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The subcellular basis of seed priming

Anuradha Varierf, Alice Kuriakose Vari and Malavika Dadlani*

Seed priming is a commercially used technique for improving seed germination and vigour. It
involves imbibition of seeds in water under controlled conditions to initiate early events of germi-
nation, followed by drying the seed back to its initial moisture content. This review article summa-
rizes the recent information available on the various subcelluar processes associated with priming
which lead to seed enhancement. The paper discusses the role of synthesis of specific proteins in re-
sponse to priming. The effect of priming on DNA repair, gene expression and synthesis of new mes-
sage and protein synthesizing machinery are included. The enhancement in the energy metabolism
of the cell by priming and the effect of priming in advancing and synchronizing the stage of the cell
cycle are discussed. The article also includes information on the role of priming in specific cases,
such as alleviation of dormancy in thermosensitive crops which require ethylene. The relationship
between seed longevity and priming and methods to prolong longevity, wherever required after
priming and the role of desiccation-related proteins, which accumulate during these treatments are
also discussed. An illustration summarizing the information on all the metabolic processes which
could possibly contribute towards the enhancement in seed performance achieved by priming is
included. The paper identifies areas where information is lacking and potential for more in-depth

research exists.
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SEED priming is a technique which involves uptake of
water by the seed followed by drying to initiate the early
events of germination up to the point of radicle emer-
gence' ™. Tts benefits include rapid, uniform and increased
germination, improved seedling vigour and growth under
a broad range of environments resulting in better stand
establishment and alleviation of phytochrome-induced
dormancy in some crops. The techniques, which are
commercially used to accomplish seed priming, have
been reviewed in detail by Khan, Basu, McDonald, Cope-
land and McDonald, and Varier and Vari®>®. The common
feature in these priming techniques is that they all involve
controlled uptake of water. The metabolic processes
associated with priming are slightly different, with respect
to their dynamics from those which occur during germi-
nation, where the water uptake is not controlled. Also, the
salts used during priming elicit specific subcellular
responses.

Much of the earlier work on the physiology of seed
priming has been reviewed by McDonald®. The goal of
this article is to update the information on the subcellular
basis of seed priming including recent references which
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have not been covered by earlier reviews. In the discus-
sion, we suggest our own model to summarize the various
physiological processes which could possibly be involved
in the improvements conferred by seed priming.

Stages of water uptake during germination
where priming is relevant

When a dry seed is kept in water, the uptake of water
occurs in three stages’. Stage I is imbibition where there
is a rapid initial water uptake due to the seed’s low water
potential. During this phase, proteins are synthesized
using existing mRNA and DNA and mitochondria are
repaired. In stage 11, there is a slow increase in seed water
content, but physiological activities associated with germi-
nation are initiated, including synthesis of proteins by
translation of new mRNAs and synthesis of new mito-
chondria. There is a rapid uptake of water in stage III
where the process of germination is completed culminat-
ing in radicle emergence.

Stages 1 and II are the foundations of successful seed
priming where the seed is brought to a seed moisture con-
tent that is just short of radicle protrusion®’. The pattern
of water uptake during priming is similar to that during
germination but the rate of uptake is slower and con-
trolled.
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Synthesis of proteins and enzymes during
priming

A proteome analysis of seed germination during priming
in the model plant Arabidopsis thaliana by MALDI-TOF
spectrometry identified those proteins which appear spe-
cifically during seed hydropriming and osmopriming'*''.
Among these are the degradation products of the storage
protein 12S-cruciferin S-subunits. In a previous work on
sugar beet, Job er al.'* reported the accumulation of the
degradation product of the B-subunit of 11-S globulin
during seed priming by an endoproteolytic attack on the
A-subunit. This suggests that enzymes involved in mobi-
lization of storage proteins are either synthesized or acti-
vated during seed priming. Other reserve mobilization
enzymes such as those for carbohydrates (¢« and £ amy-
lases) and lipids mobilization (isocitrate lyase) are also
activated during priming'>'". These results indicate that
priming induces the synthesis and initiates activation of
enzymes catalysing the breakdown and mobilization of
storage reserves, though most of the nutrient breakdown
and utilization occur post-germinative after the radicle
emergence.

The proteomic analysis also reveals that « and £ tubu-
lin subunits, which are involved in the maintenance of the
cellular cytoskeleton and are constituents of microtubules
involved in cell division, are abundant during priming.
Accumulation of f-tubulins during priming has been
observed in many species in relation with reactivation of
cell cycle activity'>'® and is discussed later.

Another protein detected by the proteomic analysis,
whose abundance specifically increases during hydro-
priming, is a catalase isoform. Catalase is a free-radical
scavenging enzyme. It is presumed that hydropriming ini-
tiates an oxidative stress, which generates reactive oxygen
species, and catalase is synthesized in response to this
stress to minimize cell damage. In addition to catalase,
levels of superoxide dismutase, another key enzyme
quenching free radicals also increases during priming'”'®.
Increased levels of these free radical scavenging enzymes
due to the oxidative stress during priming could also pro-
tect the cell against membrane damage due to lipid per-
oxidation occurring naturally.

Shinde' reported synthesis of a 29kD polypeptide
after 2—6 h of priming in cotton seeds.

The abundance of low molecular weight heat shock
proteins (LMW HSPs) of 17.4 and 17.7 kD specifically
increased in osmoprimed seeds in the MALDI-TOF spec-
trometry analysis'™'!. LMW HSPs are reported to have
molecular chaperone activity®’, these data suggested that
LMW HSPs may act by maintaining the proper folding of
other proteins during osmopriming, preventing aggrega-
tion and binding to damaged proteins to aid entry into
proteolytic pathways?'. In osmopriming, seeds are soaked
in osmotica, viz. polyethylene glycol (PEG) and manni-
tol, which result in incomplete hydration and an osmotic

CURRENT SCIENCE, VOL. 99, NO. 4, 25 AUGUST 2010

stress situation is created. This explains the abundance of
heat shock proteins, which are known to accumulate in
high amounts during any kind of stress. These HSPs syn-
thesized during osmopriming in response to stress could
also protect the proteins damaged by natural ageing.
Similarly, the enzyme L-isoaspartyl protein methyltrans-
ferase, which repairs age-induced damage to cellular pro-
teins, is reported to increase in response to priming®. Thus,
it appears that one of the ways in which priming is effective
at the subcellular level is by conferring protection to the
cellular proteins damaged through natural ageing.

Gene expression and synthesis of new mRNA
during priming

Shinde'® reported priming-induced synthesis of RNA in
cotton seeds, corresponding to the actin 7 gene, following
a reverse transcriptase polymerase chain reaction (PCR)
analysis. Studies on gene expression in osmoprimed
seeds of Brassica oleracea on a ¢cDNA microarray®=!
revealed that in primed seeds many genes involved in cel-
lular metabolism are expressed (and synthesize mRNA)
at a level intermediary between those in dry seeds and
germinating seeds imbibed in water. These genes mostly
code for proteins involved in energy production and
chemical defence mechanisms. A few genes are expressed
to the same extent in osmoprimed seeds as in germinating
seeds. These include genes for serine carboxypeptidase
(involved in reserve protein mobilization and transacyla-
tion) and cytochrome B (involved in the mitochondrial
electron transport).

This microarray analysis in combination with Northern
analysis gives some idea of transcripts synthesized during
priming. To obtain direct evidence for the synthesis of
new mRNA, techniques which involve detection of pre-
mature RNA species before intron splicing should be
integrated with the other methods.

Effect of priming on protein synthesizing
machinery

Priming improves the integrity of the ribosomes by
enhancing rRNA synthesis™. The microarray gene expres-
sion studies of Soeda et al.** in B. oleracea seeds, reveal
that RNA levels of genes encoding components of the
translation machinery, such as ribosomal subunits and
translation initiation and elongation factors, increase
during osmopriming. Thus, one of the ways in which
priming enhances protein synthesis is by improving the
functioning of the protein synthesis machinery.

DNA repair during priming

Maintenance of the integrity of DNA by repairing the
damages incurred naturally is important for generating
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error-free template for transcription and replication with
fidelity. Thornton et al.*® suggested that damage to DNA
which accumulates during the seed ageing is repaired by
aerated hydration treatments as also during early hours of
germination. DNA synthesis measured by the incorpora-
tion of °H thymidine in artificially aged seeds of B.
oleracea L. was advanced by this treatment (compared to
that in the untreated aged seeds) along with an improve-
ment in germination. This recovery in DNA synthesis is
attributed to pre-replicative repair of DNA damaged dur-
ing ageing by the hydration treatment since treatment
with hydroxyurea, which is an inhibitor of replicative
DNA synthesis does not inhibit the synthesis. The exact
mechanism of this repair is not yet known and needs to be
investigated.

Association between priming and the cell cycle

To achieve maximum benefits from priming, the process
is stopped just before the seed loses desiccation tolerance,
i.e. before the radicle emergence or stage III of water
uptake. Radicle emergence involves cell expansion and is
facilitated by an increased turgor pressure in the hydrated
seed, whereas active cell division starts after radicle
emergence. So, it is expected that priming does not exert
any major effect on cell division per se*’. However, prim-
ing advances the cell cycle up to the stage of mitosis.

Flow cytometric analyses of osmoprimed tomato seeds
reveal that the improvement of germination associated
with priming is accompanied by increase in 4C nuclear
DNA indicating that priming enhances DNA replication
allowing the advancement of the cell cycle from G; to
the G, phase®™. Powell er al'® found an increase in
the proportion of nuclear DNA present as 4C DNA
in high vigour cauliflower seeds subjected to aerated
hydration treatment. Thasni® also reported a two-fold
increase in total genomic DNA content in hydro-primed
corn seed.

Immunohistochemical labelling of DNA with bro-
modeoxyuridine (BrdU) during seed osmoconditioning in
tomato confirms the presence of cells in the S-phase of
the cell cycle synthesizing DNA'. The actively replicat-
ing DNA is tolerant to drying as incorporation of BrdU is
detected in embryo nuclei before and after osmocondi-
tioned seeds are re-dried. Although the frequency of 4C
nuclei after the osmoconditioning treatment is higher than
that of untreated seeds imbibed in water for 24 h, lower
numbers of BrdU-labelled nuclei are detected in osmo-
conditioned embryos. This is because of the fact that
though priming enhances DNA replication to some extent
and facilitates the synchronization of DNA replication in
all the cells of the embryo, DNA replication per se is
lesser during priming under controlled hydration than
during direct imbibition in water.

Powell et al.'® following western analysis observed that
the level of ftubulin, which is a cytoskeletal protein and
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is related to the formation of cortical microtubules
increases in response to aerated hydropriming. de Castro
et al."® also observed accumulation of Atubulin in all tis-
sues of the tomato seed embryo during osmopriming.
After redrying f-tubulin appeared as granules or clusters.
This is because microtubules are sensitive to dehydration
and are partly depolymerized after drying. The amount of
soluble A-tubulin detected after re-drying is relatively
high because microtubules are dynamic structures and
exist in an equilibrium between soluble tubulin subunits
and the polymerized microtubules. During priming, the
cell cycle is arrested at the G, phase allowing the syn-
chronization of cells. Mitotic events and cell division
occur earlier and to a greater extent in embryos of primed
seeds upon subsequent imbibition in water than in the
control seeds. Thus, the pre-activation of the cell cycle is
one of the mechanisms by which priming induces better
germination performance relative to untreated seeds. The
regulation of the cell cycle by priming could be through
the regulation of the activity of the cell cycle proteins
such as cyclins, cyclin dependent protein kinases and
proliferating-cell nuclear antigens (PCNA). Imbibition of
maize seed in the presence of benzyladenine increases the
amount of PCNA over control, which is associated with
the acceleration of the passage of cells from Gy to G,
There is no information on the effect of priming on the
cell cycle proteins and research needs to be initiated in
this area.

Effect of priming on energy metabolism and
respiration

Corbineau et al’' observed that imbibition of tomato
seeds in PEG results in sharp increases in adenosine
triphosphate (ATP), energy charge (EC) and ATP/ADP
(adenosine diphosphate) ratio. These remain higher in
primed seeds even after drying than in unprimed seeds.
During subsequent imbibition in water, the energy
metabolism of the primed and dried seed is much more
than that of the unprimed seed making the primed seed
more vigorous. The high ATP content of the redried
primed seed is maintained for at least 4-6 months when
stored at 20°C. Maximum benefit of osmopriming is
obtained when performed in atmospheres containing
more than 10% oxygen. Priming treatment is totally
ineffective in the presence of the respiratory inhibitor
(NaNj3) at high concentration, suggesting that respiration
is essential for priming to be effective. The beneficial
effect of priming is optimal for values higher than 0.75
for EC and 1.7 for the ATP/ADP ratio.

Hydropriming improves the integrity of the outer
membrane of mitochondria after 12 h of imbibition (esti-
mated by the cytochrome C permeation assay), but there
is no concomitant increase in the ability of the mitochon-
dria to oxidize substrates®. Significant increase in the
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number of mitochondria in response to priming was also
reported in osmoprimed leek cells™, although these were
not correlated to respiration levels. The association
between improvement in the mitochondrial integrity by
priming and mitochondrial performance needs to be
elucidated.

Priming and seed dormancy

Priming also releases seed dormancy in some crops. In
thermosensitive varieties of lettuce, germination is
reduced or completely inhibited at high temperatures such
as 35°C**°. The embryo in lettuce seed is enclosed
within a two to four cell layer endosperm, whose cell
walls mainly comprise galactomannan polysaccharides
and hence the weakening of endosperm layer is a prereq-
uisite to radicle protrusion, particularly at high tempera-
tures. Endo-fmannase is the key regulatory enzyme in
endosperm weakening, which requires ethylene for acti-
vation. High temperatures reduce germination primarily
through their inhibitory effect on ethylene production by
seeds, which in turn reduces the activity of endo-f-
mannase. Osmopriming of seeds with PEG (-1.2 MPa) at
15°C with constant light could overcome the inhibitory
effects of high temperature in thermosensitive lettuce
cv. Dark Green Boston (DGB) seeds in the absence of
exogenous ethylene supply>®. Imbibition of seeds of DGB
in l-aminocyclopropane-1-carboxylic acid (ACC, a pre-
cursor of ethylene) improved their germination at 35°C
and also increases the activity of endo-f-mannase.
Osmopriming of DGB seeds had a similar effect as imbi-
bition in ACC, improving both germination and the acti-
vity of endo-fmannase. This suggests that osmopriming
is able to substitute the effect of ACC for breaking ther-
modormancy. Osmopriming in the presence of aminoeth-
oxyvinylglycine (AVG), an inhibitor of ethylene synthesis
(it inhibits ACC synthase) does not affect the enhance-
ment of germination. Thus, osmopriming is able to over-
come the dormancy even when ethylene synthesis is
interrupted. A possible explanation for this is that osmo-
priming helps in releasing the ethylene within the embry-
onic tissues encased by the endosperm and seed coat and
this would be sufficient to allow seed germination. Prim-
ing in the presence of silver thiosulphate (STS), a puta-
tive specific inhibitor of ethylene action, which interacts
with the binding site of ethylene, inhibits germination,
suggesting that ethylene activity is indispensable for the
release of dormancy. There are several studies that show
an increased ability for primed seeds to produce ethyl-
ene®"*® However, it is not clear whether ethylene pro-
duction is integral to obtaining a priming effect in seeds
or whether it is simply the result of high vigour displayed
by primed seeds.

In other species also such as tomato, carrot and cucum-
ber which do not require ethylene, priming enhances the
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loosening of the endosperm/testa region that permits
germination at suboptimal temperatures”.

Priming and seed longevity

In general, priming improves the longevity of low vigour
seeds, but reduces that of high vigour seeds™*. The high
vigour seed is at a more advanced physiological stage
after priming nearly at stage III, and thus more prone to
deterioration. When a low vigour seed is primed, it requires
more time to repair the metabolic lesions incurred by the
seed before any advancement in germination can occur,
thus preventing further deterioration.

Powell et al.'® observed that aerated hydration treat-
ments improve storage potential of low vigour seeds and
decrease the longevity of high vigour seeds. The
improved longevity of low vigour seeds is associated
with increased K (initial seed viability) after priming and
a reduced rate of deterioration.

The most frequently cited cause of seed deterioration is
damage to cellular membranes and other subcellular
components by harmful free radicals generated by per-
oxidation of unsaturated and polyunsaturated membrane
fatty acids. These free radicals are quenched or converted
to less harmful products (hydrogen peroxide and subse-
quently water) by free radical scavenging enzymes and
antioxidants. Hydropriming and ascorbic acid priming of
cotton seed is reported to maintain germination and cor-
respondingly the activities of a number of antioxidant
enzymes such as peroxidase, catalase, ascorbate peroxi-
dase, glutathione reductase and superoxide dismutase
under artificial ageing condition®. Also the accumulation
of by-products of lipid peroxidation, such as peroxides,
malonaldehyde and hexanals is decreased by osmoprim-
ing, which is correlated with decreased loss in viability of
soybean seeds under storage™. Solid matrix priming in
moistened vermiculite reduces lipid peroxidation,
enhances antioxidative activities and improves seed
vigour of shrunken-2 sweet corn seed stored at cool or
subzero temperatures’. Treatment of shrunken-2 sweet
corn seeds with 2,2’-azobis 2-aminopropane hydrochlo-
ride (AAPH), a water-soluble chemical capable of gener-
ating free radicals, damages the seeds by increasing lipid
peroxidation®. This damage is partially reversed by solid
matrix priming which increases free radical and peroxide
scavenging enzyme activity and subsequent reduction in
peroxide accumulation.

As stated earlier, when high vigour seed lots are
primed, their longevity gets adversely affected. Attempts
have been made by several workers to develop methods
to restore seed longevity after seed priming. Slow drying
at 30°C which reduces the moisture of osmoprimed
B. oleracea to 25% in the first 72 h of drying, followed
by fast drying at 20°C to bring the moisture level down to
7% improved the performance of the osmoprimed seed in

453



GENERAL ARTICLES

a controlled deterioration test compared to that of the
osmoprimed seed subjected to fast drying®!. Concomitant
with the improved longevity of slow dried-seeds is the
enhanced expression of two stress tolerant genes during
slow drying. These two genes namely Fm6 and RAB 18,
which belong to the late embryogenesis abundant (LEA)
protein groups, are also expressed to a large extent in
mature seeds and are responsible for conferring desicca-
tion tolerance during seed maturation. Em6 belongs to
group 1b LEA proteins and shares features with DNA gy-
rases or molecular chaperones which suggest a role for
Emé6 in protecting DNA integrity during controlled dete-
rioration treatments. RAB I8 belongs to group 2 LEA
proteins and encodes an abscisic acid (ABA)-inducible
dehydrin. It accumulates in plants in response to drought
stress and certainly has a protective role in stress toler-
ance but the exact mechanism is not known. These genes
are expressed to a lesser extent in the fast dried seeds
because the moisture content drops much too rapidly.

A post-priming treatment including a reduction in seed
water content followed by incubation at 37°C or 40°C for
2—4 h restores potential longevity in tomato seeds™.
This treatment is accompanied by the increase in the lev-
els of the immunoglobulin binding protein (BiP) an ER
resident homolog of the cytoplasmic hsp 70 (ref. 45). BiP
is known to be involved in restoring the function of pro-
teins damaged by any kind of stress and may function as
a chaperone in the reactivation of proteins damaged due
to the imbibition and drying processes involved in seed
priming.

Discussion and conclusions

Pre-sowing priming improves seed performance as the
seed is brought to a stage where the metabolic processes
are already initiated giving it a head start over the un-
primed seed. Upon further imbibition, the primed seed
can take off from where it has left completing the remain-
ing steps of germination (stage III) quicker than the
unprimed seed. Priming also repairs any metabolic dam-
age incurred by the dry seed, including that of the nucleic
acids, thus fortifying the metabolic machinery of the
seed. Another beneficial effect of priming is the synchro-
nization of the metabolism of all the seeds in a seed lot,
thus ensuring uniform emergence and growth in the field.

The different ways in which priming could possibly be
effective at the subcellular level in improving seed per-
formance is depicted in Figure 1. This figure is an adapta-
tion of the figure suggested by Bewley er al.” to illustrate
the metabolic events in the seed upon imbibition in water.
Since hydration is also the key process in priming, albeit
in a controlled fashion, and conforms to the triphasic pat-
tern of water uptake, the original figure has been super-
imposed with the present one to describe the subcellular
events specifically associated with priming. The figure
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also incorporates other aspects of priming discussed in
the earlier sections such as its effect on dormancy release
and seed longevity.

The most important ameliorative effect of priming
should be the repair of damaged DNA to ensure the
availability of error free template for replication and
transcription. Since the water uptake is slower during
priming than germination, the seed gets more time for
completion of the process of repair. Unfortunately, there
is no direct experimental evidence to support or corrobo-
rate this. One strategy (there could be other possible ap-
proaches) to specifically detect repair synthesis differen-
tiating it from replicative synthesis is to artificially
induce damage to DNA of the seed by UV irradiation.
The damaged seeds can then be primed, the DNA labelled
with BrdU, and ssDNA transients generated during repair
in response to priming can be detected using an anti-
BrdU antibody.

It is evident that priming advances the metabolism of
the seed. Many proteins and enzymes involved in cell
metabolism are synthesized to a level intermediary
between the dry seed and the seed imbibed directly in
water, while a few of these are synthesized to the same
extent as the germinating seed.

Some proteins are synthesized only during priming and
not during germination. For example, the degradation
products of certain storage proteins (such as globulins
and cruciferin) are detected only during priming and not
when imbibed in water. A possible explanation is that the
slight water stress situation created during priming (parti-
cularly osmopriming) can induce the breakdown of these
proteins thus initiating the process of reserve protein
mobilization earlier than in the unprimed seed. Similarly,
low molecular weight HSPs are specifically synthesized
during osmopriming and not during imbibition in water.
These proteins function as molecular chaperones and are
synthesized to protect the cell from moisture stress occur-
ring during the process of osmopriming but they could
very well be effective in protecting those proteins also
which are damaged naturally. Free radical scavenging
enzymes such as catalase and superoxide dismutase are
synthesized during hydropriming to protect the cell from
damage due to lipid peroxidation, which occurs due to the
oxidative stress induced by hydropriming. These enzymes
could also be effective in quenching the free radicals
generated by lipid peroxidation occurring naturally.

Priming synchronizes all the cells of the germinating
embryo in the G, phase of the cell cycle so that upon fur-
ther imbibition, cell division proceeds uniformly in all the
cells ensuring uniform development of all parts of the
seedling. Priming also prepares the cell for division by
enhancing the synthesis of A-tubulin which is a compo-
nent of microtubules. These effects of priming are retained
even after drying the primed seed. The exact mechanism
by which priming regulates the cell cycle needs to be
investigated. There is enhanced ATP production during
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Stage 1 Stage 11

Stage 11

Increase in ATP, energy charge, ATP/ADP ratio, possible repair of
mitochondria, possible increase in respiration rates

Pre-rcphcauve and pre-transcriptional repair of DNA Synthesis of new mRNA
»  for metabolic genes

Enhancemem in synthesis of components of protein translation machinery
(ribosomal subunits and translation initiation and elongation factors)

B e T >
g Initiation of synthesis and activity of reserve protein mobilization enzymes Re-imbibition
s (indicated by accumulation of degradation products of storage proteins), also of primed seed
% p0551b1y enzymes for mobilization of carbohydrates and lipids >
E Synthesis of HSPs which possibly protect cell proteins from
g damage and free radical scavenging enzymes which possibly
protects cell from damage due to lipid peroxidation
L T T R e PR >
Enhancement of DNA replication resulting in Culmination of priming Storage of primed
increase in 4C nuclear DNA and advancement followed by drying seed
and syn'chroni;?ation of cell cyclel to G2, increased Improvement in viability of low vigour
SYtheSIS of microtubules preparing cells for seeds and loss in viability of high vigour seeds.
division upon subsequent imbibition Longevity improved by post-priming treatments
D > which are accompanied by synthesis of proteins
Dormancy release in thermosensitive lettuce which function as molecular chaperones
o Initiation of priming  varicties needing ethylene B >
Time
Figure 1. The pattern of water uptake and metabolic events during seed priming.
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