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Abstract

Ionic composition and its peculiarities in the homeostasis of maize stem growth are
considered at different stages of ontogenesis. The content of mineral elements and
the activity of their ions are studied in tissues of different stem segments varying in
their growth rate. Observations show that the stem growth function and the activity
of ions are closely related. The period of peak growth function, especially in the first
stage of ontogenesis, is characterized by an increase of ionic activity in tissues of a
growing stem. The acropetal and basipetal distribution gradients of elements and the
activity of their ions are determined for different organs of maize. The ionic state
and the state of water in cells of maize stem tissues are found to be dependent on the
functional load. Guidelines for further studies of ionic homeostasis are drawn up to
elucidate the mechanism behind the formation of rapid response systems in plants.

Introduction

To explain the mechanisms of plant growth, contemporary physical and chemical
biology resorts to molecular genetics and biochemistry of macromolecules. Analyzing
the results of studies, we can infer that changes in the level and rate of biosynthesis
of proteins and their respective RNAs may be triggered by certain earlier events, such
as changes in the parameters of ionic homeostasis in cells [2, 5, 7, 10, 12]. Cellular
ionic homeostasis governs the activities and concentrations of organic and inorganic
ions and water content [9]. Organic ions (SO4

2-, NO3¯, H
+, OH¯, PO4

2-, etc.) and
polyamines can appear and disappear in metabolic processes, whereas inorganic
ions (K+, Na+, Ca²+, Mg²+, etc.) can only take part in the transport or change
their activity. Ionic activity means the effective concentration of ions-a in solution,
which is usually less than the analytical concentration and equal to a = c•f, where
c is the concentration and f is the coefficient of activity, which depends on the
ionic strength of the solution and approaches 1 in extremely diluted solutions.

The ionic activity of organic elements is usually taken into account when ions
of these elements go from their bound state in organic or organomineral compounds
to their free active state as ions of cytosol or xylem juice.
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Ionic activity is a factor vital for many important physiological functions.
Changes in its level have far-reaching consequences in the functioning of an organism
as a whole. The basic mineral elements participate in the synthesis of organic
compounds in plant cells. On the one hand, they are the chemical elements that
make up these organic compounds. On the other hand, they act as allosteric effectors
and nonspecific agents, thus shaping the physical and chemical properties of ferments
and their conformation without necessarily being their constituents.

However, for a long time, the ideas about the impact of mineral elements on
the colloid-chemical state and organization of protoplasts were not covered by the
traditional approach in plant physiology. Even though there is certain success in
the studies of ionic flows, ionic gradients, and ionic pumps, which play a leading
role in energy and information exchange within the cell, not much is known about
the basic parameters of ionic homeostasis and its peculiarities in plants [8, 14].
This is especially true for the ionic activity and ionic state (free or bound) of various
elements and the possibility of their transformation during the processes of growth
and development.

Reviewing the recent studies of ionic homeostasis in animal cells [5, 6] and
plant cells, we can clearly discern two main lines of research in this field [4, 11,
13]. The first estimates the role of parameters of ionic composition in the adaptive
changes of membrane properties, the formation of action potential, changes of ionic
equilibrium, osmoregulation, oxidation and reduction conditions, etc. The second
line studies the relationship between the dynamic properties of ionic homeostasis
and the system of replication of informational macromolecules.

To understand how the parameters of ionic homeostasis affect the growth
process, it is necessary to carefully and comprehensively investigate the acropetal
and basipetal distribution gradients of the total content of basic macroelements and
the activity of their ions in different organs and tissues of plants, depending on the
age of tissues and the functional loads during the process of growth and development.
The copious present-day literature on plant physiology still lacks reliable in vitro
and in vivo data on the total content of different elements and the activity of their
ions in plant tissues.

The purpose of this study is to determine the parameters of ionic homeostasis
in maize and their peculiarities in tissues with various functions, such as division,
elongation, and differentiation in the process of growth. The acropetal and basipetal
distribution gradients of nitrogen, phosphorus, potassium, calcium, and magnesium
mineral in plant tissues and organs were determined and compared with the gradients
of total content of these elements and their ionic activity. In new tissues of maize,
we saw high ionic activity of Ca2+, Mg2+, and K+ in the division phase. These tissues
were characterized by changing the phase of water.

The main objective of the present study was to confirm the already measured
homeostatic total content and ionic activity of different elements in certain plant
organs and tissues and carry out mathematical analysis of data as described by Afifi
and Eizen [1].
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Materials and Methods
In our field, vegetative, and laboratory experiments, we studied the
«Dnepropetrovksaya 247» variety of maize. The samples of maize were selected in
the period when stem internodes appear during intercalary growth.

The modern methods of atomic-absorption spectroscopy (AAS) and ion-
selective ionometry were used for analyzing the general content and ion activity of
mineral nutrition elements in plant samples. We used magnetic resonance imaging
(MRI) to study the phase of water in tissues of the maize as described by Buzukashvili
and Gordetsky [3].

Results
For many years, we studied the correlation between the growth function of maize
stem and the total content of different elements and the activity of their ions. The
studies show that despite the high heterogeneity of the total content of elements in
stem tissues, stem growth function is closely related with ionic activity. Indeed,
the curve of ionic activity in the ontogenesis of maize stem (Fig. 1, a) and the curve
of growth (Fig. 1, b) have the same S-like shape but are of opposite signs.

Fig. 1. Correlation between ion activity (a) and growth (b) in tissues of maize stem at different
stages of ontogenesis
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Fig. 2. Acropetal and basipetal gradients of distribution of basic macroelements in organs of maize
plants dependent on age
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The peak growth period is characterized by the increasing activity of ions in
tissues of the growing stem, especially in the first stage of ontogenesis.

We measured the acropetal and basipetal gradients of distribution of basic
mineral elements (Fig. 2) and the activity of their ions (Table) in organs of different
ages and in tissues of the growth zones of maize stem internodes with different
functional states of cells (such as division, elongation, and differentiation). The
data presented in Fig. 2 show that, unlike the basipetal gradients of nitrogen and
phosphorus in maize organs, the acropetal gradients of the total content distribution
of calcium, magnesium, and potassium are not always the same within tissues of
the same age. Moreover, the widely accepted concept that calcium and magnesium
are elements with acropetal distribution gradients, was not confirmed in the analysis
of the ionic activity of these elements.

We can see significant changes in the total content and the ionic activity of
calcium and magnesium in internode cells undergoing division, elongation, and
differentiation at all ages and in all tiers of the stem. These changes suggest that
calcium and magnesium should be considered with more discretion as poorly
reutilized elements.
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Discussion

The results of our experiments show the lack of correlation between the total content
of elements and the ionic activity in tissue cells independent of age or functional
state. Elevated activity of Ca2+

, Mg2+
, and K+ ions was detected in tissues those

cells which were predominantly in the phase of division. These tissues were also
characterized by changing the phase of water (Fig. 3). In actively dividing cells (the
meristem), we found water that did not freeze at temperatures below –40 °C. In
cells of the differentiation and elongation zones, water freezes at –9 °C and –29 °C,
respectively. Phase transitions of water and changes in the mobility of water
molecules can be attributed to changes in ionic activity in actively dividing cells,
especially the activity of ions with a high affinity to hydration. Cells of the elongation
zone were also characterized by sharply increasing activity of Ca2+ ions, although
the total content of this element in this zone was quite low. This may be associated
with the participation of calcium ions in the exchange of hydrogen ions during the
elongation of cell shells.

Fig. 3. MRI spectrum of water tissue cells of 5th (above) and 7th (below) maize internodes with
different functional loads: a — cells of differentiation zone; b — cells of division zone (above)
and elongation zone (below)
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The results show that for calcium, the main part of which is in cells and especially
in their shells and cytoplasm membranes, which is in the bound state, very sharp
changes into the ionic form dependent on growth activity, was observed. This ability
of elements to change from the bound state to the active form enables their
participation in the formation of a regulatory rapid response system in cells during
cell interactions through abrupt changes of pH, rH, and membrane potential, which
determine the permeability of membranes and the activity of ferments. Changes in
the ionic activity may underlie the formation of action potentials and cause the
rapid response and coordination of physiological functions of a whole organism in
quickly changing or extreme conditions.

The facts of significant violations in the behavior of parameters of ionic
homeostasis, such as the increased activity of univalent and bivalent ions in actively
dividing cells, deserve special attention and further investigation.

Stresses and violations of the vital functions of organisms are accompanied by
abrupt changes in the parameters of ionic homeostasis, which lead to the
reduplication of macromolecules and division of cells. All these aspects of ionic
homeostasis in plants are not studied enough and call for further investigation.
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Å. Áðóê, Ì. Áàõàíàøâ³ë³

Áàð-²ëàíñüêèé óí³âåðñèòåò, Ðàìàò-Ãàí, ²çðà¿ëü

ÍÀÁ²Ð ÒÀ Ð²ÂÅÍÜ ÃÎÌÅÎÑÒÀÒÈ×ÍÈÕ ²ÎÍ²Â
Ó ÐÎÑËÈÍÍÈÕ ÒÊÀÍÈÍÀÕ ÇÀËÅÆÍÎ Â²Ä Â²ÊÓ

Çàñòîñîâóþ÷è ìåòîäè ³îíîñåëåêòèâíèõ åëåêòðîä³â ó ïîºäíàíí³ ç ìåòîäîì àòîìíî-àäñîð-
áö³éíî¿ ñïåêòðîñêîï³¿ âñòàíîâëåíî ãðàä³ºíòè ðîçïîä³ëó îñíîâíèõ ì³íåðàëüíèõ åëåìåíò³â
òà àêòèâí³ñòü ¿õ ³îí³â ó ðîñëèíàõ êóêóðóäçè, ÿê³ â³äð³çíÿþòüñÿ çà ñòàíîì òêàíèí. Ìåòî-
äîì ÿäåðíî-ìàãí³òíîãî ðåçîíàíñó òàêîæ âñòàíîâëåíà àêòèâí³ñòü âîäè ó ð³çíîÿê³ñíèõ òêà-
íèíàõ. Ïîêàçàíî, ùî ïåð³îäàì ç íàéàêòèâí³øîþ ðîñòîâîþ ôóíêö³ºþ â³äïîâ³äàº ï³äâè-
ùåíà àêòèâí³ñòü îðãàíîãåííèõ ôîí³â ó òêàíèíàõ. Âñòàíîâëåíî íàá³ð òà ð³âåíü äåÿêèõ
ãîìåîñòàòè÷íèõ ³îí³â, à òàêîæ ï³äâèùåíà àêòèâí³ñòü âîäè ó ìîëîäèõ òêàíèíàõ.

Îáãîâîðþºòüñÿ çäàòí³ñòü åëåìåíò³â ïåðåõîäèòè â³ä çâ’ÿçàíîãî ñòàíó â àêòèâíó ³îííó
ôîðìó, ùî çàáåçïå÷óº ìîæëèâ³ñòü ¿õ ó÷àñò³ ó ôîðìóâàíí³ ðåãóëÿðíèõ ñèñòåì øâèäêîãî
ðåàãóâàííÿ ó êë³òèíàõ òà â ðàç³ ì³æêë³òèííèõ âçàºìîä³é øëÿõîì ìèòòºâèõ çì³í pH, rH,
ìåìáðàííîãî ïîòåíö³àëó, ÿê³ âèçíà÷àþòü ïðîíèêí³ñòü ìåìáðàí òà àêòèâí³ñòü ôåðìåíò³â.

Ê ë þ ÷ î â ³  ñ ë î â à: ãîìåîñòàç, àêòèâí³ñòü ³îí³â, àòîìíî-àáñîðáö³éíà ñïåêòðîñêîï³ÿ,
³îíîñåëåêòèâíà ³îíîìåòð³ÿ

Ý. Áðóê, Ì. Áàõàíàøâèëè

Áàð-Èëàíñêèé óíèâåðñèòåò, Ðàìàò-Ãàí, Èçðàèëü

ÍÀÁÎÐ È ÓÐÎÂÅÍÜ ÃÎÌÅÎÑÒÀÒÈ×ÅÑÊÈÕ ÈÎÍÎÂ
Â ÐÀÑÒÈÒÅËÜÍÛÕ ÒÊÀÍßÕ Â ÇÀÂÈÑÈÌÎÑÒÈ ÎÒ ÂÎÇÐÀÑÒÀ

Ïðèìåíÿÿ ìåòîäû èîíîñåëåêòèâíûõ ýëåêòðîäîâ â ñî÷åòàíèè ñ ìåòîäîì àòîìíî-àäñîðá-
öèîííîé ñïåêòðîñêîïèè, óñòàíîâëåíû ãðàäèåíòû ðàñïðåäåëåíèÿ îñíîâíûõ ìèíåðàëüíûõ
ýëåìåíòîâ è àêòèâíîñòè èõ èîíîâ â ðàñòåíèÿõ êóêóðóçû, ðàçëè÷àþùèõñÿ ôóíêöèîíàëü-
íûì ñîñòîÿíèåì òêàíåé. Ìåòîäîì ÿäåðíî-ìàãíèòíîãî ðåçîíàíñà îïðåäåëåíà òàêæå àê-
òèâíîñòü âîäû â ðàçíîêà÷åñòâåííûõ òêàíÿõ. Ïîêàçàíî, ÷òî ïåðèîäàì ñ íàèáîëåå àêòèâ-
íîé ðîñòîâîé ôóíêöèåé ñîîòâåòñòâóåò ïîâûøåííàÿ àêòèâíîñòü îðãàíîãåííûõ èîíîâ â
òêàíÿõ. Óñòàíîâëåíû íàáîð è óðîâåíü íåêîòîðûõ ãîìåîñòàòè÷åñêèõ èîíîâ, à òàêæå ïîâû-
øåííàÿ àêòèâíîñòü âîäû â ìîëîäûõ íîâîîáðàçóþùèõñÿ òêàíÿõ. Îáñóæäàåòñÿ ñïîñîá-
íîñòü ýëåìåíòîâ ïåðåõîäèòü èç ñâÿçàííîãî ñîñòîÿíèÿ â àêòèâíóþ èîííóþ ôîðìó, ÷òî
îáåñïå÷èâàåò âîçìîæíîñòü èõ ó÷àñòèÿ â ôîðìèðîâàíèè ðåãóëÿòîðíûõ ñèñòåì áûñòðîãî
ðåàãèðîâàíèÿ â êëåòêàõ è ïðè ìåæêëåòî÷íûõ âçàèìîäåéñòâèÿõ çà ñ÷åò ìãíîâåííûõ èçìå-
íåíèé pH, rH, ìåìáðàííîãî ïîòåíöèàëà, îïðåäåëÿþùèõ ïðîíèöàåìîñòü ìåìáðàí è àê-
òèâíîñòü ôåðìåíòîâ.

Ê ë þ ÷ å â û å  ñ ë î â à: ãîìåîñòàç, àêòèâíîñòü èîíîâ, àòîìíî-àáñîðöèîííàÿ ñïåêòðî-
ñêîïèÿ, èîí-ñåëåêòèâíàÿ èîíîìåòðèÿ


