular fluid and microspores/ 
pollen grains) during microspore maturation in tomato, a 
crop plant belonging to the Solanaceae family. To better 
characterize sugar metabolism in the maturing micros- 
pores, which serve as a sink and influence the direction 
of sugar movement in the anther, enzyme activities of 
soluble and cell-wall-bound invertases, sucrose synthase 
(Susy), fructokinase 1, fructokinase 2 and SPS were de- 
termined in the anther wall layers and in isolated micro- 
spores. 

2. Materials and Methods 

2.1. Plant Material and Growth Conditions 

The tomato (Solanum lycopersicum L.) cultivar—Hazera 
3017 was grown in a temperature-controlled greenhouse 
at The Volcani Center in Bet Dagan, Israel, under natural 
light conditions (day length of 13.5 - 14 h) and day/night 
temperatures of 28/22˚C ± 2˚C for 5 months. These en-
vironmental conditions have been found to ensure high 
pollen viability and germination [21]. 

Flower buds at 5, 3, 1 and 0 days before anthesis (A-5, 
A-3, A-1 and A, respectively, corresponding to vacuo- 
lated microspore, early binucleate, second vacuolation 
stages, and mature pollen, respectively [22] were sam- 
pled and anther parts were separated. At least 50 flower 
buds were used for each sample preparation. Each sam- 

ple served as a biological replicate and at least three rep- 
licates, sampled at different dates, were used for obtain- 
ing each data point. 

2.2. Isolation of Stamen Parts and Pollen Grains 

After separation of the filaments (easily distinguished 
from the anther), the anthers were dissected according to 
Aouali et al. [23]. Maturing microspores and pollen gr- 
ains from immature and mature anthers, respectively, 
were obtained by slicing the anthers transversely and vo- 
rtexing them in cold solution containing 2 mM boric acid, 
2 mM calcium nitrate, 2 mM magnesium sulfate and 1 
mM potassium nitrate. The solution was then filtered 
through cheesecloth to separate out the anther walls, and 
the microspores, and pollen grains were separated from 
the locular fluid by centrifugation for 10 min at 8000 g. 
For carbohydrate analysis, the released microspores and 
pollen grains, the anther walls and the locular fluid were 
immediately suspended in 80% ethanol at 75˚C for 30 
min and analysed, or frozen at –70˚C. For enzyme activity 
assays, anther walls and maturing pollen grains were 
plunged into liquid nitrogen, and kept at –70˚C until use. 

2.3. Carbohydrate Analysis 

The carbohydrate concentrations in the samples were 
analysed according to Hubbard et al. [24] and Stoop and 
Pharr [25]. Ethanol-suspended samples were extracted 
three times in hot 80% (v/v) ethanol. The supernatant 
was dried in vacuo at 40˚C and resolubilized in water. 
Soluble sugars were determined by HPLC with a Fast 
Carbohydrate column (Bio-Rad, Richmond, CA, USA) 
operated at 85˚C, with deionized, degassed water as the 
eluent [25] and detection by a refractometer. 

The insoluble residue that remained after ethanolic ex- 
traction was resuspended in 2 mL of 30 mM HCl and 
boiled for 30 min. After cooling, the pH was adjusted to 
4.5 with KOH. The gelatinized starch was digested for 60 
min at 50˚C with approximately 36 U of amyloglucosidase 
from Aspergillus oryza [24]. The reaction mixture was 
incubated at 25˚C for 30 min and absorbance at 340 nm 
was measured. At least 3 biological replicates were used 
for each analysis and the data represent their average 
±SE. 

2.4. Enzyme Assays 

Activities of soluble and cell-wall-bound acid invertases, 
alkaline invertase and Susy were assayed as described by 
Miron et al. [26] and Schaffer et al. [27], respectively, 
using frozen anther walls or maturing microspores ground 
to a fine powder with liquid nitrogen. A chilled mortar 
and pestle was used for subsequent grinding in 2.0 mL 
chilled extraction buffer containing 50 mM Hepes-NaOH 
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pH 7.5, 5 mM MgCl2, 0.5 mM Na-EDTA, 2.5 mM DTT, 
2 mM PMSF, 1% (w/v) insoluble polyvinylpyrrolidone 
(PVP), and 2 mM diethyldithiocarbamic acid (DIECA). 
After centrifugation at 18,000 g for 30 min, the super-
natant was used to determine soluble acid invertase, alka-
line invertase and Susy activities. The pellet was washed 
(at least three times) in the same buffer (until the super-
natant from the last wash exhibited no invertase activity), 
after which the pellet was homogenised and incubated 
overnight in the same buffer containing 0.5 M NaCl, at 
4˚C, to release bound enzyme. After centrifugation at 
18,000 g for 30 min, the supernatant was designated the 
CWI fraction. Invertase and Susy activities were deter-
mined after 3 h of dialysis (longer dialysis times caused a 
reduction in Susy activity) of the respective fractions 
against extraction buffer diluted 1:2 (v/v), with five 
changes of dialysis buffer. 

Acid invertase activity was determined in 60 mM pho- 
sphate-citrate buffer pH 5 containing 20 mM sucrose and 
0.2 mL enzyme extract in a final volume of 2 mL for 60 
min at 37˚C, with enzyme blanks containing boiled enz- 
yme extract. Reactions were terminated by immersing 
the reaction tubes in boiling water for 5 min, and the am- 
ount of glucose liberated was determined colorimetri- 
cally with dinitrosalicylic acid reagent [28]. 

Susy activity was assayed in the cleavage direction in 
60 mM phosphate-citrate buffer pH 7 containing 50 mM 
sucrose and 0.2 mL enzyme extract in a 2 mL reaction 
volume, for 60 min at 37˚C, using dinitrosalicylic acid to 
measure the released reducing sugar, as described above. 
The additional fructose produced at pH 7 in the presence 
of 5 mM UDP compared to that produced in reaction 
mixtures without UDP was attributed to Susy activity. 
Reactions were terminated by immersing the reaction 
tubes in boiling water for 5 min. 

Alkaline invertase activity was assayed in the same 
reaction mixture under the same incubation conditions as 
Susy activity, but without adding UDP. Specific enzyme 
activity was expressed as the amount (nmol) of reducing 
sugar (glucose and fructose) released per minute per mil-
ligram protein. Protein concentrations were quantified 
according to Bradford [29]. 

Fructokinase activity was measured by an enzyme- 
linked assay according to Schaffer and Petreikov [30]. 
The tissue was ground as described above and the extrac-
tion buffer contained 50 mM Hepes-NaOH (pH 7.5), 1 
mM MgCl2, 1 mM EDTA, 10 mM KCl, 2.5 mM DTT, 
1% insoluble PVP, 3 mM DIECA and 1 mM PMSF. Af-
ter centrifugation at 18,000 g for 30 min, the supernatant 
was kept on ice and precipitated with 80% (w/v) ammo-
nium sulfate. The precipitate was resuspended in a buffer 
containing 50 mM Hepes-NaOH (pH 7.5) and 1 mM 
DTT, and desalted on a Sephadex G-25 column. The 

assay buffer contained 30 mM Hepes-NaOH (pH 7.5), 
0.5 or 3.0 mM MgCl2 (for assaying fructokinase 2 and 
fructokinase 1, respectively), 9 mM KCl, 1 mM NAD, 1 
mM ATP, 1 unit of glucose-6-P dehydrogenase (Sigma) 
and 1 unit of phosphoglucoisomerase (type III, Sigma, St 
Louis, MO). The reaction was initiated with 1 mM or 10 
mM fructose, for fructokinase 2 and 1, respectively. 

SPS was measured following extraction using a buffer 
containing 50 mM Hepes-NaOH (pH 7.5), 5 mM MgCl2, 
1 mM EDTA, 0.05% (v/v) Triton X-100, 2.5 mM DTT 
and 1 mM PMSF according to Hubbard et al. [31]. A 5 
mL Sephadex G-25 column was used for separating the 
proteins from the sugars. The assay was carried out acc- 
ording to Huber and Huber [15] in a buffer containing 50 
mM Hepes-NaOH (pH 7.5), 15 mM MgCl2, 25 mM UDP- 
glucose, 25 mM glucose-6-P, 25 mM fructose-6-P, for 30 
min at 37˚C, followed by the addition of an equal volume 
of 30% (w/v) KOH and boiling for 10 min. The resultant 
sugar concentration was determined colorimetrically fol-
lowing the addition of Anthron reagent (0.1% w/v in 72% 
H2SO4; Merck, Rosh Haain, Israel). For all enzyme activity 
measurements, tests were repeated 3 times. 

3. Results 

3.1. Soluble Sugar and Starch Contents in the 
Stamen Parts 

In the filaments, total soluble sugar concentration ranged 
between 90 and 120 mg·g dry weight (DW)–1 during the 
tested flower bud developmental stages and was composed 
of sucrose, glucose and fructose (Figure 1(a)), indicating 
that sucrose hydrolysis had already begun in this part of 
the stamen. The concentrations of sucrose and fructose 
were similar (in the range of 35 to 60 mg·g·DW–1) and 
about double that of glucose (20 mg·g·DW–1) at all three 
examined developmental stages.  

In the anther wall fraction, fructose became the major 
sugar (reaching a concentration of 120 mg·g·DW–1 at 
A-3) and sucrose the minor one (about 30 to 20 
mg·g·DW–1 at A-5 to A, respectively; Figure 1(b)). In 
the locular fluid, similar to the anther wall layers, sucrose 
levels were very low (reaching a concentration of 4 
mg·g·DW–1) and fructose became the main sugar (reach-
ing a concentration of 70 mg·g·DW–1; Figure 1(c)). It is 
interesting to note that similar results were obtained for 
an additional member of the Solanaceae family (pepper) 
in which the locular fluid was found to be rich in fructose 
(ca. 60% of total soluble sugars) although the anther wall 
fraction contained low fructose levels and high levels of 
sucrose (data not shown). 

The concentrations of the three sugars and the ratios 
among them changed dramatically in the maturing pollen 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 1. Changes in the concentration of sucrose, glucose 
and fructose in the stamen parts (filaments (a) anther walls 
(b) locular fluid (c) and pollen grains (d)) of maturing an-
thers of tomato cv. 3017 at three stages of development: 5, 3 
and 0 d before anthesis (A-5, A-3 and A, respectively). Data 
represent an average of at least 3 biological replicates. Ver-
tical bars represent SE. 
 

grains (Figure 1(d)). The major sugar in the maturing 
and mature pollen grains was sucrose, constituting 80% 
of the total soluble sugars. The results indicate sucrose 
accumulation during microspore maturation, exhibited by 

about twofold increase in mature pollen grains as com-
pared to microspores at the A-5 stage of development. 
The concentrations of glucose and fructose were very 
low, 5 mg·g·DW–1 or less, throughout the tested devel-
opmental stages. 

Starch levels in the anther walls were in the range of 
70 mg·g·DW–1 at stages A-5 and A-3, and decreased to 
40 mg·g·DW–1 at anthesis (stage A; Figure 2). The ma-
turing pollen grains accumulated starch, the level of 
which peaked 3 d before anthesis and sharply decreased 
in mature pollen grains at anthesis (Figure 2). 

3.2. Invertase, Susy, Fructokinase and SPS 
Activity Patterns in Anther Layers and 
Isolated Microspores 

3.2.1. Invertases and Susy 
In the anther wall fraction, both CWI and vacuolar in- 
vertase exhibited high activity, ranging from 300 to 645 
nmol·mg·protein–1·min–1. Highest CWI activity was de-
tected at A-5, while highest vacuolar invertase activity 
was observed during the later stages of maturation (A-3 
and A-1; Figure 3(a)). 

In maturing microspores, the major invertase found to 
be active was CWI, which exhibited increasing activity 
(from 320 to 600 nmol·mg·protein–1·min–1) during matu- 
ration and several-fold higher activity than the other two 
invertases (Figure 3(a)). Activities of the soluble acid 
and neutral (alkaline) invertases were similar, in the 
range of 100 nmol·mg·protein–1·min–1 at the tested micro-
spore developmental stages (Figure 3(a)). In the anther 
wall fraction, Susy activity (in the cleavage direction) 
was 15 nmol·mg·protein–1·min–1 at A-5 and increased to 
79 nmol·mg·protein–1·min–1 at A-1 (Figure 3(b)). No 
Susy activity was detected in maturing and mature pollen 
grains. 
 

 

Figure 2. Changes in starch concentration in the anther 
walls and in the pollen grains of tomato cv. 3017 at the late 
stages of anther maturation (5, 3 and 0 d before anthesis 
(A-5, A-3 and A, respectively). “Pollen” represents maturing 
microspores and mature pollen grains. Data represent an 
average of at least 3 biological replicates. Vertical bars rep-
resent SE. 
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(a) 

 
(b) 

Figure 3. Changes in the activities of three invertases (a) 
and Susy (b) in tomato cv. 3017 maturing anther walls and 
pollen grains (A-5, A-3, A-1: 5, 3 and 1 d before anthesis, 
respectively; CWI: cell-wall-bound acid invertase). Susy 
activity was detected in the anther wall fraction only (b). 
“Pollen” represents maturing microspores. Data represent 
an average of at least 3 biological replicates. Vertical bars 
represent SE. 

3.2.2. Fructokinases 
Fructokinase 2 was the major active fructokinase in both 
the anther wall fraction and maturing microspores (Figure 
4). In the anther wall fraction, fructokinase 2 activity was 
in the range of 40 to 88 nmol·mg·protein–1·min–1, while 
the activity of fructokinase 1 was about tenfold lower 
(Figure 4). In the isolated microspores, fructokinase 2 
exhibited a sharp increase in activity (more than fourfold) 
from developmental stage A-5 to A-3 (Figure 4). The 
activity of fructokinase 2 remained high, in the range of 
250 nmol·mg·protein–1·min–1, at developmental stage 
A-1 (Figure 4). The activity of fructokinase 1 was rela-
tively weak (although tenfold higher than the activity 
detected in the anther wall fraction) and exhibited a two-
fold in- crease at A-3, reaching 100 
nmol·mg·protein–1·min–1 (Figure 4). 

3.2.3. SPS 
In the anther wall layers, SPS activity was relatively low, 
ranging from 17 to 58 nmol sucrose mg·protein–1·min–1 
at A-5 and A-1, respectively (Figure 5(a)). In the iso-

l a t e d 

 

Figure 4. Activity of fructokinases (FRK) 1 and 2 at three 
stages of tomato cv. 3017 anther walls and pollen-grains 
maturation (A-5, A-3, A-1: 5, 3 and 1 d before anthesis, 
respectively). The detected activity might also include that 
of fructokinase 4. Data represent an average of 3 replicates. 
“Pollen” represents maturing microspores. Vertical bars 
represent SE. 
 

 
(a) 

 
(b) 

Figure 5. Activity of SPS at three stages of tomato cv. 3017 
anther walls (a) and pollen-grains (b) maturation (A-5, A-3, 
A-1: 5, 3 and 1 d, pre-anthesis, respectively). Data represent 
an average of at least 3 biological replicates. Vertical bars 
represent SE. 
 
microspores, SPS activity was high and it resembled that 
of fructokinase 2, namely exhibiting a dramatic increase 
(over twofold) from stage A-5 to A-3 (Figure 5(b)). 

A further increase in SPS enzymatic activity was de-
tected at developmental stage A-1, close to flower open-
ing, reaching 240 nmol sucrose mg·protein–1·min–1 (Fig-
ure 5(b)). 

4. Discussion 
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During microspore maturation, spatial and temporal ch- 
anges in the levels and ratios of sucrose, glucose and 
fructose were detected in the four main parts of the sta- 
men: the filament, anther wall, locular fluid and pollen 
grains. The data indicate the existence of a pathway in 
which sucrose molecules predominate at the starting 
point (the vascular bundles), and at the final point (the 
mature pollen grains) where sucrose was found to con- 
stitute at least 80% of the total soluble sugars (Figure 1), 
confirming previous data [21,32,33]. These results may 
suggest existence of a “futile cycle” of sucrose cleavage 
and synthesis, as suggested in the late phases of sorghum 
microspores development [34]. Breakdown of sucrose to 
hexoses was already occurring in the filaments, with fur-
ther hydrolysis in the anther wall (Figures 1(a) and (b)). 
Three main enzymes are responsible for sucrose cleavage 
in the anther wall fraction: CWI, vacuolar invertase and 
Susy (Figure 3). The resultant hexoses—glucose and 
fructose—may be used for general metabolism and starch 
biosynthesis (Figure 2) or move on to the locular fluid. 
The relative high activity levels of the sucrose-cleaving 
enzymes, together with the low SPS activity may be the 
reason for the low sucrose-to-hexose ratio in the anther 
walls (Figures 1, 3 and 5).  

It is interesting to note that in both the filament and 
anther wall tissues the fructose-to-glucose ration is close 
to 2:1, respectively, pointing to the possibility of preferen- 
tial transport and utilization of glucose. The anther walls 
accumulated starch in addition to soluble sugars (Figure 
2). Castro and Clement [8] suggested that the anther 
walls have a buffering function, regulating the availabil-
ity of soluble sugars in the whole anther. Towards flower 
opening, starch levels decrease (Figure 2), and the re-
sulting sugars may contribute to the increasing soluble 
sugars moving from the anther wall to the locular fluid 
(Figure 1). 

The maturing pollen grains obtain their sugars directly 
from the locular fluid, since at the later stages of anther 
development the tapetum no longer exists [2,5]. Hoekstra 
and van Roekel [35] reported that Papaver-dubium pollen 
maturation during the last 3 days of development occurs 
independently from the parent plant. Nevertheless, it has 
been suggested that sugars move from the anther walls to 
the locular fluid at these late stages of anther develop-
ment via the plasma membrane, which maintains its in-
tegrity during autolysis of the tapetum [36], and/or via 
the ML 1 layer of the anther wall which remains un-
changed at this stage [2]. Polowick and Sawhney [5] 
found in tomato that already at the vacuolated micro-
spore stage, the tapetal cells showed signs of degenera-
tion and that at the binucleate pollen grain stage many of 
the tapetum cells contained no cytoplasm and fragments 
of wall material were observed between the tapetal wall 

and the developing microspores. 
Clement et al. [7] stated that at the later stages of lily 

pollen development, the locules contain mainly pollenkitt, 
which consists of lipids and proteins. Castro and Clement 
[8], however, detected sugars in the locular fluid. The 
results of the present study also show that at the later 
stages of pollen development, the locular fluid is rich in 
soluble sugars. Moreover, it is interesting to note that 
unlike in the lily locular fluid where sucrose level was 
found to be much higher than those of the two hexoses [8] 
in both, tomato (Figure 1(c)) and pepper (data not sho- 
wn), fructose was the major sugar in the locular fluid 
while sucrose was the minor one. Clement and Audran [2] 
raised the question of whether there is any kind of regu-
lation of locular fluid composition during the anther- 
maturation phase. This question is also of interest to us 
since we do not yet know the reason for the dramatic inc- 
rease in the relative concentration of fructose, which sta- 
rts in the pepper filaments (data not shown) and tomato 
anther walls (Figure 1(b)) and reaches its maximum in 
the locular fluids of both species (Figure 1(c) and data 
not shown). The higher fructose-to-glucose levels in the 
locular fluid may be due to a lower preference/affinity of 
the pollen hexose transporters for fructose [37]. Carbo-
hydrate composition of the locular fluid may also be 
regulated by the pollen apoplastic CWI enzyme, that hy-
drolyzes the sucrose molecules coming from the locular 
fluid, thus contributing or creating a “driving-force” for 
flow of sugars into the developing pollen grains [38]. 

The high activity levels of CWI observed in maturing 
microspores and the low activity of soluble invertase 
(Figure 3) support the results of Castro and Clement [8] 
with lily pollen grains. Those authors suggested that CWI 
activity is related to microspore and pollen-wall develop- 
ment. The important role of CWI in carbohydrate supply 
for the symplastically isolated pollen grains has also been 
demonstrated in tobacco [39] and in tomato, where the 
importance of extracellular invertase for sustaining 
growth and development of pollen as well as pollen ger-
mination and tube growth was indicated [40]. The results 
of the present paper emphasize the potential regulatory 
role of CWI during microspore maturation with respect 
to its contribution to microspores’ sink strength. 

As discussed above, in the maturing microspores and 
pollen grains, sucrose is re-synthesized and accumulates 
(Figure 1(d)). High fructokinase 2 and SPS activities 
during pollen maturation (Figures 4 and 5, respectively), 
coincided with sucrose accumulation. The increase in 
both SPS activity (Figure 5) and sucrose concentration, 
as well as the lack of detectable Susy activity (data not 
shown) raise the possibility that SPS mediates sucrose 
biosynthesis in maturing microspores and pollen grains. 
Furthermore, our data show that the pollen grains contain 
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at least two functional fructokinases (Figure 4), which 
may metabolize the fructose entering the microspores/ 
pollen grains for further utilization. Karni and Aloni [41] 
suggested that in pepper pollen, fructokinase may func- 
tion either to provide fructose-6-P for glycolysis or, thro- 
ugh conversion to UDP-glucose, to support the biosyn- 
thesis of cell-wall material for pollen-tube growth. The 
similar activity patterns of SPS and fructokinase 2 during 
pollen maturation that was observed in the present study 
suggest a role for fructokinase in providing fructose-6-P 
for sucrose synthesis. German et al. [20] reported the iso- 
lation of fructokinase 4 in mature anthers of tomato. It is 
plausible, therefore, that the detected activities of fructo- 
kinase 1 and 2 also include that of fructokinase 4. It should 
be noted that under the same reaction conditions, no 
hexokinase activity was detected (data not shown). 

The accumulated sucrose, besides being the main en- 
ergy source for germination, may function as an osmo- 
lyte [42,43] in protecting pollen membranes and proteins 
during pollen dehydration or during exposure to stress 
conditions such as high temperatures. Pacini et al. [44] 
stressed the importance of pollen carbohydrates in regu- 
lating the water balance with the surrounding environ- 
ment and maintaining pollen viability over time. High 
sucrose content in the maturing and mature pollen grains 
has been suggested to be associated with the acquisition 
of germination capacity and desiccation tolerance, as it 
provides the necessary osmolality for cell expansion [35] 
or is related to pollen longevity [45]. Buitink and Leprince 
[46] suggested that sucrose participates in the formation of 
intracellular glasses which protect membranes during 
dehydration. Vesprini et al. [47] suggest a role of cyto-
plasmic pollen carbohydrates in resistance to low tem-
perature exposure. 
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