
Introduction

Common ragweed (Ambrosia artemisiifolia L.) is
native to North America, but can also be found in
Japan, Australia and Europe. Within a few de-
cades, ragweed has became one of the most inva-
sive weeds in Central Europe. Over the last 11
years it has become the most widespread weed in
the Carpathian Basin, which is the area most
heavily colonized by this weed on the old conti-
nent.

Being the most significant pollen allergen, rag-
weed poses a serious threat to human health. The
problem can be illustrated by the fact that about
20% of the Hungarian population suffer from pol-
len allergy, which is mainly caused by ragweed
pollen pollution (Makra et al. 2004). Ragweed
pollinosis has also been documented in Korea and
Japan (Kusunoki et al. 1999). Mechanical and
chemical control is applied against ragweed. Her-
bicides containing atrazine derivatives have been
used for decades in agriculture, but this has led to
the evolution of tolerant biotypes.

The maternally inherited atrazine resistance in

various weeds and cultivated plants is caused by

a point mutation in the psbA chloroplast gene,

which encodes the D1 protein. An A to G substitu-

tion was found in position 790 of the psbA gene,

which leads to a serine to glycine change at the

amino-acid level (Botterman and Leemans 1988;

Rios et al. 2003). The D1 polypeptide has a deci-

sive role in the electron transport of photosystem

II. Atrazines bind to the D1 protein and block its

electron transfer activity (Mazur and Falco 1989).

The point mutation occurs at the binding site of the

polypeptide, and allows the D1 protein to function

even in the presence of atrazine.
Demesure et al. (1995) developed a primer pair

for the flanking regions of the psbA gene
(trnH+trnK regions), which can detect an about
1800 bp sequence including the psbA gene. A 277
bp internal fragment of the psbA gene, containing
the point mutation, can be revealed in Amaranthus
spp., Brassica sativa, and Chenopodium spp., by
using a primer pair developed by Cheung et al.
(1993). Atrazine-resistant genotypes can be differ-
entiated from the wild type by the restriction en-
zyme digestion of the psbA gene, as the BstXI
restriction endonuclease has a recognition site in
the mutant type (Thomzik and Hain 1988), while
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MaeI has a recognition site in the wild type
(Cheung et al. 1993).

Gene regulatory regions, such as the promoter

and the 5’UTR (5’-untranslated region), control

gene transcription, as well as gene translation, re-

spectively. In light-grown plants the psbA is the

most highly transcribed and stabilized mRNA dur-

ing chloroplast maturation (Kim et al. 1993; May-

field et al 1995). The psbA promoter is a

well-characterized promoter, whose conserved el-

ements: “–10” (TATAAT) and “–35” (TTGACA),

are recognized by plastid-encoded RNA polymer-

ase (PEP) (Igloi and Kössel 1992, Hayashi et al.

2003). The 5’UTR located between the promoter

and the coding region mediates the light-depend-

ent translation of the D1 polypeptide from psbA

transcripts (Staub and Maliga 1993), playing a de-

termining role in the post-transcriptional regula-

tion of gene expression (Shen et al. 2001).

Frey et al. (1999) reported that the chloroplast

genome of Senecio vulgaris is polymorphic, and

the level of polymorphism may vary not only be-

tween individuals, but also within single leaves of

individual plants. This phenomenon, i.e. the pres-

ence of a mixture of more than one type of plastid

DNA (or mitochondrial DNA) within a cell or in-

dividual, is called heteroplasmy. Since every plant

cell contains hundreds or thousands of cpDNA

copies, it is frequent for mutations to affect only

some of the copies, while the others remain unaf-

fected.

In Hungary the first atrazine-resistant ragweed

was found in 1992, and within 9 years this biotype

spread throughout the country (Hartmann and

Hoffmanné Pathy 2003). Despite the huge agricul-

tural and health problems caused by ragweed in

many countries, very little is known about the mo-

lecular genetics of this plant.

The main purpose of the present study was to

compare the psbA target gene of atrazine herbi-

cides in susceptible and atrazine-resistant com-

mon ragweed plants by using molecular genetic

methods. A further question was whether

heteroplasmy, could be revealed in both geno-

types.

Materials and methods

Plant material

Seeds from 48 individual plants were collected in
September from arable land where atrazine herbi-
cides have been used for a long time and tolerant
biotypes have appeared. Harvested seeds were

stored at room temperature until next March, when
the experiments were started. The germination
percentage was determined for each genotype, us-
ing 100 seeds of each mother plant. In a green-
house 50 seeds of each mother plant were sown in
pots in 4 replicates (i.e. in total 200 per mother
plant). Atrazine (2 kg ha–1) was applied before
seedling emergence on 3 replicates, while the last
one remained untreated (control). After 10 days, a
second atrazine treatment using the same dose was
applied on emerging plants of the treated repli-
cates. After recording the results of the atrazine
treatment, one descendant of each mother plant
was randomly chosen from the control, and used
for molecular genetic analyses.

Extraction of DNA

DNA was extracted on a micro-scale from young

leaves according to the method of Walbot and

Warren (1988).

Molecular characterization of the psbA gene

A 1800-bp fragment containing the psbA gene

was detected using a specific primer pair: trnH:

5’-ACG GGA ATT GAA CCC GCG CA-3’ and

trnK: 5’-CCG ACT AGT TCC GGG TTC GA-3’.

The PCR reaction was performed in a final volume

of 20 ìL, containing 50 ng of template DNA,

10 × PCR buffer (100 mM Tris-HCl, 15 mM

MgCl2, 500 mM KCl, 0.1% Triton X-100),

100 ìM of each dNTP, 0.2 ìM of both primers,

and 0.5 U of DynaZyme DNA polymerase

(Finnzymes, Finland). Amplification was carried

out in a Robocycler (Stratagene, USA) with the

following profile: 94oC for 3 min; 30 cycles of

92oC for 45 s, 55oC for 1 min, 72oC for 2 min; and

a final extension at 72oC for 10 min. The composi-

tion of the PCR reaction solution was the same for

the inner 277 bp fragment of the psbA gene as for

the larger fragment, except that the forward primer

was 5’-ATG AGG GTT ACA GAT TTG GTC-3’

(f277) and the reverse primer was 5’-AGA TTA

GCA CGG TTG ATG ATA-3’ (r277). The PCR

profile was: 94oC for 2 min; 30 cycles of 94oC for

5 s, 50oC for 10 s, 72oC for 30 s, and a final exten-

sion at 72oC for 5 min. PCR samples from the re-

sistant plants were immediately digested, using

8 U of the BstXI restriction enzyme for 4 h at 50oC,

and PCR samples from the susceptible plants with

MaeI for 4 h at 45oC. The PCR products were sep-

arated using 2% agarose (Promega, USA) gels and

stained with ethidium bromide. For the

heteroplasmy analyses, 2.5% Metaphor agarose

(Cambrex, USA) was used. The patterns were doc-
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umented and analysed with a GeneGenius gel doc-

umentation system (Syngene, UK). Molecular

weight was estimated using a 50 bp DNA ladder

(Fermentas, Lithuania).

Molecular cloning and sequencing

The pGEM-T Vector System I (Promega, USA)

was used for cloning, which was carried out ac-

cording to the producer’s manual. Sequencing was

performed on 3 atrazine-resistant and 3 suscepti-

ble samples with the help of a 3100 Genetic Ana-

lyzer (Applied Biosystems, USA).

Results

Atrazine treatments

For each mother plant the germination percentage

was found to be between 85% and 90%. The prog-

enies of 12 mother plants survived the second

atrazine treatment, while no plants germinated in

the remaining 36 progenies. In the control, all the

genotypes germinated, and in the case of the 12

tolerant genotypes there was no difference in the

number of plants between the treated replicates

and the control. These results indicated that this

type of atrazine resistance is maternally inherited

and is transmitted only by the seed.

Comparison of the psbA gene of

atrazine-susceptible and resistant genotypes

The psbA gene was isolated from wild-type and

atrazine-resistant ragweed plants by using the uni-

versal primer pair trnH+trnK (Demesure et al.

1995), designed to the flanking regions of the

psbA gene. A single 1800-bp product was ob-

tained, and a further PCR was performed with the

f277+r277; trnK+r277; f277+trnH primer pairs

for sequencing. Sequencing revealed changes in

the nucleotide order of the 2 genotypes, involving

a single base pair at position 790 of the gene (Fig-

ure 1). A to G substitution appeared in that posi-

tion in atrazine-resistant plants, causing a serine to

glycine change at the amino-acid level. A

homology search covering several hundred plant

species and lines revealed that this triplet of the

psbA gene is highly conserved in higher plants.

Nucleotide differences could only be found in

Sphagnum and in the green alga Chlamydomonas

reinhardtii, although in these cases the coded

amino-acid remained serine. The sequence data of

the atrazine-resistant type psbA gene of ragweed

have been uploaded in the DDBJ database

(AB427162).

The 277 bp internal sequence containing the

point mutation was detected using a primer pair

described by Cheung et al. (1993). The 277 bp

product could be detected in ragweed although the

sequence data showed that the 2 primers differed

for 2 nucleotides in ragweed, compared with the

f277 and r277 primers (Figure 1). New primers

were synthesized according to the ragweed se-

quence, and the same products were obtained as

with the primers of Cheung et al. (1993).

The D1 protein product of the psbA gene is

highly conserved. Only minor differences could

be found, if at all, in the deduced amino-acid se-

quence of the gene in higher plants, while the

atrazine-resistant genotypes differed only in the

serine to glycine change described above. Never-

theless, due to the degeneration of the genetic

code, there are significant differences in the nucle-

otide sequence of the psbA gene, e.g. Arabidopsis

thaliana differs in 53 nucleotides of this 1062 bp

gene, although the deduced amino-acid sequences

of ragweed and Arabidopsis are completely the
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Figure 1. The open reading frame of the atrazine-resistant

mutant of the psbA gene of Ambrosia artemisiifolia, with

the start (ATG) and stop (TAA) codons underlined. The

single nucleotide substitution causing resistance is framed

(here G, but A in the susceptible type). The 4 stars bellow

nucleotides CTAG mark the second MaeI restriction site.

Positions of the primers for the inner 277 bp fragment are

shaded, and within the shaded sequence the nucleotides

differing from the universal primers are underlined.



same. A comparison of the psbA sequences of rag-

weed and other plants is shown in Table 1.

Common ragweed psbA promoter

In A. artemisiifolia the “–10” and “–35” elements

of the promoter are in the same positions as in

other plants, and the 2 additional sequences ho-

mologous to the prokaryotic TGn motif and to the

eukaryotic TATA box were detected between

these elements (Figure 2a). The sequence outside

the promoter core context is less conserved, how-

ever. In ragweed this region is identical to that of

lettuce (Lactuca sativa, another member of the

Asteraceae).

Common ragweed psbA 5’UTR

The psbA 5’UTR sequence of ragweed was com-
pared to that of higher plants (Figure 2b). The
5’UTR of A. artemisiifolia is 75 nucleotides long,
but its length varies within species. The homology
is about 70% for the higher plants analysed, but the
5’UTR of L. sativa is identical to that of ragweed
except for one nucleotide. The 3 ribosome-binding
sites of the ragweed psbA 5’UTR are identical
with those of the other plants analysed.

Heteroplasmy

Sequencing detected a difference between the
wild-type and atrazine-resistant psbA genes in one
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Figure 2. The promoter (a) and 5’-untranslated region (b) sequences of Ambrosia artemisiifolia, compared to other plant

species. Nucleotides identical to ragweed nucleotides in the same position are shaded. The “-10” and “-35” conserved

elements in (a), and the 3 ribosome-binding sites (rbs1-3) in (b) are underlined.

As = Ambrosia artemisiifolia; Ls = Lactuca sativa; So = Spinacia oleracea; Nt = Nicotiana tabacum; Ms = Medicago

sativa; At = Arabidopsis thaliana; Bn = Brassica napus; Gm = Glycine maxima; Hv = Hordeum vulgare; Os = Oryza

sativa.

Table 1. Numbers of differences in the sequence of the psbA gene

between Ambrosia artemisiifolia and other plant species.

Open reading frame Promoter 5’UTR

nucleotides amino acids nucleotides nucleotides

Lactuca sativa 10 0 9 1

Spinacia oleracea 46 0 11 22

Nicotiana tabacum 41 0 13 20

Medicago sativa 60 4 22 14

Arabidopsis thaliana 52 1 27 13

Brassica napus 48 2 27 24

Glycine maxima 74 2 27 20

Hordeum vulgare 77 6 27 26

Oryza sativa 90 4 29 22

5’UTR = 5’-untranslated region



point mutation. The 2 genotypes can also be iden-
tified by restriction digestion. The restriction en-
zyme BstXI will cut the atrazine-resistant type at
the mutation site, while MaeI cuts the wild type at
the same site.

Digestion of the inner 277 bp fragment of the
atrazine-resistant genotype with BstXI gave an 87
bp and a 190 bp fragment, while the susceptible
type remained undigested. Due to a second restric-
tion site, 35 bp downstream from the previously
known site MaeI digestion gave 154 bp, 88 bp, and
35 bp fragments in the susceptible samples, while
in the atrazine-resistant samples 154 bp and 123
bp fragments were obtained (Figure 3). After di-
gestion, the 277 bp product could be detected near
the digested fragments in the case of both enzymes
(Figure 4). In order to avoid cross-contamination
of DNA, each sample was electrophoresed again,
the 277 bp fragment was cut out of the gel, and the
DNA was recovered. Using this DNA as a tem-
plate, a PCR was performed with the same condi-
tions as described for the 277 bp fragment. A
second digestion step was performed on the newly
obtained PCR products, but in this case the other
restriction enzyme was used. Interestingly,
atrazine-resistant samples gave a restriction pro-
file that is typical of susceptible samples, with an

extra 189 bp band (Figure 5). The restriction prod-
ucts were cloned and sequenced. The sequencing
clearly showed that the susceptible cpDNA type
was also maintained in the atrazine-resistant
plants, and both types are present in a mixed state
in the same individual. Heteroplasmy was also de-
tected for the second MaeI restriction site, because
in the absence of this site the 189 bp fragment was
not digested. In susceptible samples, the
atrazine-resistant cpDNA type could not be de-
tected, although in some samples the products typ-
ical of the tolerant genotype appeared in small
amounts, but not consistently (data not shown).

Discussion

Studies of the genetic background of

atrazine-resistance in several weed and crop spe-

cies have proved that it is caused by a point muta-

tion in the chloroplast psbA gene (Darmency

1994). In the present study, a single nucleotide

change was detected at position 790 in the psbA

gene of common ragweed, causing a point muta-

tion that resulted in the tolerant phenotype. Resis-

tance was proved to be maternally inherited. In

Hungary the first atrazine-resistant ragweed plant

was found in 1992, and after a decade this geno-

type could be found almost everywhere in the

country (Hartmann et al. 2003). The fast spread of

this maternally inherited trait is astonishing. It

could be due to the spread of the seeds with the

transportation system or to the parallel evolution

of the trait in different areas.

A homology search in the database revealed

that the D1 protein coded by psbA is a highly con-

served polypeptide, although significant differ-

ences can be observed at the nucleotide level.

Ragweed and lettuce both belong to the family

Asteraceae, but to different subfamilies:

Tubuliflorae and Liguliflorae, respectively. The
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Figure 3. Schematic band pattern of the 277 bp inner psbA

fragment in the wild (sensitive) type and atrazine-resistant

genotypes of Ambrosia artemisiifolia after digestion with

the MaeI and BstXI restriction enzymes. Numerals

indicate the size of the fragments (in base pairs).

Figure 4. Products of restriction enzyme digestion of 6 atrazine-resistant (R) and 6 susceptible (S) plants of Ambrosia

artemisiifolia. M =50 bp molecular ladder.

*BstXI cannot digest the 277 bp sensitive type fragment. That extra band after digestion is produced because the 12 bp

recognition site enzyme sticks on some of the fragments and those enzyme-fragment complexes move slower than the

undigested 277 bp fragments. Recovering this extra band from the gel and purifying it with SDS and chloroform, the 277

bp fragment can be seen when electrophoresed.



great homology of the promoter and 5’UTR re-

gions of the 2 species indicates that the variation

between their sequences in these regions appears

slowly during species differentiation. The con-

served motifs in the promoter and 5’UTR regions

of ragweed are identical to those of other plants,

but sequence variations can be detected outside

these motifs. Differences both in these regions and

in the open reading frame (ORF) increase with the

phylogenetic distance between the species.
Plastid DNA has a stable structure, where each

gene has its known location. Unlike the nuclear
genome, recombination is not a driving force for
gene evolution in the chloroplast genome. Never-
theless, there may be several hundred chloroplasts
in each photosynthesizing plant cell, and each may
contain more than 900 copies of cpDNA (Bendich
1987), which can also be considered as a reservoir
for non-deleterious hidden mutations (Frey et al.
1999). Heteroplasmy was revealed in the present
experiment. In tests on Senecio vulgaris, Frey
et al. (1999) not only found a susceptible type of
cpDNA in phenotypically triazine-resistant plants,
but also discovered intra-individual polymor-
phism. In resistant plants, differences could be de-
tected in the susceptible cpDNA content of DNA
samples isolated from small leaf discs and from
the remaining leaf tissue. In the course of the pres-
ent work, DNA was extracted from young leaves,
so the samples contained cpDNA from a large
quantity of cells and were thus representative of
the cpDNA genotype composition of the whole

plant. The low copy number of the susceptible
cpDNA type in the resistant ragweed plants in-
cluded in the experiments could explain why no
phytotoxicity symptoms were exhibited despite
the high dose of atrazine.

Atrazine derivatives have been intensively
used for 30–40 years, during which common rag-
weed has become the most widespread weed in
Hungary. Experiments are now performed under
atrazine-free conditions, to determine whether the
heteroplasmy detected in atrazine-resistant and
susceptible cpDNA genotypes could be consid-
ered as a possible cause of Dauer modifications,
i.e. whether or not the wild genotype would re-
cover from atrazine-resistant mutants after several
generations under atrazine-free conditions.
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