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Abstract Reverse-genetic studies of chloroplast genes in
the green alga Chlamydomonas reinhardtii have been
hampered by the paucity of suitable selectable markers
for chloroplast transformation. We have constructed a
series of vectors for the targeted insertion and expression
of foreign genes in the Chlamydomonas chloroplast ge-
nome. Using these vectors we have developed a novel
selectable marker based on the bacterial gene aphA-6,
which encodes an aminoglycoside phosphotransferase.
The aphA-6 marker allows direct selection for transfor-
mants on medium containing either kanamycin or
amikacin. The marker can be used to inactivate or
modify speci®c chloroplast genes, and can be used as a
reporter of gene expression. The availability of this
marker now makes possible the serial transformation of
the chloroplast genome of Chlamydomonas.
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Introduction

Since the ®rst demonstration of chloroplast transfor-
mation (Boynton et al. 1988), the ®eld of chloroplast
genetic engineering has developed rapidly. Transforma-
tion involves the high-velocity bombardment of cells
with DNA-coated microprojectiles, and has been suc-
cessfully applied to the green unicellular alga
Chlamydomonas reinhardtii and to several higher plant

species (reviewed by Erickson 1996). Early selection
methods for Chlamydomonas transformants were based
on the rescue of chloroplast deletion mutants using wild-
type DNA fragments, or the introduction of endogenous
genes carrying point mutations that confer resistance
to antibiotics or herbicides (see Boynton and Gillham
1993). A major breakthrough came with the develop-
ment of a portable dominant marker based on the bac-
terial gene aadA, which encodes an aminoglycoside
adenyltransferase. The aadA coding region was fused to
the promoter and untranslated regions (UTRs) of
endogenous chloroplast genes and shown to confer
resistance to spectinomycin and streptomycin when in-
troduced into the organellar genome of Chlamydomonas
(Goldschmidt-Clermont 1991) and higher plants (Svab
and Maliga 1993; Sikdar et al. 1998; Sidorov et al.
1999). This ``aadA cassette'' has been used extensively
for the disruption or modi®cation of numerous chlo-
roplast genes, and as a reporter of gene expression
(Rochaix 1997; Goldschmidt-Clermont 1998). Addi-
tional selectable markers have been developed for plas-
tid transformation in higher plants. These include a
kanamycin-resistance marker (Carrer et al. 1993), a
negative selection marker based on the gene for cytosine
deaminase (Serino and Maliga 1997), and a dual marker
comprising aadA fused to the gene for green ¯uorescent
protein (Khan and Maliga 1999). Unfortunately, similar
progress in the development of new dominant markers
for transformation of Chlamydomonas has not been
forthcoming, and the aadA cassette remains the only
available marker. This has complicated attempts to
manipulate di�erent regions of the chloroplast genome
by serial transformation. To circumvent this problem,
Fischer et al. (1996) devised an elegant, but elaborate,
technique for recycling the aadA cassette, in which the
removal of antibiotic selection after recovery of trans-
formants results in loss of the cassette from the genome.
This approach has proved successful for the generation
of novel deletion mutants (Redding et al. 1998) but
cannot be applied to existing aadA transformants. There
is therefore a need for additional dominant markers
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similar to aadA, that confer drug resistance and are
portable to any site on the chloroplast genome.

In this paper we describe the construction of a set of
integration/expression vectors that allow the targeting of
foreign genes to an intergenic site within the Chlamydo-
monas chloroplast genome, and their expression from
three di�erent endogenous promoters. Using these vec-
tors we have successfully introduced into the genome the
bacterial gene aphA-6, which codes for an aminoglyco-
side phosphotransferase, and shown that the gene con-
fers kanamycin and amikacin resistance on the
transformants. We demonstrate that the aphA-6 gene can
function as a selectable marker for transformation and
can be used as a portable cassette for gene disruption.

Materials and methods

Strains and media

All recombinant DNA work was carried out in the Escherichia coli
strain DH5a (Sambrook et al. 1989). The wild-type C. reinhardtii
strain CC-1021 mt+ is derived from isolate 137c (Harris 1989), and
was obtained from the Chlamydomonas Genetics Center at Duke
University (Chapel Hill, N.C.). The psbH::aadA disruption strain,
Bst-opp, has been described previously (O'Connor et al. 1998).
Cells were grown on TRIS-acetate phosphate (TAP) medium or
TRIS-minimal (Tris-min) medium (Rochaix et al. 1988), supple-
mented with kanamycin monosulphate, amikacin or spectinomycin
where required. All antibiotics were purchased from Sigma. Cul-
tures were incubated in the light (45 lE/m2/s PAR) at 25 °C.

Construction of chloroplast transformation vectors

Plasmid p72B was obtained from the Chlamydomonas Genetics
Center and contains a 4.5-kb EcoRI fragment (Eco19) of the
C. reinhardtii chloroplast genome inserted in pUC8. To eliminate
unwanted restriction sites in the insert, p72B was cut with SphI and
HindIII, the overhangs were ®lled using Klenow enzyme and the
plasmid was religated to give p72B-SH, which retains the 3.2-kb
EcoRI-SphI region of Eco19 (Fig. 1). The rbcL 5¢/3¢ expression
cassette was ampli®ed by PCR from the plasmid rbcX (Gold-
schmidt-Clermont 1991), using mismatch primers, RBCX5 and
RBCX3, that incorporate an MluI site at the 5¢ end of the cassette
and a BssHII site at the 3¢ end. The PCR product was digested with
these two enzymes and ligated into the unique MluI site down-
stream of psbH in p72B-SH, selecting for recombinants that carry
the cassette in the opposite orientation to psbH. Finally, the unique
HindIII site between the 5¢ and 3¢ rbcL elements was destroyed by
®lling in the overhangs using Klenow enzyme and religating, to give

the expression vector p72-rbcL (Fig. 1). Two other expression
vectors, p72-atpB and p72-psbA, were made by replacing the MluI-
NcoI region of p72-rbcL with the corresponding 5¢ region from
atpB and psbA, respectively. For p72-atpB, a 397-bp fragment from
atpB (Woessner et al. 1986) containing upstream sequence, the 5¢-
untranslated leader and the ®rst ®ve codons, was ampli®ed by PCR
from total wild-type DNA using primers ATPB5 and ATPB3. For
p72-psbA, a similar 267-bp fragment from psbA (Erickson et al.
1984) was ampli®ed using primers PSBA5 and PSBA3. In both
cases, an MluI site was introduced at the 5¢ end of the fragment and
an NcoI site at the 3¢ end. The coding sequence from aphA-6 was
ampli®ed by PCR from the plasmid pAT235 (Martin et al. 1988)
using primers APHA5 and APHA3. Using the NcoI and PstI sites
incorporated into APHA5 and APHA3, respectively, the ampli®ed
gene was ligated into the multiple cloning region of each of the
three expression vectors to give p72-rbcL-aphA6, p72-atpB-
aphA6 and p72-psbA-aphA6. The chimeric 5¢psbA::aphA-
6::3¢rbcL cassette in p72-psbA-aphA6 was ampli®ed by PCR using
primers MLU5 and MLU3, and cloned into the EcoRV site of
pBluescript SK+ (Stratagene) to create pSK.KmR. In order to
create additional sites ¯anking the cassette, SmaI and BamHI se-
quences were introduced into MLU3 (see Fig. 4A). The aphA-6
cassette was used to disrupt the psbH gene on p72B-SH by excising
the cassette from pSK.KmR using SmaI, and inserting it, in the
opposite orientation, into the unique BstXI site (Klenow-®lled)
within the psbH coding region (Fig. 4B). All E. coli transformants
containing aphA-6 were selected on LB agar containing 50 lg/ml
ampicillin and 15 lg/ml kanamycin, and grown in LB liquid me-
dium containing either 50 lg/ml ampicillin or 10 lg/ml kanamycin.

Full details of the primer sequences used in the construction of
the plasmids, together with the complete sequence of pSK.KmR.
can be found at http://www.ucl.ac.uk/biology/prg.htm.

Chloroplast transformation

Chloroplast transformation using the psbH marker was carried out
as described by Erickson (1996), using the PDS-1000/He Biolistic
particle delivery system (Biorad). Transformations using the aphA-
6 constructs as the selectable marker were carried out as follows.

Fig. 1 Structure of the three expression vectors. The 3.17-kb EcoRI-
SphI fragment of chloroplast DNA carrying the two PSII genes, psbH
and psbN (®lled boxes), in p72B-SH is shown schematically at the top.
The rbcL cassette was introduced into the MluI site, in the orientation
shown, as a PCR product generated from plasmid rbcX (Gold-
schmidt-Clermont 1991). Elimination of the HindIII site within the
polylinker region yielded the p72-rbcL vector. Two other vectors (p72-
atpB and p72-psbA) were made by excising the 5¢ rbcL element as a
MluI-NcoI fragment and replacing it with the corresponding 5¢
regions ampli®ed from atpB and psbA, respectively (hatched boxes).
All restriction sites are unique, with the exception of XbaI. Sites
destroyed during ligation are shown in brackets
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Wild-type cells were grown to a density of 1 ´ 106 cells/ml in TAP
medium. The cells in a 10-ml aliquot of the culture were pelleted by
centrifugation, resuspended in 0.5 ml of TAP medium and spread
on to sterile nylon ®lters (Hybond-N; Amersham) laid on TAP
plates containing 2% Bactoagar (Difco). The plates were bom-
barded with 1-lm gold particles (Biorad) coated with the appro-
priate plasmid using an 1100 psi rupture-disc (Biorad). After
transformation, the plates were incubated at 21 °C in dim light
(2 lE/m2/s) for 24 h. The cell-covered ®lters were then transferred
to fresh TAP plates containing either 65 lg/ml kanamycin or
150 lg/ml amikacin, and incubated at 25 °C in moderate light
(45 lE/m2/s) for 1±2 weeks. Colonies were transferred to TAP
plates supplemented with 100 lg/ml kanamycin. Primary trans-
formants were restreaked three or four times on TAP plates con-
taining 100 lg/ml kanamycin or 150 lg/ml amikacin. For liquid
culture, aphA-6 transformants were grown in TAP medium with
2 lg/ml kanamycin.

Nucleic acid techniques

Total genomic DNA was prepared from C. reinhardtii as described
(Rochaix et al. 1988). Southern blotting was carried out according
to standard protocols (Sambrook et al. 1989). Radiolabelled DNA
probes were prepared according to the `Prime-It II' kit (Strata-
gene). Hybridisation was at 65 °C overnight in 6 ´ SSC, 0.01 M
EDTA, 5 ´ Denhardt's solution, 0.5 ´ SDS, 100 lg/ml denatured
salmon sperm DNA. Washing of membranes was at 65 °C in
2 ´ SSC/0.1 ´ SDS for 1 h then 0.1 ´ SSC/0.1 ´ SDS for 1 h.

Electron paramagnetic resonance (EPR) analysis

EPR analysis was carried out as described previously (Evans et al.
1995). A 0.3-ml aliquot of packed cells was placed in a quartz EPR
tube (3-mm diameter), dark adapted for 30 min and frozen in liq-
uid nitrogen in the dark. EPR analysis was performed at 8°K using
a Jeol REIX spectrometer with a liquid helium cryostat (Oxford
Instruments).

Results

Chloroplast integration/expression vectors

DNA introduced into the Chlamydomonas chloroplast
integrates into the genome via homologous recombina-
tion (Boynton et al. 1988). Foreign DNA can therefore
be targeted to any site in the genome by ¯anking the
DNA of interest with the appropriate endogenous se-
quences (Goldschmidt-Clermont 1998). We have shown
previously that insertion of the aadA cassette immedi-
ately downstream of the photosystem II (PSII) gene
psbH does not generate any mutant phenotype
(O'Connor et al. 1998). In contrast, disruption of psbH
with aadA prevents phototrophic growth. It is therefore
possible to target foreign DNA to the neutral site
downstream of psbH, using the psbH gene itself as a
selectable marker to rescue the psbH disruption mutant
to phototrophic growth. Expression of a foreign gene is
achieved by fusing the coding sequence to upstream and
downstream sequences from Chlamydomonas chloro-
plast genes (Goldschmidt-Clermont 1998).

We therefore created three insertion/expression vec-
tors that utilise the psbH selection strategy (Fig. 1). Each
vector comprises an expression cassette cloned into a

3.2-kb fragment of the Chlamydomonas chloroplast
genome containing psbN and psbH (Johnson and
Schmidt 1993). The cassettes are derived from the rbcX
vector made by Goldschmidt-Clermont (1991), and each
contains: the promoter region and 5¢ UTR from rbcL,
atpB or psbA; a polylinker region allowing translational
fusions at the ATG within the NcoI site, and the 3¢ UTR
from rbcL. Foreign genes cloned downstream of the
di�erent promoters can be introduced into the
Chlamydomonas chloroplast by transformation rescue of
the psbH::aadA mutant Bst-opp (O'Connor et al. 1998).

aphA-6 as a selectable marker

The following criteria were used to identify a suitable
foreign gene for development as a new chloroplast
marker: (1) the gene should confer resistance to a com-
mercially available antibiotic (or preferably several dif-
ferent antibiotics) that speci®cally a�ects chloroplast
gene expression; (2) the gene should be relatively small
and have a similar A+T content to that found in
chloroplast genes of C. reinhardtii (A + T con-
tent � 70%); (3) to aid cloning, the gene should also
confer resistance when expressed in E. coli. A search of
the literature identi®ed aphA-6 as a possible candidate.
This gene from Acinetobacter baumannii encodes the
aminoglycoside phosphotransferase enzyme APH(3¢)-VI
and confers resistance to kanamycin and other related
aminoglycoside antibiotics including amikacin (Shaw
et al. 1993). The coding region of aphA-6 is 777 bp long,
and has an A+T content of 67%. The gene has been
expressed in E. coli and shown to confer resistance to
kanamycin (Martin et al. 1988).

The aphA-6 coding sequence was inserted into each of
the three expression vectors to generate the plasmids p72-
rbcL-aphA6, p72-atpB-aphA6 and p72-psbA-aphA6.
Previous studies have shown that chloroplast promoters
are often functional in E. coli (e.g. Hanley-Bowdoin and
Chua 1987). This has proved useful when creating con-
structs in E. coli carrying transformation markers such as
the aadA cassette (Goldschmidt-Clermont 1991). We
therefore tested whether the aphA-6 plasmids conferred
kanamycin resistance in E. coli. Each plasmid conferred
resistance on solid medium, with the p72-psbA-aphA6
construct giving the highest level (20 lg/ml), followed by
the p72-atpB-aphA6 construct (10 lg/ml) and p72-rbcL-
aphA6 (2 lg/ml).

Introduction of aphA-6 into the chloroplast

All three aphA-6 plasmids were used to transform the
psbH::aadA mutant to phototrophic growth. Restora-
tion of psbH by homologous replacement of the dis-
rupted gene was con®rmed by the observed loss of the
spectinomycin resistance phenotype conferred by the
aadA marker (data not shown). Transformant colonies
were then scored for APH(3¢)-VI activity by assessing
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their ability to grow as single colonies on solid medium
containing increasing concentrations of kanamycin or
amikacin. As shown in Table 1, all three classes of
transformant showed increased levels of antibiotic
resistance as compared to the wild-type strain (i.e.
Bst-opp rescued to a wild-type phenotype using the
p72B-SH plasmid). The transformants bearing p72-
rbcL-aphA6 and p72-psbA-aphA6 were viable on the
highest kanamycin concentration tested (200 lg/ml),
whereas p72-atpB-aphA6 transformants were killed at
levels above 50 lg/ml. When tested on amikacin, all
three transformants were resistant to 150 lg/ml of the
antibiotic, whereas growth of the wild-type strain was
inhibited. At 200 lg/ml, growth of the p72-atpB-aphA6
transformants was partially inhibited, whereas the other
two transformant classes remained viable (Table 1).
Based on these results, we decided to use p72-psbA-
aphA6 in attempts to select directly for antibiotic-resis-
tant transformants.

Direct selection for aphA-6 transformants

Bombardment of the wild-type strain CC-1021 with p72-
psbA-aphA6, followed by selection on TAP medium
containing either kanamycin at 65 lg/ml or amikacin at
150 lg/ml, gave rise to between 5 and 100 colonies per
plate. Four randomly chosen clones isolated on medium
containing 65 lg/ml kanamycin were able to grow on
100 lg/ml kanamycin and 150 lg/ml amikacin (data not
shown). PCR analysis of these four strains con®rmed
that they all contained the aphA-6 coding sequence
(Fig. 2). The integration of the 1.5-kb aphA-6 cassette
downstream of psbH in the chloroplast DNA was con-
®rmed by Southern analysis. Digestion of total DNA
with EcoRI should yield two bands of 4.7 and 1.3 kb
when blots are probed with the aphA-6 DNA. This is the
case for all four transformants (Fig. 3), con®rming that
aphA-6 has integrated into the chloroplast genome at the
correct site. An additional minor band seen in trans-
formant 3 may be result from recombination between
the psbA or rbcL elements of the marker and the cor-
responding endogenous genes, thereby generating a mi-
nor population of fragmented genomes, as discussed by
Goldschmidt-Clermont (1998).

Insertional mutagenesis using aphA-6

The aadA cassette has been used extensively as an in-
sertional mutagen to disrupt target chloroplast genes
(Rochaix 1997). We therefore tested whether the
chimeric aphA-6 gene in p72-psbA-aphA6 could be
similarly used to create chloroplast mutants. The 5¢
psbA::aphA-6::3¢rbcL region was ampli®ed by PCR and
inserted into pBluescript SK(+) to make plasmid
pSK.KmR. Additional restriction sites were introduced
into the ends of the PCR product to facilitate the exci-
sion of the cassette using BamHI, SmaI or a combina-
tion of two di�erent enzymes (Fig. 4A).

The aphA-6 cassette was used to disrupt the psbH
gene by isolating the cassette as a SmaI fragment from
pSK.KmR and cloning it into a unique BstXI site within
the coding region of psbH (Fig. 4B). Bombardment of

Table 1 Levels of kanamycin and amikacin resistance in psbH transformants carrying aphA-6 under the control of various promoter
elements

Promotera Kanamycin concentration (lg/ml) Amikacin concentration (lg/ml)

0 50 100 150 200 0 50 100 150 200

WT + ) ) ) ) + + +/) ) )
atpB + +/) ) ) ) + + + + +/)
rbcL + + + + + + + + + +
psbA + + + + + + + + + +

aThe aphA-6 gene was placed under the control of promoter elements isolated from the genes atpB, rbcL and psbA. WT, wild-type strain
CC-1021. +, growth comparable to that of controls grown in the absence of antibiotic; +/), some residual growth; ), no growth

Fig. 2 PCR analysis of four directly selected transformants. PCR
products were generated from total genomic DNA using a primer pair
speci®c for the aphA-6 coding region, together with a primer pair for
an endogenous chloroplast gene (psaA-3) as a control. Products were
analysed on an ethidium bromide-stained agarose gel. Products of the
expected sizes for aphA-6 (0.8 kb) and psaA-3 (1.2 kb) are seen in all
four transformants, whereas only the psaA-3 product is seen in the
wild type (wt). Plasmids pAPHA-6 and pPSAA-3 were used as
template controls for each primer set
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wild-type cells with the construct yielded kanamycin-
resistant colonies as before. Selected clones were checked
for the presence of the aphA-6 gene by PCR (data not
shown) and then taken through four rounds of streaking
to single colonies on selective medium to obtain homo-
plasmic transformant lines (O'Connor et al. 1998). The
phototrophic competence of three of these transfor-
mants was then examined by comparing their growth in
the light on medium with and without acetate as a re-
duced carbon source. Unlike the untransformed strain,
all three transformants were unable to grow in the ab-
sence of acetate, as expected for a psbH disruption
mutant (O'Connor et al 1998). The loss of photosystem
II function in the aphA-6 transformants was con®rmed
by low-temperature EPR analysis of whole cells (Evans
et al. 1995). As shown in Fig. 4C, the transformants lack
the dark-stable EPR signal arising from the tyrosine
radical YD of the PSII reaction centre, con®rming that
the acetate-dependent phenotype of the transformants is
due to a requirement for the PsbH protein in PSII as-
sembly or function.

Discussion

We have developed a series of chloroplast expression
vectors that allow the insertion and expression of foreign
genes in the chloroplast genome of Chlamydomonas. The
foreign DNA is targeted to an intergenic region down-
stream of psbH, and selection for transformants is based
on the rescue of a psbH::aadA disruption mutant to
phototrophic growth. Since the expression cassette in
each vector is ¯anked on both sides by chloroplast DNA

sequence, and the cassette and the psbH marker are
tightly linked (the psbH disruption site and the cassette
are only 350 bp apart), integration of the foreign gene
downstream of psbH occurs readily and involves a simple
double-recombination event. In these respects, our ex-
pression vectors are superior to the vectors originally
developed by Goldschmidt-Clermont (1991). These have
¯anking DNA on only one side of the expression cassette
with the selectable marker (tscA) lying more than 1 kb
from the expression cassette. Consequently, transfor-
mation with these earlier vectors yields a complex inte-
gration pattern (Goldschmidt-Clermont 1991).
Furthermore, the greater distance between marker and
cassette in these vectors suggests that separation of the
two elements by recombination is more likely to occur,
resulting in a failure of the foreign gene to integrate.

Fig. 4A±C A portable aphA-6 marker and its use as an insertional
mutagen. A PCR ampli®cation of the aphA-6 marker from p72-
psbA-aphA6 generated a 1.55 kb product that was blunt-end ligated
into the EcoRV site of pBluescript SK(+) to create pSK.KmR.Major
restriction sites are shown. B The marker was excised from pSK.KmR
as a SmaI fragment and cloned into the BstXI site within the psbH
coding region on plasmid p72B-SH, to create psbH: : aphA-6. C Low-
temperature electron paramagnetic resonance (EPR) analysis of whole
cells from the wild-type strain CC-1021 and one of the CC-1021
transformants generated using psbH: : aphA-6. In dark-adapted wild-
type cells the spectrum of the PSII tyrosine radical YD is seen (inner
trace). Illumination generates the P700+ signal from the photosystem
I reaction centre (outer trace). In the psbH: : aphA-6 transformant, the
YD signal is absent demonstrating that the transformant lacks a
functional PSII complex

Fig. 3 Southern analysis of the four transformants. Total genomic
DNA was digested with EcoRI, blotted to Hybond-N membrane and
hybridised to a radiolabelled probe corresponding to the aphA-6
coding sequence. Lanes 1±4 contained DNA from each of the four
p72-psbA-aphA6 transformants. In lane pl, the transforming plasmid
was digested with NcoI and PstI to release the 0.8-kb aphA-6 coding
region. Lane wt was loaded with wild-type genomic DNA digested
with EcoRI
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The choice of aphA-6 as a candidate for a dominant
marker was based on its small size, A+T content and
the activity of the gene product against a range of am-
inoglycoside antibiotics. One drawback of using such
antibiotics to select chloroplast transformants is the
relatively high frequency with which spontaneous resis-
tance mutants arise due to mutations in chloroplast
genes encoding components of the 70S ribosome (Harris
1989). However, we ®nd a frequency of spontaneous
resistance mutants of only »10%, when aphA-6 trans-
formants are selected on medium containing kanamycin
at 65 lg/ml. Furthermore, we have found that many of
these mutants, but not true transformants, die when
transferred to medium supplemented with 100 lg/ml
kanamycin (data not shown).

Of the three chloroplast promoter elements tested, the
psbA promoter gave the highest levels of expression of
aphA-6 in the Chlamydomonas chloroplast and in E. coli,
as judged by the level of antibiotic resistance of trans-
formants. The chimeric construct psbA5¢::aphA-
6::rbcL3¢ was therefore chosen for development as a
portable selectable marker and cloned into a pBluescript
vector as a cassette that can be excised using various
restriction enzymes.

The availability of the di�erent markers, aphA-6 and
aadA (Goldschmidt-Clermont 1991), will extend the
possibilities for reverse-genetic studies of chloroplast
genes and their expression in Chlamydomonas. Previ-
ously, transformants generated using the aadA marker
could not be modi®ed further unless an elaborate tech-
nique of ``aadA recycling'' was used, such that trans-
formants subsequently lost the aadA marker when
antibiotic selection was removed (Fischer et al. 1996).
Not only does the availability of two markers allow the
creation of double mutants with modi®cations to two
separate genes on the chloroplast genome, but null
mutants can be created by gene deletion using one
marker and then modi®ed versions of the gene re-in-
troduced using the second marker for selection. Using a
null mutant avoids the problems of competition and
copy-correction of the modi®cation by the wild-type
version of the gene in the initially heteroplasmic trans-
formant cell (Redding et al. 1998). Furthermore, the
availability of the second antibiotic marker circumvents
the need for the modi®ed gene itself to confer a select-
able phenotype. For example, in the study of photo-
synthetic genes, non-functional variants can be
introduced into the genome since selection for photo-
trophic growth is not necessary.

The aadA marker has also been used as a reporter
gene to investigate the interaction of speci®c chloroplast
transcripts with nucleus-encoded factors required for
their stability (Nickelsen 1998). It appears that such
factors bind to the 5¢ untranslated region of the mRNA
since chloroplast transformants containing the aadA
marker fused to the 5¢ UTR of the gene are spectino-
mycin resistant in a wild-type nuclear background, but
not in a mutant background lacking the stability factor
(see, for example, Stampacchia et al. 1997). The three

classes of aphA-6 transformant we have made, in which
aphA-6 is fused to the 5¢ UTR of rbcL, atpB or psbA,
could be similarly used to investigate nucleus-encoded
factors required for the transcription of these genes or
the stability of their mRNA products. Nuclear mutants
for such factors have already been described for rbcL
(mutant 76±5EN; Hong and Spreitzer 1994) and atpB
(mutant thm24: Drapier et al. 1992) and could be cros-
sed to the transformants to assess the expression of
aphA-6 in these mutant backgrounds.
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