
Di¡erential expression of genes coding for ABC transporters after

treatment of Arabidopsis thaliana with xenobiotics

Roberto Tommasini
a;

*, Esther Vogt
a
, Juërg Schmid

a
, Myriam Fromentau

b
, Nikolaus Amrhein

a
,

Enrico Martinoia
a;b

a
Institute of Plant Sciences, Swiss Federal Institute of Technology, Universitaëtstrasse 2, CH-8092 Zuërich, Switzerland

b
Geèneètique Physiologique et Moleèculaire, Universiteè de Poitiers, 40 Avenue du Recteur Pineau, 86022 Poitiers, France

Received 30 January 1997; revised version received 27 May 1997

Abstract ATP-binding cassette (ABC) transporters are thought

to be involved in many cellular detoxification mechanisms.

Performing a BLAST search, we found four distinct expressed

sequence tags (EST) of Arabidopsis thaliana highly similar to the

human and fungal glutathione-conjugate ABC transporters. We

studied the expression of the corresponding genes in response to

various xenobiotics in an effort to gain information on their

function. The abundance of transcripts corresponding to one of

the genes (EST1) was not affected by the various compounds

tested, whereas the abundance of transcripts corresponding to the

other three genes (EST2, EST3, EST4) was increased by 1-

chloro-2,4-dinitrobenzene, primisulfuron and IRL 1803. Treat-

ment of Arabidopsis with either primisufuron or IRL 1803

resulted in a more than 40-fold increase in EST2-specific

transcripts.
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1. Introduction

Detoxi¢cation of xenobiotics and heavy metals, as well as

of bacterial and fungal toxins, is of vital importance for the

survival of plants exposed to such compounds. Well-known

steps in this process are modi¢cations of these substances by

cytochrome P450-dependent monooxygenases and/or the con-

jugation to hydrophilic compounds such as glucose or gluta-

thione [1]. For an e¤cient detoxi¢cation, excretion of modi-

¢ed toxic compounds, either into the apoplastic space or into

the central vacuole, is required [2]. Excretion of glutathione

conjugates into the vacuole has been shown to be mediated by

a transporter which is directly driven by MgATP and is in-

hibited by vanadate [3,4].The vacuolar glutathione conjugate

transporter activity increases in response to treatment of bar-

ley with safeners (herbicide antidotes) [5], a group of structur-

ally diverse chemicals known to increase the overall tolerance

of monocot plants towards herbicides [6], which indicates that

transport of conjugated xenobiotics into the vacuole is an

essential step in the cellular detoxi¢cation.

The known plant vacuolar glutathione conjugate transport-

er has properties very similar to those from animals and fungi

[7,8]. However, in animal cells this transporter is located in

the plasma membrane thus mediating excretion of the conju-

gates into the surrounding medium [7]. In human lung cancer

cells, the multidrug-resistance-associated protein (MRP), a

member of the ATP-binding-cassette (ABC) transporters has

been shown to be a glutathione conjugate transporter [9]. In

yeast, the ABC transporter YCF1 confers cadmium resistance.

This protein is 42.6% identical to MRP. Yeast cells de¢cient

for YCF1 exhibit high sensitivity to cadmium [10] and a

strong decrease in glutathione-conjugate transport activity

[11,12]. Recently it has been shown, that YCF1 also mediates

the transport of the bis(glutathionato)cadmium complex [13].

Expression of MRP in YCF1-de¢cient yeast cells restores the

cadmium tolerance and leads to an increased transport activ-

ity for glutathione-conjugates [12]. In contrast to YCF1,

HMT1, another member of the ABC transporter family con-

ferring cadmium tolerance in Schizosaccharomyces pombe, is

not responsible for the transport of glutathione conjugates

[14,15].

In yeast as well as in animals, many genes coding for ABC

transporters have been identi¢ed [16], and a similar number of

such genes can be assumed to exist in plants. The common

motifs of all these transporters are the Walker A and B motifs

[17] and the ABC domain [18]. The ABC transporters can

structurally be subdivided into distinct classes, the one con-

taining the MRP and YCF1 and the other the multi-drug-

resistance proteins (MDR; also called P-glycoproteins) [19].

In an e¡ort to identify genes encoding MRPs in plants and,

furthermore, to possibly assign a physiological function to

their products, we searched the dbest library of Arabidopsis

thaliana and found four expressed sequence tags (EST) the

deduced amino acid sequences of which are highly similar to

those of MRP and YCF1. The corresponding genes are di¡er-

entially expressed in response to treatment of Arabidopsis with

several herbicides, heavy metals and other toxic compounds,

indicating the involvement of di¡erent ABC transporters in

di¡erent detoxi¢cation mechanisms.

2. Materials and methods

2.1. Chemicals

1-Chloro-2,4-dinitrobenzene (CDNB) and CdCl2 were purchased

from Fluka (Buchs, Switzerland). Primisulfuron, IRL 1803 (3-hy-

droxy-3-(2H-(1,2,4)triazole-3-yl)-cyclohexyl-phosphonic acid) and me-

tolachlor were kind gifts from CIBA-GEIGY (Basel, Switzerland).

FEBS 18850 12-9-97

0014-5793/97/$17.00 ß 1997 Federation of European Biochemical Societies. All rights reserved.

PII S 0 0 1 4 - 5 7 9 3 ( 9 7 ) 0 0 7 0 2 - 3

*Corresponding author. Fax: (41) 1-632-10-84.

E-mail: rtommasi@reis.ethz.ch

Abbreviations: IRL 1803, 3-hydroxy-3-(2H-(1,2,4)triazole-3-yl)-cyclo-

hexyl-phosphonic acid; CDNB, 1-chloro-2,4-dinitrobenzene; PIPES,

1,4-piperazinediethanesulfonic acid; EST, expressed sequence tags;

MRP, multidrug-resistance-associated protein; ABC, ATP-binding

cassette

FEBS 18850FEBS Letters 411 (1997) 206^210



2.2. Plant material

Arabidopsis thaliana (ecotype Columbia) was cultivated as described

[20].

Seeds were germinated on MS medium (Murashige-Skoog, Duche-

fa, Haarlem, The Netherlands) containing 1.2% Agar (Bacto-agar

Difco, Basel, Switzerland). One-week-old seedlings were transferred

to 250 ml Erlenmeyer £asks containing 50 ml of liquid MS medium.

Flasks were agitated at 100 rpm at a light/dark cycle of 16 h (21³C)/8

h (16³C). After 15 days compounds were added at ¢nal concentrations

of: 100 WM CDNB, 10 WM CdCl2;
20 nM primisulfuron, 5 WM me-

tolachlor, 130 WM IRL 1803. Samples were harvested at 0, 12, 36 and

60 h after beginning of the treatment, frozen in liquid nitrogen and

stored at 380³C until further use.

2.3. Southern blot analysis

Genomic Arabidopsis thaliana DNA was digested with the re-

striction enzymes EcoRI, HindIII or NotI and subjected to Southern

blot analysis [20]. Transfer to Hybond N membranes (Amersham,

Zuërich, Switzerland) was performed according to the manufacturer's

instructions. Prehybridization and hybridization were performed at

42³C in 50% formamide, 5USSC (1USSC=150 mM NaCl, 15 mM

sodium citrate, pH 7.0); 20 mM PIPES, pH 6.4; 200 WgWml

31
dena-

tured carrier DNA; 2UDenhardt's solution (1UDenhardt's = 0.02%

each of Ficoll 400, bovine serum albumin and polyvinylpyrrolidone),

0.5% SDS. The ¢lters were washed twice for a few minutes in

0.3USSC, 0.5% SDS at room temperature and 3 times for 30 min

in the same bu¡er at 60³C. Autoradiography was performed with a

PhosphorImager (Molecular Dynamics, Paul Bucher, Basel, Switzer-

land).

2.4. Radiolabeled probes

EST fragments were radioactively labeled according to the method

of [22].

2.5. Northern blot analysis

RNA was isolated from frozen tissue according to [23]. Poly(A)

�

RNA was puri¢ed by passage over oligo(dT) cellulose (Qiagen, Basel,

Switzerland). Denatured poly(A)

�
RNA (5 Wg) was fractionated

on a 1.2% formaldehyde agarose gel [21] and transferred to Hy-

bond N membranes according to the manufacturer's instructions. Pre-

hybridization and hybridization as well as autoradiography of

the signals were performed as described for Southern blot anal-

ysis.

2.6. Dot-blot analysis

Dot blots were made using a Bio-Dot apparatus (Bio-Rad, Glatt-

brugg, Switzerland) as described in [24]. Four micrograms of total

RNA, or corresponding amounts of calf liver RNA type IV (Sigma,

Deisenhofen, Germany) were denatured in 6USSPE (20USSPE=20

mM EDTA, pH 7.4, 3 M NaCl, 0.2 M sodium phosphate, pH 7.4)

containing 20% deionized formaldehyde for 15 min at 55³C and then

chilled on ice. Two volumes of ice cold 15USSPE were added and the

samples were applied to a GeneScreen membrane (NEN, DuPont,

Bad Nauheim, Germany). Prehybridization and hybridization were

performed as described for Southern blot analysis. The membranes

were washed twice for a few minutes in 0.3USSC, 0.5% SDS at room

temperature and twice for 30 min in the same bu¡er at 60³C. Auto-

radiography and quanti¢cation of the signals were performed with a

PhosphorImager. Fold induction was calculated by dividing the signal

strength of the experimental sample by the signal strength of the 0 h

value. All experiments were performed in duplicate, but data for only

a single series are shown.

2.7. Isolation of potential full-length clones corresponding to EST2

To isolate potential full-length cDNA clones corresponding to

EST2, a size selected Arabidopsis thaliana cDNA library in the vector

V ZAP (Stratagene, Zuërich, Switzerland) was made and screened in

duplicate using a

32
P-labelled EST2 fragment as probe. Twenty clones

were plaque-puri¢ed and both strands of the largest cDNA clone

(named AtMRP) were sequenced using the primer walking method

[21].

Sequencing was performed using the dye terminator sequencing kit

(Perkin Elmer, Kuësnacht, Switzerland) and an ABI Prism 373A Se-

quencer (Perkin Elmer).

3. Results and discussion

For a better understanding of the function of ABC trans-

porters in the cellular detoxi¢cation of plants, we performed a

BLAST search [25] in the Arabidopsis thaliana dbest library

[26] and checked for sequences similar to the human (MRP)

and yeast (YCF1) glutathione conjugate transporters. We

found four distinct sequences highly similar to those of known

glutathione conjugate transporters. The genes corresponding

to these ESTs were named EST1 (originally EST 39B12T),

EST2 (EST 107J19T7), EST3 (EST 147I22T7) and EST4

(EST ATTS1601), respectively (Fig. 1). The presented results

will illustrate the high practical value of ESTs as probes for

the analysis of gene expression.

Since the available sequences of these four ESTs were not

all overlapping, we sequenced them completely to ensure that

they correspond to four distinct genes. These sequences were

indeed di¡erent, and the identities of the coding regions of

these cDNAs with respect to MRP and YCF1 were in the

range of 50% (Fig. 1). The sequence comparison indicated

that the four plant sequences are more closely related to
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Fig. 1. Alignment of the deduced amino acid sequences of four

ESTs of Arabidopsis thaliana which show similarity to MRP and

YCF1, two well-characterized ABC transporters of the MRP class

from human and yeast, respectively. The two Walker A and B mo-

tifs and the ABC domains are highlighted as A, B and ABC, re-

spectively. The Genbank accession numbers for the sequences are

U96398, U92650, U96399, U96400 for EST1 to EST4 respectively.
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each other than to either MRP or YCF1. Genomic Southern

blot analysis with Arabidopsis DNA indicated that all EST

clones truly derived from Arabidopsis and that the corre-

sponding sequences in the library are therefore not due to

contaminating bacterial or fungal sequences in the cDNA

library used to generate the dbest sequences (Fig. 2).

ABC transporters have been reported to occur both as `half

size' transporters (with molecular weights of 70^90 kDa) com-

posed of one hydrophobic and one hydrophilic domain con-

taining the ATP-binding cassette, and full size ABC trans-

porters (140^170 kDa) which contain two domains each

[16]. Northern blot analysis using the four cDNAs as probes

revealed that the corresponding mRNAs have a uniform size

of W5.5 kb, indicating that the corresponding genes code for

full size ABC transporters (Fig. 3).

The expression of the di¡erent ABC transporter genes was

studied in response to metolachlor, CDNB, primisulfuron,

IRL 1803, and cadmium (Fig. 4) to gain information on their

functions. The ¢rst step in the detoxi¢cation of metolachlor,

an acetanilide-type herbicide, and of CDNB is their conjuga-

tion to glutathione. It had already been shown that treatment

of Arabidopsis plants with CDNB resulted in a 2-fold increase

in the activity of the vacuolar glutathione conjugate trans-

porter [27]. Primisulfuron, a sulfonylurea-type herbicide which

inhibits the biosynthesis of branched chain amino acids [28], is

predominantly detoxi¢ed by conjugation to glucose after a

hydroxylation reaction involving a cytochrome P450-depend-

ent monooxygenase [29], while a minor part is hydrolyzed.

IRL 1803, an experimental herbicide inhibiting histidine syn-

thesis [20], is known to be only poorly inactivated in plants

(K. Kreuz, personal communication), but a conjugation of

IRL 1803 via the OH-group with glucose could potentially

lead to its detoxi¢cation. Cadmium induces the synthesis of

phytochelatins ([Q-glu-cys]n-gly) which are involved in heavy-

metal detoxi¢cation [30], and the synthesis of glutathione, the

precursor of phytochelatins, is also enhanced in response to

heavy metal exposure.

The strongest increase in the abundance of transcripts was

observed for EST2-speci¢c transcripts in plants treated with

either primisulfuron or IRL 1803. Interestingly, these two

compounds with completely di¡erent structures (Fig. 5),

both of which may, however, be detoxi¢ed by glucosylation,

induce the accumulation of the EST2-speci¢c transcript.

Therefore, it would be interesting to see whether both com-

pounds also induce genes encoding other enzymes involved in

detoxi¢cation processes (e.g. GST, cytochrome P450-depend-
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Fig. 4. Chemical structures of the xenobiotics with which Arabidop-

sis plants were treated to analyze the expression of the genes corre-

sponding to the four ESTs.

Fig. 3. Northern blot analysis of transcripts corresponding to the

four ESTs. Poly(A)

�
RNA (5 Wg) from Arabidopsis plants was sub-

jected to Northern blot analysis using the same probes as for the

Southern blot analysis (Fig. 2). RNAs of di¡erent length (BRL,

Basel, Switzerland) were used as size markers (nucleotides U10

33
).

Ori: origin.

Fig. 2. Southern blot analysis with chromosomal Arabidopsis DNA.

High molecular weight DNA was digested with the restriction en-

zymes EcoRI (E), HindIII (H) or NotI (N) and subjected to South-

ern blot analysis using the cDNAs corresponding to the ESTs as ra-

diolabeled probes. The 1 kb ladder (BRL, Basel, Switzerland) was

used as size marker. Ori: origin.
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ent monooxygenase). IRL 1803 has been shown to induce the

expression not only of genes of histidine biosynthesis but also

of those involved in the synthesis of aromatic amino acids,

lysine and purines [20], indicating the occurrence of cross-

pathway regulation in plants. In the same study [20], an in-

crease in transcripts corresponding to two enzymes involved

in tryptophan biosynthesis, i.e. anthranilate synthase and

phosphoribosyl-5-aminoimidazol synthetase, but not of en-

zymes involved in histidine biosynthesis, was also observed

in response to primisulfuron treatment. Taken together with

these results, our data indicate that the EST2 gene product is

either directly involved in the detoxi¢cation of primisulfuron

and IRL 1803, or that it is involved in the transport of com-

pounds (e.g. amino acid conjugates) which are only indirectly

linked to the detoxi¢cation of the xenobiotics.

A 3- to 4-fold increase in abundance of EST2-speci¢c tran-

scripts was induced by CDNB. Cadmium and metolachlor

had no signi¢cant e¡ect, and this despite the fact that

CDNB and metolachlor are detoxi¢ed via glutathione conju-

gation. Cadmium in contrast is detoxi¢ed by complexation

with glutathione derivatives.

Comparably high increases in the abundance of transcripts

were only observed for EST3- and EST4-speci¢c transcripts

of plants treated with CDNB. Under the conditions applied,

the abundance of EST1-speci¢c transcripts was not altered by

any of the ¢ve xenobiotics tested.

The distinct accumulation pattern of certain EST-speci¢c

transcripts under de¢ned conditions indicates that the expres-

sion of the corresponding genes is di¡erentially regulated. Our

results suggest that this regulation is not strictly correlated

with the mode of detoxi¢cation of the respective xenobiotics.

On one hand, primisulfuron, and probably also IRL 1803,

which are detoxi¢ed as conjugates with glucose, strongly in-

duce EST2, on the other hand CDNB, which is detoxi¢ed as
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Fig. 5. Time courses of the relative abundances of EST1-, EST2-, EST3- and EST4-speci¢c transcripts in Arabidopsis plants treated with either

1-chloro-2,4-dinitrobenzene (CDNB), cadmium (Cd
2�
), primisulfuron (PS), metolachlor (MOC), or IRL 1803. Total RNA (5 Wg) from plants

inoculated with these xenobiotics for di¡erent periods of time was subjected to dot-blot analysis using the same probes as for Southern blot

analysis (Fig. 2).

R. Tommasini et al./FEBS Letters 411 (1997) 206^210 209



glutathione conjugate also induces EST2, EST3 and EST4 are

induced not only by CDNB, but to a certain extent also by

primisulfuron and IRL 1803 (Fig. 5).

These observations indicate that plants respond to toxic

compounds, on the one hand, with an induction of proteins

speci¢cally involved in their detoxi¢cation, and on the other

hand with an induction of proteins not obviously linked to

such a function.

A putative full-length cDNA clone for EST2 (named

AtMRP, accession number U92650) has been isolated and

sequenced. At the amino acid level, AtMRP is 34% identical

to both MRP and YCF1. Sequence comparisons (not shown)

also revealed the second ATP binding domain common for

proteins of the ABC family.
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