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SUMMARY 
The moisture content (MC) of tomato pollen was conditioned to a range between 3.8% and 53% of fresh weight by 
equilibration in air with a relative humidity (RH) rangillg ham 0 -100%. After storage in liquid N (-196°C) for 5 d, 
followed by thawing and rehydration, germination was measured in vitro on a semi-solid substrate. Pollen with a MC 
of 6.8% or 9.3%, which was achieved by exposure to 50% or 60% RH, respectively, gave the highest percentages of 
germination (56.8% and 57.4%, respectively) . Further studies involving three MC levels (6.8%,9.3% and 11.2%, 
equilibrated at 50%,60% and 65% RH, respectively) and cryogenic storage for periods of up to 22 months, indicated 
that both the germination ability and the length of the pollen tubes formed after incubation for 6 h did not depend on 
the duration of cryopreservation, provided the pollen was rehydrated after thawing. The ability of pollen to set fruit 
and to produce seeds was not affected by storage in liquid N2 for up to 22 months, when the MC was 6.8% or 9.3%. 
However, when the MC was 11.2% prior to storage for 14 or 22 months in liquid N2, the percentage of successful 
pollinations was lower and fewer seeds were formed per fruit. Cumulative O2 consumption, due to the respiration of 
pollen during germination, increased linearly with incubation time and the rate of increase was similar for both fresh 
pollen and pollen that had been stored cryogenically for 6 or 13 months. It is concluded that tomato pollen may be 
stored in liquid N2 for at least 22 months without loss of viability, provided its MC is adjusted to between 6.5% and 
9.5% prior to cryopreservation and that, after thawing, the pollen is rehydrated. 

Many applications related to plant breeding, such as 
cross-pollination of plants that flower at different 

times or locations, conservation of germplasm in a 
miniinum volume, and/or the- production of haploids, 

- may require long-term storage of viable pollen (Towill, 
amputer 1985; Hanna and Towill, 1995). Storage under cryogenic 
.1satellite conditions (i.e, temperatures below -70°C) seems to be 
\. USA. the most effective means to maintain pollen viability for 
It) long periods, while temperatures of approx. -20°C,ment of 

enable the maintenance of pollen viability for 1 year 
(i.e., season to season) or even longer (Towill, 1981; 
Bajaj, 1987; Towill and Walters, 2000) . However, the 
optimum temperature for long-term storage of pollen 
varies between species, or even between different 
cultivars of the same species. For example, a 
temperature of -20°C was more favourable for the 
storage of kiwi (Actinidia delisiosa) and almond (Prunus

o\1'-TOS, dulcis) pollen than -80°C (Abreu and Oliveira, 2004; 
·\.MARA 


loci in 
 Martinez-G6mez et al., 2002). . 

.an and 
 A crucial factor for successful storage of pollen under 

cryogenic conditions is its moisture content (MC; lohri 
D.and and Vasil, 1961; Towill, 1985; Connor and Towill, 1993; 

:ses for 
Towill and Walters, 2000). In most cases, partial:nplasm 

~81. desiccation is required before storage, to ensure 
'D. B. V. maintenance of viability (Hecker et al., 1986;Towill, 1987; 

Luza and Polito, 1988; Bowes, 1990; Parton et al., 2002), 
because this reduces the risk of intracellular ice 
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formation (Ching and Ching, 1964; Ching and Slabaugh, 
1966). However, ~ritical moisture levels for cryogenic 
storage of pollen- vary among species (Towill, 1985; 
Connor and -Towill, 1993). In~some cases, pollen may be 
exposed to cryogenic temperatures immediately after 
collection, indicating that some desiccation has already 
occurred after release from the anthers (Visser, 1955; 
Crisp and Grout, 1984; Polito and Luza, 1988; 
Rajasekharan et al., 1994); but, in most cases. desiccation 
to a certain MC is needed (Luza and Polito, 1988; Parton 
et al., 2002). On the other hand, excessive desiccation 
may be harmful to pollen viability during storage at 
cryogenic temperatures (Bajaj, 1987; Marchant et al., 
1993). Hence, for satisfactory storage of pollen of a 
particular species under cryogenic conditions, the 
optimum MC of the pollen grains must be determined. 

Tomato is an important greenhouse species which is 
propagated commercially from hybrid seed. Although 
storage of tomato pollen may be relevant for both the 
commercial production of hybr~.d seed and the 
development of new hybrids, little information is 
available regarding its storage under cryogenic 
conditions. The information that is currently available 
refers mainly to the effects of cryogenic storage on initial 
and final germination rates in vitro (Visser, 1955) and 
pollen fecundity (Sacks and St. Clair, 1996). Alexander 
and Ganeshan (1989) reported a very low number of 
seeds per fruit when the pollen used for fertilisation had 
been stored at -196°C. However, the optimum 
temperature and MC for cryogenic storage of tomato 
pollen have not been defined to date. 
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This study was therefore designed to assess: (i) the 
effects of the MC of tomato pollen on its germination 
ability after storage in liquid nitrogen (-196°C) and on 
the rate of pollen tube elongation; (ii) changes in pollen 
fecundity during storage; and (iii) the respiration rate of 
cryogenically-stored tomato pollen during in vitro 
germination. The latter may reveal the timing of 
metabolic events (Dickinson, 1965), thereby providing a 
physiological basis for the interpretation of possible 
differences in germination ability between fresh pollen 
and pollen stored under cryogenic temperatures for a 
particular time. 

MATERIALS AND METHODS 
Pollen grains·' of tomato (Lycopersicon esculentum 

Mil\,) cv. 'Paxoi', an inbred line characterised by profuse 
production of pollen, were collected from a greenhOllse 
crop in May. Pollen was collected between 0900 - 1100 h 
by vibrating open flowers bearing mature pollen on the 
anther cone using an e1ectrit: vibrator connected to a 
small vial which 'served as the pollen collector. During 
collection, the minimum and maximum air temperatures 
were 18°C and 28°C, respectively, and the relative 
humidity ranged from 60% to 70% . 

Determination ofmoisture contellT (MC) equilibrium 
Immediately after collection, pollen grains were 

transferred to the laboratory and separated into 
portions, each of 3 - 4 mg. Each portion was spread over 
the surface of a shell vial which was inserted into a sealed 
beaker containing a second vial with H 2S04 at a 
concentration that enabled the establishment of a target 
relative humidity (RH) regime (Solomon, 1951). JJsing 
this technique, seven different RH revels ranging from 20 
- 80% were established. The air temperature · in the 
beakers was maintained at 25°C. In addition, to attain a 
'RH regime of 100% , one of the beakers was filled -with 
distilled water, whereas a RH regime of 0% was 
obtained using anhydrous CaCI2. The beakers were held 
at 25°C for 24 h to permit equilibration of the pollen MC 
and the RH regime. Regular measurements of pollen 
weight during storage in the beakers indicated that 
constant weight, and hence humidity equilibrium, was 
established within 3 h of exposure to each RH regime, 
which agrees with the findings of Connor and Towill 
(1993). After 24 h, the pollen samples were weighed to 
determine their fresh weight (FW) under each RH 
regime, followed by oven-drying at 90°C to constant 
weight (generally achieved within 5 h) to determine the 
dry weight (OW), as suggested by Connor and Towill 
(1993). The difference between the FW and OW of each 
sample was used to calculate the MC (%) of the pollen 
under each RH regime. Measurements of pollen MC 
were repeated four times for each RH regime. 

Cryogenic storage ofpollen 
After establishing the relationship between RH and 

the MC of tomato pollen, additional pollen samples were 
collected, separated into portions of 2 - 3 mg and stored 
at RH levels of 0, 20, 30,40, 50,60,70,80 and 100% using 
H 2S04 solutions as described above. Following 
equilibration, each pollen sample was placed in a 5 ml 
glass tube, which was sealed and immersed immediately 

in liquid N2, as suggested by Nath and Anderson (1 
The cooling rate was approx. 100°C min-I (Towill. I 
After 5 d of cryogenic storage. the glass tubes we~ 
removed from the liquid N2 and placed in a water bath a 
30°C for 15 s. The pollen samples were allowed to 
equilibrate to 100% RH in air, then used for in vitro 
germination measurements.The data obtained were used 
to determine the range of pollen MC values (%) during 
cryogenic storage that did not inhibit germination. 

Following this. fresh pollen was collected on three 
subsequent dates, separated into portions, equilibrated 
under RH ~egimes of 50%. 60% and 65% and stored at 

. -196°C, as described above. At regular intervals.. 
sample.s were removed from storage, brought to 
temperature, divided into two su b-samples and tested 
in vitro germination . One sub-sample was tested at 
actual pollen moisture status, while the second was tested 
after pollen rehydration (establishment of moisture 
equilibrium at 100% RH). Furthermore, some 
from each sampling date was reserved for polli 
tests to assess its fecundity. 

In vitro germination ofpollen 
The in vitro germination of pollen was performed in 


Petri dishes containing a semi-solid culture medium 

consisting of 1 % (w/w) agar, 15% (w/w) sucrose. and SO 

mg rl boric acid. according to Maisonneuve and Den 

Nijs (1984). Pollen grains were scattered over the 

surface of the substrate with the aid of a brush and the 

Petri dishes were then sealed and incubated at 16°C fo( 

6 h. At the end of this time, germination of pollen was 

stopped by spraying with acetocarmine. Subsequently, 

300 pollen grains per dish were selected at random and 

germination was recorded with the aid of an Opticar 

microscope (10 X 10). Six dishes (replicates) were used 

for each germination test. Germination was defined as 

pollen gr.ains in which the pollen tube was equal · to, 

longer than the diameter of the grain, as suggested by 

Towill (1987). Germination data were subjected to 

arcsin transformation prior to statistical analysis. In 

addition, pollen tube length, after 6 h of incubation . waS 

measured in 20 randomly selected pollen grains pet 

replicate with the aid of the optical microscope. 


Pollination procedures 
The fecundity of pollen that had been conditioned to 


three MC levels and stored cryogenically for 10, 14. or 22 

months, was tested by pollinating open flowers of the 

same inbred line ('Paxoi '). The pollen was rehydrated 

prior to pollination. The percentage of successful 

pollinations and the number of seeds per fruit were used 

as evaluation criteria. The number of seeds per fruit may 

be influenced by the sequence of inflorescence induction 

on the plant as well as by the sequence of flowers ....>ithin 

the inflorescence (Rylski, 1979). To exclude these sources 

of variation, flowers located at the same position on each 

plant were used for each pollination test. Thus. pollen 

from the basal flowers of the first inflorescence waS 

collected for storage in liquid Nz for 10 or 22 months.. and 

pollen from the fourth inflorescence was collected for 

storage in liquid Nz for 14 months. The number of 
 R 
po'llinations per treatment varied from three to ten, 0 ' 

f,depending on the availability of cryogenically-stored 

pollen. Each plant was used for only one pollination. 
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Flowers were emasculated at the stage of partial flower germination after storage for 5 d in liquid N 2• Pollen 
opening, pollen was then applied to the stigma with the grains with a high MC (53%), following equiEbration in 

ned as 
to, or 
e d by 
d to 

!r of 
ten, 

ored 
·tion. 

aid of a brush, and the pollinated flowers enclosed in 
paper bags to prevent unintended pollination from 
neighbouring plants. After visible fruit set, the bags were 
removed and the fruits were allowed to grow until fully 
ripe. A comparable number of fruit set by means of 
natural pollination was also allowed to develop. as 
controls, to compare the numbers of seeds per fruit. To 
achieve a continual supply of flowers at the first -to­
fourth truss stage, tomato seedlings were planted 
successively throughout the experiment. 

Respiration ofgerminating pollen 
The respiration of fresh andcryogenieally-stored pollen 

was measured manometrically using a Warburg apparatus 
(Umbreit et af.,1964). Each flask contained 1.7 ml medium 
[12% (w/w) sucrose and 50 mg tl H 3B01J plus 0.5 Tnl 0.1 
M KOH in the well to bind CO2. Samples (10 mg) of 
pollen, that had previously been equilibrated at 100% RH 
at 15°C, were added to the medium and incubated ill vitro 
at 16°C for 400 min. Respiration was expressed in terms of 
total O 2 consumption in pI. Measurements of respiration 
were made in both fresh and cryogenically-preserved 
pollen (-196°C for 180 d or 390 d). Prior to cryogenic 
storage. the tomato pollen had been equilibrated in a 60% 
RH atmosphere at 25°C, resulting in a MC of 9.5% (on a 
FW basis). Means were caiculated on the basis of four 
pollen samples (replicates). 

RESULTS 
Non-linear regression revealed an exponential 

_relationship between the RH of the air and the MC 
of the tomato pollen. following equilibration of pollen 
and air (Figure 1). This relationship was highly significant 
(R2 =0.996). -

The percentage of in vitro germination of tomato 
pollen stored at -196°C for 5 d was markedly affected by 
the MC of the grains (Figure 2). Germination was highest 
(56.8 - 57.4%) in pollen with an MC level of 6.8 - 9.3%. 
Higher and lower pollen MC levels resulted in reduced 

60 y =0.2958exp(O.05095x) + 3.052; R' =0 .996 
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FIG . 1 
Relationship between relative humidity of the air and moisture content 
of tomato pollen at moisture equilibrium. The points indicate means of 
four measurements. while the vertical bars depict ± standard errors- The 

solid line represents the best fit regression curve. 

a saturated atmosphere (RH 100%). showed a 
pronounced decrease in germination, which fell to 
10.7%. Fresh, unstored pollen, which had a MC of 10.6% , 
exhibited a germination rate of 52.7%. which as 
significantly lower than that of slightly desiccated, stored 
pollen (MC 6.8 - 9.3%). 

Tomato pollen was capable of maintaining its initia' 
germination ability for at least 660 d of storage in liquid 
N2, when its MC prior to cryopreservation had been 
conditioned to between 6.8 - 11.2 %, provided that it was 
rehydrated after thawing (Figure 3). However, the in 
vitro germination ability of pollen that had not been 
rehydrated after thawing exhibited a progressiv~ decline 
with an increasing duration of cryopreservation, 
regard1less of its MC prior to being placed in liquid N2. 

Furthermore, the relative length of the pollen tubes 
(expressed as the ratio of the length of the tube to the 
diameter of the pollen grain). was not affected by MC 
during storage in liquid N 2, or by the duration of 
cryopreservation (Figure 4). 

Cryogenically-stored tomato pollen, with a MC of 
6.8% or 9.3% prior to storage, retained the ability to 
pollinate tomato flowers in the greenhouse and to 
produce fruit for a period of 22 months (Table I). The 
resulting fruits were comparable in seed number to those 
derived from natural pollination with fresh pollen. 
However, pollen conditioned to a MC level of 11.2% 
prior to cryopreservation exhibited a reduced ability to 
successfully pollinate fruits, and formed significantly 
fewer seeds per fruit compared to pollen with MC levels 
of 6.8% and 9.3%. Seeds originating from pollination 
with cryogenically-stored pollen exhibited germination 
percentages exceeding 99% when subjected to 
germination tests (data not shown). 

The cumulative oxygen uptake by fresh pollen, or poTIen_ 
that had been cryogenically stored for 6 ' or 13 month , 
increased linearly with time, over 400 min of incubation 
(Figure 5). The linear relationships corresponding to th 
three different pollen treatments were almost identical. 
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FIG. 2 
III vitro germination of fresh tomato pollen (siugle marked value) and 
pollen stored at -196°C for 5 d (values conn·,cted by a solid line) as 
influenced by moisture content. Vertical bars indicate ± standard errors 
of means (n = 6). Values followed by the same lower-case letter do not 
differ significantly at P = 0.001 according to the Student·Newman· 

Keuls' Multiple Range Test. 
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TABLE I . 
Percentage of success[uipo//inati()II,' and n/lll/ber " f seeds per fruit ill lomato as influellced by lII(1istur~ COlltCllt IIl1d dumlio" of cryogenic sl"ra~,· 

the 

CS for 10 months CS for 14 months 

[n each column, values followed by the same lower-case le tter do not differ significantly at P =0.05 according to the Student-Newman-Keuls' \[ 

Moisture content 
of ( % 

Fresh po llen (10.6% ) 
6.8 
9.3 

11.2 

Successful 
pollinations (%) Seeds 

100 
100 
100 

100 
100 
gO 

100 
90 

Range Test. . 

This response indicates that the rate of respiration of 
germinating pollen that had been stored in liquid N2 for at 
least 13 months was similar to that of fresh pollen, _ 
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FIG.3 
io germination ability ( % germination) of tomato pollen 

during storage in liquid nitrogen (-1 96°C) for 660 d as influenced by 
rehydration after thawing. T.le moisture content (FW basis) of the 
pollen had been equilibratea to 6.8% (Panel A). 9.3% (Panel B) or 
11.2% (Panel C) in air at 50%, 60%, and 65% relative humidity, 

respectively. Vertical bars indicate ± standard errors of means (n = 6). 

DISCUSSION 
The results of the present .study clearly indicate 

tomato pollen may be stored at cryogenic tempera 
without adverse effects on its ability to germinate. 
results are consistent with the observations of Sacks 
St Clair (1996) , who reported successful storag.e 
tomato pollen at -80°C for 5 weeks. The ability of 
to survive after storage at cryogenic temperatures 
been confirmed for many plant species (Hanna 
Towill, 1995). However, the MC of the pollen d 
storage is crucial for its germinability after thawing. 
results revealed that the MC of tomato pollen d 
cryopreservation should be be tween 6,8 - 9.3% to ob 
maximum germination, whereas pollen with lower 
higher MC levels showed a reduction in germination 
ability during cryogenic storage. Adjustment of the Me 
of tomato pollen to 6,8 - 9,3%. prior to cryc)ge:rnC:.:I 
storage, enhanced its germination ability, compared even 
to untreated, fresh pollen with a moisture content 
10,6%, The importance of partial desiccation of pollen 
prior to cryopreservation was also emphasised by Luza 
and Polito (1988), who found that pollen of English 
walnut (fllnglalls regia L.) was unable to survive storage 
in liquid N2 if its MC was >7,5 %. On tbe other hand, the 
pollen of Glycine spp. could be stored successfully at 
- 196°C without prior desiccation (Tyagi and Hymowitz, 
2003); while, the pollen of some species (e.g" Rosa sp., 
Dioscorea spp,) was susceptible to excessive dehydration 
prior to cryopreservation (Marchant et al., 1993; Daniel 
el ai., 2002). 
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The optimal MC for cryogenically·stored tomato 
pollen (6.8 - 9.3%) may be achieved by placing the pollen 
grains in air with a RH of 50 - 60% for 3 h. Nevertheless. 
as pointed out by Towill (1985), Van der Walt and 
Littlejohn (1996), Metz et at. (2000), Parton et al. (2002). 
and Martinez-Gomez et al. (2002), a prerequisite for 
slightly dehydrated pollen to exhibit a high germination 
ability after cryogenic storage was to rehydrate the grains 
after thawing. Our results support this statement (Figure 
3). In contrast, Visser (1955) did not rehydrate tomato 
pollen after storage in liquid N2, and observed a reduction 
in gemlination from 47% to 35%. 
- The biological value of cryogenically-stored pollen 
depends not only on its germinability, but also_on its 
ability to set viable seeds. Parton et at. (2002) reported 
reduced seed set after pollination of Vriesea 'Christiane' 
with Vriesea 'Leen' pollen from anthers stored at -BO°C, 
compared to pollination with fresh pollen of the same 
species. Furthermore, broccoli pollen stored in liquid N2 
retained its viability, but the seeds obtained from such 
pollen exhibited reduced vigour and rapidly lost 
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