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Vascular storage parenchyma cells of carrot roots were treated with methanol solutions of radicinin and epi-
radicinol produced by Alternaria radicina and with alternariol and alternariol methyl ether produced by
A. alternata at concentrations of 25 ug/ml and 250 pug/ml, as well as culture filtrates of both fungi. Cell ultra-
structure was observed by TEM. No visible changes were noted after treatment with 25 ug/ml toxin solutions.
The most extensive plication of cell membranes, and sometimes also cell walls, and the formation of numerous
vesicles in the cytoplasm, was observed in cells treated with the higher concentration of toxins. Plasma mem-
brane withdrawal and vesiculation, microvacuole formation, and accumulation of plastoglobuli in chromoplasts
also occurred. No changes in the structure of endoplasmic reticulum and dictyosomes were noted. The respons-
es of cell structures to particular toxins were nonspecific. Treatment with culture filtrates from A. radicina
resulted in the occurrence of osmiophilic, electron-dense substance in the cytoplasm and plastoglobuli. All alter-
ations induced by filtrates were more extensive than those resulting from toxin solutions, but membrane integri-
ty was not disturbed after any of the treatments.
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INTRODUCTION

Alternaria radicina Meier, Drechsler & Eddy [syn.
Stemphylium radicinum (Meier, Drechsler et Eddy)
Neerg.] is a pathogen causing a range of symptoms in
carrot, including pre- and post-emergence damping-
off, necrosis of the crown and root, foliar, flower- and
seed-stalks, and umbel and seed blight. The greatest
damage occurs post-harvest, during root storage
(Meier et al., 1922; Neergaard, 1945; Maude, 1966;
Pryor et al., 1994, 1998; Pryor and Gilbertson, 2002).
A. alternata (Fr.) Keissler is one of the most common
saprotrophs or facultative parasites associated with
various parts of plants (Scheffer, 1992). Up to 68% of
carrot root samples collected in several European
countries were found to be contaminated with the fun-
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gus (Solfrizzo et al., 2005). As much as 70% of mature
carrots can be rendered unmarketable if heavily infest-
ed or infected by A. radicina and A. alternata
(Solfrizzo et al., 2005).

Alternaria species produce both host-specific
and non-host-specific toxic secondary metabolites
(Montemurro and Visconti, 1992; Visconti et al.,
1992; Bottalico and Logrieco, 1998; Solfrizzo et al.,
2004b). A. radicina was capable of producing pri-
marily radicinin (RAD, syn. stemphylone) followed
by radicinols (ROHs), i.e. radicinol (ROH) and epi-
radicinol (epi-ROH) when grown on carrot root
discs. The latter have also been found in carrot roots
either naturally contaminated or inoculated with

Abbreviations: AOH - alternariol; AME - alternariol methyl
ether; Ch — chromoplast; CW - cell wall; D - dictyosome; epi-
ROH - epi-radicinol; M — mitochondrion; N — nucleus; RAD -
radicinin; ROHs - radicinols; V — vacuole.
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A. radicina and showing symptoms of black rot
(Solfrizzo et al., 2004b, 2005; Tylkowska et al., 2005).
Both RAD and ROHs are non-host-specific toxins. In
addition to A. radicina, RAD is produced by A.
chrysanthemi, A. helianthi, Bipolaris coicis,
Cochliobolus lunata and Phoma andina, ROH by A.
chrysanthemi and C. lunata, and epi-ROH by A.
chrysanthemi (Hansen, 1954; Robeson et al., 1982;
Tal et al., 1985; Nakajima et al., 1997; Solfrizzo et al.,
2004b).

From among a number of toxins produced by
A. alternata, alternariol (AOH) and alternariol
methyl ether (AME) were mainly detected on carrot
root discs inoculated with the fungus isolated from
carrot seeds (Solfrizzo et al., 2005). Both are also
produced by a number of other Alternaria species,
including A. brassicae, A. brassicicola, A. capsici-
annui, A. cheiranthi, A. citri, A. cucumerina, A.
dauci, A. kikuchiana, A. longipes, A. porri, A.
raphani, A. solani, A. tenuissima and A. tomato
(Bottalico and Logrieco, 1998).

The phytotoxic effects caused by A. radicina
and A. alternata toxins on carrot seedlings and
seeds have been described (Tylkowska et al., 1998,
2003; Solfrizzo et al., 2004b). Phytotoxicity of RAD
and ROH to other plant species was previously
reported by Hansen (1954), Nakajima et al. (1997)
and Robeson et al. (1982). Park et al. (1977),
Kohmoto et al. (1993) and Shabana et al. (1997)
showed that toxins produced by Alternaria spp.
caused changes in plant cell structures. No informa-
tion has been found on such an effect of toxic
metabolites produced by A. radicina and A. alter-
nata. The main goal of this study was to determine
whether they are capable of inducing changes in car-
rot root cells at the ultrastructural level.

MATERIALS AND METHODS

SOLUTIONS OF TOXINS

Radicinin (RAD) and epi-radicinol (epi-ROH) pro-
duced by Alternaria radicina and alternariol (AOH)
and alternariol methyl ether (AME) produced by
A. alternata were used in the study. Standards of
RAD, AOH and AME (> 95% purity) were purchased
from Sigma-Aldrich (Poznan, Poland), and epi-ROH
was obtained from Dr. M. Solfrizzo of CNR, Institute
of Sciences of Food Production, Italy. Solutions of the
toxins were made by dissolving them in 5% methanol
at concentrations of 25 ug/ml and 250 pg/ml.

CULTURE FILTRATES OF FUNGI

Single-spore cultures of Alternaria radicina and
A. alternata were maintained on potato-dextrose-agar
(Merck, Darmstadt, Germany) plates in four replicates
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at 20°C in the dark for 14 days. Five plugs ~0.5 cm in
diameter were cut from the margins of colonies and
transferred to 500 ml flasks containing 150 ml stan-
dard Fries' medium (Dhingra and Sinclair, 1986) and
then incubated at 20°C in the dark for 14 days.
Occasionally the flasks were vigorously shaken. The
culture filtrates were obtained by vacuum filtration
(Sartorius, Goettingen, Germany).

DETERMINATION OF ALTERNARIA TOXINS
IN CULTURE FILTRATES

The culture filtrates were filtered through a 0.45 um
membrane filter (LCR - Millipore) and analyzed by
reversed-phase liquid chromatography (Waters
2695) with a UV diode array detector set at 256 nm
for A. alternata and 345 nm for A. radicina. AOH
and AME were determined as described by Solfrizzo
et al. (2004a), using two consecutive isocratic mix-
tures of acetonitrile/sodium dihydrogen phosphate
(Sigma-Aldrich, Poznan, Poland) solution. RAD and
epi-ROH were determined as described by Solfrizzo
et al. (2004b), using a 10-30% linear gradient of ace-
tonitrile in water for 22 min at a flow rate of
1 ml/min. Sodium dihydrogen phosphate and all
solvents were of HPLC grade.

TREATMENT OF TEST ROOTS, INCUBATION
CONDITIONS AND TISSUE SAMPLING

Storage roots of Nantes cv. type were purchased at a
local market. After washing under tap water and
surface drying, they were dipped in 70% ethanol for
3 min, wiped off, dipped in 1.5% solution of sodium
hypochlorite for 3 min, washed under running tap
water twice for 10 min, and left for surface drying.
Hollows 3 mm in diameter and 6 cm depth from the
crown were made in the central part of the root
xylem with a flame-sterilized cork-bore.

The root hollows were filled with 5% methanol
solutions of RAD, epi-ROH, AOH and AME at con-
centrations of 25 ug/ml and 250 ug/ml, as well as
with culture filtrates of either fungi, and incubated
in the dark at 20°C and 95% RH for 7 days. The con-
trol roots were either not treated or treated with 5%
methanol or Fries' medium.

Pieces of carrot roots (2 mm X 5 mm) contain-
ing storage parenchyma cells were selected under a
stereoscopic microscope and fixed with 4% glu-
taraldehyde and 4% paraformaldehyde mixture (1:1,
pH 6.8; Polysciences, U.S.A.) for 2 h and post-fixed
with 1% osmium tetroxide for 2 h at room tempera-
ture. The fixed material was counterstained for 1 h
with 2% uranyl acetate (pH 5.0; Polysciences).
Samples were dehydrated in a 10-100% graded ace-
tone series and embedded in low-viscosity Spurr's
resin (Spurr, 1969). Ultrathin sections (0.1 um) cut
with an Ultracut S ultramicrotome (Leica-Reichert,
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Germany) were collected on Formvar-coated copper
grids and stained with uranyl acetate and lead cit-
rate (Reynolds, 1963). Results were averaged from
five samples from three different roots per sampling.
For each sample, 10 ultrathin sections were exam-
ined under a JEM 1200 EX II (Jeol, Japan) trans-
mission electron microscope operating at 80 kV.

RESULTS

PRODUCTION OF ALTERNARIA TOXINS
IN CULTURE FILTRATES

Neither AOH and AME nor epi-ROH were detected
(detection limits: 0.1 pg/ml for AOH and AME,
0.2 ug/ml for epi-ROH) in culture filtrates from the
isolates tested, whereas A. radicina isolate pro-
duced RAD at 19.3 *= 2.6 pg/ml.

CONTROL ROOT CELLS

In transverse section, storage vascular parenchyma
cells of carrot root were isodiametric in shape and
had large central vacuoles. Electron-dense cyto-
plasm was located along the cell wall. Cell wall thick-
ness varied, and middle lamellae were pronounced.

Visible next to the cell wall was the plasma mem-
brane, endoplasmic reticulum and chromoplasts
(Figs. 1-4). Irregularly shaped nuclei near the cell wall
were surrounded by an inner and outer membrane
and contained weakly condensed chromatin and a
single nucleolus (Fig. 1). Exceptionally, two nucleoli of
fibrous type were present. Occasionally, electron-light
regions were observed in the nucleolus. Only a few ele-
ments of endoplasmic reticulum were present, but
there were many vesicles, cisternae, and derivatives of
Golgi bodies (Fig. 2). Dictyosomes of the Golgi appa-
ratus were rare and usually consisted of 4-6 cisternae
together with a few vesicles in their margins (Fig. 2).
There were many polyribosomes and cytoplasmic
granules in the cytoplasm.

In cell transverse section, round, ellipsoidal or
elongated mitochondria were surrounded by double
membrane envelopes with distinct cristae. In gener-
al, the lumen of the cristae was fairly narrow (Fig. 3).
The endoplasmic reticulum carried numerous ribo-
somes on the outer face; therefore we describe it as
rough. Rough cisternae of the reticulum were more
frequent than smooth ones. Plastids were spherical,
spindle-form/fusiform or amoeboid, and had a dou-
ble membrane envelope. Among them, crystalline
(usually) and crystalline-globular (rarely) chromo-
plasts were present (Fig. 4); only very few proplas-
tids occurred (not shown). Chromoplasts usually
contained very few plastoglobuli. Clear zones were
visible in many chromoplasts, likely representing
crystals of B-carotene. They were electron-transpar-

29

ent after chemical fixation, and some of the crystals
were expelled from the chromoplasts during the
preparation procedure (Fig. 4). Treatment with
methanol or Fries' medium did not induce ultra-
structural alterations in any of the cellular compo-
nents, including cytoplasmic membranes (Figs 5, 6).

ROOT STORAGE PARENCHYMA CELLS TREATED
WITH TOXINS OR CULTURE FILTRATES

Transmission electron microscopy (TEM) showed
no visible changes in cell ultrastructure in parenchy-
matic cells from roots treated with 25 pg/ml toxin
extracts. These cells still possessed cytoplasm of
medium electron density, occurring as a narrow
band rich in organelles. Nevertheless, after treat-
ment with AME and epi-ROH we noted withdrawal
of some parts of the plasma membrane (Figs. 7, 8)
as well as accumulation of small vesicles and vac-
uoles (Figs. 7, 9). Under TEM, small vesicles
appeared as uninterrupted circular outlines.

Changes in the cell structure and alterations of
the cytoplasm were discernible after root treatment
with toxin solutions at the higher concentration (250
ug/ml). The cells appeared turgid, but with very
extensive plication of cell membranes and part of the
cell walls, and having numerous vesicles in the cyto-
plasm. Plasma membrane withdrawal was observed
along the entire circumference of the cell as well as
that of the cell wall after treatment with epi-ROH
(Fig. 10) and AME (Fig. 11). Microvacuole formation
also occurred, marked by increased numbers of
small vacuoles and secretory vesicles (Fig. 11).
Distension of mitochondrial cristae was seen, but
most of the mitochondria resembled those observed
in the control material (cf. Figs. 12 and 3).
Responses of carrot root cells to treatments with
particular toxins were nonspecific. No changes in
the structure of dictyosomes (Fig. 13) and endoplas-
mic reticulum were seen. Nuclear chromatin was not
condensed (not shown). Treatment with toxins at
250 pg/ml resulted in accumulation of plastoglobuli
in the chromoplasts (Fig. 13).

After treatment with culture filtrates from A. radic-
ina, an osmiophilic, electron-dense substance was
deposited in the cytoplasm, and microvacuoles (Fig.
14) or plastoglobuli (Fig. 15) accumulated. In cells
exposed to this experimental treatment, electron-light
zones were frequent in the chromoplasts, along with
large numbers of small vesicles and vacuoles (Fig. 16).

Treatment of root parenchyma cells with cul-
ture filtrates from A. alternata resulted in accumu-
lation of osmiophilic granules in the cytoplasm, and
plastoglobuli in chromoplasts (Figs. 17-19).
Chromatin condensation in the nucleus did not
occur (Fig. 19). In some chromoplasts there were
lighter areas (Figs. 18, 19). These alterations were
more extensive than those developing after treat-
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Figs. 1-6. Ultrastructure of vascular storage parenchyma cells of untreated carrot roots (Figs. 1-4) and roots treated
with methanol or Fries' medium (Figs. 5,6). Fig. 1. Subcellular organization of nucleus and cytoplasm, with other
organelles characteristically located along cell wall. Bar = 1um. Figs. 2,3. Dictyosome of Golgi apparatus (Fig. 2) and
mitochondria (Fig. 3) in vascular parenchyma cell. Bars = 1 um in Fig. 2 and 500 nm in Fig. 3. Fig. 4. Chromoplast
with very few plastoglobuli (arrow) and some clear zones (star) likely representing crystals of B-carotene. Bar = lum.
Figs. 5,6. Subcellular organization of root cells after methanol treatment. Note the lack of changes after treatment.
Bars = 500 nm. CW - cell wall; N — nucleus; M — mitochondrion; D - dictyosome; Ch — chromoplast.

ment with toxin extracts, but in neither case was pathogen of carrot, whereas A. alternata is consid-
membrane integrity compromised. ered a saprotroph or facultative parasite associated
with this plant (Tylkowska, 1991). Phytotoxins, that
is, mycotoxins that are toxic to the cells of their

DISCUSSION plant hosts, may play various roles in plant patho-
genesis (Svabova and Lebeda, 2005).
Fungal metabolites produced by necrotrophs caus- Both A. radicina and A. alternata are capable

ing necrosis of a plant are termed toxins (Svabova of producing toxins on carrot root discs in vitro,
and Lebeda, 2005). A. radicina is a necrotrophic including RAD and epi-ROH in the case of the for-
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Figs. 7-9. Ultrastructure of root vascular parenchyma cells treated with toxins at concentration of 25 pg/ml. Vesicle for-
mation (Fig. 7 - stars), withdrawal of plasma membrane (arrows), after treatment with AME (Fig. 7) and epi-ROH (Fig.
8) and microvacuolation after AME treatment (Fig. 9). Bars = 500 nm. Figs. 10-13. Ultrastructure of root vascular
parenchyma cells treated with toxins at concentration of 250 pg/ml. Note plasma membrane withdrawal (arrows) after
treatment with ROH (Fig. 10), formation of small vacuoles after AME treatment (Fig. 11) and structure of mitochondri-
al cristae (Fig. 12) after RAD treatment. Bars = 1um. Fig. 13. Dictyosome and chromoplast ultrastructure after epi-ROH
treatment. Note large number of plastoglobuli inside chromoplast. Bar = 1um. CW — cell wall; M — mitochondrion;
V - vacuole; D - dictyosome; Ch — chromoplast.

mer species and AOH and AME in the latter cluded that the toxins played a role in the patho-
(Solfrizzo et al., 2005). Based on the presence of genicity of this species. In contrast, in spite of the
RAD and ROHSs, including epi-ROH, in diseased widespread occurrence of A. alternata, its toxins
roots, especially in cultivars reported to be more were not detected in roots of umbelliferous plants
sensitive to A. radicina, Solfrizzo et al. (2004b) con- (Solfrizzo et al., 2005).
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Figs. 14-19. Ultrastructure of root vascular parenchyma cells treated with culture filtrates. Fig. 14. Formation of small
vacuoles along plasma membrane after treatment with A. radicina culture filtrates. Bar = 1pm. Figs. 15, 16. Vesicle
formation and accumulation of plastoglobuli (arrows) in chromoplasts in root cells treated with A. radicina culture fil-
trates. Bar = lum. Figs. 17-19. Membrane vesiculation, vacuole formation and accumulation of plastoglobuli (arrows)
in chromoplasts of cells in root treated with A. alternata culture filtrates. Bars = 1lum. CW - cell wall; N - nucleus;
M - mitochondrion; V - vacuole; D - dictyosome; Ch - chromoplast.

The present study demonstrated alterations
induced by solutions of A. radicina and A. alterna-
ta toxins, and by culture filtrates of both fungi, in
some cellular structures of carrot root xylem. The
extent of changes was much greater after treatment
with 250 ug/ml of either the toxins or fungal cultures
than after treatment at a tenfold lower concentra-
tion. This may suggest that although metabolites of
A. radicina and A. alternata are capable of inducing

alterations in cell structure, their effect strengthens
with the concentration. What is the lowest level of
toxin that leads to the observed alterations? There is
considerable variation of the occurrence of RAD and
ROHs in naturally infected carrot roots and inocu-
lated carrot discs, depending on the cultivar and the
A. radicina isolate used. The recorded ranges of
RAD and ROHs are 0.20-9.48 ug/g in naturally
infected and 213-40,964 pg/g in artificially inoculat-
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ed carrot roots, and they have been detected at
2.4-2944 ug/g in inoculated carrot root discs
(Solfrizzo et al., 2004b, 2005; unpublished data).
The production of AOH and AME in inoculated car-
rot discs ranges from 10 ug/g to 922 pg/g (Solfrizzo
et al., 2005; unpublished data). These data do not
permit a conclusive statement about the local con-
centrations of the toxins in carrot tissue, due to dif-
ferences in the methodologies of the cited and cur-
rent works. The toxins applied in the present study
are known as non-host-specific. According to Rotem
(1998), non-host-specific toxins are less damaging
to plants than host-specific ones, and are not a pre-
requisite for infection although both could be
involved at any or all stages of infection. Thomma
(2003) pointed out that although non-host-specific
toxins had a relatively mild phytotoxic effect, they
might act as a factor predisposing the host to dis-
ease.

No differences were noted in the responses of
cellular structures to the toxins produced by either
of the Alternaria species tested, although they are
known to differ in their pathogenicity to carrot.
Could wounding, and thus weakening of the root tis-
sue, have played a role in enhancing the activity of
AOH and AME?

The phytotoxicity of a number of secondary
metabolites present in culture filtrates of pathogenic
fungi has been demonstrated (Svabova and Lebeda,
2005). In the present study, alterations observed
after treatment with fungal culture filtrates were
more extensive than after treatment with toxin solu-
tions. Culture filtrate from A. radicina contained
RAD at 19.3 = 2.6 ug/ml, whereas neither AOH nor
AME were detected in culture filtrate of A. alternata.
Based on our results, the concentration of RAD in the
culture filtrate apparently was too low to induce visi-
ble changes in cell structures. These data suggest the
involvement of other metabolites, and probably
enzymes, in the processes that led to the alterations
observed in the cell structures of carrot root xylem.
According to Thomma (2003), enzymatic processes in
Alternaria infections are generally similar to those in
other diseases. Polygalacturonase, pectin methyle-
sterase and cellulase were detected in liquid cul-
tures of A. radicina (Curren, 1969). The involve-
ment of enzymes in induction of cellular alterations
has been described in carrot roots infected by
Mycocentrospora acerina (Le Cam et al., 1997) and
Pythium violae (Guérin et al., 1998).

The Golgi apparatus in the analyzed cells pro-
duced a large number of small vesicles, which
became incorporated in the plasma membrane.
This kind of vesiculation, especially when associ-
ated with the plasma membrane, may indicate the
occurrence of exocytotic processes that could
remove and restore possible damage in mem-
branes. A similar response was described earlier
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in a dehydration-tolerant plant (Corbineau et al.,
2004). It is an important finding that membrane
integrity was not compromised after either toxin or
culture filtrate treatments, protecting these cells
from electrolyte leakage. Interestingly, plasma mem-
brane modifications, including vesicle formation,
were reported in Pyrus pyrifolia treated with AK-1, a
toxin produced by Alternaria alternata Japanese
pear pathotype (Shimizu et al., 2006). These
authors suggested that lipid peroxidation in mem-
branes was induced by reactive oxygen species gen-
erated as a result of the activity of this host-specific
toxin.

Our results have shown the involvement of
some toxic metabolites in the formation of ultra-
structural alterations in carrot root cells, but this
phenomenon apparently is more complex, and
awaits elucidation.
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