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Abstract

Metals have strong influence on development and growth of crops. To simulate how cereal
crops are affected and/or tolerated from heavy metal contamination by disposal of unregulated
wastes as soil amendments, the nutrient culture experiment was conducted with barley (Hordeum
vulgare L.), rice (Oryza sativa L.) and wheat (Triticum aestivum L.) at control (0), 1, 5, and 10 uM
of copper (Cu), zinc (Zn), lead (Pb), magnesium (Mg) and sodium (Na). A 4 x 3 factorial
experiment for each metal was set-up in a completely randomized design with four replications.
Seed germination, total root numbers, root length, shoot height, and root: shoot ratio of seedlings
were measured and integrated to calculate a metal tolerance index for each crop. Among the metals,
Cu exerted the most adverse effects on seed germination, early growth and tolerance of crop
seedlings followed by Zn and Ph. Wheat and rice seedlings were more susceptible to metal toxicity
than barley. The effect of 10 uM Cu, Pb and Zn was more pronounced on crop seedlings especially
on wheat and rice.

Introduction

Metals in terrestrial ecosystems are important for their influence on development and
growth of plants (Lepp, 1981, Alloway, 1995, Hall & Williams, 2003). However, soil
ecosystems are contaminated with heavy metals by human-induced activities (Naidu et
al., 1996, Younas & Shahzad, 1998). A toxic concentration of heavy metals is not known
in agricultural soils; however, land disposal of wastes as soil amendments for crop
production is responsible for temporal accumulation of heavy metals in soil (Nriagu &
Pacyna, 1988, Younas and Shahzad, 1998). Once present in the soil, the heavy metals are
persistent (Alloway, 1995).

Pakistan is an agrarian county with high population growth. Soils are intensively
cropped to meet the increasing demand for food production. However, soils of Pakistan
are inherently low in fertility to support economic crop production (Rashid, 1993, Jamal
et al., 2002). Due to high cost and scarcity of chemical fertilizers, the land disposal of
agricultural, municipal and industrial wastes is widely practiced as a major and economic
source of nutrients and organic matter for growing cereal crops by poor farmers in
Pakistan (Rashid, 1993, Younas & Shahzad, 1998, Jamal et al., 2002). The waste
generation in Pakistan has increased by 120% between 1980 and 1996 with a total of 16.2
TG generated in 1995 (Younas & Shahzad, 1998). The most reported heavy metals in
waste amended agricultural soils are Cu, Pb and Zn (Nriagu & Pacyna, 1988, Younas &
Shahzad, 1998, Jamal et al., 2002).

Copper is one of the most important micronutrient, essential for plant growth
(Alloway, 1995, Hall & Williams, 2003). It is an integral component of numerous
enzymes, and is actively involved in lignification (Hall & Williams, 2003). Zinc, on the
other hand, is a non-redox micronutrient element, which has key structural and catalytic
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roles in many proteins and enzymes involved in energy metabolism (Sresty & Madhava
Rao, 1999; Hall & Williams, 2003). Lead is neither an essential nor a beneficial element
for plant growth (Alloway, 1995). However, temporal accumulation of the heavy metals
in waste amended agricultural soils at higher concentration can be toxic for plant growth
due to their adverse effects on plant development and growth (Pahlsson, 1989, Ayaz &
Kadioglu 1997).

Growing cereal crops on widespread unregulated waste amended agricultural soils
may become a food security problem because toxic concentration of heavy metals may
accumulate in the food chain (Mitchell et al., 1978, Algeria et al., 1991, Younas &
Shahzad 1998, Munzuroglu & Geckil, 2002) or cause failure of crops. In addition, crops
which have the ability to tolerate may accumulate greater concentration of heavy metals
and become environmental and public health issues (Stefanov et al., 1995, Munzuroglu &
Geckil, 2002). However, the adverse effects of heavy metals on cereal crops in response
to widespread land disposal of unregulated wastes as agricultural soil amendments have
received a very limited attention in Pakistan (Mahmood, 1995, Mahmood & Islam, 2005).
The objective of the nutrient culture study was to evaluate how graded concentration of
Cu, Pb, Zn, Na and Mg affect seed germination, growth and tolerance of barley, rice and
wheat when grown in waste amended soils.

Materials and Methods

Reference metals: Analar grade sulfate and chloride formulations of metals viz.,
CuS0,.5H,0, PbCI,, and ZnS0O,.7H,O were used in solution concentrations of control
(0), 1, 5, and 10 uM for Cu, Pb and Zn, respectively. In order to identify whether or not
the possible adverse effects of individual metal on seed germination, growth
characteristics and tolerance of crop seedlings were due to selected metals or associated
anions (SO, or CI), analar grade MgSO,7H,0 and NaCl were used under similar
concentration. The pH of all the individual metal treatment solutions was maintained at
7.0+0.1.

Seed germination: Twenty-five seeds of barley, rice and wheat were randomly selected
to use for germination test in sterilized disposable polystyrene Petri dishes. The seeds
placed in each dish were equally spaced from each other among three successive layers of
filter paper. The crease side of the seed was kept next to the paper and the seed was
placed with embryo end towards the bottom of the paper, and coleoptile’s pointing
upwards. The filter paper method was used to reduce the masking effects of counter
anions associated with the metals (Mahmood & Islam, 2005). A 10 ml sample of the
individual metal treatment solution was added to the respective Petri dishes as per
experimental treatments and the Petri dishes were covered with parafilm followed by 4 d
incubation at 20 + 2°C. After incubation, germinated seeds with 5 mm radical length
were separated and counted to calculate percent germination.

Seedlings growth: The germinated seeds were loosely rolled in filter paper to form tube,
and placed upright in 250 ml sterilized polystyrene beaker. To each beaker, a 100 ml
sample of metal solution was added as per experimental treatments. The beakers
containing germinated seeds were then incubated at 25 + 2°C with 90 £ 2% relative
humidity for a period of 3 d. The solution level in the beaker was maintained by adding
freshly prepared solution. After incubation, the plumule (shoot height) and radical length
(root length) and the number of roots were measured for all the seedlings.
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Metal tolerance index: The data on seed germination, total number of roots, root length,
shoot height and root: shoot ratio of barley, rice and wheat seedlings were integrated into
a simple index (Tinex) to evaluate their tolerance against or susceptibility to the composite
effects of metals. Data of individual growth parameter (G,) was normalized (G;) relative to
the maximum value (G Of that parameter in the data set, G; = (G4 Gmax ). Suing all the
Gi’s and then divided by the total number of Gi’s calculated the Tingex = Z(Gx Gmac ') N The
Tingex O crop seedlings ranged from > 0 to < 1, with < 1 being highly tolerant and > 0 having
extremely susceptible to the composite effects of heavy metal.

Statistical analysis: Data were organized in a 4 x 3 factorial combination and analyzed
by using ANOVA procedure of the SAS (Anon., 2001). Simple and interactive effects in
response to type and concentration of heavy metals on seed germination, growth and
tolerance characteristics of barley, rice and wheat seedlings were separated by an F
protected LSD test at p< 0.05.

Results and Discussion

Seed germination and seedlings growth: Among the metals used, the Mg and Na did
not affect seed germination or growth of barley, rice and wheat seedlings (Table 1-5). On
the other hand, [Cu] had the consistent adverse effects followed by Zn and Pb on seed
germination and growth of crop seedlings (Table 1-3). Increasing [Cu] significantly
inhibited the germination of seeds (Table 1). The inhibitory effect of [Cu] on seed
germination was more pronounced on rice than on wheat and barley, respectively. In the
10 uM Cu treatment, the wheat and rice seed germination was reduced more than 35 and
60%, respectively over the control treatment. Seed germination did not affect
significantly in response to Pb and Zn concentration (Table 2-3).

The number of roots of all crop seedlings did not increase consistently in response to
metal concentration (Table 1-5). In wheat, the number of roots per seedlings increased
significantly by 50% at 10 uM Cu over the control seedlings but root numbers of barley
and rice seedlings did not increase significantly in response to Cu. The Pb, on the other
hand, increased the root number (100%) in rice seedlings. Progressive increases in Zn
significantly increased (50%) the root number of wheat seedlings as compared to
seedlings grown in control treatment. Root length of all crop seedlings was significantly
affected by increasing Cu, Pb and Zn. On average, the effect of Cu on seedlings root
length was more pronounced than Pb and Zn, respectively. The 10 uM Cu significantly
reduced the root length of both barley and wheat by 50% and rice by 40% than the
control seedlings. The root length of all crop seedlings at both 5 and 10 uM Pb was
significantly less (30-50%) than that of the control seedlings. At 10 uM Zn, the root
length of barely, rice and wheat seedlings reduced more than 50, 40 and 60%,
respectively than the root length of the control seedlings. At higher Cu, Pb and Zn, the
root tips of all the crop seedlings had changed their color from brown to dark brown, and
the roots were found hairless, stunted, thick, curled and brittle with numerous small
lateral branches (data not shown). On the other hand, the roots of the seedlings growing
in control or lower concentration of metal treatments were white with profuse root hairs
and longer lateral branches.
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Table 1. Seed germination, root growth, shoot height and root: shoot ratio of
barley, rice and wheat in response to copper concentration.
Cuconc. Germination Number of Rootlength Shoot height Root/shoot

(UM) of seeds (%) roots/plant (mm) (mm) ratio
Barley
Control 73a 6a 135.5a 87.1b 1.55a
1 70a 6a 110.1b 93.3ab 1.18b
5 70a 7a 85.6¢ 98.7a 0.87c
10 68b 7a 60.6d 100.0a 0.60d
Mean 71A 6A 104.3A 92.9A 1.15B
Rice
Control 93a 2a 80.3ab 34.2ab 2.35a
1 78b 2a 76.0b 33.1ab 2.30a
5 55¢ 2a 60.7c 32.1b 1.89b
10 34d 3a 50.1d 32.3b 1.56¢
Mean 71A 2B 70.5B 33.8B 2.08A
Wheat
Control 82a 4b 102.1a 87.1a 1.17a
1 86a 5ab 70.5b 87.0a 0.80b
5 60b 5ab 45.9¢c 60.8b 0.75bc
10 50c 6b 30.3d 50.2b 0.60c
Mean T2A 5A 69.9B 74.1A 0.90C

Means followed by the same upper case letter in the column were not significantly different at
the p<0.05. Means separated by same lower case letter within metal concentration treatments in
the column for each crop were not significantly different at the p<0.05.

Table 2. Seed germination, root growth, shoot height and root: shoot ratio of
barley, rice and wheat in response to copper concentration.
Pbconc. Germination Numberof Rootlength Shoot height Root/shoot

(uM) of seeds (%) roots/plant (mm) (mm) ratio
Barley
Control 82a 6a 125.1a 85.3b 1.47a
1 76a 6a 115.4a 86.7b 1.34a
5 76a 7a 80.1b 100.2a 0.80b
10 76a 7a 80.1b 95.2ab 0.84b
Mean 77B 6A 105.6B 91.2A 1.17B
Rice
Control 95a 2b 75.1ab 50.2a 1.50a
1 93a 2b 82.2ab 52.1a 1.58a
5 95a 3ab 70.1b 52.0a 1.35a
10 95a 4a 45.4¢c 48.5a 0.94b
Mean 94A 3B 71.4C 50.4B 1.41A
Wheat
Control 94b 4a 135.0a 110.0a 1.23a
1 92b 4a 130.0a 100.1ab 1.30a
5 95b 5a 115.1b 97.2bc 1.19a
10 95b 5a 90.2¢c 90.1c 1.00b
Mean 92A 5A 121.0A 100.6A 1.20B

Means followed by the same upper case letter in the column were not significantly different at the p<0.05.
Means separated by same lower case letter within metal concentration treatments in the column for each
crop were not significantly different at the p<0.05.
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Table 3. Seed germination, root growth, shoot height and root: shoot ratio of
barley, rice and wheat in response to copper concentration.
Znconc. Germination Numberof Rootlength Shoot height Root/shoot

(uUM) of seeds (%) roots/plant (mm) (mm) ratio
Barley
Control 85a 6a 120.0a 85.1b 1.41a
1 89a 6a 115.1a 83.0b 1.39a
5 80a 6a 70.1b 108.2a 0.65b
10 85a 7a 60.3c 100.2a 0.60b
Mean 83A 6A 98.6A 93.2A 1.09B
Rice
Control 93a 2a 75.1ab 47.3a 1.60a
1 94a 2a 78.2ab 46.2a 1.70a
5 92a 3a 68.1bc 37.1b 1.84a
10 93a 3a 52.2¢c 36.1b 1.44a
Mean 93A 2B 71.6B 43.2B 1.65A
Wheat
Control 96a 4b 132.4a 100.0ab 1.32a
1 90a 4b 131.1a 95.2b 1.38a
5 95a 5ab 80.2b 92.1b 0.87b
10 95a 6a 55.2¢ 90.1b 0.61c
Mean 92A 5A 106.6A 96.6A 1.09B

Means followed by the same upper case letter in the column were not significantly different at
the p<0.05. Means separated by same lower case letter within metal concentration treatments in
the column for each crop were not significantly different at the p<0.05.

Table 4. Seed germination, root growth, shoot height and root: shoot ratio of
barley, rice and wheat in response to copper concentration.
Mg conc. Germination Number of Rootlength Shoot height Root/shoot

(uUM) of seeds (%) roots/plant (mm) (mm) ratio
Barley
Control 69a 6a 132.6a 90.1a 1.47a
1 69a 6a 137.2a 91.0a 1.51a
5 70a 6a 136.1a 91.2a 1.49a
10 70a 6a 137.0a 92.2a 1.49a
Mean 71B 6A 134.8A 90.0A 1.50B
Rice
Control 93a 2a 78.9a 34.0a 2.29a
1 90a 2a 82.5a 37.0a 2.22a
5 9la 2a 84.9a 36.2a 2.34a
10 90a 2a 85.1a 36.0a 2.36a
Mean 91A 2C 83.3C 36.0B 2.30A
Wheat
Control 93a 4a 105.0a 90.2a 1.17a
1 94a 4a 108.4a 90.0a 1.20a
5 93a 5a 110.2a 94.2a 1.17a
10 92a ba 110.1a 97.3a 1.13a
Mean 91A 4B 106.8B 91.4A 1.17B

Means followed by the same upper case letter in the column were not significantly different at
the p<0.05. Means separated by same lower case letter within metal concentration treatments in
the column for each crop were not significantly different at the p<0.05.
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Table 5. Seed germination, root growth, shoot height and root: shoot ratio of
barley, rice and wheat in response to copper concentration.
Naconc. Germination Number of Rootlength Shoot height Root/shoot

(UM) of seeds (%) roots/plant (mm) (mm) ratio
Barley
Control 82a 6a 126.8a 85.7 1.48a
1 79a 6a 130.2a 83.0a 1.57a
5 78a 7a 134.0a 97.0a 1.38a
10 79a 7a 140.0a 99.0a 1.41a
Mean 78B 6A 131.8A 90.8A 1.45A
Rice
Control 90a 2a 80.9a 54.0a 1.48a
1 93a 2a 81.0a 53.2 1.53a
5 96a 3a 87.2a 56.0a 1.55a
10 94a 3a 92.0a 45.7 2.04a
Mean 93A 2C 85.0B 51.6B 1.66A
Wheat
Control 90a 4a 135.0a 106.0a 1.27a
1 94a 4a 134.0a 95.6 1.41a
5 93a 5a 126.6 95.8 1.33a
10 95a 5a 135.0a 92.7 1.47a
Mean 91A 4B 133.0A 98.8A 1.35A

Means followed by the same upper case letter in the column were not significantly different at
the p<0.05. Means separated by same lower case letter within metal concentration treatments in
the column for each crop were not significantly different at the p<0.05.

Shoot height of wheat seedlings decreased significantly at 10 uM Cu, however,
barley shoot height increased by 15% than that of the control seedlings (Table 1). The
quadratic shoot height of barley was observed with increasing Pb, while the wheat shoot
height decreased by 15% with increasing Pb (Table 2). The effect of [Zn] on shoot height
of barley seedlings followed a pattern similar to that observed for [Pb]. In contrast, the
shoot height of rice seedlings at both 5 and 10 uM Zn was about 18% less than those of
the control seedlings (Table 3). A significant inhibition of shoot height of wheat was also
observed at 10 pM Zn.

The root: shoot ratio of barley, wheat and rice seedlings at 10 uM Cu were 60, 50,
and 30% less, respectively than that of the control seedlings. In barley, the root: shoot
ratio at 5 pM Pb was 30% less, while in rice and wheat seedlings there were non-
significant differences in root: shoot ratio than that of the control seedlings (Table 2). A
significant decrease (20 - 45%) in root: shoot ratio of seedlings at 10 uM Pb compared to
control seedlings was observed for all three-crops (Table 2). Significant inhibition in
root: shoot ratio of barley (55 - 65%) and wheat (28 - 50%) was found at both 5 and 10
UM Zn concentration than control seedlings (Table 3).

Since SO, and ClI ions from Mg and Na salts had no significant effect on seed
germination, a consistent inhibition of seed germination especially rice and wheat under
increasing CuSO, is possibly due to consequences of greater absorption of Cu by the
seeds during imbibitions and subsequent toxicity (Fernandez & Henriques, 1991;
McBride, 2001). The Cu-induced oxidative stress has been identified in severe reduction
of enzyme activities involved in the seed metabolic processes related to germination
(Mahmood, 1995, Ayaz & Kadioglu, 1997). A lack of consistent adverse effects exerted
by Pb and Zn on seed germination is most probably related to interspecies differences in
seed coat structures for regulating metal absorption. It is reported that plant seeds have
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inherent capability for selective absorption of metals in nature (Stefanov et al., 1995).
This suggests that seed coat structures of barley, rice and wheat may have selectively
reduced Pb and Zn absorption from the solution to minimize their adverse effects on
germination. Various degrees of permeability of seed coats to metals lead to a range of
seed germination inhibitions (Wierzbicka & Obidziniska, 1988).

The adverse effects of heavy metals especially Cu have reportedly caused structural
and morphological changes of roots as well as inhibition of root hair growth of seedlings
(Pahlsson, 1989; Fernandez & Henriques, 1991). Adverse effects of Cu on roots are
related to severe reduction in the elongation growth of the longest root as well as root
plasma membrane permeability of the seedlings was reported (Wainwright & Woolhouse,
1977, Nriagu & Pacyna, 1988; McBride, 2001). Significant inhibition of root length of all
crop seedlings at higher Pb is also reported (Hasnian et al., 1993). Although Pb cannot
penetrate the seed testa but Pb may have affected the root growth after radical emergence
(Obroucheva et al., 1998). The root growth inhibition by Pb toxicity is most probably
resulted from non-selective suppressive of both cell division and cell elongation of the
seedlings (Ivanov et al., 1988).

The stunted and poorly developed root system (fibrous) of all the crop seedlings at
higher Cu, Pb and Zn are likely related to partial disorder of metabolic processes of the
seedlings (Pahlsson, 1989; Obroucheva et al., 1998; Dinev, 1988; Breckle, 1991). The
toxic effects of Cu often affected mitotic activity and cell division of roots with a
subsequent increase in the root number of seedlings (Hall & Williams, 2003). Increasing
Pb induced a more compact distribution of lateral roots along a shorter branching zone
due to a reduced length of mature cells in the primary root (Obroucheva et al., 1998). As
a result of the inhibition of primary root growth by Pb, a shorter branching zone with
more compact location of lateral roots have occupied the space much closer to the root
tips (Obroucheva, 1998).

A number of studies have reported that plant seedlings responded quickly to a higher
concentration of metals in terrestrial ecosystems by changing in their growth rates and
root branching patterns compared to shoot growth (Stiborava et al., 1986; Dinev, 1988;
Breckle, 1991; Hasnian et al., 1993). The change in root growth characteristics is
probably due to the consequences of the direct exposure of the radical to metal toxicity
and preferential accumulation of metals in the emerging roots followed by slow mobility
to the plant shoots (Godzik, 1993; Fargasova, 1994). Such an effect can be explained as
the affected roots may cause a slower movement of metals to the shoots (Fargasova,
1994). A consistent change in the barley and wheat root: shoot ratio in response to metals
especially Cu and Zn is most probably related to greater inhibition of roots by metal
toxicity than shoots. Metal induced changes in the structure and morphology of the roots
such as absence of root hairs, stunted and fibrous root growth, and thickening or
browning of roots, may be responsible to cause a decreased root: shoot ratio of the
seedlings.

Metal tolerance of barley, rice and wheat seedlings: Increasing Cu, Pb and Zn had
significant adverse effects on metal toxicity tolerance all crop seedlings (Figs. 1-3). The
tolerance index of barley, rice and wheat seedlings was inversely related to Cu, Pb and
Zn. The effect of Cu was more adverse on all crop seedlings than Pb and Zn,
respectively. Wheat seedlings tolerance significantly decreased by both Cu and Pb than
rice and barley, respectively. On the other hand, Mg improved the tolerance of barley. A
significant decrease in tolerance ability of the crop seedlings is possibly due to greater
inhibition of seed germination followed by root length and shoot height in response
to the composite adverse effects of metal toxicity especially Cu by oxidative stress.
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Fig. 1. Tolerance index of barley, rice and wheat seedlings in response to Cu concentration.
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Fig. 2. Tolerance index of barley, rice and wheat seedlings in response to Pb concentration
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Fig. 5. Tolerance index of barley, rice and wheat seedlings in response to Na concentration.

Metal induced changes in the seed metabolic processes followed by structural and
morphological properties of the roots are possibly related to a substantial decrease in
metal tolerance ability of the crop seedlings.

Conclusions

Increasing concentration of heavy metals significantly inhibited seed germination
and early growth of barley, rice and wheat seedlings. Seed germination was affected
more followed by root length, root: shoot ratio, and shoot height of the seedlings. The
overall inhibitory effects of metals calculated as tolerance index were more pronounced
on wheat and rice than on barley seedlings. The inhibitory effect on cereal crop seedlings
was more pronounced by Cu than Pb and Zn and was not due to SO, or Cl. The metals
can be ranked in the order of greatest inhibitory effects on cereal crops as follows:
Cu>Zn>Pb.
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