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a b s t r a c t

The soluble carbohydrates content in the mature (starchless) pollen of the tomato (Solanum lycopersicum
L.) cv. Platense was studied at several moments of the blooming period in two consecutive years. The
aim of the analysis was to evaluate if the content of soluble carbohydrates is relatively constant or if it
can fluctuate along the blooming period. No significant variations in pollen viability were recorded along
each season. The soluble carbohydrates found and their concentrations can change significantly among
samples, but the fluctuations observed did not follow a strongly definite pattern in any season. Reducing
sugars predominated; small quantities of a phosphorylated sugar, UDP-glucose, and maltosaccharides
were also recorded. The constant presence of maltosaccharides is a novel record for pollen. Sucrose
was absent in one season, but present in the other, in low percentages in contrast to reducing sugars.
Changes in the soluble carbohydrates content have been usually related with alterations in pollen fertility.
However, there may be some flexibility in the metabolism of the pollen studied this time, at least within
a certain range, which may allow constant adjustments to maintain acceptable levels of viability despite
the variations in the carbohydrates concentrations.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In plants reproduction, pollen grains carry the sperm cells to
the pistil, ultimately to the ovules through the pollen tubes, to
achieve fertilization. Successful fertilization is a key factor for many
crop species. Among the different aspects related to pollen fertil-
ity and functioning, the relevance of the carbohydrates metabolism
has been demonstrated by a number of studies (e.g. for tomatoes:
Pressman et al., 2002; Firon et al., 2006; Nashilevitz et al., 2009).
Although the male function can vary naturally along the plant life,
especially in perennials (e.g. Bellani et al., 1985a,b; Dag et al., 2000),
the studies of the carbohydrates metabolism in pollen have been
generally done in standardized conditions, and eventual natural
variations have been overlooked. Regarding soluble carbohydrates,
even if they can be variable among species (e.g. Aloni et al., 2001;
Castro and Clément, 2007), it has not yet been investigated if the
soluble carbohydrates content in the pollen of a species is constant
or if it can fluctuate along the blooming period. To address this
question, pollen samples were taken along two blooming periods
in a tomato cultivar to describe its soluble carbohydrates content
and to define any degree of variation.

∗ Corresponding author. Tel.: +54 351 4331056; fax: +54 351 4332104.
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2. Materials and methods

The observations were made in the tomato (Solanum lycop-
ersicum L.) cv. Platense. Plants were grown in the field in Siena
Botanical Garden, Italy, in 2006. The plants flowered between May
and September (spring–summer; mean temperatures from 17 to
32 ◦C). Seeds obtained from these plants were sown in 2007 in Cor-
doba, Argentina, and the plants were grown in pots in a partially
heated greenhouse during winter–spring. The plants flowered from
mid-July to the beginning of October (mean temperatures from
18 to 25 ◦C). The sampling was done during the peak of flower-
ing (July–August in 2006, mid-August to mid-September in 2007),
from the same group of plants within each year. A couple of samples
from the beginning and the end of the season were also included
in 2006. Each sample contained pollen from 1 to 2 days, obtained
from several flowers (10–50). The quantifications will be referred
to the pollen fresh weight.

The fluorochromatic test (Heslop-Harrison et al., 1984) was
made regularly along each season to determine pollen viability.
Mixed pollen from 10 to 15 flowers was used each time, counting
stained pollen over 300 (3 × 100). The percentage of viable pollen
was more or less constant along each season; therefore average
values will be shown.

The pollen was homogenized in distilled water and the solu-
ble fractions were separated by centrifugation at 4 ◦C. For the 2006
samples, soluble carbohydrates were determined in these fractions
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without further treatment through HPLC. A Sugar-Pack column
(Waters Co.) was used, with water as mobile phase (flow rate
0.5 ml min−1, at 90 ◦C), and refractrometric detection. Each sample
was analyzed three times. Most peaks were identified by com-
parison with the retention times of pure substances. A particular
peak had an ambiguous identification, either fructose-6-phosphate
(Fru-6P) or glucose-6-phosphate (Glc-6P), whose retention times
coincided. The method proposed by Shen and Perreault (1998) was
followed to solve this conflict. Glc-6P could not be detected; there-
fore the presence of Fru-6P was indirectly suggested. Nevertheless,
this issue was left unsolved. An early peak could not be identi-
fied with standard sugars, then called ‘unidentified peak’ (UP), even
though a number of carbohydrates were tested, i.e. maltoheptaose,
stachyose, raffinose, melezitose, maltose, melibiose, lactose, xylose,
galactose, rhamnose, mannose, and arabinose. None of these sub-
stances eluted as early as the UP. Two facts lead to support the
hypothesis of a maltosaccharide of high polymerization degree.
First, the UP appeared in the left end of the chromatogram, in
an area where products of partial starch hydrolysis can be found
(pers. obs.). Second, the polymerization degree of maltosaccha-
rides decreased along the chromatogram, and the UP was found ca.
2 min before the retention time of maltoheptaose. Indirect evidence
supported this hypothesis, since the UP, as well as the maltopen-
taose peak (the maltosaccharide present in the samples tested),
disappeared after incubation of the samples with the enzyme amy-
loglucosidase. However, because the UP was present only in a few
samples at the beginning of the blooming period in 2006, making
more precise measurements and tests was not possible. The peak
area was codified in the samples in which the UP was present in
order to compare them.

A colorimetric approach was followed in 2007 to quantify total
reducing sugars, sucrose and maltosaccharides. The soluble frac-
tions were boiled for 10 min and divided in three aliquots for the
different assays; those for sucrose and maltosaccharides quantifica-
tion were vacuum dried and resuspended in different buffers (0.2 M
sodium acetate buffer, pH 4.5, and 50 mM sodium acetate buffer,
pH 4.5, respectively). Total reducing sugars were directly tested
using dinitrosalicylic acid (DNSA) reagent, reading the absorbance
at 560 nm in a spectrophotometer (Castro and Clément, 2007).
Sucrose and maltosaccharides were measured after specific enzy-
matic hydrolysis, as the equivalent of reducing sugars released,
quantified with DNSA reagent, as described above. The samples
were incubated in controlled conditions with the appropriate
enzyme (30 units invertase mL−1 for sucrose, 5 units amyloglucosi-
dase mL−1 for maltosaccharides). Each assay was done three times
for each sample.

The degree of change of pollen viability and the variations in car-
bohydrates concentrations were evaluated with one-way ANOVA
(P = 0.05).

3. Results and discussion

The average percentage of pollen viability in 2006 was slightly
higher in the first part (74.50 ± 4.21 for June/July) than in the second

Fig. 1. Total soluble carbohydrates content in pollen from different dates (dd/mm)
in two blooming periods sampled in tomato Platense. Mean values ± S.E. A: 2006
sampling. The bars marked with ‘UP’ do not include the ‘unidentified peak’ (possibly
a maltosaccharide), absent in the other 2006 samples. B: 2007 sampling.

one (71.75 ± 4.57 for August/September), but the difference was
not significant. Pollen viability was slightly higher in the 2007 sam-
pling, reaching a peak of 81.25 ± 3.50% in the period whose samples
are reported here.

The content of soluble carbohydrates changed among samples
collected at different times in both seasons. Some selected samples
are reported here, which evidence the phenomenon observed. The
total soluble carbohydrates content showed a certain tendency to
increase as the time passed in 2006 (Fig. 1A), but the values might
be underestimated in the samples 1–3 due to the presence of the
UP (Fig. 1A and Table 1), which could not be quantified. The total
amount of soluble sugars in 2007 varied without a definite trend in
a range partially overlapped with that of 2006 (Fig. 1B).

Glucose and fructose/total reducing sugars were the main sol-
uble carbohydrates (Tables 1 and 2). Glucose and fructose were
in similar concentrations in 2006, but variable among samples
(Table 1). The UP, which might be a maltosaccharide, was present
only in the samples 1–3, which had significant lower quantities
of glucose and fructose than the samples 4–7 (Table 1). The total
reducing sugars varied among the 2007 samples, following signif-

Table 1
Soluble carbohydrates in pollen grains from different dates (dd/mm) along the 2006 blooming period in tomato Platense. Mean values ± S.E. Identical letters within each column
represent pair of data with significant differences (ANOVA, P = 0.05). The values in the ‘unidentified peak’ (UP) correspond to a codification of the peak area (1 = 7.50 mV s−1).

Pollen samples �g soluble carbohydrates pollen mg−1

Glucose Fructose UP Fru-6P/Glc-6P UDP-Glc Maltopentaose Maltohexaose

1 (26/05) 37.67 ± 1.40a,b,c 36.17 ± 1.30a,b,c 1.00 ± 0.20 – – 1.25 ± 0.30a –
2 (20/07) 43.67 ± 0.31d,e 44.89 ± 1.41 46.09 ± 1.20 – – 7.84 ± 2.46a,b –
3 (25/07) 28.78 ± 1.09f,g,h 27.93 ± 1.17d,e,f,g 12.26 ± 0.50 – 1.21 ± 0.50 1.08 ± 0.40 1.12 ± 0.40a

4 (31/07) 51.68 ± 4.09f 59.55 ± 0.72a,d – 3.32 ± 0.25 – 0.99 ± 0.28b 2.89 ± 0.15a

5 (03/08) 59.82 ± 6.02a 56.51 ± 0.72e – 2.95 ± 0.14 – 4.06 ± 2.04 –
6 (20/08) 63.21 ± 8.22b,d,g 63.81 ± 14.75b,f – 2.59 ± 1.12 – 3.85 ± 2.46 –
7 (12/09) 61.25 ± 1.06c,e,h 65.00 ± 2.67c,g – – 2.33 ± 0.32 6.93 ± 1.34 –
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Table 2
Soluble carbohydrates in pollen grains from different dates (dd/mm) along the 2007
blooming period in tomato Platense. Mean values ± S.E. Identical letters within each
column represent pair of data with significant differences (ANOVA, P = 0.05).

Pollen samples �g soluble carbohydrates pollen mg−1

Reducing sugars Sucrose Maltosaccharides

1 (27/08) 112.33 ± 1.86a,b 2.89 ± 0.50a,b,c 10.96 ± 2.99a,b

2 (30/08) 86.65 ± 2.86a,c,d,e 3.21 ± 0.92d,e,f 7.45 ± 1.42
3 (04/09) 113.06 ± 3.15c,f 16.13 ± 0.96a,d,g 5.49 ± 0.30
4 (11/09) 107.46 ± 1.46d,g 29.65 ± 2.83b,e,g 1.46 ± 0.60a

5 (17/09) 95.99 ± 1.68b,e,f,g 15.88 ± 1.92c,f 2.38 ± 0.50b

icant changes between most samples (Table 2). Sucrose was not
detected in the 2006 sampling, while it was found in all the sam-
ples analyzed in 2007 (Table 2). Sucrose concentration was highly
variable, representing from ca. 2 to 21% of the total amount of sol-
uble carbohydrates (cf. samples 1 and 2 vs. 3 to 5, Table 2). The
trait of presence/concentration changes of sucrose is striking since
it was the main soluble sugar in other tomato cultivars (Pressman
et al., 2002; Firon et al., 2006). Besides, sucrose is important for
pollen survival because it protects the membranes during desic-
cation, while monosaccharides are less effective in that function
(Hoekstra et al., 1992). Sucrose is absent or scarce in short liv-
ing pollen grains, which germinate rapidly and would need less
protection against desiccation; some of these cases coincide with
partially hydrated pollen grains (e.g. Cucurbitaceae – Franchi et
al., 1996; Nepi et al., 2010). Conversely, according to our previous
observations, the pollen studied here is partially dehydrated (water
content ca. 20%), and its viability is over 60% during the three days of
the flower life. Then, the pollen homeostasis has to be maintained
at least during those days. Regarding the membranes protection,
maybe the action of glucose and fructose could be enough, since
the pollen remains inside the anthers during presentation. How-
ever, the degree of fatty acid unsaturation in the membranes also
plays an important role (Hoekstra et al., 1992).

The presence of more glucose and fructose than sucrose could
mean instant energy for germination. Fru-6P and Glc-6P are
important during germination, since Fru-6P is at the beginning
of the glycolysis process (Dennis and Blakeley, 2000), while Glc-
6P, through UDP-Glc, is involved in synthesis of the pollen tube
wall components (Dennis and Blakeley, 2000). Small amounts of
Fru-6P/Glc-6P and UDP-Glc could be quantified in some 2006 sam-
ples (Table 1). Putting these facts together, it could be wondered
whether this pollen is somehow active or ready to be activated, i.e.
ready for a fast germination, a feature that could also vary according
to the quantifiable amounts of Fru-6P/Glc-6P and UDP-Glc.

Disregarding the UP, maltosaccharides were present in all the
samples of both seasons (Tables 1 and 2). In 2006, small quantities
of maltopentaose and maltohexaose were found, simultaneously
in some samples, showing irregular variations (Table 1). The total
amount of maltosaccharides in 2007 also varied erratically, reach-
ing similar levels to those registered in 2006 (Table 2). The constant
presence of maltosaccharides is a remarkable feature, since they
have not been recorded in pollen so far. Maltosaccharides, mal-
tose and glucose are products of starch hydrolysis (Dennis and
Blakeley, 2000). In the pollen of tomato, starch is accumulated dur-
ing its development and hydrolyzed just before anthesis; mature
pollen has only a low amount of starch (Polowick and Sawhney,
1993; Pressman et al., 2002); the variety Platense shares this feature
(Carrizo García et al., 2009). A final dehydration causes the arrest
of pollen development when the anthers open (Pacini et al., 2006),
and the degree of starch hydrolysis reached at that moment could
be variable, producing different types and quantities of maltosac-
charides along both seasons. Eventual oscillations in the conditions
that influence pollen dehydration may be one cause for this trend.

Although the total amount of soluble carbohydrates fluctuated
within a certain range in both seasons analyzed, the content varied
among the samples taken in subsequent days, as well as between
seasons. Because the changes observed involved not only the quan-
tity of each carbohydrate but also the type of substances found (e.g.
sucrose), this fact did not seem irrelevant. However, it is worth to
remember that the pollen viability did not vary significantly dur-
ing each flowering season; therefore the differences observed in
the carbohydrates did not imply critical changes in pollen fertility,
as it has been observed in other tomato varieties under stress (e.g.
Pressman et al., 2002; Firon et al., 2006). The variations registered
here could be related to metabolic changes that can naturally occur
during the plants life, and/or they may be linked to slight changes
in the environmental conditions that did not reach stressful lev-
els (within and between seasons). Even so, it is remarkable that,
despite the differences in the growing conditions between years
and the carbohydrate content fluctuations, some general features
were maintained (e.g. prevalence of reducing sugars, presence of
maltosaccharides); thus the basic pollen physiology did not vary
considerably. The present observations evidence some flexibility
in the pollen metabolism, at least within a certain range, which
may allow adjustments to maintain acceptable levels of viability
despite eventual variations in the carbohydrates content, to con-
tinue successful reproduction.
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