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Alfalfa plants (Medicago sativa cv. Europe) inoculated with Sinorhizobium meliloti 2011 
(formerly Rhizobium meliloti, de Lajudie et al., 1994) were cultivated for 14 days under 
standardized growth conditions in mineral medium with addition of the heavy metal cad­
mium or the polycyclic aromatic hydrocarbon fluoranthene. These xenobiotics significantly 
reduced the numbers of root nodules before any visible damage to the plant could be de­
tected. EC10. EC50, and EC90 (effective concentrations reducing nodulation, shoot and root 
fresh weight by 10, 50, or 90% compared to the control without pollutant) were calculated.
EC50 for cadmium ranged from 5.8 jam (nodulation) to more than 20 |j,m (root fresh weight).
Testing fluoranthene resulted in an EC50 of 2.5 [xg cm-2 for nodulation, and EC50 values of 
more than 35 |j,g cm“2 for shoot and root biomass production, indicating that the effect 
parameter nodulation is 10-fold more sensitive than shoot and root fresh weight. With mRNA  
differential display techniques the effects of both xenobiotics on gene expression in alfalfa 
root systems were studied. 37 differentially displayed transcripts were detected. Two of them, 
called D D M sl and DDMs2, were confirmed by northern hybridization to be down-regulated 
in the presence of the xenobiotics. The expression of transcript D D M sl was enhanced in 
alfalfa control plants inoculated with rhizobia, the transcript level was increased 2.5-3-fold  
compared to non-inoculated plants. This positive effect of nodulation was suppressed, partly 
by 35 | ĝ cm-2 fluoranthene and totally by 20 jo.M cadmium. The decrease in D D M sl transcrip­
tion was highly affected by the cadmium concentration with an EC50 of 5.9 |j.m . Compared 
to nodulation, almost identical EC10, EC50. and EC90 values were found for D D M sl expres­
sion. Sequence analysis of D D M sl revealed a significant overall homology (50% identity) to 
a hypothetical protein from Arabidopsis thaliana with high similarity to a copper transporting 
ATPase. High levels of transcript DDMs2 were observed in control plants with a 50% 
decrease in the xenobiotic-treated plants. DDMs2 gave a strong homology (82% identity) to 
the cytoplasmatic 60S ribosomal protein L18 from A rabidopsis thaliana.

Introduction

In the last decades significant amounts of poten­
tially toxic chemicals have been introduced 
anthropogenically into the biosphere. These so- 
called xenobiotics can accumulate in the soil, af­
fecting the soil biota. Therefore, there is a still 
increasing demand to detect effects of xenobiotics 
at the lowest possible level. In this study, we chose 
two chemicals -  fluoranthene as a hydrophobic 
aromatic compound and cadmium as a water solu­
ble heavy metal -  to evaluate their phytotoxic ef­
fect and their influence on plant gene expression.

Polycyclic aromatic hydrocarbons (PAH), in­
cluding fluoranthene, are present at high concen­
trations in the soils of many industrially contami­

nated sites (Wilson and Jones, 1993). They are 
frequently found at levels from 1  to 1 0  mg kg- 1  of 
soil. Levels in uncontaminated soil range from 0.2 
to 1 mg kg - 1  (Lewandowski et al., 1997). Promi­
nent sources of PAH-contamination are leakage 
from petrol stations, and former gasworks. They 
are also generated by combustion of fossil fuels 
and wood-preserving industries (Wetzel, 1998). 
The fate of PAHs as ubiquitous pollutants is of 
great environmental concern due to their toxic, 
mutagenic, and carcinogenic potential (Lewan­
dowski et al., 1997). These properties increase with 
the number of benzene rings. They are rather in­
soluble in water and are associated with lipid con­
taining fractions. Proposed mechanisms that medi­
ate PAH toxicity to organisms are (a) binding of
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the molecule to hydrophobic sites, causing distur­
bances in normal function of membranes and cells;
(b) binding of PAH metabolites to macromole­
cules such as proteins and nucleic acids with mo­
lecular and cellular damages (for details see Ayr­
ton et al., 1990; Molven and Goksoyr, 1993).

The heavy metal cadmium is a serious environ­
mental pollutant. It was ranked as number 7 on 
the „Top 20 Hazardous Substances Priority List“ 
of the Agency for Toxic Substances and Disease 
Registry/Environmental Protection Agency in 
1997 (Fay and Mumtaz, 1997). Cadmium is primar­
ily used in metal coatings, nickel-cadmium batter­
ies, and pigments. It may also be introduced to the 
atmosphere as a by-product from the smelting of 
ores, the burning of fossil fuels, and the incinera­
tion of municipal waste materials. Consequently, 
there is a high anthropogenic emission of heavy 
metals into the biosphere (Zenk, 1996). According 
to the „Niederländische Liste“ (1988) soils con­
taining more than 20 mg Cd kg - 1  have to be 
treated by e.g. phytosanitation, the removal of 
heavy metals by (hyper-)accumulating crops 
(Leendertse and Pak, 1998). Uptake of cadmium 
by plants primarily takes place from the soil solu­
tion through the roots and leads to a decrease in 
photosynthesis and transpiration (Streit, 1991). 
The strong affinity of Cd ions for cysteine residues 
and phosphate groups might lead to the denatur- 
ation of proteins involved in plant metabolism, ex­
plaining its great toxicity (Balsberg Pahlsson, 
1989). Other main mechanisms of cadmium dam­
age involve the generation of reactive oxygen spe­
cies and DNA strand breaks (Hsiu-Chuan Liao 
and Freedman, 1998).

There are only a few standardized and widely 
used bioassays with higher plants for toxicity test­
ing of xenobiotics such as heavy metals and PAHs. 
They use root and shoot biomass of monocotyle- 
donous and dicotyledonous plants (ISO 11269-1, 
1993; ISO/DIS 11269-2, 1995).

We used the symbiosis of legumes and rhizobia 
(van Rhijn and Vanderleyden, 1995) with the for­
mation of nitrogen fixing root nodules to develop 
a biotest with the nodulation of Medicago sativa 
by Sinorhizobium meliloti as a more sensitive pro­
cess than root growth or plant biomass production.

A fter optimization and standardization (Wetzel 
and Werner, 1995; Neumann et al., 1998a), this test 
system was used to determine the effects of cad­

mium and fluoranthene on phenotypic parameters 
such as nodulation and biomass production. 
Furthermore, mRNA differential display (Liang 
and Pardee, 1992) was used to identify transcripts 
in alfalfa plants that are differentially expressed 
by the addition of cadmium or fluoranthene to the 
growth medium. Using DDRT (differential display 
reverse transcription) as a tool for the analysis of 
gene expression, it was possible to detect quantita­
tive changes in gene transcription. Two out of 37 
differentially displayed cDNA fragments were 
confirmed by northern hybridization experiments 
as being differentially expressed, and were further 
cloned and sequenced.

Materials and Methods

Growth and test medium

A 500 |i m  stock solution of CdCl2 (grade: 98%, 
Sigma, Deisenhofen, Germany) was prepared in 
distilled water (pH 7.5) and aliquots were added 
to an autoclaved mineral medium solidified with 
Gelrite® by sterile filtration, as previously de­
scribed (Neumann et al., 1998a). The final cad­
mium concentrations were 0, 0.1, 0.5, 1, 5, 10 and 
20 [am. The medium was poured into petri dishes, 
holding them in a 45° position to produce a sloping 
surface to provide more space for the plant shoots 
in the upper part of the dish.

Fluoranthene (grade: 99%, Serva, Heidelberg, 
Germany), due to its lower solubility in water, was 
sprayed as a diethylether solution onto the solidi­
fied mineral medium. An etheral stock solution 
(5 mg ml-1) was prepared, and different dilutions 
were applicated by airbrush onto the surface of 
the medium. The amounts were 0, 1, 10, 100, 500 
and 1000 [Ag per dish, resulting in 0; 0.04; 0.35; 3.5;
17.5 and 35 [ig cm - 2  fluoranthene.

Plant growth and plant inoculation

Germination of Medicago sativa cv. Europe (al­
falfa) seeds and cultivation of Sinorhizobium meli­
loti 2011 were as described by Wetzel and Werner 
(1995). Rhizobial cultures were diluted to 108 cfu 
m l- 1  and 50^,1 of the resulting suspensions were 
plated onto the surface of the mineral medium. 
For plates treated with fluoranthene, the rhizobial 
inoculation was carried out 24 h before the appli­
cation of the xenobiotic. The petri dishes were in­
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cubated for 24 h at 28 °C in the dark before trans­
planting the pregerminated alfalfa seedlings (three 
seedlings per dish). The plants were grown for 14 
days in a phytotron with the following standard­
ized growth conditions: 16 h, 25 °C light period / 8  

h, 20 °C dark period, 75% relative humidity. The 
petri dishes were placed upright and illuminated 
from above with sodium lamps. The photosynthet- 
ically effective radiation was 190 fimol s - 1 m -2. For 
both chemicals, each concentration level was 
tested in eight replicates. Each test series con­
tained a control without toxicant. In tests with flu- 
oranthene contaminated medium, an additional 
ether control was included.

Nodulation and growth parameters

Root nodules per plant were counted, and 
plants were harvested and separated just below 
the hypocotyl into roots and shoots. Shoot and 
root fresh weight of each plant was determined.

Statistic analysis o f  the effect parameters

Significance of variation at the P  <  0.05 level 
was analyzed by the Kruskal-Wallis and Mann- 
Whitney procedure, using the SPSS statistic analy­
sis package (SPSS Inc., Chicago, USA). E rror bars 
with the same letter in Fig. 1 indicate that the 
means (n = 24) were not significantly different. 
EC50 were calculated using the curve fit pro­
cedure of the computer program SIGMAplot 
(Jandel Scientific, Corte Madera, USA).

RNA Isolation

Table I shows the different plant growth treat­
ments chosen for total RNA isolation. After 14 
days of cultivation frozen plant roots (treatments 
A -  F, see Table I) were ground into a fine powder 
using a liquid nitrogen-cooled m ortar and pestle, 
before total RNA extraction was carried out using 
the TRIzol reagent (Life Technologies Inc., Eg- 
genstein, Germany) according to the manufactur­
er’s instructions.

mRNA Differential Display

DDRT-PCR was carried out with total RNA ex­
tracted from roots of M. sativa plants of treat­
ments A -  F (see Table I) following the protocol 
of Liang & Pardee (1992).

Table I. Plant growth treatments used for mRNA dif­
ferential display analysis.
Plants were grown in mineral medium for 14 days under 
the following conditions: 16 h, 25 °C light period / 8 h, 
20 °C dark period, 75% relative humidity. The photosyn- 
thetically effective radiation was 190 fimol s - 1m -2.

Treatment Plants Inoculation Application
M. sativa with S. meliloti of xenobiotic1

A control plants _ none
B control plants + none
C test plants - 35 (.ig cm - 2  fluoranthene
D test plants + 35 (ig cm - 2  fluoranthene
E test plants - 20 |im cadmium (CdCl 2)
F test plants + 20 [J.M cadmium (CdCl 2)

1 The levels of the Cd and fluoranthene treatments cor­
respond to the highest concentration level tested in the 
bioassay resulting in more than 80% decrease in nodula­
tion; - :  without rhizobial inoculum; +: with rhizobial in­
oculum.

DNase treatment: 50 fig of total RNA was 
treated with 3 units of DNase RQ 1 (Promega, 
Mannheim, Germany) in the presence of a RNase 
inhibitor (40 U) in 40 m M  Tris-(hydroxymethy-
l)aminomethan-HCl buffer, pH 7.9, containing
10 mM NaCl, 10 mM CaCl2, and 6  mM MgCl2. The 
DNA-free RNA preparations were precipitated 
with ethanol and dissolved in DEPC (diethyl pyro- 
carbonate) -treated water.

Reverse transcription: First strand cDNA synthe­
sis was performed with the SUPERSCRIPT™ II 
reverse transcriptase (Life Technologies Inc.) 
using 2.5 fig total RNA in the presence of four oli- 
go(dT)„M N primers (MN = AT, AC, GC, GT, CG, 
CA, GA, CC) in a volume of 20 fil, using the 
buffer provided by the enzyme supplier.

Amplification o f  cDNA fragments: A 0.3 fil ali­
quot of the first strand reaction was used as a tem­
plate for PCR-amplification, in a total volume of 
20 (il containing 2.5 fiM of the same oligo(dT)n MN 
primer used in the reverse transcription reactions,
1  |i m  of eight random decamer oligonucleotide 
primers (see Bauer et al., 1993: 5' primers no. 1, 2, 
3, 4, 5, 12, 16, and 26), 1 fiM dNTPs, 37 kBq a 32P 
dATP (ICN), 20 m M  Tris-HCl, pH 8.4, 50 m M  KC1,
2 m M  MgCl2, 1.8 fig bovine serum albumin, and 0.5 
units Taq polymerase (Life Technologies Inc.) Af­
ter a denaturation step for 5 min at 95 °C, amplifi­
cation was carried out for 30 cycles of 30 s at 95 °C,
2 min at 40 °C, and 30 s at 72 °C with a final exten­
sion period of 5 min at 72 °C. All PCRs were per­
formed in duplicate. The duplicate PCR products
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were separated on 6%  denaturating polyacryl­
amide gels, which were transferred onto Whatman 
paper, dried under vacuum, and exposed over­
night on X-ray films (Kodak Biomax MR) for frag­
ment detection. Differentially displayed fragments 
were cut out of the gel, and the DNA eluted out 
of the gel slice by boiling. The cDNA fragments 
were then reamplified with the same primer sets. 
PCR parameters were similar to those described 
above, except that the concentration of the dNTPs 
was increased to 20 and the a 32P dATP was 
omitted. Amplified cDNA fragments were re­
solved in 1.4% agarose gels and purified using a 
DNA purification kit (NucleoSpin Extract 2 in 1, 
Machery-Nagel, Düren, Germany).

Cloning and sequencing o f  cDNA fragments

The gel-purified cDNA fragments were ligated 
to the T-A cloning vector pGEM-T (Promega) 
with T4-Ligase (Promega), and the ligation mix­
ture was used to transform CaCl2 -competent 
E. coli DH5a cells (Sambrook et al., 1989). Re­
combinant plasmids from positive clones were iso­
lated with the Wizard™ Plus Miniprep DNA Puri­
fication System (Promega). Cycle sequencing of 
both DNA strands was performed in a Gene Amp 
2400 thermocycler (Perkin Elmer, Weiterstadt, 
Germany), using IRD800-labelled universal M13 
forward- and M13 reverse-primers and the ther- 
mosequenase fluorescent labelled primer cycle se­
quencing kit with 7-deaza-dGTP (USB-Amers- 
ham, Braunschweig, Germany). Products were 
resolved on an automatic sequencer (LICOR, 
MWG-Biotech, München, Germany). Remote se­
quence searches were performed with different 
BLAST programs at the National Center of Bio­
technology Information server (Altschul et al., 
1990 and 1994).

Northern blot analyses

Samples of 20 îg total RNA were separated on 
a denaturating 1.2 %  agarose gel containing 2.2 m  

formaldehyde. To verify that similar amounts of 
RNA were loaded onto the gels, these were 
stained with ethidium bromide and photographed 
under UV light prior to blotting. The RNA was 
blotted by capillary transfer (Sambrook et al.,
1989) onto Hybond-N nylon membranes (Amers- 
ham, Braunschweig, Germany) and fixed by UV-

crosslinking. Probes were labelled by PCR amplifi­
cation of the cloned cDNA fragments using the 
same PCR conditions as described for the reampli­
fication of the differentially expressed fragments, 
except that 72 kBq a 32P dCTP were added. After 
1  h prehybridization, membranes were hybridized 
in the hybridization buffer (0.5 m  NaPi? pH 7.0, 
1 mM EDTA, 7% (w/v) SDS, 1% (w/v) BSA) with 
the heat denatured DNA-probe at 62 °C for 16 h. 
Membranes were washed twice for 10 min at room 
temperature in 2 x SSC (saline sodium citrate), 
0.1% (w/v) SDS, and twice for 10 min at 62 °C in 
0.1 x SSC, 0.1% (w/v) SDS. Blots were exposed to 
X-ray films at -7 0  °C for 1 or 2 days for signal 
detection. Northern hybridization experiments 
were conducted in two replicates.

Results

Dose responses

The EC10, EC50, and EC90 values are the effec­
tive concentrations reducing biomass production 
(shoot and root fresh weight) or nodulation after 
14 days cultivation by 10, 50, or 90% compared 
to the control without pollutant. An exponential 
curve-fitting model was used for calculation of 
these values. Functions and curve-fit coefficients 
for cadmium and fluoranthene effects are given 
in Table II. In all tests, nodulation was the most 
affected parameter.

Cadmium concentrations ranging from 0.1 to 
1  [xm did not reveal any inhibitory effect on nodu­
lation. Higher concentrations resulted in a signifi­
cant exponential decrease of nodule numbers per 
plant (Fig. la). At 5.8 jam, a 50% inhibition of nod­
ule formation was observed (Table II). A cadmium 
concentration of 2 0  |i m  gave a complete inhibition 
of nodule formation. Biomass production deter­
mined as shoot and root fresh weight was less af­
fected by cadmium. EC50 values higher than 
2 0  (im indicate a lower sensitivity of biomass pro­
duction than nodulation as effect parameter.

The dose response plot for fluoranthene re­
sulted in an EC50 of 2.5 jig cm - 2  for the nodula­
tion as effect parameter (Table II). At concentra­
tions up to 0.35 |ig cm-2, no inhibition of nodule 
formation was detected. At 35 [ig cm-2, about 
80% less nodules were produced compared to 
control plants (Fig. lb). EC50 values for shoot and 
root fresh weight were higher than 35 |ig cm-2, in­
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Table II. Effective concentrations EC10. EC50. and EC90 of cadmium (CdCl2) and fluoranthene for nodulation, 
shoot, and root fresh weight of M. sativa infected by S. meliloti.
EC10, EC50, and EC90 values are given as molarity (jxm) for cadmium and as weight per area ((j,g cm-2) for 
fluoranthene. EC values were calculated by an exponential curve fitting model, the exponential curve can be de­
scribed with the equation y  = a e ~bx, whereas y represents the effect parameter NOD, SFW or RFW, x the xenobiotic 
concentration and bx the exponent.

Compound Statistic Parameter EC10 EC50 EC90

( M (M’M) (M'M)

y -  a ■ e~bx NOD 0.5 5.8 19.6
CdCl2 a = 94.9 SFW 5.5 >20 >20

b = 0.115 RFW 4.4 19.1 >20

(fxg cm-2 ) (Hg cm“2 ) (|xg cm“2 )

y -  a e _bx NOD 0.3 2.5 >35
Fluoranthene a = 98.3 SFW 4.1 >35 >35

b = 0.286 RFW 8.5 >35 >35

NOD: nodulation; SFW: shoot fresh weight; RFW: root fresh weight.

dicating a 1 0 -fold higher effect of fluoranthene on 
nodulation as effect parameter.

mRNA Differential display

Total RNA extracted from alfalfa plants grown 
under the conditions indicated in Table 1 was used 
for DDRT-PCR experiments. Comparison of the 
banding patterns on the DDRT-polyacrylamide 
gels obtained using 64 combinations of oli- 
go(dT)n MN and random primers revealed numer­
ous types of differences. Some cDNA bands were 
detected only in inoculated alfalfa plants, and the 
expression of some of these symbiosis-specific 
genes might be down-regulated by cadmium or 
fluoranthene contamination (data not shown). The 
intensity of other cDNA fragments was either en­
hanced or reduced in inoculated and not inocu­
lated plants, either by the cadmium or fluoran­
thene treatments, whereas the intensity of other 
bands seemed to be affected (down- or up-regu- 
lated) by both cadmium and fluoranthene.

About 6400 bands were obtained with the 64 
primer sets, and differences were observed in 37 
of them (0.5%). The 37 differentially represented 
bands were cut out of the gels. Thirty four of them 
could be reamplified with the same primer pairs 
as used for the original DDRT-PCR.

In this study, we focussed our attention on two 
differentially displayed cDNA fragments. The in­
tensity of the cDNA band called DDM sl was 
increased in plants infected with S. meliloti. This

effect was observed in control plants and plants 
grown in fluoranthene supplemented mineral me­
dium, but it was not detectable in alfalfa grown in 
cadmium contaminated substrate (data not 
shown). The expression of DDMs2 seemed to be 
reduced, whenever alfalfa plants were grown in 
contaminated mineral medium (data not shown).

Expression o f  the genes corresponding to D D M sl 
and DDM s2

The expression patterns of the genes corre­
sponding to DDM sl and DDMs2 are shown in 
northern blots with total RNA (Fig. 2). RNA ex­
tracted from roots of alfalfa plants (treatments 
A -  F, Table I) was hybridized with the cloned 
and radiolabelled fragments DDM sl or DDMs2. 
The results of DDRT analyses were confirmed by 
northern experiments. The size of the mRNA cor­
responding to DDM sl was 1.9 kb, and that of the 
DDMs2-mRNA was 0.8 kb.

About equal loading of the northern blots was 
confirmed by the ethidium bromide fluorescence 
of the gels prior to blotting. In order to quantify 
the transcript levels, the intensity of northern sig­
nals of each sample was measured using the com­
puter program SIGMAgel (Jandel Scientific, 
Corte Madera, USA) and normalized with refer­
ence to the intensity of the 28S and 18S rRNA 
bands on the northern gels.

As shown in Table III, the transcript level of 
DDM sl in inoculated plant treatments B and D
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Concentration of fluoranthene (pg c m 2)

Fig. 1. Dose response plot of (a) cadmium-toxicity and 
(b) fluoranthene-toxicity on nodulation of M. sativa by 
S. meliloti. Error bars with different letters (a or b) indi­
cate significant differences of the means (n = 24), 
whereas error bars with the letter combination ab indi­
cate no significant difference to means characterized by 
the letter a or b.

(see Table I) was increased 2.5- to 3-fold com­
pared to plants grown in cadmium supplemented 
medium (treatment F: I = 1.26). A 50% reduction 
of the DDMs2 gene expression was observed com­
pared to control plants, when alfalfa was cultivated 
in fluoranthene or cadmium contaminated sub­
strate.

Cadmium concentrations affect the gene expression 
o f  D D M sl

Corresponding to the nodulation inhibiting ef­
fect of CdCl2 at different doses (Fig. la), we were 
interested in the effect of different cadmium con­
centrations on gene expression of DDM sl. Alfalfa 
plants inoculated with S. meliloti were grown for

Fig. 2. Northern blot analyses with the differential dis­
play fragments D D M sl and DDMs2. Total RNA (20 jag 
per lane) from inoculated roots of alfalfa plants (treat­
ments A  -  F as indicated in Table I) was separated by 
gel electrophoresis, blotted, and hybridized to the radio­
labelled cD N A  fragments D D M sl (panel a) or DDMs2 
(panel b). (a): The intensity of D D M sl was increased in 
plants infected with S. meliloti. This effect was observed 
in control plants and in plants grown in fluoranthene 
contaminated medium (lane B and D ), it was not detect­
able in alfalfa grown in cadmium contaminated medium 
(lane F). (b): The expression of DDMs2 was reduced, 
whenever alfalfa plants were grown in contaminated me­
dium (reduced signal in lane C, D, E, and F). Equal load­
ing of the northern blots was shown by ethidium bro­
mide fluorescence.

14 days in a mineral medium supplemented with 
cadmium at different concentrations. After RNA 
isolation from the roots of the different test plants, 
northern experiments were carried out with total 
RNA using the cloned fragment DDM sl as probe.

As shown by the expression pattern in Fig. 3, 
increasing cadmium concentration (0, 0.5, 1, 5, 10, 
20, and 40 |i m  Cd) in the mineral growth medium 
led to a dose responsive reduction of the DDM sl 
transcript level. At 5 cadmium, a significantly 
decreased gene expression was found, about 40% 
lower than the control. At 10 |j ,m , a Cd induced 
transcript reduction of 75 % was observed. With 
higher cadmium concentration no further decrease 
in gene expression of DDM sl did occur in our ex­
periments.

This dose response of the DDM sl transcription 
allowed the calculation of EC-concentrations for 
the effect param eter gene expression of DDM sl

K5£

probe
DDMs2

3.6 kb - 

1.9 kb -

total RNA: 
EtBr stain

3.6 kb 

1.9 kb

total RNA: 
EtBr stain



228 H. Neumann and D. Werner • Xenobiotics Effect the L egum e-R hizobium -Sym biosis

Table III. Relative changes in levels of mRNA of the 
genes corresponding to D D M sl and DDM s2 caused by 
cadmium and fluoranthene.

Probe Plants1 Relative amount 
of total RNA2

Relative gene 
expression2

D D M sl A 1.003 1.00
B 1.10 3.03
C 1.27 1.06
D 0.98 2.47
E 0.92 1.13
F 0.78 1.26

DDMs2 A 1.00 1.00
B 0.93 1.09
C 1.03 0.45
D 0.95 0.45
E 0.77 0.52
F 0.75 0.52

1 Plant treatments A -  F are indicated in Table I.
2 In order to quantify the transcript levels, the intensity 
of northern signals of each sample A -  F was measured 
using the computer program SIGMAgel and normalized 
with reference to the intensity of the 28S and 18S rRNA  
bands on the northern gel.
3 The intensity of control plants (treatment A ) was de­
fined as I = 1.0.

0 0.5 1 5 10 20 40 pM Cd

Fig. 3. Effect of the cadmium concentration on gene ex­
pression of D D M sl. Total RNA (10 |.ig per lane) from 
inoculated roots of alfalfa plants grown in mineral me­
dium contaminated with different doses of CdCl2 was 
separated by gel electrophoresis, blotted, and hybridized 
to the radiolabelled cDNA fragment D D M sl (upper 
panel). Equal loading of the northern blots was shown 
by ethidium bromide fluorescence (lower panel) of the 
gel prior to blotting. Increasing Cd concentration led to 
a dose responsive reduction of the D D M sl transcript 
level. At 5 [im Cd, a significantly reduced gene expres­
sion was found. This effect was enhanced at 10 [.i m  Cd.

(Table IV). Compared to the effect param eter no- 
dulation, almost identical EC10, EC50, and EC90 
values were found.

Table IV. EC10, EC50, and EC90 concentrations of the 
chemical CdCl2 for the effect parameters nodulation and 
gene expression of D D M sl. Values for nodulation are 
also listed in Table II, values for gene expression were 
determined after quantification of hybridization signals 
using the computer program SIGMAgel. The EC values
were calculated 
MAplot.

using the curve fit procedure of SIG-

Effect parameters:

Nodulation
(HM)

Gene expression of D D M sl 
( M

EC10 0.5 EC10 0.4
EC50 5.8 EC50 5.9
EC90 19.6 EC90 20.0

Sequence analyses

The two differentially expressed cDNA frag­
ments DDM sl and DDMs2 confirmed by north­
ern hybridization to be differentially transcribed 
were analyzed by sequence analysis. Sequencing 
of plasmids derived from different clones of each 
construct gave the same sequence, demonstrating 
that the differentially displayed bands corres­
ponded to single transcripts. In both cases, the ran­
dom primer was localized at the 3' end, the an­
chored oligo(dT)n primer at the 5' end of the 
cDNA fragment.

Fig. 4a shows the alignment of the derived 
amino acid sequence encoded by DDM sl with a 
hypothetical protein from Arabidopsis thaliana 
(accession number Z99707). The 317 bp fragment 
DDM sl gave 50% identity and 63% similarity 
over 93 amino acids to this 173 amino acids long 
hypothetical protein revealing a similarity to a 
copper transporting ATPase (see Fig. 4a).

The 294 bp fragment DDMs2 turned out to en­
code a 187 amino acids long peptide with 82% 
identities and 93% similarity over 98 amino acids 
to the cytoplasmatic 60S ribosomal protein L18 
from Arabidopsis thaliana (accession number 
U15741) and numerous other eukaryotic organ­
isms. The alignment of these sequences is shown 
in Fig. 4b.

Discussion

Criteria for the choice o f  xenobiotics

Cadmium (CdCl2) and fluoranthene were cho­
sen as xenobiotics, in order to investigate the influ-
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(a)

identities: 47/93 (50%) 
positives: 60/93 (63%)

DDMsl 281 EEQIKITNQIKAQFDALTPKRPIKPNRSEPESQQNPVDSTFSSRNI 142
M i l  I I M  I M  INI II INI ++ +

CAB16754.1 16 EQQIKNANQIRADFDSLAPKRPTKPTRSEP-GFPGSFSASDKITDH 60 

DDMsl 143 PELEKLQSLQSN SQTILS SKGLVDA-QDEFVETKYYQELFSIDKQHHT 3
II +1 Mi l l  + + +1 I I I I M M I  I + 1 111111

CAB16754.1 61 PEADKFQSLQSQTHGKVLGEGDS SAVQDEFLETEYY SNLTAIDKQHHT 108

(b)

i d e n t i t i e s : 81/98 (82%)
p o s i t i v e s : 92/98 (93%)

DDMs2 294 YTEGKEGKIAWVGAVTDDIRVYEVPAIKVTALRFTEKARARIEK
+  III M I N I  +111 + 1 l + l + ll+l 1111111 l+l 111111

130

RL18_ARATH 70 FMTGKEDKIAVLVGTITDDLRVHEIPAMKVTALRFTERARARIEK 114

DDMs2 129 AGGECLTFDQLALRAPLGQNTVLLRGTKNAREAVKHFGRAPG
1 1 1 1 1 1 1 I I  1 I I  I I  1 1 1 1 1 1 I I  1 1 I I  1 U N  1 1 1 1 1 1 I I I

35

RL18_ARATH 115
1 1 I I  1 1 1 1 1 1 1 I I  I I  1 1 I I  1 1 I I  1 I I  I I  + I I  M M I I  I I I  
AGGECLTFDQLALRAPLGQNTVLLRGPKNSREAVKHFGPAPG 156

DDMs2 34 VPHSNTKPYVR 2
III M l l l l

RL18_ATRAH 157 VPHSHSKPYVR 167

Fig. 4. (a): Alignment of the deduced amino acid sequence encoded by the 317 bp fragment D D M sl with a hypothet­
ical protein from Arabidopsis thaliana (CAB16754.1, accession number Z99707); (b): Alignment of the deduced 
amino acid sequence encoded by the 294 bp fragment DDMs2 with the cytoplasmatic 60S ribosomal protein L18 
from Arabidopsis thaliana (RL18_ARATH, accession number U15741) I: identical residues; +: similar residues; 
positives: summarized identical and similar residues; the sequence flanking numbers of D D M sl and DDM s2 refer 
to the number and position of nucleotides; these of A. th. refer to the number and position of amino acids.

ence of pollutants on the gene expression of alfalfa 
plants. These compounds belong to different 
chemical groups: The heavy metal cadmium is 
found in contaminated soils as Cd2+ ion. Its water 
solubility and consequently its toxicity is influ­
enced by the pH of the soil solution. On the other 
hand, PAHs, including fluoranthene, behave hy- 
drophobically.

Cadmium is easily taken up by the roots from 
the soil solution via ion channels and active trans­
port mechanisms, when plants are grown in acidic 
soils. Soil properties like ion exchange capacity 
and adsorption onto organic soil colloids deter­
mine the bioavailability (Gisi, 1997; Lewandowski 
et al., 1997).

Fluoranthene uptake mainly takes place 
through the plant shoot: hydrophobic chemicals 
are transported through the wax layers of the cuti- 
cula into the plant tissue (Paterson et al., 1990). 
Due to their hydrophobicity, their minimal uptake

by plant roots is influenced by the amount and 
nature of humic substances.

Biotic processes can transform the chemicals 
once absorbed from the environment, thus alter­
ing their phytotoxicity and reactivity (Nannipieri 
et al., 1997). Ideally, the degradation of organic 
compounds leads to the formation of C 0 2 and 
H20. However, toxic intermediate metabolites can 
be produced during catabolism, like the trans­
formation of benzo(a)pyrene to epoxides in Che- 
nopodium rubrum callus cultures (Harms et al., 
1977). On the other hand, most heavy metals can 
not be metabolized, and accumulate in plant tis­
sues. Possible mechanisms of tolerance involve the 
complexation by phytochelatins or metallothion- 
eins, the binding to cell wall compounds, or their 
accumulation in vacuoles (Lozano-Rodriguez 
e ta l ,  1997).

The widespread presence in many contaminated 
soils and the different physico-chemical properties
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of cadmium and fluoranthene with different up­
take mechanisms led to the choice of these xenobi­
otics for our investigations.

Effects o f  xenobiotics on plant growth

High sensitivity of the plant growth and nodula­
tion was found for both cadmium and fluoran­
thene. The established plant test (for details see 
Neumann et al., 1998a) was applicable for both 
substances. As shown by the EC values in Table I, 
nodulation was reduced before visible damage to 
the plant and effects on shoot and root weight 
could be detected.

A cadmium concentration of 20 |im (2 mg I-1) 
resulted in a complete inhibition of nodule forma­
tion. Porter and Sheridan (1981) observed a 100% 
loss of the activity of the nitrogen fixing enzyme 
nitrogenase in four week-old alfalfa plants incu­
bated for 72 hours in a nutrient solution supple­
mented with 10 mg Cd I-1. Seed germination as­
says with Trifolium pratense (Miller et al., 1985) 
gave an EC50 value for Cd of 57 mg I-1. The EC50 
for the nodulation determined in this study was 
significantly lower with 5.8 îm (0.6 mg l-1). These 
experiments indicate a 1 0 0 -fold higher effect of 
cadmium on nodulation and emphasize the high 
sensitivity of symbiotic processes in response to 
xenobiotics.

Data for shoot and root growth had almost the 
same sensitivity as those for Pisum sativum  
towards CdCl2 reported by Landberg and Greger 
(1994). They found a 30 % growth reduction after
15 days with 16 |j ,m  CdCl2 treatment.

The EC50 value of fluoranthene was deter­
mined as 2.5 fxg cm - 2  for nodulation as the effect 
parameter. Further plant tests on a soil substrate 
resulted in an EC50 value of 13 mg kg- 1  for the 
nodulation parameter (Neumann, unpublished).

The studies reported by Rippen (1995) using 
Avena sativa or Brassica napa cultivated in fluor­
anthene contaminated solid substrates resulted in 
EC50 values for the biomass production
> 1000 mg kg-1. In our experiments, EC50 values 
for shoot and root growth were determined as
> 35 |ig cm-2. Nodulation was a 10-fold more sen­
sitive indicator for the presence of fluoranthene 
than shoot or root fresh weight. Similar results 
were obtained with the PAHs acenaphtene, fluo- 
rene, and phenanthrene (Neumann, in prepara­

tion). These results indicate the high sensitivity of 
the symbiotic interaction between alfalfa and its 
microsymbiont S. meliloti also against PAHs.

First results using a soil substrate confirm the 
higher sensitivity of nodule formation compared 
to the biomass production as effect parameter to 
monitor the biological effect of xenobiotics (Neu­
mann et al., 1998b).

Effects on gene expression
To investigate at the molecular level the phyto­

toxic, nodulation-inhibiting effects of xenobiotics 
on gene expression, we used the mRNA dif­
ferential display method which was established 
with mammalian tissues and has not been widely 
used in plant systems (Callard et al, 1994; Wilkin­
son et al., 1995; Goormachtig et al., 1995; Martin- 
Laurent et al., 1997; Seehaus and Tenhaken, 1998).

Two out of 37 differentially displayed cDNA 
fragments were confirmed by northern hybridiza­
tion to be differentially transcribed.

As indicated by the expression pattern of 
DDM sl, the decrease in DDMsl-transcription was 
highly affected by the amount of cadmium present 
in the growth medium. The exponential dose re­
sponse of DDMsl expression was used to calculate 
EC values. Compared to the effect parameter no­
dulation, almost identical EC10, EC50, and EC90 
values were achieved revealing the same sensitiv­
ity of both nodulation and DDMsl gene expres­
sion.

DDMsl gave an overall similarity of 63% to a 
hypothetical protein from Arabidopsis thaliana 
with similarity to a copper transporting ATPase 
being the only match with significant overall simi­
larity. Cadmium and copper are both heavy metals 
transported as bivalent cations. As many other 
metal cations which act as important cofactors of 
enzymes, and are toxic at high concentrations, they 
are bound by phytochelatins, metal-induced pep­
tides of the general structure (y-Glu-Cys)„-Gly 
(n=2 - l l )  that have been found in algae and 
higher plants, and some fungi (Cervantes and Gu- 
tierrez-Corona, 1994). Another mechanism for 
metal tolerance is the complexation by metallothi- 
oneins, inducible low-molecular, cysteine-rich, 
metal-binding proteins. They are widely distrib­
uted throughout living organisms such as mam­
mals, plants, fungi, and cyanobacteria (Cervantes 
and Gutierrez-Corona, 1994; Zenk, 1996).
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The similar properties of cadmium and copper 
are pointed out by Cervantes and Gutierrez-Co- 
rona (1994). The authors found a metallothionein- 
encoding gene in yeast used for copper homoeos- 
tasis. It has also been observed that high transcript 
levels of this gene lead to cadmium resistance in 
yeast cells (Jeyaprakash et al., 1991).

In this respect, DDM sl expression and se­
quence data make it plausible that this transcript 
might indeed encode for a putative ATPase in­
volved in the transport of bivalent heavy metal 
cations.

Cadmium might influence the expression of this 
enzyme by various mechanisms:

(a) By binding to reduced cysteine residues, cad­
mium can directly denature proteins which func­
tion as activators of the transcription of the copper 
transporting ATPase encoding gene.

(b) Cadmium competes with copper for binding 
sites of a regulatory protein, thereby the transcrip­
tion of the copper transporting ATPase is inhib­
ited by negative feedback.

As reported by Hsiu-Chuan Liao and Freedman 
(1998), several enzymes such as ATPases, superox­

ide dismutase, glutathione peroxidase, and ubiqui- 
tin are known to be influenced by cadmium. Dam­
age of active transport mechanisms in higher 
animals is reported by Theede and Scholz (1982).

Sequence analysis of the DDMs2-fragment re­
vealed a 82% identity and 93% similarity to the 
cytoplasmic 60S ribosomal protein L18 found in 
A. thaliana and in many other eukaryotic organ­
isms such as yeast, chick pea and rat. The tran­
script levels of the corresponding gene were de­
creased in alfalfa plants grown in pollutant- 
supplemented medium. This might indicate a 
general inhibition of metabolic activity in the 
stressed plants, reflected in a lower production of 
ribosomal proteins and protein synthesis.
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