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Summary

The effect of aluminum was investigated on the cell ul-
trastructure of roots of fourteen-day-old "Trapez' red pepper
seedlings grown in water culture. Disorders in the cell structure
were observed using transmission electron microscopy (TEM).
An analysis of longitudinal sections of the apical region of the
control plants’ roots showed that cells of the cap and cells of the
meristematic region had an arrangement and shape typical for
these root regions, and cell organelles were properly developed.

Changes in the cell structure under the influence of alu-
minum involved a reduction in the number of starch grains in the
leucoplasts of the cap, the formation of lobate nuclei and a re-
duction in the number of cisternae in the dictyosomes as well
as the damage of the cell membranes. Moreover, the swelling of
mitochondria was observed with a simultaneous reduction in the
number of mitochondrial cristae or the bursting of the membra-
ne of these structures. In the vacuoles of the investigated root
section, the presence of numerous electron-opaque large-sized
formations was found, being most probably aluminum deposits.
The cell wall, often thickened, was wavy or the formation of two
walls in close distance was observed. The obtained results prove
the high sensitivity of the studied red pepper cultivar to aluminum
stress.

Key words: root, ultrastructure, aluminum, Capsicum annuum

INTRODUCTION

Most plants respond to the presence of mobile
aluminum in the substrate by a significant limitation of
growth and yielding induced by development anomalies
and metabolic disturbances as well as by insufficient
supply of the plant with water and nutrients. Studies of
many authors have demonstrated that the greatest dis-
orders occur in the place of toxicant application, i.e. in
the root, in particular in its apical portion (Clune and
Copeland, 1999; Michatek, 2002; Konar-
ska, 2004a). The most characteristic morphological
symptoms of aluminum toxicity are as follows: the short-
ening of the length of roots, their thickening and brown-

ing as well as the bending of the terminal section of the
root (Weryszko-Chmielewska et al. 1999;
Malathi et al. 2001; Tabuchi and Matsu-
moto, 2001; Konarska, 2004b; 2005). Many
researchers also observed peeling off or falling off of the
cap as well as a reduction in the length of lateral roots
(Budikova, 1999; Wenzl et al. 2001). The ef-
fect of aluminum was frequently accompanied by the
shortening of root regions and of the length of root
hairs as well as their deformation (Szatanik-Kloc,
1999; Michatek, 2002). An increased thickness of
cell walls in the outer layers of the root was also ob-
served, as well as the formation of cracks and losses in
these tissues (Weryszko-Chmielewska and
Chwil, 1998; Budikova, 1999; Vazquez
et al. 1999; Konarska, 2005). At the cell level,
strong vacuolisation of cells, a decrease in the number
of endoplasmic reticulum tubules and a reduced number
of vesicles produced by Golgi bodies were a frequent
reaction to excess aluminium (De Lima and Cope-
land, 1994; Bennet, 1998). In the presence of
aluminum ions, the programmed death of PCD cells
was also observed (Pan et al. 2001), as well as the
disintegration of microtubules and a change in polym-
erisation of the cytoskeleton (Horst et al. 1999;
Sivaguru et al. 1999).

The purpose of this study was to determine the
effect of aluminum on the cell ultrastructure of the api-
cal portion of roots of red pepper cv. ‘Trapez' using
transmission electron microscopy.

MATERIALS AND METHODS

Red pepper (Capsicum annuum L.) seedlings cv.
‘Trapez’ were cultivated in plastic containers 4 dm?® in
capacity which were filled with modified Knop’s nutri-
ent solution (Brauner and Bunkatsh 1987). Alu-
minum was added as AIC1,x6H,O at two concentrations:

2
0 (control) and 20 mgxdm™ of the medium, what corre-
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Figs 1-4. Fragments of cells of the root cap of red pepper seedlings seen in TEM: 1, 2 — control; visible small vacuoles (V), mitochondria
with numerous mitochondrial cristae (M) and amyloplasts (A) with numerous starch grains (S). 3, 4 — 20 mg'dm™ AICL;
visible rounded mitochondria (M) often with degenerating contents, a vacuole (V) with a dark deposits (D) and amyloplasts
(A) with large starch grains (S). Bars = 1 um. N — cell nucleus, ER - endoplasmic reticulum, P — proplastid, G — Golgi body,
W — cell wall, E — electron dense structures.

Figs 5, 6. Cells of the meristematic region of the root of 14-day-old red pepper seedlings in the control; visible a cell nucleus (N) with

a nucleolus (Nu), numerous mitochondria (M), proplastids (P), small vacuoles (V), endoplasmic reticulum (ER) and a Golgi
body (G). Bar — 2 pm (Fig. 5), bar — 1 um (Fig. 6).
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Figs 7-12. Fragments of meristematic cells of the root of 14-day-old red pepper seedlings in the presence of 20 mg'dm? AICI,. Cell
protoplasts show a high degree of vacuolisation. Note dark bodies in the vacuoles (arrows) (7, 8), an irregular-shaped, lobate
cell nucleus (8), enlarged mitochondria with degenerating contents or disrupted membrane (9, 10) and a partial degradation
of the nucleus membrane (double arrow) (10), as well as disturbances in the form of two cell wells formed at a close
distance (11) and folds of the cell wall (12), N — cell nucleus, M — mitochondria, V — vacuole, W — cell wall, P — proplastids,
G — Golgi body. Bars =2 pm (Figs 7, 8), bars = 1 pm (Figs 9-12).
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sponds to 0 and 1.1 mgxdm™ of pure aluminum. The pH
of the solutions was set to 4.3 by using 0.1 M HCl or 0.1
M NaOH. Disinfected seeds of tested plant germinated
on wet filterpaper of Petri dishes. After four days from
germination, the seedlings were transferred to water cul-
ture. Each treatment comprised 30 plants cultured for
fourteen days. During the experiment, the nutrient so-
lution was aerated and its depletion was supplemented,
and after a week it was replaced. The experiment was
carried out in a phytotron under a 14-hour photoperiod,
at a temperature of 24°C +1°C and a 70% relative hu-
midity.

Transmission electron microscopy (TEM). Top
fragments of red pepper main roots after 14 d of growth
of the control plants and treated with 20 mg AICl xdm
were fixed in a fixative containing 2% paraformaldehyde
and 2.5% glutaraldehyde buffered at pH 7.4 in 0.1 M
cacodylate buffer. Fixation was performed at room tem-
perature for two hours, followed by 12 hr at 4°C. When
fixed, the samples were rinsed with 0.1 M cacodylate
buffer at 4°C for 24 hr and then treated with 1% OsO,.
Subsequently, the samples were transerred to re-distilled
water and stained with a 0.5 aqueous solution of urany
acetate. After passage through increasing concentrations
of propylene oxide in ethanol and finally through pure
propylene oxide, the samples were embedded for 12 hr
in Spurr Low Viscosity resin at 70°C. Ultrathin sections
(60nm thick) were treated with a 8% solution of uranyl
acetate in acetic acid and with lead citrate. The images
were observed and recorded using the Tesla BS-500
electron microscopy.

RESULTS

An analysis of electronograms from the longitu-
dinal sections of the apical region of the red pepper root
showed that the cap cells of the control plants were cha-
racterised by the presence of a centrally located nucleus
with one or two nucleoli and a varied number of small
vacuoles. Mitochondria, Golgi bodies, smooth and rough
endoplasmic reticulum (ER), many ribosomes and amy-
loplasts, filled with small starch grains, also occurred in
the cells (Figs 1, 2).

In the presence of 20 mgxdm™ AICI,, the cyto-
plasm of the cap cells seen in TEM was characterised
by the occurrence of organelles which in many cases
had an altered structure (Figs 3, 4). The amyloplasts
contained a smaller number of starch grains, but with
much larger sizes compared to the control (Fig. 3). In
the small vacuoles of the cap cells, the occurrence of
dark, electron-dense, spherical-like formations was fo-
und (Fig. 3), which were also observed by using light
microscopy. Numerous mitochondria were characteri-
sed by the electron brighter matrix, as well as a redu-
ced number of cristae and often degenerating contents

(Fig. 4).

In the control object, the dividing cells in the
meristem region were surrounded by a thin cell wall,
and their protoplast, in addition to a nucleus, contained
proplastids, mitochondria, Golgi bodies, ER, numerous
ribosomes and small vacuoles (Figs 5, 6).

On the other hand, the cells of the meristematic
tissue of the plants treated with aluminum (20 mgxdm
AlCl,) were distinguished by the presence of small, but
more numerous, vacuoles containing electron-opaque
formations (Figs 7, 8), similar to those described in the
vacuoles of the cap. The lobate cell nuclei had irregular,
folded contours with deep invaginations (Fig. 8), and at
some place a partial degradation of the nucleus mem-
brane occurred (Fig. 9).

The occurrence of swelling mitochondria sho-
wing destructive changes, similar to those in the root
cap, as well as the bursting of the membrane of these
organelles, was also found (Figs 9, 10).

Moreover, the cell walls were marked by varied
thickness or undulation. The formation of two walls in
close vicinity was also observed (Figs 11, 12).

DISCUSSION

The increased aluminum concentration induced
numerous disorders in the cell ultrastructure of roots of
red pepper cv. "Trapez'. These changes prove the high
sensitivity of the studied cultivar to aluminum toxicity,
which is confirmed by earlier results obtained by K o -
narska (2004a) relating to the index of tolerance (IT)
for the root system of this cultivar. Less numerous and
enlarged grains of statolith starch occurring in the cap
of the plants treated with aluminum could be related
to the disturbed positive geotropism of the roots and
their hook-like curvature, which was observed in earlier
studies by Konarska (2004b, 2005).

The destruction of plasmatic membranes of many
organelles, observed in the study, could also result from
the formation of permanent bonds of ions of the toxi-
cant with proteins and phospholipids composing these
membranes, which was described by other researchers
(Cha and Lee, 1996; Liu et al. 1996). Anoma-
lies in the structure of mitochondria, noted in the study,
could be related to the disorders in phosphorus uptake
and its deficiency, many times observed in experiments
with aluminum (Holopainen et al. 1992; Mal-
kanthi et al. 1999).

Electron-opaque bodies, the presence of which
was found in the vacuoles of cells of the root at its dif-
ferent levels, were probably aluminum deposits. Such
form of their deposition is reported by other researchers
(Clune and Copeland, 1999; Mangabeira
et al. 1999; Vazquez et al. 1999). In the vac-
uoles, aluminum ions may be bound by organic acids
or phosphorus (Ma and Hiradate, 2000; Yang
et al. 2000), silicon (Vazquez et al. 2002) or
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tannins (Stoutjesdijk et al. 2001). But in litera-
ture we find reports on the deposition of aluminum de-
posits also in cell nuclei (Silva et al. 2000) and cell
walls (Crawford and Wilkens, 1997; Horst
etal. 1999; Schmohl and Horst, 2001), which
is confirmed by research of the present paper’s author.
Also, the conducted study does not unequivo-
cally confirm changes in the number of dictyosomes and
vesicles of Golgi bodies or disorders in the structure and
number of endoplasmic reticulum tubules, which were de-
scribed by other authors (Craw ford and Wilkens,
1997;Clune and Copeland, 1999).
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Zmiany w ultrastrukturze korzeni siewek
Capsicum annuum L. w warunkach
stresu glinowego

Streszczenie

Badano wptyw glinu na ultrastruktur¢ komorek
korzenia czternastodniowych siewek papryki rocznej
“Trapez’ uprawianych w kulturach wodnych. Zaburze-
nia struktury komoérek obserwowano w transmisyjnym
mikroskopie elektronowym (TEM). Analiza podiuz-
nych przekrojow wierzchotkowej strefy korzeni roslin
kontrolnych wykazata, ze komdrki czapeczki 1 komorki
strefy merystematycznej mialy uktad i ksztalt typowy
dla tych stref korzenia, a organella komdrkowe byty
prawidtowo wyksztalcone.

Zmiany w strukturze komorek pod wplywem
glinu polegaty na redukcji liczby ziaren skrobi w leu-
koplastach czapeczki, tworzeniu ptatowatych jader oraz
redukcji liczby cystern w diktiosomach, a takze uszko-
dzeniu membran komorkowych. Zaobserwowano po-
nadto pecznienie mitochondridéw przy jednoczesnym
zmniejszaniu si¢ liczby grzebieni mitochondrialnych
lub pgkaniu otoczki tych struktur. W wakuolach bada-
nego odcinka korzenia stwierdzono obecno$¢ licznych
nieprzejrzystych elektronowo tworéw o pokaznych
rozmiarach, bedacych najprawdopodobniej depozyta-
mi glinu. Sciana komérkowa byta czesto zgrubiata, po-
fatldowana lub obserwowano tworzenie si¢ dwu $cian
w bliskim sasiedztwie. Uzyskane wyniki $wiadcza
o duzej wrazliwos$ci badanej odmiany papryki na stres
glinowy.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 15%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Europe ISO Coated FOGRA27)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002000d>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002000d>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /GRE <>
    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002000d>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e000d>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /POL <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


		2013-05-29T16:52:09+0100
	Polish Botanical Society




