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Mature dry seeds contain thousands of stored mRNAs that have accumulated during seed
maturation, and these can serve as templates for protein synthesis during germination.
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1. Germination Ability of Mature Seeds Using Stored
mRNAs
Visible seed germination (also called germination sensu stricto) is often deﬁned as an extension of
a part of the embryo (usually the radicle) to penetrate the structures that surround it such as the
seed coat[1]. The molecular basis of seed germination has been studied for many years with a
landmark discovery made in the 1960s, when de novo protein synthesis was observed in
germinating cotton seeds even if transcription was inhibited during imbibition[2][3]. This
demonstrated that protein synthesis in the early phase of germination uses pre-existing mRNA
templates that are stored in mature dry seeds. Some of these ‘stored mRNAs’ are also referred to
as ‘long-lived mRNAs’ because they remain translatable for long periods, even if the seeds are
exposed to stressful conditions.
A number of studies have examined whether germination occurs when gene expression is
inhibited through seed absorption of exogenously applied drugs. Seed germination was
completely blocked in the presence of a cytoplasmic translational inhibitor cycloheximide in
lettuce, wheat, Arabidopsis, and rice[4][5][6][7][8], suggesting that de novo protein synthesis during
imbibition is a prerequisite for germination. RNA polymerase II-mediated transcription can be
blocked by α-amanitin and this has been shown to eﬀectively inhibit in vivo transcription during
seed imbibition in Arabidopsis and rice, with a signiﬁcant reduction in UMP incorporation into RNAs
synthesized in germinating seeds. Nevertheless, visible germination was observed in the presence
of α-amanitin, although germination was retarded[6][9][10]. Rice seeds also showed a similar
germination delay with actinomycin D, which intercalates into the DNA template to form a stable
complex, thereby inhibiting transcription[7]. These suggest that cytoplasmic translation using
stored mRNAs is suﬃcient for visible seed germination by radicle cell elongation, but that stored
mRNAs alone are not enough for normal germination speed. In other words, de novo transcription
upon imbibition will be required for rapid germination. Nevertheless, lettuce and wheat seeds
treated with a transcriptional inhibitor did not show clear germination or embryonic growth[5][11],
indicating that germination potential in the presence of inhibitors may diﬀer among plant species
or varieties. Additionally, Arabidopsis seed germination was strongly suppressed by a diﬀerent
inhibitor cordycepin (3′-deoxyadenosine)[12], which can be incorporated into RNA and inhibits the
elongation of transcripts due to the absence of a hydroxyl group at the 3′ position[13].
Nevertheless, cordycepin may also suppress germination through the inhibition of protein
synthesis
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concentrations[14]. Furthermore, the latter has been associated with abscisic acid (ABA) signaling
and growth processes in seeds and plants[15][16]. Moreover, it cannot be ruled out that uptake
eﬃciency into cells may diﬀer depending on the type of drug. Alternatively, as described below,
the accumulation of mRNAs during seed formation can be aﬀected by the environmental

conditions in which the mother plant is grown, which could conceivably be responsible for
variations observed when the transcription of stored mRNAs is inhibited during germination. It is
important to note that while germination sensu stricto was not suppressed in seeds treated with a
transcription inhibitor, subsequent growth was completely blocked (i.e., cotyledon development in
Arabidopsis and radicle elongation in rice)[6][7], indicating that de novo transcription upon
imbibition is indispensable for normal seedling establishment, which requires cell division and
diﬀerentiation.
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Microarray analysis has shown that more than 12,000 and 17,000 diﬀerent types of stored mRNAs
are present in mature dry seeds of Arabidopsis and rice, respectively[17][18]. It is unlikely, however,
that all of these stored mRNAs are used in the germination process, as many could be involved in
housekeeping activities in cells or persist from seed development processes. Stored mRNAs could
be considered as a backup to late seed maturation that take into account the mother plant’s
history, adjusting the seed to cope with environmental ﬂuctuations and manage dormancy
appropriately, without aﬀecting the ability to germinate. After embryo morphogenesis is
completed during seed formation, precocious germination of the embryo can occur if it is removed
from immature seed[19][20]. Treating such embryos with a transcriptional inhibitor ascertained
when germination-related mRNAs ﬁrst appear during seed development. In rice, mRNA
accumulation was estimated at between 10 to 20 days after ﬂowering (DAF), as actinomycin D
inhibited precocious germination of embryos at 10 DAF but not at 20 DAF[21]. RNA-Seq in the
same study also detected 529 mRNA candidates unique to germination, which speciﬁcally
accumulate in embryos at this developmental phase. Similarly, in cotton, germination-speciﬁc
mRNAs were reported to accumulate between about 30 and 50 DAF[22][23]. Interestingly, young
embryos in both rice and cotton exhibited a germination delay compared to mature ones, even
without a transcriptional inhibitor. Moreover, during the precocious germination of young embryos,
transcription was observed from genes for mRNAs stored for germination (i.e., transcripts of
calcium ion and phospholipid signaling-related genes and negative regulators of ABA signalingrelated genes increased in young germinating rice embryos[21] as well as inferred increases in
transcripts for carboxypeptidase and isocitratase in the cotyledons of young germinating cotton
based on enzymatic activities)[22][23]. These imply that some transcription is required in the young
embryo during both seed maturation and precocious germination in order to germinate vigorously.

3. Proteins Encoded by Stored mRNAs are Required for
Germination
With low transcriptional activities during the early stages of imbibition, protein synthesis must rely
on translation from stored mRNAs in seeds. An eﬀective strategy to comprehensively identify the
proteins synthesized from stored mRNAs during germination has been proteome analyses
combined with the use of a transcriptional inhibitor[6][7][10][24]. These have shown that 12S seed
storage proteins and members of the dehydrin family are translated from stored mRNAs in
Arabidopsis seeds[6]. Detailed time course proteomics using [35S]-methionine identiﬁed similar
storage proteins and desiccation tolerance-related proteins as neo-synthesized proteins upon
imbibition[25], suggesting that germination begins with a resumption of the seed maturation
program through the translation of these mRNAs, and this may be an important checkpoint for
seeds to ensure that germination occurs in a favorable environment[26][27]. Recently, proteins
translated from stored mRNAs as well as from de novo transcribed mRNAs at an initial phase of
germination were analyzed in rice. The former proteins were related to glycolysis and translation
while the latter were involved in pyruvate metabolism, tricarboxylic acid (TCA) cycle, and
momilactone biosynthesis, indicating that upon imbibition, stored mRNAs support the initial

production of energy by glycolysis and the activation of translational machinery, whereas de novo
transcription accelerates energy production after glycolysis, which enables seeds to germinate
vigorously [10]. This seems to be reasonable as ATP production by the TCA cycle in mitochondria
may not be fully functional during the initial phase of germination. In higher plants, most ATP is
provided by oxidative phosphorylation in mitochondria, but the mitochondria in dry seed cells,
termed promitochondria, do not have typical cristae structures and must be repaired and undergo
diﬀerentiation upon imbibition in order to produce suﬃcient ATP[28][29]. These developed into more
typical mitochondria between 12 to 24 h after imbibition in maize and rice [30][31]. It is also
noteworthy that during the seed-to-seedling transition in Arabidopsis, the population of translating
mRNAs largely overlapped with genes regulated during hypoxia stress[32], implying the
importance of translational control under low-oxygen conditions during germination. Interestingly,
mRNAs encoding components of the plastid transcriptional machinery were speciﬁcally preserved
or even newly synthesized during desiccation and stored in dry seeds and could be immediately
available on imbibition[33][34].

4. Selective Translation of Stored mRNAs upon Imbibition
Changes in transcript abundance do not always correlate with observed transitions in protein
levels during seed germination [10][25]. One of the mechanisms aﬀecting this is the selective
translation of mRNAs involved in germination from over 10,000 types of stored mRNAs.
Additionally, the population of transcripts selected for translation has been observed to vary
according to the stage within the seed germination program[7][24][25], emphasizing the fact that
mRNA translation is both temporal and selective during germination. The latest translatome
analyses carried out on Arabidopsis seeds reported that most of the stored mRNAs were detected
in the monosome fraction, with translationally quiescent mRNAs associated with single ribosomes,
rather than polysomes in which actively translated mRNAs are associated with multiple
ribosomes[32][35]. Nevertheless, 17% of monosome speciﬁc-stored mRNAs were translationally upregulated during early seed germination and they encoded proteins involved in processes such as
response to water deprivation and cell cycle arrest, which is in agreement with the predicted
function of proteins neosynthesized during seed germination[25]. In contrast, non-monosome
speciﬁc ones (i.e., mRNAs detected from both monosomes and polysomes) were translationally
down-regulated during the initial phase of germination[35]. This suggests that the use of stored
mRNA for germination involves two step-wise mechanisms: (i) mRNA accumulates as monosomes
rather than polysomes during seed formation; and (ii) selective translation of monosomal mRNAs
after imbibition. Furthermore, such ribosomal level regulation could allow seeds to pause
translation and stack mRNAs, thereby protecting some speciﬁc mRNA populations. How speciﬁc
mRNAs are targeted to monosome complexes and are speciﬁcally translated during imbibition is
still unknown, however, the same study found clues that monosome speciﬁc-stored mRNAs have
features such as shorter transcripts, low GC% in UTRs, weak secondary structure, and a motif
(GAAGAAGAA) in 5′UTRs[35].
Selective translation can also result from structural features and regulatory sequences within
mRNA[36]. The canonical end modiﬁcations of seed stored mRNA remain to be fully characterized.
Previous work suggests that both cap-dependent and cap-independent translation can occur from
stored mRNA to control seed germination. The cap-independent process occurs through the direct
recruitment of ribosomal subunits on speciﬁc cis-acting RNA sequences known as internal
ribosome entry sites (IRES)[37]. IRES-speciﬁc cellular trans-acting factors (ITAF) are important
proteins for cap-independent translation initiation. The ErbB3-binding protein 1 (EBP1) is an
evolutionarily conserved ITAF found in both animals and plants and previously detected in
seeds [38][39]. EBP1 is highly expressed during germination and the protein is over accumulated
during seed priming[39]. Furthermore, in maize embryonic axes, some stored mRNAs were
eﬃciently translated via a cap-independent mechanism during germination[40]. As both stored and

de novo synthesized mRNAs co-exist during the germination process, it is possible that these
diﬀerent initiation systems allow their selective recruitment during germination. Interestingly,
EBP1 is also implicated in stress, and ABA responses[41] and seeds of the Arabidopsis ebp1 mutant
were less sensitive to ABA and germinated more rapidly than those of wild type (WT).
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