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Multidrug transporters form a large
class of membrane proteins present in
the cells of most organisms. These pro-
teins bind to a variety of potentially cy-
totoxic compounds and remove them

 

from the cell in an ATP- or proton-
dependent process (Zhelenova et al.,
2000). Traditionally, multidrug trans-
porters have been divided into four su-
perfamilies: the ATP binding cassette
(ABC) superfamily, the major facilitator
superfamily, the small multidrug resis-
tance family, and the resistance-nodu-
lation-cell division family. Brown et al.
(1999) defined a fifth family, called the
multidrug and toxic compound extru-
sion (MATE) family of transporters. The
MATE family is characterized by the
presence of 12 putative transmembrane
segments and by the absence of “sig-
nature sequences” specific to the other
multidrug transporter superfamilies.
MATE proteins are believed to function
as proton-dependent efflux transport-
ers, based on the genetic characteriza-
tion of two family members, NorM from

 

Vibrio parahaemolyticus

 

 and its ho-
molog YdeH from 

 

Escherichia coli

 

. Ex-
pression of these proteins in 

 

E. coli

 

confers resistance to various antibiotics
and antimicrobial agents that is depen-
dent on the maintenance of a proton
gradient across the plasma membrane.
MATE genes are abundant in bacteria
and plants—the Arabidopsis genome
contains at least 54 MATE family mem-
bers—but have not been found in mam-
mals. Aside from NorM and YdeH, very
little functional information is available
on these proteins.

 

In this issue of 

 

The Plant Cell

 

, 

 

Diener
et al. (pages 1625–1637)

 

 describe the
functional analysis of the MATE gene

 

ALF5

 

 in Arabidopsis. The 

 

alf5

 

 mutant ex-
hibits greatly inhibited formation of lateral
roots when grown in commercial Bacto
agar (Figure 1). Interestingly, it was found

 

Move It on Out with MATEs

 

that the mutant produced roots that were
indistinguishable from wild-type roots
when grown in soil, in a different brand of
agar, or in extensively washed Bacto
agar, suggesting that the 

 

alf5

 

 mutation
caused sensitivity to a soluble contami-
nant present in the Bacto agar. The 

 

alf5

 

locus was cloned and found to contain a
29-bp deletion in a gene, 

 

ALF5

 

, that en-
codes a MATE family integral membrane
protein. Gene expression analysis using

 

AFL5

 

 fused to the 

 

�

 

-glucuronidase re-
porter gene in transgenic plants indicated
that the 

 

ALF5

 

 gene is highly expressed in
the root epidermis and cortex. In addi-
tion, expression of 

 

ALF5

 

 in yeast con-
ferred resistance to the toxic cation
tetramethylammonium, supporting the
conclusion that ALF5 is a functional
MATE efflux transporter.

 

PLANTS AS “GREEN LIVERS”

 

Plant cells, like the cells of most organ-
isms, are capable of removing a large
number of potentially toxic compounds
from the cytoplasm. In plants, these
compounds are either sequestered in
vacuoles or transported to the cell wall.
Toxic compounds may be of xenobiotic
origin or produced endogenously (e.g.,
phenolics, flavonoids, and phytoalex-
ins). The bronze-colored phenotype of
the 

 

Bronze2

 

 mutation in maize, for ex-
ample, is caused by the inability of the
mutant to transport anthocyanin from

 

the cytosol to the vacuoles. 

 

Bronze2

 

 en-
codes a glutathione transferase (Marrs et
al., 1995), and the mutant is unable to
carry out conjugation of anthocyanin
with glutathione, a necessary step be-
fore transport of conjugated glutathione
to the vacuole.

Sandermann (1992) likened plant me-
tabolism of toxic compounds to that of

the mammalian liver because of the
presence and activity of cytochrome
P450 monooxygenases and glutathione
transferases, which resemble the two
major enzyme systems of the liver. Plant
cytochrome P450s and glutathione
transferases are involved in the first two
phases of detoxification of a number of
polychlorinated and polycyclic hydrocar-
bons and related xenobiotic compounds
as well as endogenous toxins. In phase I,
cytochrome P450s prepare a substrate
for phase II via hydroxylation, and phase
II glutathione transferases carry out the
conjugation of the hydroxylated com-
pound to reduced glutathione. Subse-
quently, phase III involves the transport
of the glutathione conjugate out of the
cytoplasm to the vacuole or cell wall.
There is good evidence that multidrug
transporters of the ABC superfamily are
involved in the transport of glutathione
conjugates in plant cells (Rea et al.,
1998; Theodoulou, 2000). Sandermann
(1992) described plants as “green livers”
that might act as a global sink for envi-
ronmental pollutants of this nature. The
presence of MATE efflux proteins in
plants, which are presumed to carry out
transport of lipophilic cations and related
compounds that are not glutathione con-
jugates, broadens the scope of this con-
cept and opens up more possibilities for
plant biotechnology.

 

EVOLUTIONARY PLANT TRICKS

 

Despite the wide range of chemically
and structurally distinct substrates for
multidrug transporters, transporters of
all five superfamilies show a preference

 

for hydrophobic (lipophilic) cations, such
as quaternary ammonium antiseptics
(Stermitz et al., 2000). Lipophilic cat-
ions, such as berberine alkaloids, are
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commonly produced by plants. Lewis
(1999) proposed that berberine alka-
loids represent a larger group of cat-
ionic toxins that fueled the evolution of
microbial multidrug transporters. Inter-
estingly, Stermitz et al. (2000) found

 

that several plant species in the genus
Berberis, which produce berberine, also
produce an inhibitor of multidrug trans-
porters, identified as 5

 

�

 

-methoxyhyd-
nocarpin. Berberine exhibited relatively
weak antimicrobial action, presumably

 

because of its efflux from bacterial cells
by multidrug transporters. 5

 

�

 

-Methoxy-
hydnocarpin had no antimicrobial activity
alone, but it strongly potentiated the ac-
tion of berberine and other toxins against
the growth of 

 

Staphylococcus aureus

 

.
This finding suggests that the main
function of some microbial multidrug
transporters is resistance against plant-
produced antimicrobial compounds.

Aside from plant–pathogen interac-
tions, one habitat in which bacteria are
likely to encounter toxic plant com-
pounds is in root nodules. In 

 

Rhizobium
etli

 

, multidrug transporters have been
found to play an important role in nodu-
lation of bean (

 

Phaseolus vulgaris

 

).

 

RmrA

 

 encodes an 

 

R. etli

 

 multidrug ef-
flux pump gene that is induced by fla-
vonoids released from the roots of 

 

P.
vulgaris

 

, and mutations in this gene
were found to reduce nodulation in the
bean by an average of 40% (Gonzalez-
Pasayo and Martinez-Romero, 2000).

Another habitat in which bacteria
might commonly encounter plant toxins
is in the stomachs of herbivores. In 

 

E

 

.

 

coli

 

, the transcription repressor MarR
binds various phenolic compounds
such as salicylate and regulates the ex-
pression of two multidrug transporters
to produce a more effective efflux
pump system. Sulavik et al. (1995) sug-
gested that drug resistance in 

 

E. coli

 

 is
thus enhanced when the bacteria re-
side in an omnivore gut rich in plant an-
timicrobial compounds.

 

DIVERSITY OF FUNCTIONS FOR 
MULTIDRUG TRANSPORTERS

 

It is apparent that multidrug transport-
ers constitute large superfamilies in
plants, as in other organisms. The Ara-
bidopsis genome contains at least 60
open reading frames for ABC trans-
porters (Davies and Coleman, 2000). As
with the less well known MATE family,
the function of the majority of these
genes is unknown, but characteriza-
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Figure 1. Roots of Wild-Type (Top) and alf5 Mutant Plants Grown in a Commercial Agar.

As a result of the disruption of the ALF5 gene, which encodes a MATE family efflux transporter,
the roots of the mutant are sensitive to a contaminant in the agar. The figure was provided by
Gerald Fink.
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pression of the 

 

EmrAB

 

 transporter
gene is relieved by binding of the EmrR
repressor to various neutral compounds.
It is interesting to speculate that multi-
drug sensors also will be found to con-
trol the expression of plant transporter
genes such as 

 

ALF5

 

, whose principal
function appears to be the efflux of
toxic compounds.
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tion of a few family members suggests
a multiplicity of functions in plant
growth and development within the su-
perfamily, in addition to their role in the
transport of xenobiotic compounds.

Sidler et al. (1998) showed that an Ar-
abidopsis ABC transporter, AtPGP1, is
involved in the regulation of hypocotyl
elongation during photomorphogene-
sis. Under certain light conditions, plants
overexpressing 

 

PGP1

 

 developed longer
hypocotyls, whereas plants with inhib-
ited expression of 

 

PGP1

 

 produced
shorter hypocotyls compared with the
wild type. Hypocotyl elongation in the
dark was unaffected by alterations in

 

PGP1

 

 expression. In wild-type plants, the

 

AtPGP1

 

 gene was found to be expressed
in the plasma membrane of root and
shoot apices, and the authors proposed
that AtPGP1 is involved in the transport
of a signal molecule, such as a peptide
hormone, from the shoot apical region.

Some mammalian ABC transporters,
such as the cystic fibrosis transmem-
brane conductance regulator (CFTR)
and the sulfonylurea receptor (SUR),
have been shown to act as ion chan-
nels and/or channel regulators. CFTR
functions as an outwardly rectifying Cl

 

�

 

channel that also regulates other ion
channels, and the SUR acts as an ATP-
dependent K

 

�

 

 channel (Theodoulou,
2000). Some researchers have begun
to look for such activity among ABC
transporters in plants and have found
evidence that ABC proteins may func-
tion as ion channel regulators in
guard cells. Gaedeke et al. (2001) and
Leonhardt et al. (1999) have investi-
gated a slow ion channel in Arabidopsis
guard cells that shows CFTR-like char-
acteristics and that may coordinate the
efflux of K

 

�

 

 and other ions during sto-
matal closure.

The MATE transporter superfamily
also may cover a diverse range of func-
tions in plant growth and development.
Debeaujon et al. (2001) recently reported
that the 

 

TRANSPARENT TESTA12

 

(

 

TT12

 

) gene encodes another MATE
family member in Arabidopsis. The

 

function of TT12 appears to be in
controlling the vacuolar sequestration
of flavonoids in the seed coat (testa)
endothelium. Because of their high
chemical reactivity, flavonoids are toxic
endogenous compounds that must be
removed from the cytoplasm after their
synthesis and sequestered in the vacu-
ole or cell wall. There is evidence that
they function as protectants against UV
light damage, oxidative stress, and
pathogen attack. The mutant seeds,
lacking the function of the TT12 MATE
protein, appear to be unable to trans-
port and accumulate flavonoids in the
vacuoles of the seed coat endothelium.
The seeds are pale in color and also
show reduced seed dormancy, sup-
porting the idea that flavonoids play an
important role in seed biology (Winkel-
Shirley, 1998). Thus, it appears that we
can expect a multiplicity of functions in
growth and development for the many
other plant MATE family members. Sur-
prisingly, Diener et al. found a second
open reading frame at the 

 

alf5

 

 locus,

 

LAL5

 

, which lies immediately down-
stream of 

 

ALF5

 

 and encodes a polypep-
tide with 83% identity to ALF5. It is not
known if 

 

LAL5

 

 is expressed, and this
needs to be determined, but the au-
thors reported that the gene appeared
to be intact in the 

 

alf5

 

 mutant. If the
gene were expressed, it would appear
to be functionally distinct from 

 

ALF5

 

.
The discovery of multidrug sensors

that regulate the expression of some
microbial multidrug transporters sug-
gests that the main function of these
transporters is the efflux of xenobiotic
toxins (Lewis, 1999). At least three mul-
tidrug sensors have been identified.

 

BmrR

 

 is a transcription factor in 

 

Bacil-
lus subtilis

 

 that activates the expression
of the multidrug transporter gene 

 

Bmr

 

in response to binding a number of hy-
drophobic cations, many of which are
also substrates of the Bmr protein. In 

 

S.
aureus

 

, the QacA multidrug transporter
gene is repressed by QacR, and bind-
ing of QacR to various cations induces

 

QacA

 

 expression. And in 

 

E. coli

 

, re-
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APO2001: A Sexy Apomixer in Como

 

Long before promiscuity was discov-
ered to bear significant risk, many flow-
ering plants had partially abandoned
the pleasures of their sexual life to
evolve one of the most intriguing repro-
ductive alternatives found in nature.
Apomixis is an asexual method of re-
production through seed that circum-
vents meiosis and fertilization to
culminate in the autonomous develop-
ment of an embryo. Thus, unlike sexual
reproduction, which yields genetically
diverse progeny, apomixis produces
clonal offspring. The production of
clonal, genetically identical, seed bears
great potential for applications in plant
breeding and seed production (Hanna
and Bashaw, 1987; Savidan, 1992;
Koltunow et al., 1995). Apomixis has
evolved several times independently
from sexual ancestors and can be
viewed as a modification of the sexual
reproductive program. In angiosperms,
sexual reproduction entails complex in-
teractions between a variety of tissues.
Female reproductive development oc-

curs in a specialized organ, the ovule,
where usually a single cell becomes
committed to the reproductive path-
way (the megaspore mother cell, or
MMC). After meiosis, a single reduced
product, the functional megaspore, di-
vides mitotically to form the mature fe-
male gametophyte or embryo sac. The
usually seven-celled embryo sac con-
tains the egg cell and the binucleate
central cell, both of which get fertilized.
In the male reproductive organs, meio-
sis produces a tetrad of reduced
spores, all of which divide mitotically to
form the male gametophytes (pollen).
The male gametophyte consists of two
sperm cells, which are contained in a
large vegetative cell that delivers the
sperm cells to the female gametophyte.
During double fertilization, one sperm
fuses with the egg to form the zygote
and the second sperm fuses with the
central cell to form the endosperm.

In apomictic plants, this sexual de-
velopmental program is bypassed or
deregulated at various steps (Koltunow,

 

1993; Grossniklaus, 2001): (1) meiosis
is altered or absent to produce an unre-
duced female gametophyte with the full
complement of maternal chromosomes
(apomeiosis); (2) fertilization is avoided,
producing an autonomous embryo (par-
thenogenesis); and (3) endosperm de-
velopment is initiated autonomously or
sexually; in the latter case, embryo sac
development or fertilization is often mod-
ified to adjust to a different genomic
context (Savidan, 2000; Grossniklaus
et al., 2001). In contrast to the modified
female reproductive program, pollen
formation usually is unaffected in
apomicts.

During the last two decades, the in-
troduction of apomixis into sexual crops
has been perceived as one of the most
promising challenges faced by agricul-
tural biotechnology. Apomixis could al-
low the fixation of any genotype, however
complex, including that of high yielding
F1 hybrids. The enormous potential of
this trait was realized as early as the
1930s by Navashin and Karpenko
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