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Single amino acid substitutions in the D 1 protein of photosystem II may cause resistance to
various herbicides. In all organisms studied these substitutions are located in or between hel-
ices IV and V of the protein. The increasing number of herbicide-resistant organisms necessi-
tates development of a rapid methodology to characterize deviations from the wildtype se-
quence. Here, two procedures are described to identify mutations in the psbA gene, which is
coding for D 1. These procedures involve the isolation and amplification of DNA and RNA
and subsequent sequencing reactions without the need to clone the pshA gene. A triazine-re-
sistant and a -susceptible biotype of Chenopodium album were used as model species. An A to
G transition, giving rise to a serine to glycine mutation at position 264 in the D 1 protein, is

found in the resistant plant.

Introduction

From many higher plants, triazine-resistant bio-
types have been found. In algae, cyanobacteria
and photosynthetic bacteria mutants resistant to
various herbicides have been induced. The resist-
ance is caused by a decreased binding affinity of
the herbicide to the target protein, the D1
(32 kDa, herbicide binding) protein of photosys-
tem II (PSII). This prevents the herbicide from
displacing the secondary quinone electron accep-
tor Qg from its binding site, thus assuring an un-
interrupted electron transport from PSII to the
quinone pool in the presence of the herbicide. In
several weed species, triazine- or DCMU-resist-
ance was found to be related to a single amino acid
substitution at position 264 in D 1 [1—6]. The part
of the protein containing the substituted amino
acid residue is located towards the outside of the
thylakoid membrane between transmembrane hel-
ices IV and V [7]. It provides the binding sites for

Abbreviations:  CTAB,  cetyl-trimethyl-ammonium-
bromide; D 1, PS II reaction center protein carrying ac-
ceptor Qg DCMU, 3-(3.,4-dichlorophenyl)-1,1-dimeth-
ylurea; PCR, polymerase chain reaction; PS II, photo-
system II; Qg, secondary quinone electron acceptor of
PS II.
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the PS II electron acceptor Qyg, as well as for many
different classes of PS II herbicides.

The D1 protein is encoded by the psbA gene.
This gene is highly conserved in plants, algae and
cyanobacteria. It is located on the circular chloro-
plast genome [8, 9]. This molecule exists in up to
several hundreds of identical copies per chloro-
plast, comprising about 1% of total plant DNA.
The complete chloroplast DNA sequences were
determined in several higher plants [10, 11], where-
as pshbA sequences are available from many organ-
isms (see e.g. [1—6, 12—15]). The D 1 protein is one
of the most abundant chloroplast proteins, with a
high rate of turnover in the light [9, 16]. Like its
product, pshA mRNA is present in large amounts,
especially in plants grown under high-light inten-
sity [17].

The analysis of herbicide-resistant mutants has
become an important tool for the understanding
of herbicide-protein interactions. The increasing
number of genetically transformed organisms re-
quires a fast method to determine mutations. Two
such methods are described here using triazine-re-
sistant and -susceptible Chenopodium album as a
model plant. The first method described involves
direct DNA sequencing of isolated total plant
DNA, using the Sanger dideoxy chain termination
method [18]. The second method can be used for
mRNA sequence analysis. This procedure has
already been applied to Chlamydomonas and
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Euglena pshA mRNAs [23]. The method proved to
work in higher plants as well.

In both procedures, the polymerase chain reac-
tion (PCR) can be used to amplify the pshA DNA
or make sufficient amounts of cDNA (via a single
reverse transcriptase reaction) from mRNA. In
this case, only very low amounts of plant material
are required.

Materials and Methods
Plant material

Leaves were collected from wildtype and a tri-
azine-resistant biotype of common lambsquarters
(Chenopodium album L.). Isolated thylakoids from
the resistant biotype showed a 1000-fold decrease
in sensitivity to triazine compounds as compared
to the wildtype. The measured pl;, of the mutant is
4—4.5, that of the wildtype 7.5. Cross-resistances of
this mutant were described before[19].

Nucleic acid isolation

Plant DNA and RNA were isolated simulta-
neously by a modification of the cetyl-trimethyl-
ammonium-bromide (CTAB) nucleic acid precipi-
tation method as described by Taylor and Powell
[20].

Leaf material (10 g) was frozen in liquid nitro-
gen and ground in a cooled mortar. Immediately
2% (w/v) of B-mercaptoethanol and 10 ml boiling
extraction buffer (2% (w/v) CTAB, 1.4 M NacCl,
20 mMm EDTA and 100 mMm Tris-HCI, pH 8) were
added. After cooling down to 50 °C, the mixture
was extracted with chloroform/iso-amylalcohol
(24/1). The aqueous phase was collected. Then
2ml 10% (w/v) CTAB/0.7 M NaCl was added and
the extraction repeated. The upper phase was pre-
cipitated with 10 ml precipitation buffer (1% (w/v)
CTAB, 10 mm EDTA, 50 mm Tris-HCI, pH 8 and,
freshly added 1% B-mercaptoethanol). After
30 min the precipitated nucleic acids were collected
by centrifugation. The pellet was resuspended in
20 ml solution containing 1 M CsCl, 50 mm NaCl,
SmMm EDTA and 50 mm Tris-HCI, pH 8 and care-
fully loaded on a cushion of 5.7 M CsCl, 50 mm
NaCl, 5mMm EDTA and 50 mm Tris-HCI, pH 8.
After centrifugation for 15 h at 107,000 x g RNA
was pelleted, while DNA banded around the inter-
face. The nucleic acids were further purified by 2
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ethanol precipitations and resuspended in 1 mm
EDTA, 10 mm Tris-HCI, pH 8. Gel electrophore-
sis, blotting and hybridization were performed
according to standard procedures [21].

DN A amplification

For DNA sequence analyses the PCR technique
[22] was used to sequence DNA from a very small
amount (less then 1 pg) of total DNA. Two oligo-
nucleotides, synthesized on an Applied Biosystems
model 381 A DNA synthesizer, of 23 and 20
nucleotides length were used (5° CC*/GTTTA?/
<GTTGAAAGCCATAGT and 5 GT4/
tGCTGGTGTATTCGG"/-GG). The first one
hybridizes to bases 874—896 of the RNA-like
strand, the other to bases 604—623 of the coding
strand [12]. Sequences were chosen to match most
known psbA genes from higher plants and Chla-
mydomonas. Amplification of the 293-base frag-
ment was performed in 100 pl buffer containing
20 nmol of each primer, 0.1 mm of each of the 4
deoxynucleotides, 0.05% (v/v) Nonidet P40,
0.05% (v/v) Tween-20, 3 mm MgCl, and 10 mm
Tris-HCI, pH 8.0. About 2—3 units of Taq-poly-
merase (BRL) were used for each amplification.
The number of amplification cycles was 40, with
temperatures of 40 °C (annealing, 1 min), 55°C
(chain elongation, 3 min) and 92 °C (denaturation,
1 min). After completion of the reactions, samples
were allowed to stand at room temperature for
10 min, in order to assure renaturation of single-
strand DNA.

Sequence analysis

The RNA sequencing reactions were performed
as described [23] using 2 ul AMYV reverse transcrip-
tase (15 u/ul). For DNA sequence analysis about
25 pg of total nucleic acid or 0.1 pg of amplified
fragment was used as a template for standard se-
quencing reactions. In both types of reactions
5x10° cpm 5-[*?P]-labeled synthetic primer
(5 GG*/;GTS/,AACCAAATACC) was used. It
is complementary to the mRNA in the region from
bases 744 to 761.

Using a third oligonucleotide for sequencing a
PCR fragment avoids the need to remove excess of
amplification primers, which is necessary when ei-
ther of these is to be used in the sequencing reac-
tions. Fragments were separated on 8% polyacryl-
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amide-urea sequencing gels, electrophoresed at
70 W. After running, gels were exposed to Kodak
X-Omat AR X-ray film using an intensifying
screen at —80 "C.

Results and Discussion

The binding environment on the D I protein for
many herbicides is the region between the mem-
brane spanning helices IV and V [7]. This part of
the protein, located between amino acid residues
211 and 275, is the region where all mutations
causing PS Il-herbicide resistance investigated
until now are located [6, 24]. For the analysis of a
triazine- or DCMU-resistant mutant, it seems jus-
tified to assume that the mutation is located within
this fragment of D 1. Thus, it seems unnecessary to
determine the complete pshA DNA sequence.
Using one single primer, a stretch of at least 200
nucleotides can easily be read on a single gel.

The psbA nucleotide sequence shows large ho-
mologies between different species. This allows the
use in many photosynthetic organisms of a selec-
tive synthetic probe as a universal primer, using
either DNA or mRNA as a template for synthesis
of a complementary DNA strand in the presence
of dideoxy nucleotides [23]. When this probe is 5'-
labeled with a [y-*’P]nucleotide, the synthesis can
be performed without using any further radioac-
tive labels. The advantage is a signal of constant
intensity, independent of the length of the synthe-
sized fragment.

Using 10 g (fresh weight) leaf material, 100—
150 pg DNA and 3—4 mg RNA could be isolated.
The isolated DNA could be cut completely with
restriction endonucleases without additional puri-
fication by CsCl-ethidium bromide equilibrium
centrifugation. In the RNA preparation several
distinct bands of rRNA could be discriminated by
agarose gel electrophoresis.

Isolated total DNA from Chenopodium album
(0.5 pg) was used as template in a PCR amplifica-
tion experiment, in combination with the 20- and
23-mer primers described above. One-tenth of the
reaction mixture was loaded on an 0.8% agarose
gel and stained with ethidium bromide (Fig. 1).
Except for the desired fragment, no amplification
products could be detected. This indicates that the
primer combination is specific for the pshA se-
quence.
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Using the described 17-mer primer the psbA se-
quence could be determined in the region coding
for D1 amino acid residues 280 down to 220. In
Fig. 2 an autoradiograph is shown of the Chenopo-
dium album psbA-DNA, containing the mutation
giving rise to triazine resistance. The results are
summarized in Table I.

In the part of the Chenopodium psbA gene
shown in Table I, not considering codon 264, 22
nucleotide differences were detected compared to
Chlamydomonas. This indicates more than 85%
homology on the DNA level. Only 8 bases differ

R BRI

Fig. 1. Agarose gel electrophoresis from a 293-bp ampli-
fication product of the pshA gene, spanning the region
between transmembrane helices IV and V. F = frag-
ment, M = 123-bp DNA ladder.
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Fig. 2. Autoradiograph of Chenopodium album total

DNA sequence analysis. Arrows indicate the site of mu-
tation (base 790). S = sensitive, R = resistant biotype.
Letters above lanes indicate bases of the synthesized
cDNA strand.
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Table 1. Partial sequence of the pshA gene product of Chenopodium album, wild type and a triazine-resistant mutant.

s 230 240
1 GAAACA ACT GAAAAC GAATCA GCT AAC GAAGGTTAC CGT TTC GGT CAA GAAGAAGAA
2 C A T L (& A A A T G
3 T A T T T G A A G G
S T A T T T G A A G G
R T A T T T G A A G G
250 260

1  ACT TAC AAC ATT GTA GCT GCT CAT GGTTAC TTT GGT CGT CTA ATC TTC CAA TAC GCT
2 T C (& T T T AT G T T
3 T T T T T C AT G il i)
S T T T T C C AT G T T
R T T T T C C AT G T T

264 270 280
1 TCT TTC AAC AACTCT CGT TCA TTA CAC TTC TTC TTA GCT GCT TGG CCG GTA
2  AGT N G
3 AGT T T
S AGT T T
R  GGT T T

1 = Chlamydomonas reinhardtii [12]; 2 = Amaranthus hybridus [3]; 3 = Chenopodium album [25]; S = Chenopodium
album, wildtype; R = Chenopodium album, triazine-resistant biotype. The table was constructed from sequencing
results obtained with both total DNA and mRNA sequence analyses. Indicated are nucleotides different from
those found at the same positions in Chlamydomonas reinhardtii [12]. The codon 264 causing a Ser—Gly mutation is

indicated in bold lettering.

from the sequence as found in the corresponding
part of Amaranthus hybridus, and 1 mutation dis-
tinguishes our Chenopodium album from another
line of Chenopodium album as described by Bettini
et al. [25]. These mutations are all silent, i.e. none
of them leads to a different amino acid sequence of
the D1 protein. In the mutant the codon 264
(AGT) of the wildtype, coding for serine, is
changed to GGT (glycine). This leads to the incor-
poration of glycine in the D1 protein. Apparently
this changes the binding environment for the tri-
azine herbicides, causing the observed resistance.
Presumably the ability to form an H-bond with the
herbicide is lost, which results in a weaker binding,
and correspondingly faster release from the site.
This property seems to be the direct reason of the
resistance, rather than a decrease in the rate of
binding [6].

The number of triazine-resistant weed species is
steadily increasing (e.g., [26]). Almost all triazine-
resistant biotypes analyzed until now, including
the Chenopodium album described here, have an al-
teration of serine-264 into glycine. In case only a
little plant material is available, the PCR technique
may become a convenient and fast method to speci-
fically amplify pshbA-DNA from newly found resis-
tant biotypes, in order to search for mutationsin the
D 1 protein.
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