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Introduction
Seed germination represents a rapid transformation of 

quiescent seed to growing seedlings occurring under favorable 
conditions of water supply, temperature and aeration. It 
starts by elongation of embryo cells and manifests itself in a 
root tip protrusion through the seed coat, so-called radicle 
emergence. The initiation of germination is mainly determined 
by elongation of embryo cells, whereas cell proliferation starts 
either synchronously or later. The advantage of cell elongation is 
a rapid increase in cell length (twenty fold or even more) while 
cell division results only in twofold increase during one cycle 
in almost the same time interval [1]. Such rapid germination 
provides the availability of soil water and successful germination. 
Rapid cell elongation also occurs in growing plant organs, for 
example, hypocotyl and epicotyls extending stem apex to light or 
in coleoptile pushing upward the first leaf in cereals.

The mechanism of their cell transition to elongation is known 
as an “acid-induced” growth [2]. It comprises acid-induced 
loosening of cell wall polymers and its higher extensibility that 
permits cell to increase the volume or length under the pressure 
of entering water, being a prerequisite for growth beginning. 
Such acidification of cell walls occurs due to operation of plasma 
membrane H+-ATPase (PM H+-ATPase), a transmembrane 
enzyme, well-known by its energetic functioning, which is 

 
accompanied by the transport of protons from cytoplasm to cell 
walls [3]. The aim of this review is to show that the initiation 
of cell elongation in germinating seeds is due to activation of 
plasma membrane H+-ATPase. The data were partly published 
in [4].

Demonstration of acid-induced seed germination
Three different types of seeds were investigated, namely 

broad beans Vicia faba minor, horse chestnut Aesculus 
hippocastanum and wheat Triticum durum. They germinated at 
optimum temperature in wet filter paper moistened either with 
water or with 1mM phosphate-citrate buffer, pH 3.9 (Figure 1). 
The data confirmed that an acid- induced mechanisms stimulates 
the beginning of seed germination. Then this possibility was 
tested in experiments with embryos excised from cotyledons 
or endosperm of imbibing in water seeds. The capacity to 
acidify the ambient solution was measured. The embryos were 
incubated in 1mM KCl solution of pH 6.2 for measuring the pH 
shift (Figure 2). The data show acidification of ambient solution 
by protons extruded by embryos. In all three types of seeds, the 
acidification started at water contents preceding the initiation 
of cell elongation. Therefore, the embryo cell wall acidification 
underlies the commencement of seed germination.
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Figure 1: Seed germination in acid buffer.

Figure 2:  Acidification of ambient solution by seed embryos. Arrows indicate growth initiation.

Participation of PM H+-ATPase in acid-induced seed 
germination

For identification of PM H+-ATPase activity, the test with 
fusicoccin is usually applied. The excised embryos of broad 
beans, horse chestnut and wheat were incubated in 5•10-5M 
fusicoccin that resulted in acidification increase by factor 1.5. 
Therefore, cell wall acidification prior to growth initiation is due 
to the activation of H+-ATPase localized in plasma membranes 
of embryo cells. Side by side with the evaluation of acidifying 
capacity of PM H+-ATPase in embryos of germinating seeds, 
we observed there an elevation of typical PM H+-ATPase 

activity measured as accumulation of phosphate ions after ATP 
hydrolysis [5]. Figure 3 shows an activation of ATP hydrolysis 
at growth initiation in the embryos of imbibing horse chestnut 
seeds and its further increase in 1.5-2.0cm-long embryos 
growing by cell elongation. The same regularity was observed 
in imbibing, germinating and growing embryos of broad beans. 
The rise of hydrolytic activity of PM H+-ATPase in germinating 
embryos was inhibited by 5•10-3 M orthovanadate, a structural 
analogue of phosphate ion. Thus, the testing of embryos with 
fusicoccin and orthovanadate is a good evidence for PM H+-
ATPase to operate as a germination-regulating protein. 
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Figure 3: Rate of ATP hydrolysis in embryos of germinating seeds. 1-seeds before radicle emergence, 2- radicle emergence, 3- growth 
after radicle emergence.

Activation of PM H+-ATPase 
From the aforesaid it follows that PM H+-ATPase activity is 

very low in embryos of seeds before germination, rises during 
seed imbibition, is high at growth initiation and maintains at 
this level during growth. Such activation was not suppressed 
by 10µM cycloheximide, an inhibitor of protein synthesis, and 
by 5µM α-amanitin, an inhibitor of new mRNA transcription. 
These experiments indicated that the enzyme molecules are not 
synthesized in the course of imbibition neither on preformed 

nor on newly formed mRNA molecules. The presence of this 
enzyme was shown in the embryos of dry maize seeds [6]. They 
exert a weak activity after 5h-long imbibition, not accompanied 
by protein synthesis [7]. The presence of PM H+-ATPase in 
microsomal fractions of seed embryos was confirmed also 
immunochemically with specific antibodies (Agrisera, Sweden) 
(Figure 4).Therefore, seed embryo preparation for germination 
includes an activation of preexisted enzyme molecules, i.e. their 
transition from autoinhibited state to an active state.

Figure 4: Immuno chemical identification of PM H+- ATPase(a) and 14-3-3 proteins (b) in embryos of germinating seeds. 1-imbibition, 
water content(wc) 40%; 2-imbibition, wc 60%; 3-radicle emergence, wc 72-73% , 4-growth; 5- wc 62%; 6-imbibition, wc 64-66%; 7- radicle 
emergence, wc 73-74%; 8-growth.

According to the wide-spread point of view, the 
autoinhibited form of PM ATPase molecule can be activated by 
the phosphorylation of penultimate Thr-947in C-regulatory 
cytoplasmic domain that results in displacement of this domain 
and the binding of 14-3-3 protein. Such binding of regulatory 14-

3-3 protein is stabilized by fusicoccin [8]. It is not the intent of 
this review to go into the history of this notion. It is important 
to add that phosphorylation at site Thr-881 also enhances the 
enzyme activity, whereas two other sites (Ser-899 and Ser-931) 
decrease it [9]. Recently, the displacement of cytoplasmic N 
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domain was also shown to be coupled to the modifications in 
C terminal by modulating the accessibility of protein kinases 
to Thr-947 [10]. Great attention is now paid to the action of 
lipids on PM H+-ATPase activity [11]. Specific activation of PM 
H+-ATPase by lysophospholipids in Arabidopsis was shown to 
depend on glycerol backbone and length of acyl chain [12].

The mechanism of PM H+-ATPase activation in germinating 
seeds still remains unclear. The seed embryos contain enzyme 
protein side by side with 14-3-3 proteins (Figure 4) during the 
activation, growth initiation and later on during cell elongation 
in growing organs. The activation is promoted by fusicoccin. 
These findings indicate that activation in seeds is regulated 
conceptually identical to other plants. However, it is tempting 
to suppose that in seeds endogenous fusicoccin provides the 
success of germination as fusicoccin-like ligands were found 
in the embryos of germinating broad bean and horse chestnut 
seeds [13].

Conclusion
 With three different types of seeds, it was demonstrated 

that PM H+-ATPase plays an important role in seed germination 
due to its activated capacity to supply cell walls with H+-ions 
necessary for cell elongation commencement in embryos.
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