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ABSTRACT

Vacuoles play very important physiological roles in plant cells. Pea root nodules, which exhibit distinct zona-
tion (meristematic zone and central tissue zones), may serve as a good experimental model for the investigations
of vacuole development and its importance to cell and tissue functioning. Moreover, the nodule central tissue is
composed of both infected and uninfected cells which play different physiological roles and differ in the level of
vacuolation.

Cytological observations revealed that central vacuoles of the infected cells of the effective nodules expand to-
ward cell walls. Thus only thin layers of the cytoplasm separate each central vacuole from plasma membrane and
cell wall. This finding is discussed from the viewpoint of improved exchange of solutes and water between the
central vacuole and apoplast of the infected cell.

Three-dimensional reconstruction of the vacuoles of infected cells within a fragment of effective nodule cen-
tral tissue, showed their spatial arrangement. Possible advantages coming from the spatial arrangement of vacuo-
les within the central tissue are discussed.

A comparative study of the central tissue (bacteroidal tissue) and meristem vacuolation of the effective and in-
effective pea root nodules is also presented. Morphometric measurements revealed that the effective nodule cen-
tral tissue was more vacuolated than the ineffective one. It was proved that maturation of the infected cells invo-
Ives dynamic changes in their vacuolation. Having numerous fixing nitrogen bacteroids, the infected cells of ef-
fective central tissue were less vacuolated than uninfected cells. On the other hand, both infected and uninfected
cells of the effective central tissue showed a much higher level of vacuolation in nitrogen-fixing zone than cells of
the same type in ineffective tissue. These results indicate that vacuolation is an important factor in development
and functioning of pea root nodule central tissue.
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metry, three-dimensional reconstruction.

INTRODUCTION

The root nodule of leguminous plants is a unique organ,
which develops as a result of many interactions between
host plant and rizobia. The meristematic region of the no-
dule produces cells, which undergo infection by the bacte-
ria released from infection threads, or become uninfected.
Bacteria released from the infection threads differentiate
into nitrogen fixing bacteroids which form the so-called
symbiosomes together with surrounding them peribacteroi-
dal membranes. Up to 20 thousands symbiosomes within
one infected cell can be regarded as a new cytoplasmic
compartment (Verma and Stanley 1985). Both infected and
uninfected cells form the so-called “central tissue” (Vasse
et al. 1990; Hirsch 1992; see also Fig. 1) which is also na-
med “bacteroidal tissue”.

The infected cells of pea nodules enlarge because of sub-
stantial enlargement of their cytoplasm (including symbio-
somes) and vacuome volumes (Borucki 1997). The pattern
of the infected cell enlargement is not typical as plant cell
enlargement is usually a consequence of vacuome enlarge-
ment rather than that of cytoplasm (Maeshima 1990; Stree-
ter 1992).

Plant cell differentiation usually involves the develop-
ment of a large central vacuole, which can occupy more
than 80% of the total cell volume (Fleurat-Lessard et al.
1997). Vacuoles are involved in enhancing the capacity for
nutrient acquisition (Raven 1987) and dynamic control of
cytosolic pH (Frohnmeyer et al. 1998). Cell vacuolation
stimulates cytoplasmic streaming which substantially im-
proves transport of resources within a single cell (Raven
1987).



110 VACUOLATION IN CENTRAL TISSUE OF PEA NODULES Borucki W.

Fig. 1. Longitudinal semi-thin sections showing zonation of the effective (panel A) and ineffective (panel B) pea nodules.

Abbreviations: zone I — nodule meristem; zone II — invasion zone (Ili) as well as distal (ITA) and proximal (IIB) parts of prefixing zone; zone II/III — inte-
rzone between prefixing and nitrogen-fixing zone; zone III — distal (IIIA) and proximal (IIIB) parts of nitrogen-fixing zone; — central vacuoles of infected
cells tend to be located in close vicinity of cell walls; » infection thread; ic — infected cell; uc — uninfected cell. Notice that IIIA and IIIB in panel B repre-
sent the ineffective central tissue! Scale bars = 50 pm.
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In spite of a high cost of plant cell vacuolation, there are
many benefits coming from increased area of cell surface
per unit volume of cytoplasm of vacuolated cells. Compa-
red with non-vacuolated, vacuolated cells more efficiently
absorb ions and metabolites from even low external con-
centration. There is also an intensive exchange of ions and
metabolites between cytosol and central vacuole of vacuo-
lated cells (Raven 1985; Raven 1987). Vacuoles protect
cytoplasm from external osmotic shock because tonoplast
(vacuole delimiting membrane) has a higher water permea-
bility than plasma membrane (Maurel et al. 1997). On the
other hand, high expression of aquaporins in plasma mem-
brane and tonoplast enables quick water fluxes which can
control the volume of intercellular spaces responsible for
oxygen diffusion (Fleurat-Lessard et al. 2005).

Moreover, vacuolar compartment is not static but under-
goes structural, biochemical and functional changes during
development of plant cell (Yamamoto et al. 2003; Ngo et
al. 2005) or as a response to stress conditions (Johansson et
al. 1996; Tyerman et al. 2002). Toxic substances can indu-
ce cell vacuolation (Davies et al. 1992). Besides, one plant
cell can contain two types of vacuoles for different purpo-
ses (storage and lytic, Fliickiger et al. 2003; salt storing and
malate cycling, Epimashko et al. 2004), which can be di-
stinguishable cytologically (tannin storing and turgor dri-
ving, Fleurat-Lessard et al. 1997). These examples show
that vacuoles represent dynamic compartments which play
important roles in many aspects of plant cell functioning.

Pea root nodules, which exhibit a well defined zonation
(see Fig. 1), are used in this work as an experimental mo-
del for study of cell and tissue vacuolation. Cytological ob-
servations and morphometric measurements were focused
on comparisons of vacuolation of the infected and uninfec-
ted cells of both the effective (nitrogen-fixing) and ineffec-
tive central tissues of pea root nodules. It was proved that
maturation of the infected cells exhibits dynamic changes
in their vacuolation. Low level of the infected cells vacuo-
lation was proved in this paper by morphometric measure-
ments. This paper describes for the first time the expansion
of the central vacuole of the infected cells toward plasma
membrane. The structural basis of the specific vacuole ad-
justment is characterized using light and transmission elec-
tron microscopy and three-dimensional reconstruction of
the vacuoles within the central tissue. Possible benefits co-
ming from close vicinity of the plasma membrane and to-
noplast are discussed.

MATERIALS AND METHODS

Plant culture

After sterilization pea seeds (Pisum sativum L. cv. Sze-
Sciotygodniowy) were sown in sterile perlite and grown in
a growth room at 20-22°C, with a 16 h light period (light
intensity 400 pmol X m2x s'! PAR). The plants were wate-
red every three days with nitrogen-free medium according
to Fahraeus (1957) and with distilled water on the remai-
ning days.

Inoculation

Pea plants were inoculated with Rhizobium leguminosa-
rum bv viciae effective strain 248 or ineffective strain
RBL1440=248.pRLII nifH20::Tn5 (with lack of nitroge-
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nase activity), both kindly delivered by dr A.H.M. Wijfjes
(Institute of Molecular Plant Sciences, Clusius Laboratory,
Leiden, The Netherlands). As a result of the inoculation,
effective (nitrogen fixing) or ineffective nodules developed
on pea roots, respectively. Plants which developed ineffec-
tive nodules displayed symptoms of premature senescence.
Leaf yellowing of the plants was observed two weeks after
inoculation. Most of the plants developed only one pod
with 1-2 seeds (not shown).

Materials for light and electron microscopy

Longitudinal specimens of ~3 mm long root nodules co-
vered their zones (see Fig. 1) collected from 3-week old
pea plants were fixed in Karnovsky fixative (Karnovsky
1965) for 3 hours at room temperature. Four washings in
cacodylate buffer were followed by a postfixation in 1%
0Os0, at 4°C, dehydration in ethanol and acetone, and em-
bedding in Epon (Luft 1961).

Longitudinal semi-thin sections (2 pm thick) through the
nodules, stained with methylene blue and azure B were the
basis for light microscopy observations and morphometric
investigations of the meristem and central tissue. Thin sec-
tions were contrasted by the Reynolds method (Reynolds
1963). Observations were conducted by light and transmis-
sion electron microscopy using microscope types: Axioskop
(Zeiss, Germany) and JEM-100C (Japan), respectively.

Three-dimensional reconstruction

Reconstruction of the spatial arrangement of infected cell
vacuoles was made on a base of serial semi-thin sections of
the effective nodule central tissue. Outlines of vacuolar
profiles of infected cells were drown on plastic sheets
(each 2 mm thick). After cutting, successive ‘layers’ of va-
cuoles were glued together.

Mormphometry

Measurements of the area (volume) occupied by vacuo-
les and cytoplasm of the infected and uninfected cells of
the central tissue were done using computerized image
analyser (AnalySiS version 3.0; Olympus; Japan) on the
basis of semi-thin sections (6 sections from different nodu-
les per meristem or central tissue zone; 8 images per sec-
tion; objective 40x or 100x). In order to achieve a high
contrast between vacuoles and cytoplasm a green interfe-
rence filter was used. Then a semi-automatic procedure in-
cluded: drawing the outline of the central tissue or the in-
fected and uninfected cells separately; green colour separa-
tion and grey values modification, in order to achieve very
bright and very dark areas representing vacuoles and cyto-
plasm, respectively; image binarization; detection of vacu-
oles; automatic measurements of the area (volume) fraction
occupied by vacuoles and equivalent circle diameter (ECD)
of the profiles of infected and uninfected cells.

Cell walls were not distinguished from the cytoplasm
under light microscopy. Thus, cell vacuolation was defined
as a fraction of cell volume occupied by vacuoles. Tissue
vacuolation was defined as a fraction of tissue volume (wi-
thout intercellular spaces) occupied by vacuoles.

Statistical analysis

Data were analysed statistically by analysis of variance
(ANOVA) for comparison of means. ANOVA was used to
test for differences in the percentage of vacuolation of tis-
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sues or cells from each nodule zone (P<0.05, Tukey’s test)
and differences in the percentage of vacuolation of effecti-
ve and ineffective tissues or cells in each zone (P<0.05,
Student’s test). The percent data were arcsin square rooted
(Bliss transformation) before analysis (Zar 1996).

RESULTS

Structural observations

Pea nodule zonation according to Vasse et al. (1990)

with modification given by Hirsch (1992) (Fig. 1)
Meristematic cells (zone I) have distinct nuclei and con-

tained many small vacuoles. Divisions of meristematic

cells led to the formation of nodule central tissue (zones II,

II/II1 and III).

Borucki W.

Fig. 2. Comparisons of the effective (A) and
ineffective (B) central tissue (zone III) frag-
ments of pea nodules. Abbreviations: ic — in-
fected cell; uc — uninfected cell; b — bactero-
id; m — mitochondrium; n — nucleus; s —
starch granule; V — central vacuole; cw — cell
wall; double arrowhead — thick cell wall;
[> thin cell wall; % small vacuole. Scale bars
=2 pm.

Notice the differences in morphology of bac-
teroids and starch accumulation within the
infected cells. Thick and thin cell wall frag-
ments adjacent to intercellular spaces are
marked.

The periphery of nodule meristem was penetrated by in-
fection threads which contained rizobia (Fig. 1A). This part
of the nodule named invasion zone was marked in this paper
as IIL.

The central tissue, located adjacent to Ili, comprised the
prefixing zone (ITA and IIB), interzone (II/III) and nitro-
gen-fixing zone (IITA and IIIB). The tissue consisted of in-
fected (IC) and uninfected (UC) cells. ICs contained rizo-
bia released from the infection threads and differentiated
into bacteroids.

Prefixing and nitrogen-fixing zones of effective nodules
were separated by interzone (II/II), which was characteri-
stic by large starch deposits in both the infected and unin-
fected cells (Fig. 1A). Distal part of the prefixing zone ad-
jacent to Ili was named in this paper zone IIA and proximal
part neighboring to interzone was named zone IIB. The ni-
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Fig. 3. Spatial arrangement of central vacuoles of the infected cells of the nitrogen-fixing zone. A, B and C — effective infected cells; D — ineffective infec-
ted cells. A — central vacuoles of the infected cells expand toward cell walls; B — small vacuoles develop between central vacuole and plasma membrane;

C — only thin layer of cytoplasm separates tonoplast and plasma membrane; D — large amyloplasts can block expansion of central vacuoles toward cell
walls.

Abbreviations: b — bacteroid; n — nucleus; s — starch granule; V — central vacuole; cw — cell wall; is — intercellular space; — vacuoles develop toward cell
walls; % small vacuoles. Scale bars: (A) 10 ym; (B, C and D) 2 pm.

trogen-fixing zone was also divided into distal and proxi- The same zonation was applied to the ineffective central
mal parts: zone IIIA and zone IIIB, respectively. tissue (Fig. 1B), but it should be stressed that zone III of
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the tissue did not fix nitrogen. Because of intensive starch
accumulation in ineffective nodule central tissue, strict lo-
cation of zones II/III, IITA and IIIB in the tissue was often
problematic. In opposition to the effective, the ineffective
central tissue was characteristic by starch accumulation in
the uninfected cells of zones IIA and IIB.

Starch accumulation and morphology of bacteroids
of the effective and ineffective central tissue (Figs 1-3)
Both the infected and uninfected cells accumulated
starch. In case of the effective central tissue, amyloplasts
containing starch granules were located predominantly ad-
jacent to the intercellular spaces (Figs 1A and 2A). Abun-
dant starch accumulation and location of amyloplasts all
around the cell periphery were characteristic features of the
infected cells of the ineffective central tissue (Figs 1B and
2B). Differences in morphology of bacteroids between the
effective and ineffective central tissues were observed.
Electron-dense regions characterized cytoplasm of the bac-
teroids from ineffective nodules (compare Figs 2A and 2B;
Figs 3B and 3D).

Borucki W.

Fig. 4. Three-dimensional reconstruction of
central vacuoles of the infected cells from
the effective, nitrogen-fixing zone. (A) and
(B) show different views on the same model.
White squares mark the same side of the mo-
del. Notice that vacuoles of the infected cells
get in close contact with vacuoles of neigh-
bouring cells.

Uninfected cells of zone III of both the effective and in-
effective nodules developed thicker wall fragments adja-
cent to the intercellular spaces than did the infected cells
(Fig. 2).

Vacuolation of the infected cells (Figs 1 and 3) and
three-dimensional reconstructions of their vacuoles (Fig. 4)

Small vacuoles visible in the meristematic cells fused,
what resulted in the formation of the central vacuole in each
infected and uninfected cell (Fig. 1). Central vacuoles of in-
fected cells of the effective central tissue expanded toward
cell walls (Figs 1A and 3A, zone IIIA). Small vacuoles de-
veloped between the central vacuole and plasma membrane
of the infected cells (Fig. 3B). Only a thin layer of cyto-
plasm (even ~0,2 pm thick, calculated from Fig. 3C) sepa-
rated tonoplast, vacuole delimiting membrane, from plasma
membrane. Spatial reconstruction also showed that central
vacuoles of neighbouring infected cells were separated from
cell walls by only thin layers of cytoplasm (Fig. 4).

In case of the ineffective central tissue, expansion of cen-
tral vacuoles of infected cells toward cell walls was restric-
ted (Fig. 3D).
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Fig. 5. Fractions (%) of meristematic zone (zone I) and central tissue zo-
nes (zones II-1IT) occupied by vacuoles. For zonation see Figure 1. Abbre-
viations: (fix+) meristematic and central tissues of effective nodules, (fix-)
meristematic and central tissues of ineffective nodules. Each value is
a mean + S.D. of 6 determinations performed on 6 randomly chosen no-
dules ~3 mm long. Overlapping S.D. values show that differences betwe-
en means do not differ significantly at P<0.05.

Morphometric measurements
Vacuolation of tissues (Fig. 5)

Vacuoles occupied ca 70% of meristematic tissues of
both the effective and ineffective nodules. First, vacuola-
tion of the effective central tissue decreased reaching mini-
mal value (~18%) for interzone II/IIl. Then vacuolation of
the tissue started to increase and reached maximal level
(~48%) in zone I1IB. The pattern of the ineffective central
tissue vacuolation was different as it had constant value
(~10%) from interzone II/III to zone IIIB.

A rapid decline in the central tissue vacuolation was ob-
served between zones IIB and II/III of both the effective
and ineffective nodules. In interzone II/III, the effective
central tissue was substantially more vacuolated than the
ineffective central tissue. In the zones IIIA and I1IB the ef-
fective central tissue was from 4 to 5 times more vacuola-
ted than ineffective one.
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Fig. 6. Fractions (%) of the infected (IC) or uninfected (UC) cell volumes
of the effective (+) or ineffective (-) central tissue (zones II-III) or meri-
stem (zone I) occupied by vacuoles. For zonation see Figure 1. Each value
is a mean £ S.D. of 6 determinations performed on 6 randomly choosen
nodules ~3 mm long. Overlapping S.D. values show that differences be-
tween means do not differ significantly at P<0.05. Notice that vacuolation
of UC+ varies between 65-75% and that of UC- gradually decreases from
70 to 30%. No differences in the level of vacuolation of IC+ and IC- are
observed in zones IIA and II/III. Vacuolation of IC+ is much higher than
IC- in zones IITA and IIIB. Distinct differences in the level of vacuolation
of infected and uninfected cells are observed in zones IIIA and IIIB.
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Infected or uninfected cell vacuolation (Fig. 6)

Uninfected cells of the effective central tissue (UC+) were
more vacuolated than ineffective (UC-) in all distinguished
zones. Vacuolation of the uninfected cells varied from 60
to 70% for effective central tissue and gradually decreased
from 60 to 30% for ineffective central tissue.

In case of infected cells of the effective central tissue
(IC+), represented by a much higher level of vacuolation
than the cells of the ineffective central tissue (IC-) in zones
IITA and IIIB. It should be stressed that infected cells of the
effective central tissue showed increased vacuolation wi-
thin the two zones, adversely to the same kind of cells in
the ineffective central tissue (IC-).

Fractions of meristematic and infected or uninfected cells
of the central tissue occupied by cytoplasm or vacuoles
(Fig. 7)

Cytoplasm and vacuole volume fractions of the infected
and uninfected cells were expressed separately for the ef-
fective and ineffective central tissue. The volume of unin-
fected cell cytoplasm (UCc) comprised about 10% of the
effective and ineffective tissue volume except that for zone
IIIB of the ineffective tissue.

The infected cells comprised from 70 to 80% of the ef-
fective central tissue and from 75 to 90% of the ineffective
central tissue volume. Cytoplasm of the infected cells gave
less contribution to the volume of the effective central tis-
sue than ineffective, especially in zones IIIA and IIIB.

Equivalent circle diameter (ECD)
of meristematic and central tissue cells (Fig. 8)

Substantial increase in ECD values of the infected cells
of the effective central tissue was observed especially be-
tween zones IIIA and IIIB. A significant increase in ECD
values for the uninfected cells of the effective central tissue
(UC+) was observed in zone IIIB only.

A slow increase of ECD values for both the infected (IC-)
and uninfected cells (UC-) characterized the ineffective
central tissue development.

ECD values of the infected cells of the effective central
tissue (IC+) exceeded these for the ineffective central tis-
sue (IC-) in zone IIIB. Uninfected cells of the effective
central tissue (UC+) were characterized by lower ECD va-
lues in interzone II/III and zone IIIA, comparing with these
for the ineffective central tissue.

DISCUSSION

The effective pea root nodules showed distinct cytologi-
cal zonation (Fig. 1A). In particular, interzone II/III of the
effective central tissue, characterized by abundant starch
accumulation and low level of vacuolation of infected cells
(Fig. 6), was distinguishable from zones II and III. In case
of the ineffective nodules, this zonation was not clear be-
cause of continuous starch accumulation within their cen-
tral tissue. Thus, interzone II/III could not be easily separa-
ted from zones II and III of the ineffective central tissue
(Fig. 1B). These findings indicated that the process of the
ineffective central tissue differentiation was perturbed.

Cytological observations revealed that central vacuoles
of the infected cells located in the distal part of zone IIIA
of the effective nodules, which occupied a small fraction of
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Fig. 7. Fractions (%) of meristem (zone I) or central tissue zones (zones
II-I1I) occupied by cytoplasm of uninfected cells (UCc), vacuoles of unin-
fected cells (UCv), cytoplasm of infected cells (ICc), vacuoles of infected
cells (ICv). A — meristematic and central tissues of effective nodules; B —
meristematic and central tissues of ineffective nodules. For zonation see
Figure 1. Each value is a mean of 6 determinations performed on 6 ran-
domly chosen nodules ~3 mm long. Means followed by the same letter,
within the same compartment (UCc, UCv, ICc or ICv), do not differ si-
gnificantly at P<0.05.

the cell volume (Figs 6 and 7), tended to be in close vicini-
ty of the cell wall (or plasma membrane!) (Fig. 1A). It sug-
gests that the position of the central vacuoles is important
for functioning of the infected cells. Besides, the central
vacuoles of the effective infected cells showed a different
shape than that of ineffective ones (Figs 3 and 4). The unu-
sual shape of vacuoles of the effective infected cells with
a kind of “outgrowths” resulted from their expansion to-
ward cell walls and was a characteristic feature of this type
of cells. The development of the outgrowth involved for-
mation of small vacuoles between central vacuole and pla-
sma membrane. Than the small vacuoles fused with the
central vacuole (Fig. 3). As a result of these processes,
only a thin layer of cytoplasm separated tonoplast from
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Fig. 8. Equivalent circle diameter (ECD) values of the infected (IC) or
uninfected (UC) cell profiles of the effective (+) or ineffective (-) meri-
stem or central tissue. For zonation see Figure 1. Each value is a mean *
S.D. of 6 determinations performed on 6 randomly chosen nodules ~3
mm long. Overlapping S.D. values show that differences between means
do not differ significantly at P<0.05. Notice that ECD values of IC+ gra-
dually increase but that of IC- are constant. Except II/III interzone no si-
gnificant differences between ECD values of UC+ and UC- are observed.

plasma membrane. So, the close vicinity of the two mem-
branes is probably of great importance for functioning of
infected cells. In addition, the reconstruction of vacuoles of
infected cells within a fragment of the effective central tis-
sue (zone III) revealed that they form a three-dimensional
system which can improve functioning of the tissue (Fig.
4). The system can be involved in long distance transporta-
tion of resources within the central tissue. It can improve
the transcellular pathway of water and solutes transporta-
tion, proposed by Steudle and Frensch (1996), because it
requires the involvement of transportation across plasma
membrane and tonoplast. Vacuolar content gives less resi-
stance to the diffusion of substances than that of dense cy-
toplasm of the infected cells and can be beneficial for such
a way of long distance transportation.

Several advantages coming from close vicinity of plasma
membrane and tonoplast were proposed. Robinson et al.
(1996) postulated that invaginating domains of the plasma
membrane called plasmalemmasomes containing high con-
centration of aquaporins might be responsible for accelera-
ting exchange of water between the apoplast and the vacu-
ole. The authors made the assumption on a base of the ob-
servation that plasmalemmasomes can protrude some di-
stance into the vacuole, at those areas where the cytoplasm
forms only a thin layer. Plasmalemmasomes were not ob-
served in the infected cells of pea root nodules, but loca-
tion of infected cell vacuole in the vicinity of plasma mem-
brane probably improves transport of ions and water be-
tween them and apoplast. High abundance and variety of
aquaporins in plant membranes underlines the importance
of water balance for plant cells, tissues and organs (Kjell-
bom et al. 1999; Karlsson et al. 2000; Baiges et al. 2002).
Also, rapid turgor variations in response to external stimu-
li, characteristic for motor cells of Mimosa pudica (Fleurat-
Lessard et al. 1997), may depend on close vicinity of tono-
plast of the central vacuole and plasma membrane. But,
low expression of aquaporins in plasmalemma and tono-
plast of infected cells of soybean root nodules rather exclu-
des rapid water fluxes and turgor changes in these cells
(Fleurat-Lessard et al. 2005).

Another explanation of vacuolar expansion toward cell
walls can be the necessity of efficient signal exchange be-
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tween plasma membrane and tonoplast. Propagation of si-
gnal in the form of elevated concentration of Ca2*, first
close to plasma membrane and subsequently adjacent to
the vacuole, was found in guard cells following application
of abscisic acid (Allen et al. 1999).

Morphometric measurements revealed perturbations in
vacuolation of the ineffective central tissue. Compared
with effective tissue, the level of the ineffective central tis-
sue vacuolation was from 3 to 5 times lower in zones IIIA
and ITIB (Fig. 5). It resulted from a substantial decrease in
the level of vacuolation of both infected and uninfected
cells (Fig. 6). In opposition to the effective tissue, no incre-
ase in the level of the ineffective central tissue vacuolation
was observed between zones II/III and IIIB. So, in case of
ineffective central tissue, zone III could not be distingui-
shed from interzone II/IIl on the basis of tissue vacuola-
tion. It appears, that zones IIIA and IIIB of ineffective cen-
tral tissue can be regarded as widened interzone II/II1.

Infected cells of the effective central tissue (zones IIIA
and IIIB) were vacuolated only in about 40% (Fig. 6). The
level of the infected cell vacuolation in case of the ineffec-
tive central tissue (zones IIIA and IIIB) was about 4 times
lower (Fig. 6). The low fraction of infected cells of the in-
effective central tissue occupied by vacuoles coincided
with abundant starch accumulation. On the other hand,
amyloplasts having large starch granules were distributed
all around the periphery of the infected cells of the ineffec-
tive central tissue (Fig. 1B and 3D) and probably disturbed
in expansion of vacuoles toward cell wall. Strict correla-
tion between low level of vacuolation and high starch con-
tent was also visible in interzone of the effective central
tissue (Fig. 1).

In zones IITA and IIIB, vacuoles of the infected cells gave
higher contribution to the effective than ineffective tissue.
Compared with the infected cells, variability of the vacuo-
lar volume of the uninfected cells to the effective central
tissue volume was much lower (Fig. 7A). So, changes in
total vacuolation of the effective central tissue depended
mainly on vacuolation of the infected cells. Compared with
the effective central tissue, vacuoles of both the infected
and uninfected cells gave much less contribution to the in-
effective central tissue volume in zones IIIA and IIIB (Fig.
7B). It emphasizes the importance of vacuolation for the
functioning of nitrogen fixing pea nodules.

Comparisons of ECD values (Fig. 8) of the effective in-
fected cells with their vacuolation (Fig. 6) led to the conc-
lusion that the cells enlarged first, because of the cyto-
plasm volume enlargement (zones IIA-II/III), and then ma-
turation of the cells involved an increase of the vacuolar
volume rather than that of cytoplasm (zones IIA and IIB).
The pattern of uninfected cell enlargement of the effective
central tissue was different, because the cells enlarged as
a result of simultaneous increase of the cytoplasm and cen-
tral vacuole volumes.

No increase of ECD values of infected cells of the inef-
fective central tissue was proved statistically between zones
ITA and IIIB. Since at the same time the vacuolation of the
cells decreased, it means that their cytoplasm volume in-
creased at the expense of vacuolar volume. An enlargement
of uninfected cells of the ineffective central tissue was ob-
served from zone IIA to zone IIIB, mainly as a result of the
cytoplasm volume enlargement because vacuolation of the
cells substantially decreased.
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CONCLUSIONS

Cytological observations and morphometric measure-
ments showed different patterns of the infected and unin-
fected cell vacuolation and enlargement during develop-
ment of the effective and ineffective central tissues of pea
nodules. The importance of vacuolation to cell differentia-
tion and establishment of the central tissue effective in ni-
trogen fixation was proved in this work. It appears that the
shape and spatial arrangement of central vacuoles are im-
portant in the central tissue functioning. Further investiga-
tions, including stress conditions which disturb cell vacuo-
lation, might provide more information about physiological
significance of shape and arrangement of central vacuoles
within the central tissue.
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