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ABSTRACT

Sorghum bicolor plants were grown in sandy soil for two months and irrigated with half-strength Hoagland solution
supplemented with 10° M CuSO,, 10° M CdSO, or a mixture of both (1:1, v/v). Copper or cadmium applied alone or in
combination caused significant reduction in root diameter, width and thickness of leaf midrib, diameter of xylem vessels of all
seedling organs, parenchyma cell area in the stem, leaf midrib and pith and cortex of root, dimensions of stem vascular
bundles, number of xylem arms in root, and frequency of stomata on abaxial leaf surface. Total number of grains/plant,
number of filled grains/plant, weight of 1000 grains and the percentage of filled grains were severely reduced in response to
different treatments. The effect was more pronounced when Cu and Cd were applied together. Such reduction in grain yield
might be due to the heavy metal-induced changes in the structure and consequently the function of the vascular and stomatal

apparatus.
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INTRODUCTION

Despite their potential physiological and economical
significance, anatomical alterations induced by heavy metals
in plants have so far been grossly overlooked. Furthermore,
few studies are carried out to date to investigate the impact
of heavy metals on one or a few anatomical parameters of
the plant and therefore a coordinated investigation on a
broad scale to asses the impact of heavy metal stress on the
structure of the plant vegetative body seems crucial
(Khudsar et al., 2001; Panou-Filotheou & Bosabalidis,
2004). Similarly, the impact of heavy metals on the yield of
economically important crop plants was unduly neglected
(Khan et al., 2003; Wu et al., 2003).

Plants are seldom exposed in nature to the effect of a
single heavy metal since excess metal ions exist mostly in
mixtures in variously polluted soils and irrigation water
worldwide (Souza & Rauser, 2003). However, only a few
studies dealing with the interactive effects of a combination
of heavy metals on plants are so far on record (Zeid, 2001;
Yang et al., 2004).

The present study was undertaken to investigate the
changes induced by Cu®' (as an essential micronutrient) and
Cd*" (as a non-essential heavy metal), either singly or in a
combination, in the anatomy of the stem, leaves and root as
well as in the grain yield and fertility of the economically
important grain crop Sorghum bicolor (L.) Moench.

MATERIALS AND METHODS

Grains of Sorghum bicolor were supplied by the
Ministry of Agriculture, Giza, Egypt. The grains were kept

at room temperature (24 + 2°C). They were washed in
distilled water, sown in plastic pots (10 grains per pot)
containing acid washed sandy soil and irrigated with
distilled water for one week until full germination at 25°C +
1, under 16 h photoperiod and 62% = 2 relative humidity.
The seedlings were then irrigated every other day for two
months with half-strength Hoagland solution (Hoagland &
Armon, 1950) supplemented with either 10° M copper
sulphate, 10° M cadmium sulphate, or a combination of
both solutions (1:1, v/v). The two concentrations of heavy
metals were chosen after a preliminary experiment in which
they caused moderate inhibition of germination. Control
plants were irrigated with half-strength Hoagland solution
only. Three plastic pots were prepared for each treatment.
After two months, one plant of each pot was harvested for
anatomical study. The seedlings were then left to grow
under the same growth conditions until flowering and
fruiting. The grains of 10 plants from the three pots of each
treatment were collected after 3.5 months of treatments in
order to determine the grain yield.

Anatomical measurements. Permanent cross-sections of
stems, roots and leaves of two-month-old plants were
prepared. Sectioning was carried out in the stem and root at
two cm above and below the transition zone, respectively.
Leaf sections were cut in the middle part of the midrib of the
third leaf above the soil surface. The mean cell area (in pm®)
of parenchyma in stem ground issue, mesophyll of leaf
midrib, root cortex and root pith was measured by counting
the number of cells in accurately specified areas in the cross
sections. The number of replicates for each of the four
parenchyma tissues is 15 (five measurements x three
replicate plants). To test the accuracy of this method,
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photographs of cross sections were scanned into the
computer, and mean cell areas were measured directly on
the monitor from other randomly chosen areas of the four
parenchyma tissues using the Adobe Photoshop 7.0 ME
program. Results of both methods coincided remarkably.
The diameter of metaxylem vessels was measured in the
largest ten vascular bundles of the stem, and the mean of 60
measurements (ten bundles x two vessels per bundle x three
replicate plants) was recorded. Similarly, the mean of 18
measurements made from the leaf midrib (three large
bundles x two vessels per bundle x three plants) was
recorded, and the mean of 24 measurements (the largest
eight xylem arms x one vessel per arm x three replicate
plants) was recorded from the roots. Width and radial length
of the largest ten vascular bundles in cross section of the
stem were recorded. Similarly, the dimensions of the
median and the largest two lateral vascular bundles in the
leaf midrib were measured. The stomatal frequency was
calculated (as the number of stomata mm™) in strips of the
lower (abaxial) epidermis of the third leaf above the soil
surface (five counts x three replicate plants). All
measurements were made using a calibrated ocular
micrometer.

Grain yield. Mean grain yield of 3.5 month-old plants was
expressed as the weight of 1000 intact and chaffed grains,
the total number of grains per plant (A) and the number of
filled grains per plant (B). The percentage of filled grains
was calculated as the ratio of (B) over (A).

Statistical analysis. All data were subjected to one-way
ANOVA analysis to calculate the least significant difference
(LSD) using the SPSS v. 10 package.

RESULTS

The applied heavy metal concentrations induced a

number of measurable alterations in the anatomy of the
vegetative organs as well as in the grain yield of sorghum
plants. The basic anatomical features of Sorghum bicolor
were described in detail by Clifford and Watson (1977),
Gould and Shaw (1983) and Salih et al. (1999).
Anatomical changes. While neither Cu nor Cd had an
effect on the thickness of the stem except when in
combination, they induced significant reduction in the root
diameter, more so with Cu + Cd (Fig. 1A). Width, total
thickness and the thickness of mesophyll parenchyma of the
leaf midrib were significantly diminished by the different
treatments, Cu and Cd in combination caused the greatest
effect (Fig. 1B). Most of the reduction in midrib total
thickness (Fig. 1B) and in root diameter (Fig. 1A) was due
to a clear decrease in the thickness of their parenchyma
tissues.

Dimensions of vascular bundles in stem (Fig. 1C) and
in leaf midrib (Figs. 1D & 1E) were reduced considerably
by the different treatments. The reduction was greater in
vascular bundles of the stem than in those of the leaf midrib.
The effect of individual treatments was in the order: Cu +
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Table I. The percentage reduction caused by 10° M
Cu, 10® M Cd or Cu + Cd in parenchyma cell area
(PCA) of stem ground tissue, mesophyll of leaf midrib,
root cortex and root pith, diameter of metaxylem
vessels (DMX) in stem, leaf midrib and large xylem
arms of root, and in grain yield of Sorghum bicolor.

Criteria Tissue/Organ % reduction
Cu Cd Cu+Cd
PCA Stem ground tissue 2113 23.17  29.67
Mesophyll of leaf midrib 2387 3122 37.68
Root cortex 3559  39.81 41.63
Root pith 3325 3817 4250
DMX Vascular bundles of midrib  12.80  11.54  10.15
Vascular bundles of stem 1825 1476 1595
Number Large xylem arms in root 2031 1795 2094
Number/plant All grains 5531 2478 2345
Filled grains 6294  40.00 5348
Weight 1000 intact grains 221 5.22 5.99
1000 chaffed grains 4.40 11.12  15.81

Cd > Cu > Cd, indicating an additive effect between Cu and
Cd.

The mean total number of xylem arms and the mean
number of large arms in root were reduced by the heavy
metal treatments (Fig. 1F), the reduction in the total number
was in the order: Cu + Cd > Cu > Cd. However, the effect
on the number of large xylem arms was in the order: Cu +
Cd > Cd > Cu. This is yet another indication of the additive
effect of both metals.

All three heavy metal treatments caused significant

reduction in parenchyma cell area of stem ground tissue,
mesophyll of leaf midrib, root cortex and root pith (Figs. 2A
& 2B). Enlargement of parenchyma cells was clearly
hampered by Cu and Cd whether administered separately or
in a combination. The effect was consistently greater on
parenchyma cells in the two tissues of the root than on those
of the shoot (Table I). In all four tissues, the effect of the
different treatments was consistently in the order: Cu + Cd >
Cd > Cu. Fig. 2C showed that the reduction in the diameter
of metaxylem vessels in stem, leaf midrib and roots was
highly significant in response to heavy metal treatments.
The percentage reduction in the three organs relative to the
control was in the order: root > stem > leaf midrib, the
greatest percentage reduction in metaxylem vessel diameter
was attained by Cu + Cd in the root (Table I). The stomatal
frequency was reduced significantly by heavy metal
treatments (Fig. 2D).
Grain yield changes. The greatest reduction in grain yield
was obtained in the average number of grains/plant and the
average number of filled grains/plant in response to Cu,
although it hardly affected the weight of 1000 grains (Figs.
3A & 3C, Table I). The percentage of filled grains was also
severely reduced from about 76% (control) to less than 46%
by Cu + Cd (Fig. 3B). While the weight of 1000 chaffed
grains was reduced by the three heavy metal treatments, the
weight of 1000 intact grains was reduced significantly only
by Cd and Cu + Cd (Fig. 3C, Table I). Weight reduction
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Fig. 1. Effect of 10° M Cu, 10° M Cd, or Cu + Cd on the leaf, stem and root anatomy of Sorghum bicolor. All
measurements were in pm. Each bar value is the mean of three replicates. Vertical bars are the S.D. Similar
letters on tops of corresponding bars indicate statistically non-significant differences at P < 0.01. Tot Thick =
total thickness, Par Thick = parenchyma thickness, L = length, W = width, VB = vascular bundle, MVB =
median vascular bundle, LVB = lateral vascular bundles.
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Fig. 2. Effect of 10° M Cu, 10° M Cd, or Cu + Cd on cell enlargement and stomatal frequency in Sorghum
bicolor. Each bar value is the mean of 15, 60, 24, 18 and 15 for measurements of parenchyma, metaxylem
vessels of stem, metaxylem vessels of root, metaxylem vessels of leaf midrib and stomatal frequency,
respectively. Vertical bars are the S.D. Similar letters on tops of corresponding bars indicate statistically non-

significant differences at P < 0.01.

4000

3500 OStem M midrib

3000

2500

2000

1500

1000

Parenchyma cell area in U2

500

O T T
Control Cu Cd

Cu+Cd

70

ORoot MStem DOlLeaf

60

50

40

30

20

Diameter of MX vessel (um)

10

Control Cu Cd Cu+Cd

was greater in the grains than in their chaffs. The percentage
reduction in grain weight caused by either Cu or Cd was
nearly twice that in the chaff weight, and it was increased to
about 3-fold in response to Cu + Cd treatment.

DISCUSSION

Heavy metal stress by Cu or Cd not only affects the
growth criteria of Sorghum bicolor reported previously
(Kasim, 2001), but it also had an adverse effect on its
anatomical structure (this study), especially when the plant
was subjected to both metals simultaneously. Grain yield
was also drastically reduced. Similar alterations in
anatomical parameters and grain yield of different crop
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plants have been previously reported (Setia & Bala, 1994;
Kovacevi¢ et al., 1999; Shalini et al., 1999; Khudsar et al.,
2001; Papadakis et al., 2004).

The up-take of heavy metals by the root seems to
trigger a series of structural alterations with potential
functional consequences in the plant. A marked decrease in
cell size might be the result of a decrease in the elasticity of
cell walls of the root as was previously demonstrated
(Sieghardt, 1984; Barcel6 et al., 1986). Results of the
present study indicated that the Cu- and Cd- induced
reduction in the cell size include all root cells whether they
will remain parenchymatous in the cortex and pith or will

develop into xylem vessels. The net outcome of this
reduction in the cell size is the root diameter shrinkage.
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Fig. 3. Effects of 10° M Cu, 10° M Cd, or Cu + Cd on grain yield of Sorghum bicolor. Each bar value is the
mean of weights or counts of grains of 10 plants. Vertical bars are the S.D. Similar letters on tops of
corresponding bars indicate statistically non-significant differences at P < 0.01.
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The reduction in the diameter of metaxylem vessels
was the most remarkable result as it is one of the factors
affecting their capacity as translocation conduits
(Poschenrieder & Barceld, 1999). Movement of water and
minerals from root to shoot through xylem might be,
therefore, diminished. Consequently, plants might need to
decrease water loss through transpiration as was indicated
by Greger and Johansson (1992) in sugar beet. This seems
to be in agreement with the observed decrease in stomatal
frequency induced by heavy metals in this study. Limitation
in water supply (leading to stomatal closure) and stomatal
frequency might impinge on gas exchange and also the rate
of photosynthetic electron transport (Mediavilla et al.,
2002), which ultimately may be reflected on the reduced
accumulation of dry matter (Kasim, 2001) and on the

diminished grain yield observed here.

The molecular-physiological mechanism responsible
for observed changes in anatomy is not yet clear. According
to Pasternak et al. (2005), architectural changes imposed by
Cu and other abiotic stresses on roots of Arabidopsis
thaliana may be attributed to alteration in phytohormone
metabolism and local auxin accumulation near the root
pericycle. They also found that Cu impinges primarily on
cell elongation and not so much on cell division. Reduction
in the width of the root cortical parenchyma and the
mesophyll parenchyma of the leaf midrib observed in this
study was mainly the result of a decrease in the mean cell
size and not in the number of cell layers. The reduced width
of metaxylem vessels in the root, stem and leaves of
Sorghum bicolor is yet another example of the effect of
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heavy metals on cell enlargement. However, since the
chemistry and architecture of the cell walls of grasses and
the changes which take place in them during cell elongation
are different from those of all other flowering plants
(Carpita, 1996), the role of auxins in mediating heavy metal-
induced alterations in the anatomy of Sorghum bicolor is yet
to be tested.
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