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e Background and Aims Most priming studies have been conducted on commercial seed lots of unspecified
uniformity and maturity, and subsequent seed longevity has been reported to both increase and decrease. Here
a seed lot of Digitalis purpurea L. with relatively uniform maturity and known history was used to analyse
the effects of priming on seed longevity in air-dry storage.

e Methods Seeds collected close to natural dispersal and dried at 15 % relative humidity (RH), 15 °C, were placed
into experimental storage (60 % RH, 45 °C) for 14 or 28 d, primed for48 hat0, —1, —2, —5, —10 or — 15 MPa,
re-equilibrated (47 % RH, 20 °C) and then returned to storage. Further seed samples were primed for 2 or 48 h
at —1 MPa and either dried at 15 % RH, 15 °C or immediately re-equilibrated for experimental storage. Finally,
some seeds were given up to three cycles of experimental storage and priming (48 h at —1 MPa).

e Key Results Priming at — 1 MPa had a variable effect on subsequent survival during experimental storage. The
shortest lived seeds in the control population showed slightly increased life spans; the longer lived seeds showed
reduced life spans. In contrast, seeds first stored for 14 or 28 d before priming had substantially increased life
spans. The increase tended to be greatest in the shortest lived fraction of the seed population. Both the period
of rehydration and the subsequent drying conditions had significant effects on longevity. Interrupting air-dry
storage with additional cycles of priming also increased longevity.

e Conclusions The extent of prior deterioration and the post-priming desiccation environment affect the benefits
of priming to the subsequent survival of mature seeds. Rehydration—dehydration treatments may have potential
as an adjunct or alternative to the regeneration of seed accessions maintained in gene banks for plant biodiversity

conservation or plant breeding.
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INTRODUCTION

All seeds stored under air dry conditions will have suffered a
degree of deterioration. This may have been incurred, for
example, during delays between collection and processing if
seeds are held under inappropriate conditions, during proces-
sing or whilst in storage. Indeed even in the natural environ-
ment, macromolecules within the seed tissues will incur
some damage through normal metabolism. If the damage accu-
mulated is not too severe, repair will be possible. Villiers and
Edgcumbe (1975) showed that if oxygen is present, fully
hydrated seeds of lettuce (Lactuca sativa) are able to repair
chromosomal aberrations, provided germination is prevented.
Similarly, repair of DNA was detected prior to germination
in imbibed seeds of maize (Zea mays; Zlatanova et al.,
1987) and pea (Pisum sativum; Onelli et al., 2000) and in
embryos of wild oat (Avena fatua) and rye (Secale cereale)
(Elder and Osborne, 1993; Boubriak et al., 1997). Seeds that
are not quite fully hydrated are also capable of repairing
damage (Ibrahim and Roberts, 1983). At equilibrium relative
humidities (eRHs) greater than approx. 85 % (approx.
—20 MPa water potential), respiration and metabolism occur
at a rate that increases as more water is taken up by the
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seeds (Vertucci and Leopold 1984, 1986). Seed longevity
also increases over this range, provided oxygen is available
(Roberts and Ellis, 1989). However, repair processes are unli-
kely to be fully functional until water potential reaches
between —3 and —1-5 MPa (approx. 98 % eRH) (Vertucci
and Farrant, 1995; Pammenter and Berjak, 1999).

The term ‘priming’ was originally introduced in the context
of polyethylene glycol (PEG) osmotica treatments at water
potentials just below full imbibition; these treatments resulted
in more rapid germination on subsequent sowing (Heydecker
et al., 1973; Heydecker and Gibbins, 1978). Priming has
since been used to describe a wide variety of seed invigoration
treatments. These have included soaking seeds in or on water
(e.g. Tarquis and Bradford, 1992), or an osmoticum (e.g.
Georghiou et al., 1987; Sarocco et al., 1995), in some cases
with aeration (e.g. Powell ef al., 2000), mixing seeds with
moist vermiculite or sand (e.g. Chiu et al., 2002) or placing
seeds in a saturated atmosphere (e.g. Rao et al, 1987).
There are many examples of priming increasing the rate of ger-
mination (Argerich and Bradford, 1989; Argerich ef al., 1989;
Lanteri et al., 1993; Sarocco et al., 1995; Powell et al., 2000),
and some of increases in ability to germinate (Georghiou et al.,
1987; Demir, 2003). However, when combined with sub-
sequent desiccation, the effect of priming is not consistently
positive. In some cases, the benefit to germination is lost on
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desiccation, or partly retained on desiccation but lost rapidly in
storage (Heydecker and Gibbins, 1978). Priming has been
shown to be both beneficial (Georghiou et al., 1987; Probert
et al., 1991; Wechsberg, 1994) and detrimental (Argerich
et al., 1989; Tarquis and Bradford, 1992) to subsequent
longevity.

Increases in the rate of germination through priming have
been attributed to the advancement of germination metabolism
(Lanteri et al., 1993; Sarocco et al., 1995; Soeda et al., 2005),
enhanced antioxidant activity (Bailly et al., 2000) and, particu-
larly where longevity is improved, repair processes (Burgass
and Powell, 1984; Ashraf and Bray, 1993; Bray et al., 1993;
Sivritepe and Dourado, 1995). Negative effects of priming
have been explained as the consequence of germination
sensu strictu having advanced to a state where seeds have
lost desiccation tolerance (Sliwinska and Jendrzejczak, 2002)
or are less able to resist damage during air-dry storage
(Powell et al., 2000).

Differences in the effect of priming on the germination and
longevity of low and high quality seed lots and on seeds with
different maturity have /been described (Wechsberg, 1994;
Powell et al, 2000; Sliwinska and Jendrzejczak, 2002;
Demir, 2003; Butler er al., 2009). It has been suggested that
improvements in seed longevity after priming will be most
apparent in deteriorated seed lots, as in these seeds repair
will be most effective (Burgass and Powell, 1984). Powell
et al. (2000) suggest that low vigour seeds will benefit from
priming because of a requirement for repair before germina-
tion advancement occurs, whereas in high vigour seeds
advancement of germination occurs rapidly when primed
and progresses to a stage where seeds become susceptible to
more rapid deterioration in subsequent storage.

The effect of priming, particularly with respect to sub-
sequent longevity, can be influenced by the conditions
immediately after priming. For example, a mild water stress
or heat shock following priming restored the ability of seeds
from several species to withstand deterioration during storage
(Bruggink et al., 1999). Similarly, Gurusinghe and Bradford
(2001) noted an improvement in longevity for seeds given a
slow-drying, high temperature treatment after priming.
Drying seeds slowly after priming may induce the synthesis
of LEA (late embryogenesis abundant) proteins, while incubat-
ing seeds at high temperatures may induce heat shock proteins,
both of which may provide protective mechanisms that are
beneficial to seed longevity (Gurusinghe et al., 2002). Soeda
et al. (2005) noted that seeds dried at different rates after
priming showed differential gene expression: genes expressed
solely after slow drying were similar to those with functions in
DNA protection and stress tolerance. However, Schwember
and Bradford (2005) found that the longevity of lettuce
seeds given either a slow- or fast-drying treatment after
priming was reduced compared with non-primed seeds.

Here an investigation of the potential for priming to
increase the longevity of valuable ex situ seed gene bank
collections, particularly those accessions in which ageing has
occurred, is reported. Digitalis purpurea was selected for
study since, as has already been shown, the subsequent longev-
ity of immature seeds can be improved after collection by
priming (Butler et al., 2009). The treatments comprised a
range of water potentials, different durations of priming,
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different drying treatments and one or more cycles of
priming, applied to mature seeds that had or had not been
aged; subsequent longevity in air-dry storage was then
determined.

MATERIALS AND METHODS
Seed collection

A collection of brown seed capsules that had started to split
open was made from a population of wild foxglove
(Digitalis purpurea L.) plants in the Loder Valley Nature
Reserve (OS Grid Reference: TQ 336 301) on 10 August
2005. Following collection, capsules were taken back to the
laboratory and seeds removed as quickly as possible. Seeds
that shook out easily from capsules were retained; seeds that
did not were discarded. Fresh seeds were tested for germina-
tion and moisture content. Seeds were then held in glass
Petri dishes in the seed bank dry room (maintained at 15 °C
and 15 % RH) until use.

Priming during storage at a range of water potentials

After approx. 8 weeks in the dry room, a sample of seeds
was drawn at random and equilibrated at 20 °C over a non-
saturated solution of LiCl giving 47 % RH (Hay et al,
2008), in a 300 x 300 x 102 mm sealed plastic electrical
enclosure box (Ensto, Finland). After 14 d equilibration,
seeds were transferred to experimental storage conditions of
45°C and 60 % RH (in a second sealed plastic box over a
different concentration of non-saturated LiCl solution; seed
moisture content should be similar for the two environments,
thus on transfer to 45°C and 60 % RH, the seeds would
only have to equilibrate to the higher temperature).
Sub-samples of seeds were removed at 3 or 4 d intervals and
tested for their ability to germinate. For one ‘control’ treat-
ment, seeds were kept in experimental storage and sampling
continued up to 60 d. Otherwise, after either 14 or 28 d in
experimental storage, large sub-samples were removed and
primed in the dark at 20 °C at a range of water potentials.
For this, seeds were either scattered on two layers of filter
paper held in 90 mm diameter Petri dishes and saturated
with distilled water or with —1, —2 or —5 MPa solutions of
PEG 6000 (Fisher Scientific, UK), or were placed over non-
saturated solutions of LiCl made up to provide environments
of —10 or —15MPa. LiCl was used to create the lower
water potentials since PEG solutions become extremely
viscous at the high concentrations required for low water
potentials. After priming for 48 h, seeds were washed in dis-
tilled water and excess water removed by transferring the
seeds to a sintered glass Biichner funnel placed in a Biichner
flask to which a vacuum was applied. Seeds were then
re-equilibrated at 20 °C and 47 % RH for 24 h before returning
to experimental storage at 45 °C and 60 % RH and sampled
every 3 or 4d thereafter. As further controls, as well as
priming seeds removed after 14 or 28 d in experimental
storage, additional seeds were sealed inside 2 ml glass vials
and kept at 5 °C in the dark for the 72 h that the priming—
equilibration treatments took. These seeds were not washed
or re-equilibrated and were returned directly to experimental
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storage. As a final control, some seeds were given a priming
treatment after the initial 14 d equilibration period but before
any experimental storage; this was carried out using
—1 MPa PEG solution only, for 48 h in the dark at 20 °C as
before. These seeds were then re-equilibrated, placed into
experimental storage and sampled as above. The moisture
content and germination of seeds were also determined
before and after each priming treatment, and after
equilibration.

Duration of priming and effect of drying after priming

After approx. 1 year at 15 % RH and 15 °C, a further sample
of seeds from the original collection was equilibrated at 47 %
RH and 20°C for 7d and then transferred to experimental
storage (60 % RH and 45°C). Samples of seeds were
removed at 3 or 4d intervals and tested for germination.
After 14 d, sub-samples of seeds were removed and primed
at —1 MPa as described above but for either 2 or 48 h. After
priming, seeds from both treatments were washed as described
above, sub-divided, and either immediately re-equilibrated at
47 % RH and 20 °C or first dried at 15 % RH and 15 °C for
7 d. After 7 d re-equilibration, seeds were returned to exper-
imental storage and samples removed and tested for germina-
tion every 3 or 4 d.

Multiple cycles of priming

This investigation also began about a year after the original
collection was made. Seeds were removed from the dry room,
equilibrated for 7 d at 47 % RH and 20 °C for 7 d, and then
placed into experimental storage, all as above. After 14d
storage at 60 % RH and 45 °C, about half of the seeds were
removed and primed at —1 MPa for 48 h, washed, surface-
dried, re-equilibrated and returned to experimental storage
and sampling, all as described above. Of the remaining
seeds, a third were left in experimental storage with sampling
up to 70 d; the rest were similarly primed after an initial 28 d
of experimental storage. Priming was repeated with sub-
samples of the seeds primed for 14 and 28 d after intervals
of 14 or 18 d further storage to provide up to three cycles of
storage — priming — storage.

Seed moisture content determination

Seed moisture contents were determined gravimetrically.
Seeds were dried for 17 + 1 h in an oven at 103 °C (Butler
et al., 2009), using five replicates of approx. 30 seeds each,
and the moisture contents were calculated on a percent fresh
weight basis.

Seed germination

Germination tests were carried out on two or four replicates
of 25 seeds. Seeds were sown on 1% dH,O agar (Fisher
Scientific, UK) containing 1 mm KNOj (to break any dor-
mancy) in 50 mm Petri dishes and incubated at 25/10°C
(8/16 h, respectively, with light provided in the warm phase).
Lateral illumination with a flux density of 50—85 w m ™~ was
provided by 30 W cool white fluorescent tubes. Seeds were
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scored as germinated when the radicle had emerged by at
least 2 mm. Germination tests were terminated after the
seeds had been incubated for 56 d.

Data analysis

Probit analysis was carried out using GenStat for Windows
8th Edition (VSN International Ltd, UK) to estimate ps, (the
time taken for viability to fall to 50 %) and fit seed survival
curves to the data using the equation

v=K;—p/o (1)

where v is the viability [normal equivalent deviates (NED)] of
a seed lot stored for period p (d), K; is initial seed lot viability
(NED) and o is the standard deviation of the distribution of
seed deaths in time (d) (Ellis and Roberts, 1980). Thus, psq
is the product of K; and o. The results of seeds aged, primed
and then returned to experimental storage, where survival
curves for each sequence of ageing data had a reduced initial
viability and appeared asymmetrical, were fitted as above but
including the ‘control mortality’ parameter in probit analysis
(‘Immunity’ in GenStat) to estimate the initial proportion of
the seeds that were sown for each sub-sample that were non-
responders and not part of the newly ageing population
(Mead and Gray, 1999). For these stored—primed—dried—
stored treatments, psq is the period to 50 % viability from the
return to experimental storage. The total period in the exper-
imental storage environment (60 % RH, 45 °C) for such treat-
ments is designated #pso.

RESULTS

Seeds were collected at 21-4 + 0-85 % moisture content, lower
than that recorded for seeds harvested from a nearby popu-
lation 24 d earlier, at 40 d after flowering (43-9 %; Butler
et al., 2009), supporting our assertion that these seeds were
more mature. All seeds germinated when tested.

Priming during storage at a range of water potentials

Priming at 0, —1, —2, —5, —10 and — 15 MPa for 48 h
after 14 or 28 d storage at 45 °C and 60 % RH (5-9 % moisture
content) increased moisture content to between 44-1 and
119 % (Table 1). There was a tendency for slightly lower
moisture contents when primed after 28 d compared with
14 d storage; however, this was only significant for treatment
at —2 and —10 MPa (P < 0-05) and does not reflect a true
difference in moisture sorption properties.

In the control experimental storage treatment (i.e. seeds not
removed from storage), the pattern of loss in viability (ability
to germinate) was sigmoidal, and quantified well by a negative
cumulative normal distribution, with no viable seeds remain-
ing after 52 d (Fig. 1). From the fitted survival curve for this
data set, viability had fallen to 98-9 or 64 % after 14 or 28 d,
respectively (Fig. 1). These are close to equivalence with the
subsequent K; values of 2-1 or 0-2 NED (98-2 or 58-0 %) for
the seeds removed at these times and held at 5°C for 72 h
before returning to experimental storage (Table 1). The slope
(Table 1) of each subsequent survival curve for seeds held at
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TaBLE 1. Moisture content (MC) and survival curve parameters™ for D. purpurea seeds placed into experimental storage (45 °C, 60
% RH; 5-9 + 0-2 % moisture content) for 0, 14 or 28 d, primed at the water potentials indicated, and then returned to experimental
storage

MC after priming

Proportion of

Treatment (mean % + s.e.) Pso (d £ s.e.) Slopej" (d '+se) K (NED+se.) o (d) non—responders'i' (+s.e.) Responders (%)
0 d initial storage

Control - 30-7 + 0-37 —0-14 + 0-007* 4.2 4+ 020 7-3 Not estimated 100
—1 MPa 29-1 + 0-98 282 + 029 -0-25 £+ 0-017¢ 7-0 + 0-49 4.0 0-008 + 0-0055* 992
14 d initial storage

5°C - 16-6 + 0-40 —0-13 + 0-006* 2:140-11 80 Not estimated 100
0 MPa 412 +£ 074 254 + 037 —0-18 + 0-012° 4.7 +0-33 55 0-022 + 0-0082* 97-8
—1 MPa 294 + 0-24 253 +0-33 -0-20 £+ 0-013¢ 504+ 0-33 5-1 0-005 + 0-0040* 99-5
—2 MPa 26-3 + 0-35 242 + 034 —0-20 + 0-014¢ 4.9 + 036 50 0-014 + 0-0065* 98-6
—5 MPa 18-0 + 0-30 25-9 + 0-39 —0-15 £ 0-009° 3.9 +0-24 67 0-012 + 0-0064* 98-8
—10 MPa 167 + 0-44 34.2 4+ 0-40 —0-14 + 0-008" 50 +0-29 69 0-012 + 0-0064* 98-8
—15 MPa 12-1 + 017 26-7 + 045 —0-14 £+ 0-008% 3.6 +0-24 7-5 0-023 + 0-0091* 97-6
28 d initial storage

5°C - 1-5 + 0-70 —0-12 £ 0-006* 0-2 + 0-09 83 Not estimated 100
0 MPa 44-1 +1-02 18-5 + 0-60 —022 + 0-028° 4.0 + 0-60 4-6 0-324 + 0-0263" 67-6
—1 MPa 28:6 + 0-17 18-7 + 0-50 —0-22 £+ 0-022¢ 4-1 + 048 4-6 0210 + 0-0227® 79-0
—2 MPa 23-7 + 0-26 167 + 0-51 —0-21 + 0-021¢ 3.5 4041 4.7 0-175 + 0-0240® 82-5
—5 MPa 183 + 021 179 + 0-73 —0-15 £ 0-014° 2.6 +0-32 6-8 0-204 + 0-0301® 79-6
—10 MPa 149 + 0-29 21-1 +0-81 —0-11 + 0-011f 2-4 4+ 0-30 8-8 0-154 + 0-0003® 84-6
—15 MPa 119 +0-14 9-1 +0-57 —0-09 £ 0-005% 0-8 + 0-08 112 Not estimated® 100

* Estimates for psg, slope (and hence o, where o = 1/slope), K; and the proportion of non-responders were determined using probit analysis as if the data
were for a distinct seed lot, with the time when seeds were returned to experimental storage re-set to zero days in storage. Where the proportion of responders
was <100 %, the estimate of psq is the period to 50 % viability for that responding proportion from the time that the seeds were returned to experimental
storage (the product of K; and o). For example, where the proportion of seeds that were responders was 79 % (28 d, — 1 MPa), the estimates of ps, and s.e.
given are for the period from 79 to 39-5 % viability. Complete survival curves (i.e. all of the whole populations across the total experimental storage period)
are shown in Fig. 1, thereby enabling comparison of ps5, amongst whole populations.

* Within each data set, survival curves of seeds primed at the same water potential could be constrained to a common slope without a significant increase in

residual deviance (P > 0-05). These curves are shown with the same superscript.

" Within each data set corresponding to seeds removed after the same initial period of experimental storage, survival curves could be constrained to a
common estimate of the proportion of non-responders without a significant increase in residual deviance (P >0-05). “For seeds removed after 14 d, the
constrained estimate of the proportion of non-responders was 0-014 + 0-0025; Bfor seeds removed after 28 d, the estimate was 0-198 + 0-0120.

5 °C did not differ significantly from the control. Hence, when
the data were analysed using the total period in experimental
storage as the independent variable (subtracting the period
spent at 5 °C), the survival curves for these three different
control treatments could be constrained to a single line
without a significant increase in residual deviance (Fig. 1).
Priming seeds not subjected to experimental storage
at —1MPa for 48h resulted in a small but significant
reduction in psg, from 30-7 to 28-2 d (Fig. 1B; Table 1). The
survival curves for these primed and control treatments
could not be constrained to a common slope [F(; 37y = 33-04,
P < 0-05]; priming increased K; but reduced o, prolonging
the shoulder of the survival period, but steepening the sub-
sequent slope such that the survival curves crossed just
below 80 % (Fig. 1B).

Priming after 14 or 28 d in experimental storage improved
the subsequent survival of the seeds when they were returned
to air-dry storage (Fig. 1). Priming after 14 d storage had no
detectable effect on the subsequent germination percentage
of seeds returned to experimental storage; the estimate of
responders for all the seed lots primed after 14 d could be con-
strained to a common value (98-6 %; Table 1), and K; was
>5-0 NED (equivalent to 100 %, thus all 98-6 % of responders
were viable when they were returned to experimental storage).
After 28 d storage, however, priming increased the viability of
seeds returned to experimental storage from 62 to 67—84 %

(Fig. 1). Those seeds that did not germinate were largely
accounted for by the increase in the proportion of non-
responders, since K; remained high (>2-4 NED; equivalent
to 99-2%, i.e. very nearly all of the 67-84 % responders
were viable), except for seeds primed at — 15 MPa (Table 1).
The high estimates for K; (in part a consequence of a signifi-
cant proportion of non-responders for seeds primed after
28 d) are manifest as periods of lag (compared with the
control) before significant loss in viability (Fig. 1). Survival
curve slopes were thereafter steeper than for control seeds.
For example, o was reduced from 8 d for control seeds down
to 5:0-5-5d for seeds primed after 14d at 0 to —2 MPa
(Table 1). For seeds primed at these water potentials after
28 d, o was reduced yet further to 4-6 d. However, for seeds
primed at the lower water potentials, the reduction in o was
not as great. In fact, o increased for seeds primed at —10 or
— 15 MPa after 28 d in experimental storage.

Treating the survival data for seeds returned to experimental
storage as if they were distinct seed lots, there were only small
differences in the survival curves for seeds primed after 14 d at
0 to —5 MPa, with the resulting ps, values being very similar
(approx. 25 d; Table 1). For seeds primed after 28 d at these
same water potentials, estimates of psy, were lower but again
similar amongst treatments at approx. 17—18 d. Estimates of
pso were generally lower for seeds primed at the lower water
potentials. The effects of these changed estimates for the
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survival curve parameters, as shown in Table 1, when plotted
with the total experimental storage period taken into account
(as in Fig. 1) are that fpso increased compared with control
seeds. For example, for seeds removed after 14 d, s, was
approx. 39d for seeds primed at 0, —1, —2, —5 or
— 15 MPa, and 49 d for seeds primed at — 10 MPa, compared
with 31 d for seeds not primed. For seeds removed after 28 d,
the survival curves for the viable seeds were shifted further to
the right and the #psq increased to 43—45 d for seeds primed at
0, —1, —2 or —5 MPa. However, for those primed at —10 or
— 15 MPa, there were slight decreases in fps5, compared with
seeds primed at 14 d, and there was little difference amongst
survival curves once viability fell below 60 %.

Duration of priming and effect of drying after priming

Seeds primed for 48 h using —1 MPa PEG in this exper-
iment did not reach as high a moisture content as those
given the equivalent treatment in the earlier experiment, just
23-7 + 0-71 % (data not shown) compared with approx. 29 %
(Table 1). This indicates the practical difficulties of achieving
identical experimental conditions at such high water potentials.
The moisture content of seeds primed for just 2 h was signifi-
cantly lower at 18-7 + .57 % (P < 0-05).

As before, the longevity of seeds removed after 14 d in
experimental storage improved when primed for either 2 or
48 h (Fig. 2). The duration to 50 % viability increased from
37d for control seeds (psp) to 44—51d for primed seeds
(tpso) and was approx. 2 d longer for seeds primed for 2 h
compared with those primed for 48 h. However, the greatest
difference between seeds primed for 2 or 48 h was in the
shape of the survival curves; the estimates for o following
2 h priming were similar to the control and could be con-
strained to a common slope [F(229)= 0-55, P >0-05],
whereas 48 h priming reduced o, and slopes could not be con-
strained to a common value [F 24y = 142, P < 0-05].

The benefit of priming to subsequent seed survival was
affected by whether the seeds were dried at 15 % RH post-
priming, or immediately placed into the re-equilibration
environment (47 % RH; Fig. 2). The estimate of tpsy for
seeds primed for 2h and immediately re-equilibrated was
51 d; this was reduced to 47 d if the seeds were first dried
down at 15% RH. A slightly greater reduction in fps, was
apparent for seeds primed for 48 h, from 49-5 to 44 d.

Multiple cycles of priming

Additional cycles of priming interrupting air-dry storage
repeatedly improved seed longevity (Fig. 3). As in the first
investigation, there had been little decline in viability by the
time seeds were removed from experimental storage at 14 d
(Fig. 3A). Priming seeds then shifted the resultant survival
curve to the right and fpsy increased by approx. 17d.
Priming these seeds again after 14 d, before any significant
decline in viability, had no effect on tpsy However, priming
a third time after another 14 d improved tpsy by a further
7 d. Thus tpsy for seeds which had experienced a total of
42 d in experimental storage before the third priming treatment
was 60 d; for control seeds (not primed), pso was 36 d and all
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Fi1G. 2. Survival of seeds of D. purpurea, harvested in 2005, stored at 45 °C
and 60 % RH throughout (filled squares, repeated for clarity in both graphs) or
removed after 14 d, primed (—1 MPa PEG) for 2 (open circles and dotted
lines) or 48h (filled circles and lines), then either (A) immediately
re-equilibrated at 47 % RH and 20 °C for 7 d or (B) dried at 15 % RH and
15 °C for 7 d before re-equilibration at 47 % RH and 20 °C for 7 d, and then
returned to experimental storage. The seed survival curves shown, fitted by
probit analysis, are individual lines of best fit, although the 2 h priming treat-
ments could be constrained to the same slope as the control without a signifi-
cant increase in residual deviance (P > 0-05). Note that the storage period
shown is the total time at 60 % RH, 45 °C (i.e. disregarding the time whilst
priming and re-drying). The horizontal and vertical lines indicate the times
when viability had fallen to 50 %.

the seeds had died by 70 d. As before, survival curves were
steeper for primed seeds than the control.

After 28 d in storage, the ability to germinate had already
fallen to 80 %. As before (Fig. 1), priming resulted in an
increase in the germinability of seeds returned to experimental
storage (Fig. 3B). Again, priming resulted in a lag period
before loss in viability was apparent, and the subsequent sur-
vival curves were steeper. These effects were largely dupli-
cated by the second priming treatment, except that ability to
germinate on the return to experimental storage was approx.
10 % lower than that of seeds removed from storage. Thus
1pso increased to 55 or 62 d for seeds initially stored for 28 d
and given one or two cycles of priming, respectively. By the
third priming treatment, after a total of 64 d in experimental
storage, viability had been reduced to approx. 20 % and differ-
ences between the second and third priming treatments were
difficult to discern (Fig. 3B).
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Fi1G. 3. Survival of seeds of D. purpurea, harvested in 2005, stored at 45 °C
and 60 % RH throughout (filled squares, repeated for clarity in both graphs) or
removed after either 14 (A) or 28 d (B) and then primed for 2d (—1 MPa
PEG), re-equilibrated at 20°C and 47 % RH for 24 h, and returned to
storage. (A) Seeds were primed after 14 d storage (open squares), re-primed
after a further 14 d storage (filled circles), or primed for a third time after
another 14 d storage (open circles). (B) Seeds were primed after 28 d
storage (open squares), re-primed after a further 18 d storage (filled circles),
or primed for a third time after another 18 d storage (open circles). Survival
curves were fitted by probit analysis. Note that the storage period shown is
the total time at 60 % RH, 45 °C (i.e. disregarding the time whilst priming
and re-drying).

DISCUSSION

Whilst priming is consistently reported to improve the rate
and uniformity of seed germination, the effect on subsequent
seed longevity appears to be more variable, with reports
of increases (e.g. Georghiou et al., 1987; Probert et al.,
1991; Wechsberg, 1994) and decreases in seed longevity
(e.g. Argerich et al, 1989; Tarquis and Bradford, 1992;
Schwember and Bradford, 2005; Hill er al., 2007). Powell
et al. (2000) reported different responses related to initial
seed quality; priming increased the rate of subsequent deterio-
ration in high vigour seeds of Brassica oleracea L, but was not
deleterious to lower vigour seeds.

Similarly here, priming only improved the subsequent
longevity of mature D. purpurea seeds that had already experi-
enced some experimental storage. It had a generally negative
effect (see later) on newly collected mature seeds which had
just been processed as if for long-term storage (Fig. 1B).
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Although loss of viability was not detected after 14 d of
experimental storage, the seeds had clearly incurred some
damage which was then repaired by priming. Upon return to
experimental storage, such treatments resulted in large
increases in the period for viability to fall to 50 % (tpso;
Fig. 1). After 28 d experimental storage, there had been a mea-
surable decline in viability. However, after priming, a greater
proportion of the seeds returned to experimental storage were
germinable. This is an extreme case of the shortest lived
(least vigorous) seeds benefiting most from priming. We
suggest that these seeds were on the ‘brink’ of losing the
capacity to complete germination under standard conditions,
because germination sensu strictu commenced (but then
failed) before sufficient repair had occurred during imbibition.
By delaying germination, priming provided the additional
repair time such that these individuals could recover the
capacity to germinate under standard conditions and indeed
survive a further period of storage.

Thus the priming treatments had a ‘rejuvenating’ effect on
the population of responding seeds that were returned to exper-
imental storage. The control mortality term (Mead and Gray,
1999) was a significant parameter in the probit analysis of
the data for these seed lots returned to experimental storage.
Thus the responding individuals amongst the returned seeds
followed a distinct (normal) distribution of seed deaths over
time. Unlike the seeds held at 5 °C, whereby ageing was in
effect suspended, the returned primed seeds did not behave
as part of the same population of seeds that were originally
placed in experimental storage. The estimates for psg, slope
and K; given in Table 1 for these primed seed lots are the esti-
mates of the distribution of seed deaths over time for the
‘responders’, not for all the seeds stored and then sown in
the germination tests. Seeds that had been irreversibly
damaged by the initial period of experimental storage were
no longer part of the subsequent repaired and ageing seed
population. The distributions of seed deaths over time when
primed after 14 d storage were not so different (but see
below) from that of the control; ps, was reduced by only
approx. 5d and estimates for K; were still high (3-5-5.0
NED; Table 1). A high K; (anything >2 NED) results in the
‘shoulder’ to the survival curves, which then becomes exag-
gerated as the proportion of non-responders increases
(Fig. 1). The distributions of seed deaths over time for seeds
removed from experimental storage after 28 d, primed and
then returned to experimental storage showed greater differ-
ences: estimates of pso for the responders were typically
approx. 18d compared with 30d for control seeds. The
longer initial period of experimental storage had a negative
effect on the estimates of both K; and o of the subsequent
responders, suggesting that these seeds were not able to
repair fully the damage that had been incurred. That is, there
is a limit to the amount of damage that can be fully repaired,
at least with the treatments used here.

Our analyses re-set the duration of storage to zero when the
seeds were returned to experimental storage; the estimates of
Pso values from probit analysis do not reflect the total period
of experimental storage. Thus the term tps, was introduced
to reflect the full ageing history of the seed lot, whereas ps
only reflects the latest phase of experimental storage.
Clearly, priming the stored seeds of D. purpurea just before
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the accumulated damage had lethal consequences (i.e. on the
cusp of the survival curves) dramatically increased tps.
Re-priming seeds at this point repeatedly allowed sufficient
repair to occur such that close to 100 % viability was main-
tained for 50 d and #ps, was extended to 60 d (Fig. 3A). In con-
trast, in the control (for which pso = tps), almost no viable
seeds remained at 55d and pso was only 36 d. The maximum
number of priming cycles applied here was only three. Each
cycle improved longevity to some degree. It might be sup-
posed that at some point the efficiency of the repair processes
would be impaired. However, lettuce seed survived for many
months when subjected to repeated 14 d cycles of imbibition,
redrying and storage (Villiers and Edgcumbe, 1975). It is
suggested, therefore, that limiting the extent of seed deterio-
ration in air-dry storage before (re-)priming may be more
important than the number of cycles.

Priming after a significant loss of viability had accumulated
within a population resulted in yet greater longevity of those
seeds that had remained viable: the estimate of tpsy was
greater for seeds primed after 28 than 14 d storage. This is
seen as a further shift to the right by the survival curves in
Fig. 1. For those seeds that do survive, priming is not having
an additive effect. We deduce this from the remarkable simi-
larity, <70 %, of the survival curve for seeds aged a total of
42 d and receiving three priming treatments (open circles,
Fig. 3A) and that for seeds primed at approximately the
same time (total treatment period), but primed only twice
(filled circles Fig. 3B). However, the benefit of priming to sub-
sequent longevity once the majority of the population had lost
viability was meagre (compare open and filled circles,
Fig. 3B). The implication of this is that whereas seeds from
the shortest lived fraction of the original population close to
the end of their life spans benefitted most from priming in
terms of their subsequent survival (e.g. Fig. 1B), those from
the longest lived fraction when similarly close to the end of
their life spans showed much less benefit (Fig. 3B).

In this study, seeds were collected at 21-4 % moisture
content. Data from Hay and Probert (1995), together with
the fact that the capsules had already split, would suggest
that the seeds were close to natural dispersal and hence
mature. Butler er al. (2009) proposed that priming of less
than mature seeds allowed maturation events to resume and
thereby improve subsequent seed longevity. In this study,
priming mature seeds before experimental storage generally
had a negative effect on seed longevity, with the exception
of the shortest lived individuals which can be surmised to be
the least mature individuals within the collection and therefore
able to benefit from the priming treatment. In consequence, the
population became more uniform and resulted in a sharper sur-
vival curve compared with the control (Fig. 1B). Thus priming
and re-drying can be used as either a maturation or repair treat-
ment to extend the longevity of immature or aged seeds,
respectively, but should not be used for high quality seeds col-
lected at the optimum stage of development (point of natural
dispersal for D. purpurea), except as a potential ‘invigoration’
treatment prior to germination (i.e. not returned to storage).
They should be dried and placed into storage without delay.
Since it may not be practicable to sort a heterogeneous seed
collection, post-harvest, into those at, or not yet at, this
optimum stage of development, attempts to optimize
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slow-drying and/or priming treatments will be a compromise
between what is best for the different fractions within a
single seed population. This might be easier to achieve at
the lower water potentials investigated here because the
benefit to the longevity of individuals within the population
tended to be more uniform (i.e. o was similar to the control)
and the absolute benefit greater at lower water potentials.
Priming seeds at —10 MPa after withdrawal from experimen-
tal storage provided the greatest benefit to subsequent longev-
ity (Fig. 1). Note, however, that this treatment was provided by
a moist atmosphere over LiCl, whereas water potentials closer
to those of fully imbibed seeds were provided on filter papers
saturated with dH,O or PEG in solution. Too rapid uptake of
water has been suggested to be damaging during priming,
whilst a more controlled uptake of water from a moist atmos-
phere can be beneficial (Basu and Pal, 1980; Rao ez al., 1987).
Additionally, oxygen required for repair may be more avail-
able to seeds equilibrated in a moist atmosphere than those
primed on PEG in a sealed Petri dish. Nonetheless, this inves-
tigation showed that all water potentials investigated were ben-
eficial to the subsequent longevity of aged seeds, and
differences among them were not large. This contrasts with
the situation in seeds stored at high moisture contents where,
in the presence of oxygen, survival is greater the higher the
water potential, and which has been attributed to repair
mechanisms being more effective at these values (Ibrahim
and Roberts, 1983). Hence, it is difficult to explain all of the
benefits reported here by repair mechanisms alone — particu-
larly since the driest beneficial treatment (— 15 MPa, approx.
12 % moisture content, or an eRH of 80—85 %; Butler et al.
2009) is just below the lower limit of the moisture range
over which repair mechanisms are believed to function.

The major benefit from priming to subsequent seed longev-
ity was achieved quite rapidly, apparently occurring during
early imbibition and perhaps the early stages of subsequent
re-drying. Earlier experiments suggested that 2 h was sufficient
for D. purpurea seeds to equilibrate at the priming water
potential. The moisture content estimates suggest that seeds
continued to take up water, at least up to 48 h, but nonetheless
seed longevity was improved after just 2 h priming (Fig. 2).
Furthermore, this 2 h treatment had a uniform effect on all
the individual seeds within the population. This contrasts
with the longer duration priming treatment where the survival
periods of the shortest lived individuals were further improved
whilst those for the longest lived individuals were impaired
(and hence the steeper survival curves).

Drying primed seeds back at 15 % RH, 15°C (dry room
conditions) also impaired subsequent longevity (compared
with 47 % RH, 20 °C). Indeed, the viability of seeds primed
for 48 h and dried under these conditions was lost in the
longest lived individuals after the same period of storage as
those in the control (Fig. 2B). The milder water stress of the
re-equilibration environment (47 % RH) following priming
may contribute to the overall beneficial effect of the treatment
since gradual loss of water may improve resistance to dehy-
dration damage by allowing time for protective mechanisms
to operate (Kermode and Finch-Savage, 2002; Soeda et al.,
2005). Although both of our regimes dried seeds more
rapidly than occurs in normal seed maturation, there appears
to be the possibility of parallels between drying after
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priming, where this is beneficial to longevity, and during the
post-abscission phase of seed maturation where similar
benefits are seen. We speculate that those aspects of seed
quality which are gained during the final stages of maturation
drying may be the first functionality to be lost during seed
ageing. However, provided the damage is not too great, this
can be regained quickly by a cycle of rehydration and desicca-
tion (as here), or perhaps one of rehydration and heat shock
(Gurusinghe and Bradford, 2001).

The capability of fractions of a population of seeds to
respond differently to the same priming treatment — the long-
evity of some individuals increasing whilst decreasing in
others — poses questions about the methods traditionally
adopted to investigate the molecular or biochemical bases
for seed behaviour. In such situations, the certainty of correctly
interpreting differences between samples, when measures are
determined using homogeneous extracts from a number of
seeds, appears low.

It would be premature on the basis of the current study on a
single species to advocate that seed accessions maintained in
gene banks should be routinely primed at some period
during their storage, particularly as the literature on the
effect of priming on both desiccation tolerance and subsequent
longevity is contradictory. However, adopting an approach of
improving the quality of seed collections through repeated
cycles of rehydration and desiccation could retain seed viabi-
lity and reduce the need for costly, and risky, regeneration pro-
cedures. Seed bank collections are typically regenerated when
viability falls to 85 % (e.g. IBPGR, 1976) or 75 % (e.g. Terry
et al., 2003). Moreover, such values are on the part of the seed
survival curve where a high proportion of those seeds that
remain viable are close to death, and these individuals are
more likely to fail to produce seedlings when sown (Ellis
and Roberts, 1981). Hence there is selection against the
shorter lived individuals. In the case of genetically hetero-
geneous accessions, the regeneration of such accessions inevi-
tably results in the selection of longer lived genotypes and,
with them, any other tightly linked characters. As we have
shown here, priming tends to benefit the survival of the
whole (surviving) population but often benefits the shorter
lived fraction more. Hence such rehydration—desiccation
cycles have the potential to minimize the risk of genetic selec-
tion during regeneration.
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