
SUMMARY

The nuclei of plant cells show marked differences
in chromatin organisation, related to their DNA
content, which ranges from the type with large
strands of condensed chromatin (reticulate or
chromonematic nuclei) to one with mostly decon-
densed chromatin (chromocentric or diffuse
nuclei). A loosening of the chromatin structure
generally occurs in actively metabolising cells,
such as differentiating and secretory cells, in rela-
tion to their high transcriptional activity.
Endoreduplication may occur, especially in plants
with a small genome, which increases the avail-
ability of nuclear templates, the synthesis of DNA,
and probably regulates gene expression.
Here we describe structural and quantitative

changes of the chromatin and their relationship
with transcription that occur in differentiated cells
following an increase of their metabolism. The
nuclei of root cortical cells of three plants with dif-
ferent 2C DNA content (Allium porrum, Pisum
sativum and Lycopersicon esculentm) and their
modifications induced by arbuscular mycorrhiza-
tion, which strongly increase the metabolic activi-
ty of colonised cells, are taken as examples.
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INTRODUCTION

Angiosperms show considerable variation in
genomic DNA content: 1C-values can differ more
than 600-fold, ranging from less than 0.2 pg in Ara-
bidopsis thalianato 127.4 pg in Fritillaria assyria-
ca (Bennet and Leitch 1995). Much of the diversi-
ty in the nuclear genome size does not seem to be
correlated with the complexity of the organisms (C-
value paradox – Thomas, 1971), as variations of the
C-value involve an increase of the proportion of
repeated DNA sequences. Gymnosperms and some
Monocotyledons contain an enormously high
amount of DNA, and repeated sequences may
account for even more than 90% of the nuclear
DNA content in the Angiosperms with the largest
C-value (Flavell, 1980). However, every organism,
even those with a small genome, has a spectrum of
repeated DNA components. Many of them are pre-
sumably non-genic and not transcribed (Bennet and
Leitch 1995) and are probably involved in the spa-
tial distribution of the chromosomes in the inter-
phasic nucleus (Hemleben, 2000).
The nuclei of plant cells show marked differences

in chromatin organisation which seems to depend
on the different amounts of repetitive and genomic
DNA. Chromatin structure, as shown by electron
microscopy, ranges from the type observed in
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reticulate or chromonematic nuclei, where strands
of condensed chromatin form a reticulum and fill
the entire nuclear volume, to that of nuclei with
mostly decondensed chromatin and few patches of
condensed chromatin, the chromocentres, associat-
ed to the nucleolus and nuclear envelope (diffuse or
chromocentric nuclei) (Jordan et al., 1980; Nagl,
1985; Vazquez-Nin et al., 1992; Moreno Diaz de la
Espina et al., 1992). However, chromocentres are
not an exclusive feature of the latter type of nuclei
and they may be present independently of the
degree of chromatin condensation (Barlow, 1977).
With few exceptions, chromocentric nuclei have a
DNA content of lower than 5 pg, while reticulate
nuclei are typical of plants with a high DNAcon-
tent (Barlow, 1977).
Studies carried out on hybrid plants of barley

showed that pairs of homologue chromosome arms
may show similar patterns of coiling or condensa-
tion, regardless of their physical separation in the
nucleus. Therefore, condensation is probably a prop-
erty of chromatin structure related to genes or to
DNA sequences, which include protein binding and
nuclear scaffold attachment sites (Heslop-Harrison
et al., 1993). Nevertheless, other factors, such as cell
cycle stage, nuclear volume and mitotic chromatin
length appear to interrelate and determine the nucle-
us type (Moreno Diaz de la Espina et al., 1992 ).
Despite of the above mentioned differences in the

chromatin organisation of plants, it has long been
believed that all the nuclei of mature cells of a giv-
en plant species exhibit the same amount of con-
densed chromatin, independent of their transcrip-
tional activity, with the exception of some highly
specialised cells such antipodal cells or microsporo-
cytes (Nagl et al., 1983). By contrast, mammalian
nuclei show prominent differences in chromatin
condensation. These display patterns of condensed
chromatin which are not species-specific but are
characteristic of precise stages of development and
definite tissues and cells, and are related to tem-
plates and gene activity (Nagl 1985 and references
therein). The misleading interpretation in plants
probably depends on the fact that only a small per-
centage of plant DNArepresents genes in the active
state, while most of the DNAis composed of non-
coding and repetitive sequences (Nagl 1985). Thus,
the conformational changes linked to nuclear activ-
ity, which may concern only the active fraction of
chromatin, are not always easily visible; however,
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they do occur in plants so that modulation of the
nuclear structure could provide a sensitive method
for the control of a gene expression (Heslop-Harri-
son et al., 1993). Chromatin structure varies in the
different tissues of the maize root apex, with a close
relation existing between RNAsynthesis, nuclear
chromatin structure and plant cell size (Baluska and
Kubica 1992). A loosening of the chromatin struc-
ture generally occurs in actively metabolising cells,
such as differentiating cells (Darzynkiewicz et al.,
1984, 1985; Biradar and Rayburn, 1994), secretory
cells (e.i. Mentha x piperitaglandular trichomes,
Berta et al., 1993) and in drug-treated cells (Even-
son et al., 1985).
Endopolyploidy, a very common phenomenon in

plants (D’Amato, 1998), is developmentally regu-
lated according to the age, position and function of
the tissue within the plant (De Rocher et al., 1990;
Galbraith et al., 1991), and only in some families,
especially Compositaeand Umbelliferae, does tis-
sue differentiation occur in a diploid state (D’Ama-
to, 1998). According to some authors, increases in
ploidy levels are related to increases in cell size
(Galbraith et al., 1991; Melaragno et al., 1993).
Plant cells with small genomes (among which poly-
ploidy is more common) may increase the number
of copies of their “useful” genes more simply by
redoubling their entire genome rather than by selec-
tive gene amplification (Galbraith et al., 1991).
Polyploidization is also involved in the regula-

tion of gene expression. During replication, the
structure of both active and repressed chromatin is
disrupted, and the entire nuclear organization can
be rearranged after each replication event (Balus-
ka et al., 1995; Wolffe, 1991). In addition, ploidy
is able to control gene expression, inducing or
repressing genes in relation to the number of chro-
mosome sets (Galitski et al., 1999; Mittelsten
Scheid et al., 1996).
Some evidence exists that somatic polyploidiza-

tion in plants is inversely related to genome size
(De Rocher et al., 1990): multiplication of the
DNA content is very important for the differentia-
tion of plants with small genomes. Infact, it has
been suggested that certain specialised cells
require a minimal mass of nuclear DNAin order
to maintain specific regulatory and functional
states (Galbraith 1991), and that there is a direct
proportionality between nuclear DNAlevel, cell
size (Melaragno et al. 1993) and the number of
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plastids and mitochondria (Galbraith 1991; D’Am-
ato 1998). These considerations indicate that
nucleus structure and ploidy can undergo modifi-
cations related to changes in cell metabolic activi-
ty depending, at least in part, on the nuclear DNA
content of 2C nuclei. In order to study structural
and chromatin changes and their relations with
transcription in differentiated cells, we have
analysed the changes induced by arbuscular myc-
orrhizal colonization on the nuclei of root cortical
cells, which strongly increase their metabolic
activity following hyphal penetration. 
Arbuscular mycorrhizae are stable, mutually bene-

fitial, plant-fungus associations in which the fungus
develops in two distinct functional phases: the
intraradical phase with intercellular hyphae and spe-
cialized intracellular structures, arbuscules,
involved in exchange of substances between the two
partners; the extraradical phase, extending from the
root into the soil, which channels water and miner-
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als, mainly phosphorus, to the plant. Carbon com-
pounds are supplied by the plant to the fun-
gus. The result is improved growth of the
plant, and the completion of the life cycle of
the fungus. During arbuscule formation, cor-
tical cell size increases and host cell walls
undergo a significant reduction in thickness
(A. Fusconi unpublished results), amyloplas-
ts disappear, the central vacuole fragments
and the cytoplasm volume and number of
organelles increase. The configuration of
microfilaments changes from a loose cortical and
perinuclear network in uninfected cells to a
dense reticulum surrounding the branches of the
arbusculus and the nucleus (Fig. 1). The micro-
tubules cross the cytoplasm and bridge the fungal
branches, perhaps creating a rigid structure
around the fungus as a complement to the deposi-
tion of new cell wall components (Genre and Bon-

Fig. 1 -a-b, light microscopy, longitudinal sections of root cortical cells. a (1820x), non-colonised cells with a large vacuole fill-
ing most of the total cell volume, the nucleus is adjacent to the cell wall. b (760x), arbuscule hosting cell, the nucleus is in cen-
tral position, entrapped by the arbuscular branches. c (5620x), T.E.M., arbuscule hosting cell, hyphae are surrounded by the host
plasma membrane. H, arbuscular hyphae, N, nucleus; Nu, nucleolus.
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fante, 1997). The plasma membrane invaginates
and grows around the developing arbuscule, and its
activities are modified with respect to those of the
plasma membrane of uncolonized cells (e.g.
increased ATPase activity). New wall components
are contemporaneously deposited between fungal
wall and host membrane, giving rise to a new com-
partment, the symbiotic interface of high molecular
complexity (Balestrini et al., 1997; Bonfante and
Perotto, 1995). 
This laboratory has studied the effect of mycor-

rhizal colonization in plants with different DNA
content of their 2C nuclei:Allium porrum L. cv.
Mostruoso di Carentan; Pisum sativumcv. Lincoln
and cv. Frisson; and Lycopersicon esculentumcv.
Early Mech. A. porrum and P. sativumpossess
reticulate nuclei (Fig. 2; Fig. 3a-d); however, the
DNA content is much higher in A. porrum (about
45 pg, Bennet and Leich 1997) than in P. sativum
(9.1 pg, Bennet and Leitch 1995). As a conse-
quence, the nuclei of the two species present differ-
ent degrees of chromatin condensation in the meris-
tematic interphasic nuclei. The nucleus of A. por-
rumwas initially classified as eureticulate and that
of P. sativumas reticulate (Barlow 1977), by Delay
(1947) who described four major types of nuclear
chromatin organization: eureticulate, reticulate,
semireticulate and areticulate, with a progressive
reduction in the density of the chromatin reticulum.
The nuclei of L. esculentumare classified as chro-
mocentric, areticulate or diffuse according to
Moreno Diaz de la Espina et al. (1992) since they
have low DNAcontent (about 2 pg, Bennet and
Leich 1995) and the chromatin reticulum typical of
reticulate nuclei is not observed, even in the early
G1 and late G2 periods, when chromatin appears
more condensed (Fig. 3e-f).
Several flow cytometric and microscopic tech-

niques have been applied to the above mentioned
systems. Light and electron microscopy combined
with immunocytochemistry have been used to
study the state of the nuclei and their chromatin in
situ. Flow cytometry was performed on nuclei
extracted from the entire root system deprived of
the apices and stained with saturating concentra-
tions of the fluorescent dye DAPI to evalutate
quantitative DNAchanges (for details about the
protocol see Lingua et al., 2001). To evaluate chro-
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matin accessibility, and therefore the degree of
chromatin condensation, some samples were
analysed after DNAse I treatment (Weintraub and
Groudine, 1976), or stained with propidium iodide
or with under-saturating DAPI concentrations
(Mazzini et al., 1983). Nuclei extracted from spe-
cific zones of tomato roots were also analysed (see
later for details). Flow cytometry permits the
analysis of a large number of nuclei in a short
time, although being a destructive technique. For
this reason, microfluorimetry has been applied to
some root zones to get information on morpholo-
gy and histology.

Two examples of reticulate nuclei, as influenced
by arbuscular mycorrhizal infection, in differ-
entiated root parenchyma cells: Allium porrum
and Pisum sativumnuclei
In uninfected root parenchyma cells of Allium

porrum, the nuclei, lenticular in shape, are in lat-
eral position and show the chromatin organised in
large patches, with a higher degree of condensa-
tion than in the meristem: during differentiation,
there is a progressive increase in chromatin con-
densation in control roots (Berta and Squadrone,
1993). This is in agreement with the results of
Biradar and Rayburn (1994), who showed signifi-
cant differences in chromatin condensation among
the diploid nuclei from different plant organs (Fig.
2a-b; Fig. 3a).
In mycorrhizal A. porrumplants, nuclei are gen-

erally round, larger than in controls and in central
position (Berta and Fusconi, 1998; Balestrini et
al., 1992). No difference is found in ploidy level
between mycorrhizae and controls, and nuclear
hypertrophy can be explained by chromatin
decondensation (Fig. 3b) (Berta et al., 1990).
The central position has been related to micro-

tubule reorganization following mycorrhizal
infection (Balestrini et al., 1992); this is in line
with the results of by Baluska et al. (1995) on the
relationship between chromatin decondensation
and microtubule reorganization after infection
with the pathogenic fungus Erisiphe graminisin
barley and defense gene activation. The same sit-
uation has been observed in suspension-cultured
parsley cells inoculated with Phytophthora infes-
tans (Gross et al., 1993). In arbuscular mycor-
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Fig. 2 -a (2740x), light microscopy, meristematic cells of a root apex of Allium porrumL. The cytoplasm has little vacuoles and
the nuclei are centrally localized in the cells. b-d, T.E.M. of meristematic interphase nuclei. b (5240x), reticulate nucleus of A.
porrumcharacterized by a coarse network of strands of condensed chromatin, interspersed with regions of fine chromatin fibrils.
c (5010x), Reticulate nucleus of Pisum sativum. The chromatin organization is similar to that of A. porrumeven if the propor-
tion of condensed chromatin is lower, in relation to the lower DNAcontent. d (10880x), chromocentric nucleus of Lycopersicon
esculentum. The chromatin is mostly decondensed with homogeneous appearance, dense patches of chromatin (chromocentres,
Ch) are associated to the nucleus envelope.
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In P. sativum, root cortical cell nuclei of mycor-
rhizal plants show the same modifications
observed in A. porrum, i.e. hypertrophy, round
shape, chromatin decondensation (Sgorbati et al.,
1993) (Fig. 2c-d; Fig. 3c-d). No variation in ploidy
has been detected. Results obtained with a pea
mutant resistant to mycorrhizal infection support
the correlation between chromatin decondensation
and the presence of the fungus found in A. porrum:
in these mutants, where the presence of the fungus
is limited to the surface of root epidermal cells
(Duc et al., 1989), chromatin decondensation,
measured as intensity of fluorescence after DAPI
staining at undersaturating concentration, was con-
siderably lower (20%) than in the wild type, whose
cortical parenchyma cells were highly infected.
Chromatin decondensation observed in mycor-
rhizal pea nuclei does not itself demonstrate high-
er transcription, but their DNase sensitivity is very
close to that of nuclei of pea embryos during ger-
mination (Sgorbati et al., 1993), when cells are
transcriptionally very active (Grellet et al., 1977).

An example of diffuse nucleus as influenced by
arbuscular mycorrhizal infection in differenti-
ated root parenchyma cells: Lycopersicon escu-
lentum
As previously reported, the nuclei of tomato are

of the diffuse type. In control, non-mycorrhizal
plants, cortical cell nuclei are generally active (i.e.
their structure resembles that of meristem cell
nuclei) and round or lenticular in shape. Chroma-
tolysis is linked with an increase in the nuclear
size, while pyknotic nuclei have reduced size
(Berta et al., 2001).
In the root system, deprived of the apices, of con-

trol plants, we could detect nuclei with three dif-
ferent ploidy levels, corresponding to 2C, 4C and
8C DNAcontent (Fusconi et al., 1997; Berta et al.,
2001; Tahiri-Alaoui et al., manuscript submitted).
The 4C nuclei were by far the largest population.
Analysing nuclei from the cortex (the tissue where

arbuscular mycorrhizal colonization takes place) of
roots at 3.5 and 6 cm away from the root tip by sta-
tic cytometry, a very small (or nil) percentage of 8C
nuclei was measured, while the 4C population was

Fig. 3 -T.E.M. Nuclei of differentiated cortical cells of controls (left) and mycorrhizas (right). a (9170x),b (7910x), Allium por-
rum; c (10490x), d (9090x), Pisum sativum; e (12270x), f (10830x), Lycopersicon esculentum. In the three nucleus types the pro-
portion of condensed chromatin is reduced by colonisation, in relation to the higher transcriptional activity. 

rhizae, defense genes are only weakly and tran-
siently activated, but the expression of many other
genes as consequence of the infection is enhanced
(Gianinazzi et al., 1996), or induced (Tahiri-
Alaoui and Antoniw, 1996). Moreover, a reorgani-
zation of cytoskeleton following fungal penetra-
tion has been shown in mycorrhizal tobacco
(Genre and Bonfante, 1997). The mechanisms
may, therefore, be the same, and it has been sug-
gested by Baluska et al. (1995) that the cytoskele-
ton plays an important role in translating extracel-
lular messages into endocellular responses. 
Ultrastructural results, in addition to an increased

accessibility of DNAto DAPI at undersaturating
concentration (Berta et al., 1990), and to other flu-
orochromes such as propidium iodide (unpub-
lished results) and auramine O (Berta et al., 1991),
or to the enzyme DNase I (Lingua et al., 1999),
consistently reveal a dramatic and functional
change of the nuclei following the infection
process: chromatin is significantly more decon-
densed than in controls, and decondensation is cor-
related with the presence of the fungus (Fig. 4)
(Berta et al., 1990; Berta and Fusconi, 1998). This
has been confirmed by immunocytochemistry
using a monoclonal antibody that mostly binds to
the condensed chromatin: a significant decrease in
gold-labelling intensity over the nuclei of mycor-
rhizal root cells, especially those containing arbus-
cules, has been observed (Balestrini et al., 1992).
Moreover, mycorrhizal plant nuclei labelled with
an anti-histone antibody and analysed by flow
cytometry, showed a lower content of this histone,
whose importance in chromatin condensation is
generally recognized, in comparison to controls
(Lingua et al., in press).
Chromatin decondensation of mycorrhizal plant

nuclei can be explained by an increase in transcrip-
tion: autoradiography and 3H-Uridine uptake
showed a higher intensity of labelling in cortical cell
nuclei of infected leek plants, confirming that dis-
persed chromatin is generally the active fraction
(Berta et al., 1996). In addition, the number of senes-
cent nuclei (chromatolytic or pyknotic) was signifi-
cantly lower in mycorrhizae, as shown by flow
cytometry and TUNEL assays (Lingua et al., 1999).
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the most abundant one (Berta et al., 2001; Tahiri-
Alaoui et al., manuscript submitted).
Colonization of the root by the arbuscular mycor-

rhizal fungus Glomus mosseaetriggers various
modifications in the nuclei of tomato plant. First of
all, the nuclei of mycorrhizal plants are larger than
those of control plants, in agreement with the data
obtained in the past in many different mycorrhizal
systems (Williams, 1966; Williamson and Hadley,
1969; Holley and Peterson, 1979; Carling and
Brown, 1982; Bonfante-Fasolo, 1984; Toth and
Miller, 1984; Barroso and Pais, 1990; Berta et al.,
1990; Sgorbati et al., 1993). Chromatin deconden-
sation occurs and can be observed by TEM,
although it is less evident than in nuclei with retic-
ulate or semi-reticulate structure (Fig. 3e-f). The
shape of the nuclei is often lobed and again the
proportion of nuclei with senescing appearance
(chromatolytic or pyknotic) is very small. The
mean diameter is larger in these senescing nuclei
too, if compared with the same type of nuclei from
control plants (Berta et al., 2001).
Flow cytometry indicates the presence of three

nuclear populations, as in control plants, but the
proportion of nuclei in the three groups is heavily
affected by the symbiosis (Lingua et al., 1996;
Fusconi et al., 1997; Berta et al., 2001; Tahiri-
Alaoui et al., manuscript submitted). Analyses of
the nuclei extracted from the whole root system
(excluding the apices) of 60-day-old plants
showed a significant increase in the percentage of
diploid and octoploid nuclei (Berta et al., 2001).
Static cytometry (again considering zones at 3.5

and 6 cm from the root apex) confirmed the
increase of diploid and octoploid nuclei in mycor-
rhizal plants (Berta et al., 2001; Tahiri-Alaoui et
al., submitted) but, most importantly, it allowed
the analysis of the nuclei of arbuscule-containing
cells. This showed that octoploid nuclei were pre-
sent in more than 90% of the arbuscule-containing
cells at 3.5 cm (and in more than 40% of the arbus-
cule-containing cells at 6 cm) from the root tip
(Berta et al., 2001; Tahiri-Alaoui et al., submitted).
These results established the relationship, for the

first time, between polyploidization and arbuscular
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mycorrhizal colonization, similarly to what hap-
pens in orchid mycorrhiza (Williamson and
Hadley, 1969), and in contrast with the previous
reports on ploidy of plants colonized by gloma-
lean fungi (Berta et al., 1990; Sgorbati et al.,
1993). Increased nucleus and cell size, as well as
chromatin decondensation, could also be related
to high metabolic activity, a hypothesis which is
consistent with our observations of increased res-
piratory activity (Berta et al., 2001) and with the
findings by Gianinazzi-Pearson et al.(1996) of an
increased number of mitochondria and plastids
during plant cell development, especially in arbus-
cule-colonized cells.
Following AM colonization, many tomato genes

are induced or repressed (Tahiri-Alaoui and
Antoniw, 1996); it is possible that some of them
are regulated by the mycorrhiza-dependent change
of ploidy occurring in the arbuscule-colonized
cells. Conversely, it is also possible that some of
the newly induced genes could be involved in the
formation of polyploid cells; for example, the
expression of a cullin gene has recently been
reported in mycorrhizal tomato roots and the com-
parison with genes belonging to the same family
suggests a possible role in the control of DNAsyn-
thesis (Tahiri-Alaoui et al., manuscript submitted).

CONCLUSIONS

The reports by Berta et al.(1990) and Sgorbati et
al. (1993) have described how nuclear hypertrophy
in mycorrhizal pea and leek roots was due to chro-
matin decondensation, excluding polyploidization.
In tomato roots colonized by Glomus mosseae,
ploidy variations clearly contribute to increase the
mean diameter of nuclei, especially in arbuscule-
colonized cells. Nevertheless, chromatin conden-
sation is still a very important factor. Unpublished
data (Lingua and Berta, manuscript in preparation)
show that nucleus diameter, in tomato root cells,
does not depend on DNAcontent alone, and that
chromatin condensation plays a central role in the
regulation of this parameter. 

Fig. 4 - a-b (both 44280x), T.E.M. Nuclear chromatin in Allium porrum L. a, non-mycorrhizal nucleus with highly condensed
chromatin. b, mycorrhizal cell nucleus, with very decondensed chromatin. c-f, flow cytometry, after DAPI staining. c, control
nuclei stained with DAPI; d, mycorrhizal nuclei stained wih DAPI; e, control nuclei treated with Dnase I for 15 min and DAPI
stained; f, mycorrhizal nuclei treated with Dnase I for 15 min and DAPI stained. The main peak is digested more quickly in myc-
orrhizal nuclei, suggesting more accessible (i.e. decondensed) chromatin.

Imp. Lingua review  11-02-2002  16:01  Pagina 17



REFERENCES

Baluska F., and Kubica S.: Relationships between the content
of basic nuclear proteins, chromatin structure, rDNAtran-
scription and cell size in different tissues of the maize root
apex. J. Exp. Bot. 43, 991-996, 1992. 

Baluska F., Bacigalova K., Oud J.L., Hauskrecht M., and
Kubica S.: Rapid reorganization of microtubular cytoskeleton
accompanies early changes in nuclear ploidy and chromatin
structure in postmitotic cells of barley leaves infected with
powdery mildew. Protoplasma 185, 140-151, 1995.

Balestrini R., Berta G., and Bonfante P.: The plant nucleus in
mycorrhizal roots: positional and structural modifications.
Biol. Cell 75, 3: 235-243, 1992. 

Balestrini R., Josè-Estanyol M., Puigdomènech P., and Bonfante
P.: Hydroxyproline-rich glycoprotein mRNAin maize root cells
colonized by an arbuscular mycorrhizal fungus as revealed by in
situ hybridization. Protoplasma 198, 36-44, 1997.

Barlow P.W.: Determinants of nuclear chromatin structure in
angiosperms. Ann. Sci. Nat., Bot., Paris, 12e Série, Tome 18,
193-206, 1977. 

Barroso J., and Pais M. S.: Nuclear features in infected roots
of Ophrys luteaCav. (Orchidaceae). New Phytologist 115, 93-
98, 1990.

Bennet M.D., and Leitch I.J.: Nuclear DNAamounts in
Angiosperms. Ann. Bot. 76, 113-176, 1995.

Bennet M.D., and Leitch I.J.: Nuclear DNAamounts in
Angiosperms: New Estimates. Ann. Bot. 80, 169-196, 1997.

Biradar D.P., and Rayburn, A.L.: Flow cytometric probing of
chromatin condensation in maize diploid nuclei. New Phytol.
126, 31-35, 1994.

Berta G., Sgorbati S., Soler V., Fusconi A., Trotta A., Citterio
A., Bottone M.G., Sparvoli E., and Scannerini S:. Variations
in chromatin structure in host nuclei of a vesicular arbuscular
mycorrhiza. New Phytologist 114, 199-205, 1990.

Berta G., Fusconi A., Sgorbati S., Trotta A., and Scannerini S.:
Ultrastructural evidence for nucleus activation in infected
cells of a VA mycorrhiza. Giorn. Bot. It. 124, 658-660, 1991 .

Berta G., and Squadrone S.: Nuclear structure in root cortical
cells of a vesicular arbuscular mycorrhiza, as affected by dif-
ferentiation and the presence of the fungus. Giorn. Bot. It.
126, 49-51, 1993.

Berta G., Dela Pierre M., and Maffei M.: Nuclear morpholo-
gy and DNAcontent in the glandular trichomes of peppermint
(Menthax piperita L.). Protoplasma 175, 85-92, 1993.

Berta G., Fusconi A., Lingua G., Trotta A., and Sgorbati S.:
Influence of arbuscular mycorrhizal infection on nuclear struc-
ture and activity during root morphogenesis. In: Mycorrhizas
in integrated systems from genes to plant development (Eds.
Aguilar C., and Barea J.M.), Office for Official Publications of
the European Communities, Luxembourg, pp. 174-177, 1996.

Berta G., and Fusconi A.: Effects of arbuscular mycorrhizal

18

and ericoid fungi on the structure and activity of host cell
nuclei. In: Plant cell proliferation and its regulation in growth
and development (Eds. Bryant, J.A., and Chiatante, D.) John
Wiley and Sons, Chichester, pp. 135-152, 1998. 

Berta G., Fusconi A., Sampò S., Lingua G., Perticone S.,
Repetto O.: Polyploidy in tomato roots as affected by arbus-
cular mycorrhizal colonization. Plant Soil 226, 37-44, 2001.

Bonfante-Fasolo P.: Anatomy and morphology of VA mycor-
rhizae. In: Powell C., and Bagyaraj D. J. eds., “VA mycor-
rhizas”, pp. 5-33, 1984.

Bonfante P., and Perotto S.: Strategies of arbuscular mycor-
rhizal fungi when infecting host plants. New Phytol. 130, 3-
12, 1995.

Carling D.D., and Brown M.F.: Anatomy and physiology of
vesicular-arbuscular and non-mycorrhizal roots. Phytopathol-
ogy 72, 1108-1114, 1982.

D’Amato F.: Chromosome endoreduplication in plant tissue
development and function. In Plant cell proliferation and its
regulation in growth and development. Eds. Ryant J.A., and
Chiatante D., pp. 153-166. J. Wiley & Sons, Chichester, 1998.

Darzynkiewicz Z., Traganos F., Kapuscinski J., Staiano-
Coico L., and Melamed M.R.: Accessibility of DNAin situ to
various fluorochromes: relationship to chromatin changes
during erythroid differentiation of Friend leukemia cells.
Cytometry 5, 355-363, 1984. 

Darzynkiewicz Z., Traganos F., Kapuscinski J., and Melamed
M.R.: Denaturation and condensation of DNAin situ induced
by acridine orange in relationship to chromatin changes dur-
ing growth and differentiation of Friend erythroleukemia
cells. Cytometry 6, 195-207, 1985.

Delay C.: Recherches sur la structure des noyaux quiescents
chez les Phanérogames. Rev. Cytol. Cytophysiol. Vég. 9,
169-222, 1947.

De Rocher B.J., Harkins K.R., Galbraith D.W., and Bohnen
H.J.: Developmentally regulated systemic endopolyploidy in
succulent plants with small genomes. Science 250, 99-101,
1990.

Duc G., Trouvelot A., Gianinazzi-Pearson V., and Gianinazzi
S.: First report of non-mycorrhizal plant mutants (myc-)
obtained in pea (Pisum sativumL.) and faba bean (Vicia faba
L.). Plant Sci. 60, 215-222, 1989.

Evenson D.P., Higgins P.J., Gruenberg D., and Ballanchey
B.E.: Flow cytometric analysis of mouse spermatogenic func-
tion following exposure to ethylnitrosourea. Cytometry 6,
238-253, 1985. 

Flavell R.B.: The molecular characteristics and organization
of plant chromosome DNAsequences. Ann. Rev. Plant Phys.
31, 569-596, 1980.

Fusconi A., Sampò S., Lingua G., Gnavi E., and Berta G.:
Ploidy in tomato roots and its variations induced by Glomus
mosseaeand Phytophthora nicotianae. Atti dell’Accademia
dei Fisiocritici Tomo XXVI Serie XV, pp. 55-58, 1997.

Imp. Lingua review  11-02-2002  16:01  Pagina 18



Galbraith D.W., Harkins K.R., and Knapp S.: Systemic
endopolyploidy in Arabidopsis thaliana. Plant Physiol. 96,
985-989, 1991.

Galitski T., Saldanha A.J., Styles C.A., Lander E.S., and Fink
G.R.: Ploidy regulation of gene expression. Science 285,251-
254, 1999.

Genre A., and Bonfante P.: A mycorrhizal fungus changes
microtubule orientation in tobacco root cells. Protoplasma
199, 30-38, 1997.

Gianinazzi-Pearson V., Gollotte A., Cordier C., and Giani-
nazzi S.: Root defence responses in relation to cell and tissue
invasion by symbiotic microorganisms: cytological investiga-
tions. In: Histology, ultrastructure and molecular cytology of
plant-microorganism interactions. Eds. M. Nicole and V.
Gianinazzi-Pearson, pp. 177-191. Kluwer Academic Publish-
ers, Dordrecht, 1996.

Grellet F., Delseny M., and Guitton Y.: Histone content of ger-
minating pea embryo chromatin decreases as DNAreplicates.
Nature267, 724-726, 1977.

Gross P., Julius C., Schmelzer E., and Hahlbrock K.: Translo-
cation of cytoplasm and nucleus to fungal penetration sites is
associated with depolymerization of microtubules and
defence gene activation in infected, cultured parsley cells.
EMBO J. 12, 1735-1744, 1993.

Hemleben V., Torres-Ruiz R.A., Schmidt T., and Zentgraf U.:
Molecular cell biology: role of repetitive DNAin nuclear archi-
tecture and chromosome structure. Prog. Bot., 6191-117, 2000.

Heslop-Harrison J.S.: Nuclear architecture in plants. Curr. Op.
Gen. Dev. 2, 913-917, 1992.

Heslop-Harrison J.S., Leitch A.R., and Schwarzacher T.: The
physical organization of interphase nuclei. In Heslop-Harrison
JS, Flavell RB eds. The Chromosome. Oxford: BIOS, 221-
232, 1993.

Holley D., and Peterson R. L.: Development of a vesicular
arbuscular mycorrhiza in bean roots. Can. J. Bot. 57, 1960-
1978, 1979.

Jordan E.G., Timmis J.N., and Trewavas A.J.: The plant
nucleus. In: The biochemistry of plants, Vol. 1: The plant cell.
(Ed. Tolbert N.E.), Acad. Press, New York London, pp. 489-
588, 1980.

Lingua G., Varese G.C., Trotta A., Fusconi A., Gnavi E., and
Berta G.: Flow cytometry as a tool to investigate nuclear
senescence in symbiotic and pathogenic systems. Agronomie
16, 663-670, 1996.

Lingua G., Sgorbati S., Citterio A., Fusconi A., Trotta A.,
Gnavi E., and Berta A. Arbuscular mycorrhizal colonization
delays nucleus senescence in leek cortical root cells. New
Phytol. 141, 161-169, 1999.

19

Lingua G., D’Agostino G., Fusconi A., and Berta G.: Nuclear
changes in pathogen-infected tomato roots. Eur. J. His-
tochem., 2001. 

Lingua G., Ippolito M., Trotta A., and Berta G.: Analysis of
the histone H1 content in the nuclei of roots colonized or not
by an arbuscular mycorrhizal fungus. Inf. Bot It., in press.

Mazzini G., Giordano P., Riccardi A., and Montecucco C.M.:
A flow cytometric study of the propidium iodide staining
kinetics of human leukocytes and its relationship with chro-
matin structure. Cytometry 3, 443-448, 1983.

Melaragno E.J., Mehrotra B., and Coleman A.W.: Relation-
ship between endopolyploidy and cell size in epidermal tissue
of Arabidopsis. Plant Cell 5, 1661-1668, 1993.

Mittelsten Scheid O., Jakovleva L., Afsar K., Maluszynska J.
and Paszkowski J.: A change of ploidy can modify epigenet-
ic silencing. Proceedings of the National Academy of Science
USA 93, 7114-7119, 1996.

Moreno Diaz de la Espina S., Minguez A., Vazquez-Nin G.H.,
and Echeverria O.M.: Fine structural organization of a non-
reticulate plant cell nucleus. An ultracytochemical and
immunocytochemical study. Chromosoma 101, 311-321, 1992.

Nagl W.: Chromatin organization and the control of gene
activity. Int. Rev. Cytol. 94, 21-56, 1985.

Nagl W., and Fusening H.P.: Types of chromatin organization in
plant nuclei. Plant System Evolution Suppl. 2, 221-233, 1979.

Nagl W., Cabirol H., Lahr C., Greulach H., and Ohliger H.M.:
Nuclear ultrastructure: Morphometry of nuclei from various
tissues of Cucurbita, Melandrium, Phaseolus, Tradescantia,
and Vicia. Protoplasma 115, 59-64, 1983.

Sgorbati S., Berta G., Trotta A., Schellenbaum L., Citterio S.,
Dela Pierre M., Gianinazzi-Pearson V., and Scannerini S.:
Chromatin structure variation in successful and unsuccessful
mycorrhizas of pea. Protoplasma 175, 1-8, 1993.

Tahiri-Alaoui A., and Antoniw J.: Cloning of genes associat-
ed with the colonization of tomato roots by the arbuscular
mycorrhizal fungus Glomus mosseae. Agronomie 16, 663-
670, 1996.

Tahiri-Alaoui A., Lingua G., Avrova A., Sampò S., Fusconi A.,
Antoniw J., and Berta G.: A cullin gene is induced in tomato
roots forming arbuscular mycorrhizae. Submitted manuscript.

Thomas C.A.: The genetic organisation of chromosomes.
Ann. Rev. Genet. 5, 237-256, 1971.

Toth R., and Miller R.M.: Dynamics of arbuscule develop-
ment and degeneration in Zea mays mycorrhiza. Am. J. Bot.
7, 449-460, 1984. 

Imp. Lingua review  11-02-2002  16:01  Pagina 19



Vàzquez-Nin G.H., Echeverrìa O.M., Mìnguez A., Moreno
Dìaz De La Espina S., Fakan S., and Martin E.: Ribonucleo-
protein components of root meristematic cell nuclei of the
tomato characterized by application of mild loosening and
immunocytochemistry. Axp. Cell Res. 200, 431-438, 1992.

Weintraub H., and Groudine M.: Chromosomal subunits in
active genes have an altered conformation. Science 193, 848-
856, 1976.

20

Williams P.H.: A cytochemical study of nuclear hypertrophy
in clubroot of cabbage. Phytopathology 56, 521-524, 1966.

Williamson B., and Hadley G.: DNAcontent of nuclei in
orchid mycorrhiza. Planta 92, 347-354, 1969.

Wolffe A.P.: Implications of DNAreplication for eukaryotic
gene expression. J. Cell Sci. 99, 201-206, 1991.

Imp. Lingua review  11-02-2002  16:01  Pagina 20


