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The effects of cadmium (Cd) stress on the growth and physiological characteristics were studied in 3
sorghum species viz., sweet sorghum [Sorghum bicolor (L.) Moench. cv. Hunnigreen], sorghum hybrid
sudangrass (Sorghum bicolor x Sorghum sudanense, cv. Everlush) and sudangrass [Sorghum
sudanense (Piper) Stapf cv. Xinjiang]. The results show that low concentration of Cd* improved the
growth of sorghum plants, but high concentrations of Cd** (50 mg kg™ and 100 mg kg™) significantly
depressed the growth of sorghum plants; Cd stress on chlorophyll synthesis positively correlated with
the Cd* concentration; root activities negatively correlated with the concentration of Cd*" at each
growth stage; the malondialdehyde (MDA) contents increased under low concentration of Cd** (€ 25 mg
kg™) treatment, but significantly decreased when the concentration of Cd** was more than 50 mg kg™.
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INTRODUCTION

With the rapid industrial development, soil environmental
pollution in China has become increasingly serious.
Cadmium (Cd) is a highly toxic heavy metal in the
environment (Davis, 1984; Guo, 1994). Cd is a
non-essential nutrient for plants, and excessive Cd has
not only significant adverse effects (Shamsi et al., 2008),
but also endangers human health via food chain (Naidu
and Harter, 1998). The alleviation or inhibition of Cd
damage in plants has therefore caused extensive
attention of the whole society (Uraguchi et al., 2009;
Wang et al., 2008). Heavy metal has an adverse impact
on growth and development of the plants, showing some
physiological and biochemical characteristics of damages.
To a certain extent, plant growth and physiological
characteristics can reflect the adverse impact of heavy
metal externally or internally (Zhang and Shu, 2006). The
research of the poisoning effect of the heavy metal Cd on
plant mainly focuses on food crops such as rice, wheat
and maize, but less on sorghum plants, which is often as
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animal feed sources. In the potted simulation experiment,
this study reported the influence of heavy metal Cd on the
growth and physiological characteristics of 3 species of
sorghum plants, hoping to provide references on the
mechanism of heavy metal damaging plants, and
phyto-remediation for heavy metal polluted soil.

MATERIALS AND METHODS
Plant material and experimental design

This experiment was performed at pasture and educational park in
the Animal Science and Technology Institute of Yangzhou
University, Yangzhou, China, from March 2009 to November 2009.
Sweet sorghum [Sorghum bicolor (L.) Moench. cv. Hunnigreen],
sorghum hybrid sudangrass (Sorghum bicolor x Sorghum
sudanense cv. Everlush) and sudangrass [S. sudanense (Piper)
Stapf cv. Xinjiang] were chosen as plant materials, and
CdCl;-2.5H,0 (AR) as heavy metal ions donor. Experimental soil
was sandy loam, and basic fertility determination showed that it
contained organic matter 1.2%, total nitrogen content 0.12%,
available nitrogen content 100.4 mg kg™, available phosphorus
content 36.3 mg kg, available potassium content 88.7 mg kg™, and
soil total Cd (HNO3-HCIO4-HF extracted, ICP determined) content
0.67 mg kg™*. After grinding to particles less than 3 mm in diameter,
10 kg soil each for 5 groups was mixed with Cd*" at the rate of 5, 10,



25, 50 and 100 mg kg™, respectively. Meanwhile, base fertilizers
(urea, diammonium phosphate and potassium sulfate) were applied
on the basis of high-yield land application, which contained 2.0 g
nitrogen, 0.26 g phosphorus (P.Os) and 0.35 g potassium (K;O).
After sufficient mixing, soil samples were transferred into plastic pots
(diameter: 30 cm and height: 25 cm) 2 weeks before sowing. Each
treatment was performed in triplicate, and the group without Cd
addition acted as the control. These seeds were evenly sown in
each pot in mid-May singling at trefoil stage (5 plantlets each pot),
and watered according to the soil moisture content during the whole
test course. After the plants started growing stably, heights were
measured by tapeline every five days, and every treatment got ten
measures. The roots and fresh leaves were harvested randomly at
seedling, elongation and heading stage and every treatment got
three repeats, then cleaned and measured for subsequent
physiological indexes.

Biochemical assay

Using spectrophotometry, the chlorophyll content was determined
according to the method of Zou (2000). Root activities were
determined using TTC method according to the method of Zou
(2000), while MDA activities using thiobarbituric acid (TBA), was
determined by the method of Li (2009).

Statistic analysis

Data were treated using Excell (Excell, 2003) software. Differences
among each treatment as well as interactions between these
variables were tested by the SPSS (SPSS11.5) software. Statistical
variance analysis and significance test of the data with three
replicates were performed using One-Way ANOVA and compared
with Duncan’s at level 0.05 and 0.01.

RESULTS

Effect of Cd* on height of different species of
sorghum plants

Low concentration of Cd** treatment could promote the
plant height of sweet sorghum and sudangrass (Table 1).
When the concentration of Cd** treatment reached 25 mg
kg™, E)Iant height reached maximum. As the concentration
of Cd*" treatment further increased, the plant height of the
3 species of sorghum plants decreased, and had a
minimum when the concentration of Cd** treatment
reached 100 mg kg ™. It showed that to a certain extent,
low concentration of Cd** treatment could promote the
growth of sorghum plants, and high concentration of Cd**
treatment could inhibit the growth of sorghum plants. In a
Cd*" stress environment, sudangrass showed a faster
growth rate, followed by sorghum hybrid sudangrass and
then sweet sorghum, which might be related to strong
resistance to Cd“* of sudangrass.

Effect of Cd* on chlorophyll contents of different
species of sorghum plants

Cd** affected the chlorophyll contents in leaves of different
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sorghum plants (Table 2). The chlorophyll contents of the
3 sorghum plants had some certain effects at low
concentration of Cd** treatment (5 and 10 mg kg™), but
the variation was not significant (P>0.05). When the
concentration was 50 mg kg™ and 100 mg kg™, the
chlorophyll contents significantly decreased (P<0.05). As
growth continued, the chlorophyll contents in the leaves of
the 3 species of sorghum plants increased to some
degree. At seedling and elongation stage, the chlorophyll
content in sorghum hybrid sudangrass was highest,
followed by sudangrass and then sweet sorghum. In
heading stage, the chlorophyll content in sudangrass was
the highest, followed by sorghum hybrid sudangrass,
while sweet sorghum had the lowest content.

Effect of Cd?* on root activities in leaves of different
species of sorghum plants

At the same growth stages, the root activities of the 3
sorghum plants decreased significantly at high
concentration of Cd** treatment, which showed that high
concentration could affect sorghum plants, an effect
manifested by the decrease of root activities (Table 3). At
different growth stages, root activities of the 3 species of
sorghum plants were highest in the heading stage,
followed by elongation stage and lowest in seedling stage.
Among the 3 species of sorghum plants, sudangrass had
the highest root activities, followed by sorghum hybrid
sudangrass, while sweet sorghum had the lowest root
activities thus reflecting the differences of species and the
differences of tolerance to Cd among sorghum species.

Effect of Cd** on MDA contents in leaves of different
species of sorghum plants

Under each concentration of Cd** treatment, the MDA
activities in the leaves of the 3 species of sorghum plants
increased first and then decreased, which showed similar
trend at different growth stages. The MDA activities were
higher in elongation stage than in any other stages, with
the same contents in the leaves of the different sorghum
species (Table 4).

DISCUSSION

Effect of Cd** on plant growth of different species of
sorghum plants

As a kind of oxidative stress, heavy metal stress affects
the growth of plants. Jalil et al. (1994) reported that low
concentration of Cd** can promote the growth of hard
wheat, while under a relatively high concentration, the
growth of wheat and tillering were both inhibited and the
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Table 1. Effect of Cd** on height of different species of sorghum plants at different times.

Plant height (cm) at different time

i T
Species reatment 6.12 6.17 6.22 6.27 7.2 7.7 7.12
Cd-CK 5.70+1.21°° 14.78+0.77" 33.82+9.49% 55.36212.00% 80.58+7.95% 99.52+12.27% 144.4+3.84°
Cd-5 6.38+0.58° 11.12+0.8° 22.34+5.95° 58.42+13.87% 73.66.80° 95+17.34% 114.245.11°
Sweet sorahum Cd-10 8.46+1.61° 17.50+2.96% 34.5+10.34% 57.74+9.87% 84.066.75% 93.52+16.49% 135.2+4.14°
9 Cd-25 7.14+0.91% 14.28+0.75" 41.1+10.88° 55.32+11.49% 75.76+4.80%° 93.46+11.66% 133+2.91%°
Cd-50 5.20+1.03° 13.18+2.33" 26.5+3.85" 58.26+10.64% 53.52+4.58° 96.18+7.56° 128.8+4.09°
Cd-100 5.32+0.87° 13.54+1.61%°  26.74+3.31™ 58.42+7.54% 47.36+10.82° 90.91+1.46% 93.845.71°
Cd-CK 7+0.7° 14.44+1.54™ 41.5+7.57° 66.22+4.51% 84.32+3.62° 109.51+0.472 148.8+3.56°
Cd-5 7.2+0.90° 20.16+3.55% 24.7+5.46° 59.4+1.62° 70.6+7.93° 83.4624.04° 104.6+3.71°
Sorghum hybrid Cd-10 7.64+1.52° 12.1+1.09° 45.14+6.51° 66.96+4.77% 86.88+4.21% 119.28+12.28° 144.6+3.97°
sudangrass Cd-25 9.52+1.54% 19.64+2.19° 40.2+4.54° 70.0446.17% 88.16+7.11° 94.68+3.79° 117.445.48°
Cd-50 6.56+1.11° 17.48+3.19% 37.96+3.98% 56.36+4.19" 73.74+7.71° 95.92+3.94° 116.4+3.51°
Cd-100 6.18+1.65° 11.5+1.53° 22.6+4.73° 27.44%2.22° 40.8+7.69° 66.82+7.78° 84.8+4.14°
Cd-CK 6.86+0.81°° 20.54+1.68% 59.14+6.20% 88.26+7.06% 115+4.14% 134.96+3.89" 175+4.12°
Cd-5 10.56+1.23? 20.6+3.05% 56+3.30a" 80.2+3.23° 118.08+3.24% 146.02+4.09° 181.2+1.92°
sudanarass Cd-10 8.18+1.17° 12.1+1.10° 46.24+9.91° 77.5+3.87° 107.3+5.43° 134.9+3.97° 163.6+4.93°
9 Cd-25 7.52+2.29° 17.66+2.48" 49.26+5.79° 68.6+8.04° 93.42+5.63° 115.88+3.80° 144.8+5.26¢
Cd-50 6.98+0.58h° 15.22+1.80° 35.58+8.03¢ 57.84+4.38° 82.04+5.64° 104.8+4.59¢ 134.8+4.96°
Cd-100 5.5+0.81° 9.56+1.03° 14.842.27° 23.12+2.14° 24.72+3.63° 54.92+3.59° 84+3.39'

Figures followed by the different lowercase letters of same row means significant difference at 0.05 level.

degree varied among different varieties. Yang et al.

(2005) found that when the concentration of Cd**
was 0 ~ 1 mg kg™, the height of grape increased
as the concentration of Cd** increased, which
explained that Cd®* can promote the growth of
grape. Liu’s (2004) research also showed that corn
seedling’s height under Cd** treatment reduced
significantly as the concentration of Cd*" increased
with prolonged growth period. These researches
showed that lower concentration of Cd** (€25 mg
kg™) stimulated the increase of sorghum height,
which may be related to the certain resistance of
sorighum genus plants to Cd, while higher levels of
Cd*" inhibited height growth of sorghum genus

plant. Thus, lower concentration of Cd** stress
stimulated the growth of sorghum plants to a
certain extent, and higher concentrations inhibited
their growth.

Reasons for the inhibition effect of heavy metal
to plant growth were probably due to: (1) a series
of physical and chemical reactions between
excess heavy metal and soil components which
changes soil properties, thus affecting soil fertility
levels (Cieslinski et al., 1996; Chang and Wu,
2005). For example, heavy metal pollution can
enhance the fixation of soil phosphorus, which
affected the plants absorbing phosphorus, thus
influenced the growth of plants (Li et al., 2004;

Zhang et al., 2004); (2) heavy metal poisonous
effects caused a reduction in plant photosynthesis,
thereby reducing the plant water and nutrient
absorption, which affected the normal growth and
development of plants (Qin et al., 2000).

Effect of Cd** on chlorophyll contents and root
activities of different species of sorghum
plants

In plant body, photosynthesis is the most
fundamental and most important physiological and
biochemical process, and itsinitial link is chlorophyll



Table 2. Effect of Cd** on chlorophyll contents of different species of sorghum plants.
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Cd treatment (mg kg ™)

. -1
Stage Species Chlorophyll content (mg g =~ FW) CK 5 10 25 50 100
chl. a 2.03%  1.94° 2.20°  2.06% 1.73° 1.63°
Sweet sorghum chl. b 0.75* 069 073"  0.93* 0.69° 0.60°
Chl.a+b 2.78° 263%™ 2093 3.00% 2.42" 2.23°
Chl. a 2.06% 2117 1.98° 2.07% 1.70° 1.39°
Seedling stage  Sorghum hybrid sudangrass Chl. b 0.79® 1.01® 1.25° 1.23° 0.62% 0.43"
Chl.a+b 2.86%  3.12° 3.23° 3.31° 3.31™ 1.82°
chl. a 1.82° 2.15° 2.78% 1.95% 2.84° 2.04°
Sudangrass Chl.b 051° 069 074*  054° 0.98? 0.53"
Chl.a+b 2.16° 2.35° 2.38% 1.22° 2.39% 1.29°
chl. a 2.24*  2.05° 2.26° 1.79° 2.14% 2.21%
Sweet sorghum Chl.b 0.42° 055¢  1.02° 071 0.85® 0.89%
Chl.a+b 2.67° 2.61° 3.28° 2.50° 3.00° 3.10%
chl.a 2.24° 2.08° 2.18% 1.28" 1.98% 1.37°
Elongation stage Sorghum hybrid sudangrass Chl.b 1.81* 097 1.02° 0.74° 0.82" 0.46°
Chl.a+b 4.06° 3.05° 3.20° 2.02° 2.81° 1.83°
chl.a 2.16° 2.35° 2.38% 1.22° 2.39° 1.29°
Sudangrass Chl.b 0.88° 0.85° 0.72" 0.91° 0.84° 0.53"
Chl.a+b 3.05° 3.21° 3.10° 2.13° 3.23° 1.83"
Sweet sorghum Chl. a 2.55%  2.64% 2.84° 3.24° 2.74™ 2.48°
Chl. b 1.51° 1.28° 1.25° 1.26° 1.07° 1.15%
Chl.a+b 4.06" 3.92° 4.10° 4.50° 3.81™ 3.63°
Chl. a 2.27° 2.52° 2.75° 2.62% 2.56° 2.16°
Heading stage Sorghum hybrid sudangrass Chl.b 0.96"  1.14° 1.57% 1.06" 1.46% 0.79°
Chl.a+b 3.23¢ 3.66° 4.32% 3.69° 4.03° 2.95¢
Chl. a 2.36° 2.53? 2.56° 2.36° 2.33° 2.31°
Sudangrass Chl.b 1.67° 1.64° 1.15° 0.94° 0.96° 0.86°
Chl.a+b 4.03% 4.18° 3.71° 3.31° 3.29° 3.18°

Figures followed by the different lowercase letters in the same line means significant difference at 0.05 level.
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Table 3. Effect of Cd** on root activities in leaves of different species of sorghum plants.

Cd Treatment (mg kg™)

Stage Species CK
5 10 25 50 100
Sweet sorghum 80.33+1.45%*  86.37+2.60°  73.00+3.46°  63.67+2.60°  43.53+0.88" 26.46+2.47°
Seedling stage Sorghum hybrid sudangrass 86.66x2.58% 91.32+1.15%  85.43%1.45% 70.25+2.30°  65.31+2.30° 45.67+1.55°
Sudangrass 87.25+2.64% 91.66+2.02°  79.04+3.21°  76.63+2.33°  60.48+2.08° 34.33+1.76°
Sweet sorghum 89.24+2.60%° 96.18+1.52  81.67+2.96°  80.54+1.52°  57.23+2.88° 41.67+2.02°
Elongation stage  Sorghum hybrid sudangrass 97.87+3.46%  103.24+4.51* 90.33+2.02"°  80.57+1.15°¢  77.26+2.33¢ 60.51+2.02°
Sudangrass 97.32+1.73"  103.04+057* 91.57+1.73"  81.64+1.45°  67.52+2.88° 50.66+1.85°
Sweet sorghum 103.46+3.84*°  104.33+1.21° 116.25+4.35%  88.72+1.85°  61.27+1.75° 57.53+2.51°
Heading stage Sorghum hybrid sudangrass 117.33+1.45° 127.33+2.33*  116.46+2.02" 99.24+1.73° 86.53+2.08"° 72.81+1.73°
Sudangrass 136.66+2.40°  149.38+1.15° 128.83+1.76° 115.14+2.08° 93.33+2.47° 73.73+1.66°

Figures followed by the different capital letters of same row means significant difference at 0.05 level.
* Activities of root (ug g~ FW).

Table 4. Effect of Cd*" on MDA contents in leaves of different species of sorghum plants.

Cd Treatment (mg kg™

Stage Species CK
5 10 25 50 100

Sweet sorghum 0.51+0.02% 0.69+0.02" 0.93+0.02*  0.95:0.06°  0.81+0.02%°  0.72+0.02"
Seedling stage  Sorghum hybrid sudangrass 0.49+0.04° 0.64+0.02°"  1.04+0.04*  1.24+0.11*  0.81+0.03  0.7+0.02°
Sudangrass 0.38+0.03" 0.56+0.04° 0.830.03"  1.55+0.04*  0.75+0.03°  0.52+0.02%
_ Sweet sorghum 0.850.05> 1.16+0.35°  1.95%0.13%  1.93%0.04  0.91x0.02°  0.66+0.05™
Et'ggga“on Sorghum hybrid sudangrass 0.78+0.05° 0.92+0.02° 2.19+0.20°  1.78+0.05°  1.14+0.04°  0.77%0.03"
Sudangrass 0.7440.02° 1.25+0.06° 1.7#0.09*  1.92+#0.08%  1.41+0.06" 0.61+0.03°
Sweet sorghum 0.51+0.03° 0.75+0.05° 1.05+0.06°  0.75+0.07°  0.69+0.01° 0.66+0.02°
Heading stage  Sorghum hybrid sudangrass 0.82+0.01%" 0.67+0.02" 1.11+0.05>  0.64+0.04°  0.59+0.04° 0.58+0.04°
Sudangrass 1.27+0.17° 1.31+0.08° 0.71+0.14°  0.65+0.10°  0.71+0.01° 0.65+0.07°

Figures followed by the different lowercase letters of same row means significant difference at 0.05 level.
* MDA (umol g™* FW).



synthesis and function realization. The results of this
study showed that chlorophyll synthesis was affected by
Cd stress (Zhu et al., 2008), and with the increase of Cd
stress level, the inhibition effect was increasingly severe.
Chlorophyll a and chlorophyll b assay showed that under
Cd stress condition, chlorophyll a decreased greatly, while
the chlorophyll b did not, thus indicating that Cd stress on
the influence of chlorophyll synthesis is mainly manifested
in the inhibition of chlorophyll a synthesis. The chlorophyll
contents showed a similar trend under Cd stress in
different growth stages. The reason for changes in
chlorophyll contents in the leaves of sorghum plants might
be that chlorophyll synthesis was formed under the action
of a series of enzymes in proplastid and chloroplast
(Stobart and Griffiths, 1985; Wang, 2000). Cd stress
inhibited relevant enzymes activities in the leaves of
sorghum plants in the process of chlorophyll synthesis,
affecting chlorophyll synthesis process and leaf chlorosis,
thus leading to the change in chlorophyll contents.

There have been many reports about heavy metal
pollution to root activities of Gramineae. For example,
through the hydroponic way, Yang et al. (2005)
researched the effects of sewage directly irrigated on root
and seedlings of wheat. The results showed that the
stress of sewage irrigation accelerated the decline of
wheat seedling and root, reducing the root humber and
the root activities significantly. Jiang et al. (2004) research
also showed that infected soil made the roots of rice
seedling yellow and red, enlarged the rhizome, root color
was brown and yellow, while Huang’s (2008) research
showed that under matrix or soil with Cd** and Pb** single
or complex, the root activities of Jiao bai significantly
decreased.

Under Cd stress, root activities of 3 kinds of sorghum
plants all decreased significantly in different growth
stages. Underground part and aerial part of plants existed
with interdependence and mutual restriction relevance.
Roots and leaves of plants not only existed in sink-source
relationships in assimilation products, but also in
supply-demand relationships between water and
inorganic nutrition. Cd stress could directly reduce root
activities, impeding water and mineral nutrient absorption
and influencing the aerial part of growth by showing a
drop in height, leaf area, and tillering number. It might also
influence the root growth by reducing the allocation of
photosynthesis products to root, thus influencing the
photosynthetic capacity in leaf (Foy et al., 1978; Kastori et
al., 1992).

Effect of Cd** on MDA contents in leaves of different
species of sorghum plants

Under senescence and stress, plant organs undergo lipid
membrane peroxidation because of free radical toxicity,
and the product, malondialdehyde, damages cell
membrane system severely. In normal circumstances,
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because of the active oxygen scavenging system in plant
body, active oxygen in cells exists at very low levels, so it
cannot cause damage. When adversity exceeds a certain
degree, the active oxygen scavenging system in plant will
be destroyed, and active oxygen (O, -OH, H,O, and 'O,)
becomes accumulated (Richter and Schweizer, 1997;
Shah et al.,, 2001), deflating or reducing the structure,
activities and contents of active oxygen scavengers such
as SOD, POD, CAT etc, which lead to further
accumulation of active oxygen, thus destroying the
oxygen balance. Meanwhile, the increase of reactive
oxygen not only causes or aggravates membrane lipid
peroxidation (Filek et al., 2009; Tamas et al., 2009), but
also dehydrogenated protein and produces proteins free
radicals, causing damage to chain polymerization and
membrane system, with the accumulation of MDA acting
as an indicator of the degree of damage of membrane
system cells (Phindsa et al., 1981). The research results
therefore suggest that low concentration of Cd stress
treatments increase the MDA contents in leaves of 3
sorghum plants, thus increasing the activities of cell
membrane system, while high concentration damages
membrane system in cells of sorghum.

Conclusion

Cd** stimulated the growth of sorghum plants in a certain
range, but inhibited significantly when Cd** content was
more than 25 mg kg™. The synthesis of chlorophyll was
restrained by Cd stress, and the inhibition effect became
increasingly severe with the increase of Cd stress. The
influence of Cd stress was mainly presented as inhibiting
the synthesis of chlorophyll a and decreasing the root
activities of 3 species of sorghum plants significantly at
different growth stages.

Low concentration of Cd** treatment could promote the
MDA contents in the leaves of 3 species of sorghum
plants, while at a high concentration of Cd** (more than 50
mg kg ™), the MDA contents decreased significantly.
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