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a b s t r a c t

Impact assessment of contaminants in soil is an important issue in environmental quality study and reme-
diation of contaminated land. A random amplified polymorphic DNA (RAPD) ‘fingerprinting’ technique
was exhibited to detect genotoxin-induced DNA damage of plants from heavy metal contaminated soil.
This study compared the effects occurring at molecular and population levels in barley seedlings exposed
to cadmium (Cd) contamination in soil. Results indicate that reduction of root growth and increase of total
soluble protein level in the root tips of barley seedlings occurred with the ascending Cd concentrations.
For the RAPD analyses, nine 10-base pair (bp) random RAPD primers (decamers) with 60–70% GC con-
tent were found to produce unique polymorphic band patterns and subsequently were used to produce a
total of 129 RAPD fragments of 144–2639 base pair in molecular size in the root tips of control seedlings.
Results produced from nine primers indicate that the changes occurring in RAPD profiles of the root tips
following Cd treatment included alterations in band intensity as well as gain or loss of bands compared
with the control seedlings. New amplified fragments at molecular size from approximately 154 to 2245 bp

−1
appeared almost for 10, 20 and 40 mg L Cd with 9 primers (one–four new polymerase chain reaction,
(PCR) products), and the number of missing bands enhanced with the increasing Cd concentration for
nine primers. These results suggest that genomic template stability reflecting changes in RAPD profiles
were significantly affected and it compared favourably with the traditional indices such as growth and
soluble protein level at the above Cd concentrations. The DNA polymorphisms detected by RAPD can be
applied as a suitable biomarker assay for detection of the genotoxic effects of Cd stress in soil on plants.
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As a tool in risk assessmen

. Introduction

Along with the rapid development of modern industry, soil con-
aminated by heavy metals, e.g. Cd and Cr, is commonly identified in
owadays world. Cd has been released into the environment largely

ound in the water and soil through anthropogenic activities, such
s mining deposits, aerial fallout from smelters and industrial pro-
esses etc. Cd has a capability not only to cause morbidity or/and
ortality in the exposed organisms, but may potentially result in

igher order changes such as alterations to population dynamics

nd change to biological diversity at both intra- and inter-species
evels [1–4]. Such changes may initiate direct and adverse eco-
ogical consequences. Genotoxicity of Cd is directly related to its
ffect on structure and function of DNA, which may be determined
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RAPD assay can be used in characterisation of Cd hazard in soil.
© 2008 Elsevier B.V. All rights reserved.

sing a number of laboratory methods [5,6]. However, there have
een few direct experimental demonstrations of the wider rela-
ionships between DNA effects and their subsequent consequences
t higher levels of biological organization in soil [7–11]. To address
his issue, it is necessary to develop reliable and reproducible geno-
oxicity assays that can then be used in conjunction with traditional
ssays for detecting any impairment of population parameters (e.g.
rowth, reproduction, and viability of offspring).

In the soil genotoxicity study, advances in molecular biology
ave led to the development of a number of selective and sensitive
ssays for DNA analysis. Classical polymerase chain reaction (PCR)
ssays, simply requiring a target DNA sequence and two synthetic
ligonucleotide primers complementary to opposite strands of the

arget DNA, have been used to detect mutations and DNA damage.
ndeed, mutations may affect the annealing of the primers whereas
NA damage may interfere with the DNA polymerase activity, thus
ltering the number of newly synthesized amplicons [12]. PCR-
ased protocols have also been used to detect DNA damage and

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:yangy6@cf.ac.uk
dx.doi.org/10.1016/j.jhazmat.2008.04.038
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epair in specific genes and, under appropriate conditions, quanti-
ative data can be obtained [10,13,14].

Despite the advantages of using traditional PCR assays for
etecting DNA alterations, there are some potential difficulties: (1)
he nucleotide sequence flanking upstream and downstream the
arget DNA needs to be determined; (2) the size of PCR products
lays a crucial role in the detection of DNA damage because the
mplification of short fragments (e.g. less than 300 bp) may not be
ossibly inhibited at all even in the case of extensive DNA damage;
3) it is conceivable that any reduction in the intensity of PCR ampli-
ons could be due to a partial inhibition of PCR reaction caused by
actors other than DNA damage such as residual phenol remaining
fter DNA extraction [15].

Such disadvantages can be eliminated by using the random
mplified polymorphic DNA (RAPD) ‘fingerprinting’ technique,
hich is based on the amplification of genomic DNA with 10 bp
rimers of arbitrary nucleotide sequence which anneals to mul-
iple regions of the genomic DNA [9,16]. The PCR reactions thus
enerate many amplicons of variable lengths (e.g. between 100 and
000 bp for RAPD) which can be separated by gel electrophoresis
o obtain DNA fingerprint. RAPD assays were successfully used to
etect genetic instability in DNA alterations in animals, bacteria and
lants induced by low doses of pollutants, mainly in the aquatic
ystems [7,9,12,15,17,18,19]; while a few of the research on DNA
lterations in plants induced by soil contamination stress have been
eported [6,11,18,20]. The objectives of this study were to detect
NA damage induced by Cd-contaminated soil using the RAPD

echnique, to compare changes in RAPD profiles with root growth
nd total soluble protein level in the root tips of barley seedlings
easured under laboratory conditions, and to evaluate the use-

ulness of the RAPD assay in risk assessment of contaminated
oil.

. Materials and methods

.1. Plant material, growth and total soluble protein level test

We designed experiments to study the effect of soil contami-
ation by Cd, at various concentrations, on plant (barley, Hordeum
ulgare). Dry mature seeds of barley (cultivar Kepin No. 7 from Nan-
ing University) were soaked in distilled water at 4 ◦C for three
ays and germinated to radicle lengths of 2 mm in a petri dish
diameter 12 cm) containing three pieces of filter paper at 15 ◦C
nder dark condition, so simulate the soil condition. Uniformly 20
erminated seeds were selected and transferred to Petri pots (diam-
ter 9.5 cm and height 14 cm) containing soil of quartz sands at
izes of 1.2–2.2 mm (about 40%) and 0.6–1.2 mm (60%), saturated
ith 400 mL of distilled water or test solution. The growth inhibi-

ion test was performed with the above barley plantlets exposed
o 0, 10, 20, and 40 mg L−1 Cd, respectively (in the form of CdCl2
H2O with purity 99.5%) for 10 days. The test solution in each
ontainer was checked into target concentrations of Cd as above
very other day. Petri pots were incubated in a growth chamber
t 21 ± 1 ◦C and a 16–8 h day–night photoperiod with a light inten-
ity approximately of 8000 lux. Each treatment was replicated three
imes.

After the 10 days of incubation, the root length was measured
sing a ruler, and total soluble protein level of root tips in barley
eedlings was measured. Inhibitory rate (IR, %) of the above indices
as calculated by the following formula:
R =
(

1 − x

y

)
× 100 (1)

here x and y are the average values detected in the control and
ach sample treated, respectively.

t
i
(
P

aterials 161 (2009) 878–883 879

.2. DNA isolation, RAPD procedures and estimate of genomic
emplate stability

Approximately 1.5 cm root tips of 20 seedlings were collected,
round in liquid nitrogen, and total DNA from the root tips was
xtracted using CTAB protocol in previous study [11]. DNA con-
entration of each sample was quantified fluorimetrically by a
iophotometer. The condition of DNA amplification was optimized

ollowing procedure of Conte et al. [17] with some modifications.
CRs were performed in reaction mixtures of 25 �L containing
pproximately 80 ng of genomic DNA, 1.7 �M primer, 200 �M
NTPs (50 �M each) and 1×reaction buffer. Sequences (5′ → 3′)
rom primers 1–9 were presented as follows: CTGGCGAACT; TCC-
ATGCTG; CTGCGCTGGA; CTGAGGTCTC; CTGGGGCTGA; TCATCC-
AGG; TC TCCGCCCT; AAAGTGCGGC; ACCTTTGCGG; respectively.
eactions were hot-started at 94 ◦C for 5 min before the addition
f 2.2 U of Taq DNA polymerase. Amplification was carried out in
thermocycler (Little Genius, China) with heated lid for 35 cycles

30 s at 94 ◦C, 60 s at 38 ◦C, then 60 s at 72 ◦C), followed by a final
0 min extension at 74 ◦C. Control PCRs lacking genomic DNA were
un with every set of samples. PCR products were resolved elec-
rophoretically in a 1.4% agarose gel (12 cm× 12 cm× 0.5 cm) run on
.5× TBE buffer at 0 ◦C at 100 V for about 3 h and visualized after
thidium bromide staining using the Bio Image Analyzer system
Vendor). Chemicals were ordered from TaKaRa Biotechnology Ltd.
PR China).

Genomic template stability (GTS, %) was calculated as following:

TS =
(

1 − a

n

)
× 100 (2)

here a is the average number of polymorphic bands detected in
ach treated sample and n the number of total bands in the control.
olymorphism in RAPD profiles included disappearance of a nor-
al band and appearance of a new band in comparison to control.

he average was calculated for each experimental group exposed to
ifferent Cd treatments. To compare the sensitivity of each parame-
er, changes in these values were calculated as a percentage of their
ontrol (set to 100%).

.3. Statistical analysis

The statistical analyses were carried out using the package soft-
are SPSS 10.0 for Windows. Changes in total soluble protein level

nd root growth were tested statistically by performing one-way
nalysis of variance (ANOVA). The least significant differences (LSD)
est was used to reveal statistical difference.

. Results

.1. Effect of Cd on root growth and total soluble protein level

This test was performed to evaluate the inhibitory effect of Cd-
ontaminated soil on root growth of barley seedlings at various
oncentrations used in this experiment. Data (Table 1) obtained
uggest that root lengths were substantially inhibited with the
ncrease of 10, 20, and 40 mg L−1 Cd concentration after the 10-
ay exposure (P < 0.05, <0.01, <0.01, respectively) compared with
he control plantlets, indicating a dose-dependent response. These
esults confirmed that Cd is indeed a toxic agent for barley plants
s described previously by Singh and Tewari [21] and Enan [20].
The results obtained for the total soluble protein level in the root
ips of barley seedlings in response to Cd pollutant are also shown
n Table 1. Total soluble protein levels in seedlings increased slightly
P > 0.05) at 10 mg L−1 Cd and increased significantly (P < 0.05 and
< 0.01) along with the increase of Cd concentration in comparison
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Table 1
Effects of Cd stress on root length and total soluble level in the root tips of barley seedlings after 8-day exposure

Cd concentration (mg L−1) Root in barley seedlings Total soluble protein of root tips

Root length (cm) Inhibitory rate (%) Soluble protein level mg/g (FW) Increase rate (%)

0 10.5 ± 0.5 0 61.8 ± 2.1 0
10 8.9 ± 0.3 a 15.2 67.1 ± 1.9 8.6
20 7.4 ± 0.3b 29.5 75.7 ± 4.6a 22.5
4
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a P < 0.05. .
b P < 0.01.

ith the control plantlets at 10 days after Cd exposure. There was
positive correlation between Cd concentration and total soluble
rotein content in barley seedlings, with a correlation coefficient
f r = 0.9928.

.2. Effect of Cd contamination on RAPD profiles

In total, seventeen 10-mer priming oligonucleotides were used
o analyze the PCR products and only nine gave specific and stable
esults (Fig. 1; Tables 2 and 3). In all cases, RAPD patterns gener-
ted by the Cd-exposed plantlets were clearly different from those
btained using control DNA. The results obtained from nine primers
re presented in Fig. 1. The principal events observed following
he Cd exposure were a variation in band intensity, loss of normal
ands and appearance of new bands compared with the normal
ontrol seedlings. For instance, extra bands appeared almost for 10,
0 and 40 mg L−1 Cd respectively, with nine primers (one to four
ew PCR products; Fig. 1; Tables 2 and 3). Extra bands of molecular
ize from approximately 154–2245 bp appeared (primer 2, and 8 in
ig. 1; Table 3). Intensity of the new RAPD bands varied with the
ncrease of Cd concentration (e.g. primer 1, and 5 in Fig. 1). The num-
er of disappearing RAPD bands increased with the increasing Cd
oncentration for nine primers, and bands of molecular size from
44–2639 bp were shown to disappear (primer 3, and 1 in Fig. 1
nd Table 3). Furthermore, the decrease in band intensity was par-
icularly obvious for barley exposed to 10, 20 and 40 mg L−1 Cd for
ine primers used in this experiment, whereas an increase in band
ntensity occurred mainly for 10 and 20 mg L−1 Cd for primer 1, 2,
, 6 and 9 (Table 2).

Nine primers gave a total of 129 RAPD fragments ranging from
44–2639 bp in molecular size in the control seedlings (primer

able 2
hanges of total bands in control and of polymorphic bands and varied bands in the
oot tips of Cd-contaminated barley seedlings for 10 days

o. of primers Cd concentration (mg L−1)

0 10 20 40

a b c d a b c d a b c d

rimer 1 16 3 3 4 2 2 5 4 1 2 6 4 1
rimer 2 15 2 4 2 1 1 13 1 2 1 14 1 0
rimer 3 21 4 5 7 0 4 7 6 0 3 8 6 0
rimer 4 17 2 1 3 2 1 5 3 1 1 6 3 0
rimer 5 10 2 1 2 0 2 1 2 0 2 1 2 0
rimer 6 7 3 2 1 2 3 2 1 2 2 2 1 1
rimer 7 17 2 4 5 0 4 4 5 0 3 4 5 0
rimes 8 9 3 3 3 0 3 3 3 0 4 3 3 0
rimer 9 17 1 4 4 2 2 6 4 2 1 6 4 1

otal bands 129 22 27 31 9 22 46 29 8 19 50 29 3

+ b – 49 – – – 68 – – – 69 – – –
+ b + c + d – 89 – – – 105 – – – 101 – – –

ote: a indicates appearance of new bands, b disappearance of normal bands, c
ecrease in band intensities, and d increase in band intensities. a + b denotes poly-
orphic bands, and a + b + c + d, varied band.
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85.1 ± 2.7b 37.7

, and 1, respectively in Fig. 1 and Table 3). Different polymor-
hic bands were detected at each concentration of Cd for different
rimers. Value of polymorphisms is P% = 37.9%, 52.7% and 53.4%
or 10, 20 and 40 mg L−1 Cd, respectively. In all cases, polymor-
hisms were due to the loss and/or gain of PCR fragments in the
reated plantlets compared with control. Table 2 also indicates
hat changed bands observed in RAPD profiles (e.g. disappearance,
ppearance of bands, decrease and increase in band intensity in
omparison to control) in the Cd-contaminated barley seedlings
ncreased dramatically after exposure to Cd but decreased slightly
t 40 mg L−1 Cd of exposure (Table 2). In addition, further experi-
ents confirmed that the variation in band intensities in Fig. 1 was

table and not a consequence of either a change in concentration
f template DNA within a certain range or a change in PCR reagent
oncentration.

.3. Comparison of RAPD profiles, root growth and soluble protein
ontent

Results indicate that the general tendency of root growth and
TS of the root tips of barley seedlings was a progressive reduction
ith ascending Cd concentration in the soil media. In contrast, sol-
ble protein content substantially increased after the exposure to
d.

In Fig. 2, the genomic template stability, a qualitative mea-
ure reflecting change in RAPD patterns, was used to compare the
hanges of RAPD profiles with modifications in root growth and
oluble protein content of root tips in barley seedlings. Follow-
ng exposure to ascending Cd concentration in the sand media for
0 days, soluble protein content substantially increased. However,
oot growth and GTS of the root tips in barley seedlings reduced
radually, but GTS stabilized after 20 mg L−1 Cd of exposure. The
lateau effect was ascribed to multiple changes in RAPD profiles
e.g. appearance of new bands, disappearance of normal bands),
hich tend to counterbalance each other. In other words, the dis-

ppeared band was compensated by the low frequency of newly
ppearing bands at 20 or 40 mg L−1 Cd concentration for nine
rimers applied in this experiment.

. Discussion

In earlier studies, RAPD profiles generated from marine
acroalgae exposed to benzo(a)pyrene revealed appearing and

isappearing bands in comparison to control RAPD patterns [19].
hanges in DNA fingerprint analyses observed reflected DNA
lterations from single base changes to complex chromosomal rear-
angements [9]. Similarly, in this experiment, DNA damage induced
y Cd soil exposure of 10 days was reflected by changes in RAPD

rofiles: decrease and increase in band intensity, disappearance of
ands, and appearance of new PCR products occurred in the pro-
les. Moreover, the frequency of band loss was shown to enhance
ith ascending Cd doses (Tables 2 and 3). The disappearance of

CR products mainly affected the high molecular weight bands
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Fig. 1. RAPD profiles of genomic DNA from root tips of barley seedlings exposed to Cd fo
respectively. M, DNA molecular size marker (2000, 1000, 750, 500, 250 and 100 bp from t

Fig. 2. Comparison of root growth, soluble protein level and genomic DNA template
stability in root tips of barley seedlings exposed to various Cd levels.
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r 10 days. Lane a = control; b = 10 mg L−1 Cd; c = 20 mg L−1 Cd and d = 40 mg L−1 Cd,
op to bottom).

i.e., greater than 1 kb) for primers 1–4 and primers 8–9 because
he odds of obtaining DNA damage increased with the length of
he amplified fragment. However, some smaller amplicons in this
xperiment were even much more affected for primers 2–3 and
rimers 5–6 (Fig. 1; Table 3), thus suggesting nonrandom interac-
ion between DNA and Cd contamination in soil. Modifications of
he RAPD patterns are likely due to one or a combination of the fol-
owing events: (1) changes in oligonucleotide priming sites mainly
ue to genomic rearrangements and less likely to DNA damage and
oint mutation in the primer binding sites because the binding site

s only 10 base long whereas genomic rearrangements occur in
uch longer fragments (e.g. several kb); (2) important structural

hanges owning to diverse types of DNA damage and less probably
o mutations because the constraint induced by DNA damage such

s strand breaks and DNA adduct etc. is more important than a point
utation; (3) interactions of DNA polymerase in barley seedlings
ith damaged DNA. These events can affect polymerization of DNA

n the PCR reaction as reported by Atienzar et al. [19] and Atienzar
nd Jha [12].
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Table 3
Molecular sizes (base pair, bp) of appearance and disappearance of bands for the nine primers in the root tips of Cd-contaminated barley seedlings for 10 days using Software
quantity one 4.2.3

No. of primers Cd concentration (mg L−1)

10 20 40

Primer1
+ 489; 607; 655 607; 655 607; 655
− 2065; 2449; 2639 1089; 1686; 2065; 2449; 2639 1089; 1686; 1876; 2065; 2449; 2639

Primer 2
+ 154; 1334 154 154
− 198; 242; 1516; 1633 198; 242; 468; 489; 556; 607; 701; 765; 944; 1011; 1251;

1516; 1633
198; 242; 428; 468; 489; 556; 607; 701; 765; 944; 1011;
1251; 1516; 1633

Primer 3
+ 772; 1055; 1422; 1532 772; 1055; 1422; 1532 772; 1055; 1422;
− 144; 299; 500; 883; 1149 144; 299; 428; 468; 681; 883; 1278 144; 299; 428; 468; 681; 883; 1149; 1278

Primer 4
+ 289; 743 743 743
− 1149; 794; 1149; 1251; 1856; 1979 530; 794; 1149; 1251; 856; 1979

Primer 5
+ 213; 1414 213; 1414 213; 533
− 361 361 361

Primer 6
+ 308; 537; 904 308; 537; 904 308; 537;
− 273; 645 273; 645 273; 645

Primer 7
+ 582; 954 431; 582; 954; 1256 431; 582; 954
− 541; 563; 600; 904 541; 563; 600; 904 541; 563; 600; 904

Primer 8
+ 650; 906; 2245 650; 906; 2245 491; 650; 906; 2245
− 803; 956; 1160 803; 956; 1160 803; 956; 1160

Primer 9

1;

+
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+ 1498 860; 1498
− 866; 1189; 1391.1 1981; 866; 1123; 1189; 1201; 1391; 198

Indicates appearance of a new band, − disappearance of a normal band.

Previous studies have also shown that DNA fingerprinting offers
useful biomarker assay in soil toxicology study, changes in RAPD
rofiles induced by pollutants can be regarded as changes in
enomic DNA template stability and this genotoxic effect can be
irectly compared with alterations in other parameters [11,19]. In
his experiment, genomic DNA template stability was more sensi-
ive than soluble protein level in the root tips and was of at least
qual sensitivity to root growth (Fig. 2; Table 1). Labra et al. [22]
eported that RAPD or amplified fragment length polymorphism
as more sensitive than classic genotoxic tests since RAPD analy-

is was capable of detecting temporary DNA changes that may not
nally manifest themselves as mutations. The present results of Cd
oil exposure in barley seedlings are consistent with these earlier
tudies on other organisms.

The measure of molecular and population parameters present
everal advantages. First of all, in soil toxicology, it is fundamen-
al to accumulate data at different levels of biological organization
n order to fully understand the effect of a contaminant on organ-
sms. Secondly, the measure of some parameters at the population
evel facilitates the interpretation of the results at the molecular
evel [7]. For example, an obvious reduction in growth of Daphnia

agna correlated with a significant inhibition in DNA replication,
uggesting that the extent of DNA damage may be important in the
ajority of the cells. In this experiment, it seems that for Cd con-

entrations used, DNA replication was significantly reduced due to

higher level of DNA damage. On the other hand, as root growth

nd total soluble protein content in the range of 10–40 mg L−1 Cd
isplayed a negative tendency compared to the control (Fig. 2), it
an be assumed that DNA damages were repaired to some extent
nd that DNA replication was not totally inhibited.

i
fi
2
t
i

1498
866; 1123; 1189; 1201; 1391; 1981

Recently, RAPD assay allowed detection of low doses of pollu-
ants mentioned as above. The most significant advantages of the
APD technique lie in its rapid speed, no radioactivity or enzy-
atic degradation of PCR products, applicability to any organisms,

nd potential to detect a wide range of DNA damage and muta-
ions including point mutations and large rearrangements [6,9,20].
owever, RAPD is only a qualitative method. Effect of each cate-
ory of DNA damage (e.g. strand breakage, modified bases, abasic
ites, oxidized bases, and bulky adducts) on RAPD profiles can
nly be speculated unless amplicons are analyzed (e.g. sequencing)
nd more specific methods such as the comet assay and 32P-post-
abelling assay are needed to obtain quantitative data [23].

. Conclusions

The RAPD method has successfully been used as a sensitive
eans of detecting Cd-induced DNA damage and showed poten-

ial as a reliable assay for soil genotoxicity. The results indicate
hat inhibition of root growth and increase of total soluble protein
evel in the root tips occurred with the increasing Cd concentra-
ions. From RAPD, nine 10 bp RAPD primers were found to produce
nique polymorphic band patterns which were used to produce a
otal of 129 RAPD fragments of 144–2639 bp in molecular size in
he root tips of control. The change occurring in RAPD profiles of
he root tips following Cd treatment presents alterations in band

ntensity, gain or loss of bands compared with control. New ampli-
ed fragments of 154–2245 bp in molecular size appeared for 10,
0 and 40 mg L−1 Cd. The number of missing bands enhanced with
he increasing Cd concentration and the genomic template stabil-
ty reflecting changes in RAPD profiles were significantly affected.
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his study suggests that the RAPD analysis used in conjunction
ith other biomarkers from higher levels of biological organization,

uch as growth parameter, can be a powerful tool for detection of
enotoxic effects of metal contamination in soils.
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