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A Nuclear Mutant of Arabidopsis with Impaired Stability on
Distinct Transcripts of the Plastid psbB, psbD/C, ndhH, and
ndhC Operons
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The high-chlorophyll fluorescence photosynthesis mutant hcf109 of Arabidopsis was characterized in detail to gain in-
sights into the regulatory mechanism of RNA processing in higher plants. By using electron transport, chlorophyll
fluorescence, and immunoblot studies, we assigned the mutational lesion to photosystems | and Il and the plastid NAD(P)H
dehydrogenase complex. The functional pleiotropy was reflected in RNA deficiencies. Although all nuclear-encoded pho-
tosynthetic RNAs analyzed revealed no difference in size or steady state level between mutant and wild type, the RNA
patterns of the plastome-encoded pshB-psbl-psbH-petB-petD, psbD-psbC-ycf9, ndhC-ndhK-ndhJ, and ndhH-ndhA-ndhi-
ndhG-ndhE-psaC-ndhD transcription units were severely disturbed. These operons encode subunits of photosystems
| (psa) and Il (psb), the cytochrome bgf complex (pet), the plastid NAD(P)H dehydrogenase (ndh), and the unidentified
open reading frame ycf9. With the exception of the ndhC operon, the RNA deficiencies observed were specific and re-
stricted to particular segments of the psbB, psbD/C, and ndhH operons, that is, the psbB-psbT, ycf9, and psaC regions.
Run-on transcription studies with isolated chioroplasts showed that the failure of these transcripts to accumulate was
due to RNA stability and not transcription. Other polycistronic transcription units analyzed were not affected by the muta-
tion. This result indicates that the trans-regulatory factor encoded by the hcf109 gene is not a general RNA stability factor
but that it specifically controls the stability of only these distinct transcripts. Because the hcf109 locus was mapped
at a distance <0.1 centimorgans from the phytochrome C gene, its molecular characterization by positional cloning is

possible.

INTRODUCTION

Polycistronic transcription units are typical for plastid gene or-
ganization in land plants (Herrmann et al., 1992; Ohyama, 1992;
Palmer, 1992; Sugiura, 1992). The genetic composition of these
units is often heterogenous and reflects their postendosymbi-
otic assembly from disparate cyanobacterial progenitor operons
or genes (Douglas, 1994). The evolutionary reorganizations
in operon structure may also explain, at least partially, the highly
complex transcript patterns that are usually observed with
plastid polycistronic transcription units (Berends et al., 1987;
Hudson et al., 1987; Matsubayashi et al., 1987; Barkan, 1988;
Westhoff and Herrmann, 1988). Most of the detectable tran-
script complexity is probably due to RNA processing; that is,
endonucleases and exonucleases as well as splicing activi-
ties act on the primary polycistronic transcripts to generate
oligocistronic RNAs. However, several examples demonstrate
that multiple transcription initiation contributes to transcript
complexity and may even be its primary cause (Woodbury et
al., 1989; Yao et al., 1989; Haley and Bogorad, 1990;
Christopher et al., 1992; Kapoor et al., 1994).

' To whom correspondence should be addressed.

The functional significance of RNA processing for the con-
trol of plastid gene expression is poorly understood. A priori
processing of polycistronic transcripts into oligocistronic RNAs
is not a prerequisite for translation initiation to occur. For in-
stance, the polycistronic transcripts of the psbB operon, which
encodes the three photosystem Il genes psbB, psbT, and psbH,
and the two cytochrome bgf complex genes petB and petD
(Barkan, 1988; Westhoff and Herrmann, 1988; Monod et al.,
1994) are assembied into polysomes, which suggests that they
function as mRNAs (Barkan, 1988). However, oligocistronic and
monocistronic RNAs may be far better templates for transla-
tion initiation than their polycistronic precursors. This is
illustrated by the high-chlorophyll fluorescence (hcf) mutant
crp1 (chloroplast RNA processing) of maize, which is affected
in generating the monocistronic petB and petD RNAs (Barkan
et al., 1994). The translational efficiency of plastid RNAs also
can be influenced by processing the 5’ untransiated leader
regions (Reinbothe et al., 1993).

Processing polycistronic transcripts into oligocistronic RNAs
is necessary if individual segments of primary polycistronic
transcripts are to accumulate at different levels. This post-
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transcriptional mode of gene regulation is well documented
in prokaryotes and is based on segmental variations in RNA
stability (von Gabain et al., 1983; Newbury et al., 1987; Bidga
etal, 1988; Chen et al., 1988; Eddy et al., 1991). A differential
accumulation of the component RNAs of the psbB transcrip-
tion units has been reported recently for mesophyll and
bundle-sheath chloroplasts of monocotyledonous C, plants
(Westhoff et al., 1991; Kubicki et al., 1994). However, whether
differential RNA stability is its sole cause has not been
determined.

The biochemical basis of RNA processing and stability in
plastids is beginning to be elucidated. Cleaving polycistronic
precursor transcripts into mature RNAs requires endonu-
cleases that recognize specific sequences and/or structures.
Endonucleolytic cleavage points have been mapped in the in-
tercistronic regions of polycistronic transcripts (Westhoff and
Herrmann, 1988; Barkan et al., 1994), but the molecular na-
ture of the endonucleolytic activities involved is still to be
discovered. This contrasts with a fairly large body of available
information on RNA 3’ end maturation (reviewed in Gruissem
and Schuster, 1993; Mayfield et ai., 1995). Exonucleolytic and
endonucleolytic activities, which act upon immature 3’ ends
and the corresponding cis-acting sequences, have been iden-
tified (Stern and Gruissem, 1987; Chen and Stern, 1991;
Nickelsen and Link, 1993). It has been demonstrated by in vitro
and in vivo approaches that the stem-loop structures located
at RNA 3’ ends and their neighboring regions function as pro-
cessing elements. These portions of the 3’ untranslated regions
are also necessary for stabilizing upstream RNA sequences
(Stern and Gruissem, 1987; Stern et al., 1991; Blowers et al.,
1993). However, in vivo experiments with Chlamydomonas in-
dicate that the 5’ untranslated regions of mRNAs have a much
more profound effect on RNA stability than do their 3’ coun-
terparts (Sakamoto et al., 1993; Salvador et al., 1993). The 3’
and/or the 5' untranslated regions of plastid RNAs have been
shown to be targets of RNA binding proteins, which are involved
in processing and/or stabilization of particular RNAs (Li and
Sugiura, 1991; Schuster and Gruissem, 1991; Nickelsen et al.,
1994).

We are interested in understanding the functional sig-
nificance of RNA processing and stability for the regulation
of plastid gene expression in higher plants. Our research is
based on a genetic approach, with Arabidopsis as the ex-
perimental organism. By using the hcf phenotype as a selection
criterion (Miles, 1980, 1982), \ige started a systematic search
for mutants defective in photosyrithetic light reactions and elec-
tron transport. To date, 34 recessive nuclear Arabidopsis
mutants generated by mutagenesis with ethyl methanesul-
fonate have been isolated and characterized by chlorophyll
fluorescence induction, P700 absorption kinetics, and immuno-
blotting (Meurer et al., 1996). Here, the detailed characterization
of mutant hcf109 is reported. By using photosynthetic elec-
tron transport measurements, 77K fluorescence spectra,
immunoblotting, and in vivo labeling experiments, we show
that this mutant is affected in photosystems | and Il and the

plastid NAD(P)H dehydrogenase complex. RNA gel blot and'
transcription run-on analyses demonstrated that this mutant
is unable to accumulate distinct transcripts of four polycistronic
transcription units, the psbB, psbD/C, ndhH, and ndhC oper-
ons, whereas RNA accumulation in other plastid operons is
not affected. It follows that the hcf109 gene does not encode
a general RNA stability factor but rather a trans-regulatory com-
ponent that specifically and concomitantly controls the stability
of distinct transcripts.

RESULTS

Photosynthetic Electron Transport and Spectroscopic
Measurements Show Impaired Photosystem | and Il
Complexes in hcf109

The mutant hcf109 was isolated as a recessive high-chlorophyll
fluorescence mutant from a collection of 7700 individual M,
families that were generated by ethyl methanesulfonate muta-
genesis of Arabidopsis seeds (Meurer et al., 1996). The mutant
was unable to grow photoautotrophically but could be main-
tained on sucrose-supplemented agar medium. It was able
to initiate rudimentary inflorescences; however, no fertile
flowers were finally developed. Chlorophyll fluorescence in-
duction experiments revealed that the transfer of excitation
energy from the antenna to the reaction center of photosystem
11 was almost completely abolished and that the photochemi-
cal activity of the reaction center itself was severely impaired.
P700 absorption measurements supported the chiorophylt
fluorescence analyses by showing that the electron flow to pho-
tosystem | is inhibited (see Figure 3 and Table 2 in Meurer et
al., 1996).

To substantiate and expand upon these findings, photosyn-
thetic electron transport rates were measured. Three
independent experiments showed that the photosystem Il ac-
tivity determined as light-induced electron transfer from H,O
to 2,5 dimethyl-p-benzoaminone (see Methods) was reduced
to ~10 to 15% of the values for the wild-type level. Electron
transport through photosystem |, that is, from tetramethyl-p-
phenylene diamine to methylviologen, was also reduced but
only by 40 to 50% when compared with that of the wild type.
These findings corroborate the spectroscopic data by show-
ing that both photosystems are affected although to varying
degrees.

To learn more about the nature of the defect within the two
photosystems, 77K fluorescence emission spectra were
recorded. This technique permitted us to distinguish between
characteristic emission bands of the chlorophyll-protein com-
plexes CP43 and CP47 in photosystem Il (688 and 695 nm)
and the antenna of photosystem | (735 nm) (Krause and Weis,
1991; Krugh and Miles, 1995). Figure 1 shows that the two emis-
sion bands at 688 and 695 nm are absentin the mutant. These
are replaced by a new single band at 685 nm, which is not
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Figure 1. Chlorophyil Fluorescence Emission Spectra of hcf109 and
the Wild Type at 77K.

The spectra of hcf109 (dashed line) and the wild type (solid line) show
representative resuits of four measurements with independent plants.

found in the wild type. This additional band could arise from
an increased fluorescence of the peripheral light-harvesting
complex of photosystem I (LHCIl) due to a reduced or inhibited
transfer of exitons from LHCIi to the inner antenna of that pho-
tosystem in hcf109. Although the band is usually slightly
red-shifted from 682 to 685 nm, the deviation could be ex-
plained by the lack of the inner antenna, which results in a
changed environment and consequently in an altered ener-
getic characteristic of the outer antenna. These data confirm
that the photosystem Il complexes accumulating in the mu-
tant are severely disturbed and appear to lack at least the
functional inner antenna complexes CP43 and CP47.

A smaller difference was detected for the photosystem |-
derived fluorescence band that shifts from 735 to 730 nm. Such
a shift toward a shorter wavelength is typically observed when
the outer antenna of photosystem | is impaired but the pho-
tosystem | core is almost intact. Its fluorescence emission band
at 720 nm becomes more penetrating at the expense of the
photosystem | antenna-derived signal (Krause and Weis, 1991).
Taken together, the spectroscopic and photosynthetic electron
transport measurements showed that hcf109 is a pleiotropic
mutant that affects both photosystem | and Il functions. How-
ever, the larger alterations are associated with the function of
the latter.
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Photosystem | and Il Polypeptides as well as Subunit
H of NAD(P) Dehydrogenase Are Reduced in
Mutant Thylakoids

To define the mutational defect more precisely, immunobiot
experiments were performed using a collection of antisera that
were raised against individual subunits of photosystems | and
I, the cytochrome bgf complex, the ATP synthase, and the
plastid NAD(P)H dehydrogenase complex (see Table 1 in
Meurer et al., 1996). Figure 2 shows that the thylakoid mem-
branes of hcf109 lost significant amounts of the constituent
polypeptides of photosystems | and 1. This explains the func-
tional lesions that were detected in the spectroscopic and
electron transport measurements. In addition, subunit H of the
NAD(P)H dehydrogenase complex (NDHH) was substantially
reduced, but the subunits of the cytochrome bgf complex and
ATP synthase accumulated to near wild-type levels.

When the levels of subunits A/B, C, D, and E of photosystem
| (PSAA/B, PSAC, PSAD, and PSAE) were lowered, similar
values were obtained, suggesting that photosystem | as a whole
is diminished in the mutant. This could explain the reduction
in the overall activity of this photosystem, which otherwise ap-
pears to function similar to the wild type (see above). However,
the subunits of photosystem |l did not show a concomitant
reduction. The most reduced subunits were the inner antenna
proteins CP47 and CP43 (PSBB and PSBC) and the reaction
center polypeptides D1 and D2 (PSBA and PSBD). The levels
of the other photosystem Il polypeptides, that is, cytochrome
bsse (PSBE/F), the 34- and 23-kD component of the oxygen-
evolving complex (PSBO and PSBP), as weil as the periph-
eral antenna proteins CP24 and CP29 (LHCB6 and LHCB4)
were significantly less depleted (Figure 2). The nonstoichio-
metric amounts of photosystem |l subunits suggest that
truncated photosystem Il complexes accumulate in hef109 and
that they are likely to be functionally inactive and cause spec-
troscopic alterations, as detected by the chlorophyll
fluorescence analyses.

To analyze the synthesis of photosystem [ and I polypep-
tides, mutant and wild-type leaves were pulse-labeled with
358-methionine. The incorporation experiments were per-
formed in the presence of cycloheximide, an inhibitor of
cytoplasmic protein synthesis (Pestka, 1971), which reduces
the complexity of the pattern of labeled proteins and allows
easy identification of plastome-encoded polypeptides. After
labeiing, total soluble and membrane proteins were extracted,
and equivalent amounts, based on the incorporated radioac-
tive label, were analyzed on polyacrylamide-SDS gels
prepared according to Schégger and von Jagow (1987). These
gels provide excellent resolution, particularly in the low mo-
lecular weight range (Figures 3A and 3B), and allow a reliable
identification of most major thylakoid membrane proteins with-
out prior immunoprecipitation.

Figures 3A and 3B show that incorporation of label into
PSAA/B, CP47, the mature form of D1, and a 5-kD thylakoid
protein of unknown identity was significantly lowered in the
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Figure 2. Gel Electrophoretic and Immunoblot Analysis of Mutant and Wild-Type Thylakoids.

(A) Thylakoid membrane polypeptides of mutant (hcf109) and wild-type (WT) thylakoids after electrophoresis on a 16% polyacrylamide-SDS
gel and silver staining. Each lane contains thylakoid preparations corresponding to 8 pg of protein. The molecular masses (given in kD at the
left of the panel) were estimated by coelectrophoresis with commercially available size standards (Dalton Mark VII-L; Sigma, Deisenhofen, Germany;
RPN755, Amersham Buchler, Braunschweig, Germany).

(B) Composite fluorograph of an immunoblot analysis of mutant (hcf709) and wild-type (WT) thylakoids. Wild-type thylakoids equivalent to 8 (WT)
or 2 ug (WT 1/4) of protein and mutant thylakoids (hcf109, 8 ug of protein) were electrophoresed on 16% polyacrylamide—SDS gels and immunodecorated
with antisera, as described by Meurer et al. (1996). The immunoblots show representative results of three independent cultivations of plants.
Thylakoid proteins analyzed are as follows: photosystem | (PSl), subunits PSAA/B (the P700 chlorophyll a apoproteins), PSAD, PSAE, and PSAC
(the Fe-S subunit); photosystem Il (PSIl), CP47 and CP43 (the chlorophyll a apoproteins of the inner antenna), D1 and D2 (the P680-binding reac-
tion center proteins), Cytb559 (cytochrome bssg), 34 and 23 kD (the 34- and 23-kD regulatory proteins of the oxygen evolving complex), CP29
and CP24 (light-harvesting complexes of the peripheral antenna); cytochrome bgf complex (Cytb6é/f), cytochrome bs (Cytb6), cytochrome f (Cytf),
and subunit 4 (SU IV); NAD(P)H dehydrogenase complex (NDH), subunit H (NDHH); and ATP synthase (ATPase), a and B subunits (a/p SU).

the expected molecular sizes (46 and 9 kD, respectively) could
be detected. Taken collectively, the protein labeling experiments

mutant. In contrast, the other thylakoid membrane proteins,
among them CP43 as well as the soluble proteins (data not

shown), incorporated similar amounts of 35S-methionine in
mutant and wild-type leaves (Figures 3A and 3B). Because
the level of the CP43 protein is substantially reduced in the
mutant (cf. Figures 2 and 3), whereas the incorporation of la-
bel into this protein is not, these data suggest that newly
synthesized CP43 polypeptides are unstable and degrade rap-
idly (cf. Jensen et al., 1986; de Vitry et al., 1989). No clearcut
data were obtained for the D2 polypeptide. This protein
comigrated with the precursor of D1 (Figure 3A), and visual
comparison of the autoradiographs did not permit an unequiv-
ocal distinction between these two proteins. Incorporation data
are also lacking for subunit H of the NAD(P)H dehydrogenase
and subunit C of photosystem | because no labeled bands of

indicate that the hcf109 mutation specifically affects the ex-
pression of several plastome-encoded photosystem | and Il
genes.

The Plastid psbB, psbD/C, ndhC, and ndhH Operons
Are Deficient in Accumulating Distinct Transcripts

To investigate whether the mutational lesion of hcf109 affects
the accumulation of RNAs for components of the photosyn-
thetic apparatus, RNA gel blots were prepared from total RNA
and hybridized with a set of probes that cover both nuclear-
and plastome-encoded transcripts (see Table 1).
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Figure 3. In Vivo Protein Synthesis with Primary Leaves of 12-Day-
Old Mutant and Wild-Type Seedlings.

Incorporation of 35S-methionine in the presence of cycloheximide was
performed as described in Methods. Wild-type (WT) and mutant pro-
teins with equivalent amounts of radioactivity (100,000 cpm [WT and
hcf109] or 25,000 cpm [WT 1/4]) were loaded into each slot and elec-
trophoresed on polyacrylamide-SDS gels. The separated proteins were
transferred to a nitrocellulose membrane, and the 38 label was visual-
ized by autoradiography. To identify the labeled bands, the nitrocellulose
filters containing the 35S-labeled proteins were immunodecorated with
antisera to PSAA/B, o and B subunits (a/p SU) of ATP synthase, CP47,
CP43, D2, and D1 (data not shown). The molecular masses (given in
kD) were estimated as described in the legend to Figure 2A.

(A) In vivo labeling pattern of thylakoid membrane proteins as deter-
mined by electrophoresis on a 10% polyacrylamide-SDS gel and
subsequent autoradiography. For the labels of thylakoid proteins, see
the legend to Figure 2B. pD1 denotes the precursor to the D1 poly-
peptide of the photosystem Il reaction center.
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Table 1. Plastome- and Nuclear-Encoded Genes Analyzed by
RNA Gel Blot Hybridization®

Nuclear-Encoded
Genes

Plastome-Encoded
Genes

Protein Complex/
Functional Unit

Photosystem | psaA-psaB, psaC, psaD, psaF
psal

psbA, psbB-psbT,
psbD-psbC,
pSbE-psbF-psbL-
psbdJ, psbH,
psbl-psbK,
psbN

Cytochrome bef complex petA, petB-petD petC

NAD(P)H dehydrogenase ndhK, ndhdJ, ndhH,

Photosystem Il psbO, psbP

ndhA, ndhl
ATP synthase atpA
Ribulose bisphosphate rbel rbeS

carboxylase
Transcriptional apparatus rpoA
Translational apparatus  rps74, trnfM,
trnGgcc,
trnGycc,
ffnRucu, trnSUGA
accD, cemA, ycf4,
ycf9

Miscellaneous

a For details regarding the probes, see Meurer et al. (1996) and
Methods.

Neither the steady state levels nor the sizes of RNAs were
different in the mutant and wild type when blots were hybrid-
ized with probes for nuclear-encoded photosynthesis genes
(see Table 1; data not shown). This result indicates that RNA
accumulation for these selected nuclear genes was not altered
in hcf109.

Identical transcript patterns and accumulation in the wild
type and mutant were also observed for some plastome-
encoded genes. These genes included psbA (encoding the
D1 polypeptide of photosystem Il), psaA/B (encoding subunits
A and B of photosystem 1), rpoA (encoding subunit A of the
plastid RNA polymerase), atpA (encoding the a subunit of ATP
synthase), rbcL (encoding the large subunit of ribulose
bisphosphate carboxylase), and petA (encoding cytochrome
f) (Figures 4A and 4B; data not shown). Whereas psbA and
rbcL are transcribed monocistronically, all of the other genes
are parts of polycistronic transcription units that, with the ex-
ception of psaA/B, are transcribed into complex RNA patterns.
However, pronounced differences became apparent when

(B) In vivo labeling pattern of low molecular mass thylakoid membrane
proteins, as determined by electrophoresis on a 16% polyacryl-
amide-SDS gel and subsequent autoradiography.
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Figure 4. RNA Gel Blot Analysis of the Plastid atpl/A and rbcL/petA Gene Clusters in hcf109 and the Wild Type.

The genetic composition of the operons and the locations of probes used for hybridization are illustrated at the top of the transcript patterns.
Probes labeled by random oligonucleotide priming are shown as bars, whereas strand-specific hybridization probes generated by in vitro tran-
scription are shown as arrows. Each lane contains 8 ug of total leaf RNA that was isolated from 3-week-old mutant (hcf709) and wild-type (WT)
seedlings that had been grown on sucrose-supplemented agar medium. The numbers at the left indicate RNA sizes (given in nucleotides) that
were estimated by coelectrophoresis with glyoxylated EcoRI/Hindlll fragments of lambda DNA.

(A) RNA gel blot analysis of the atpl/A operon. atpl, atpH, and atpF encode subunits 4, 3, and 1 of the CF, part of ATP synthase, respectively,
and atpA encodes the a subunit of the CF, part of ATP synthase. The positions of the tRNA genes trnRycy and trnGycc, Which are located 3'
to atpA, are indicated. The coding sequences for these two tRNA genes are contained within the atpA hybridization probe. Because this probe
has been labeled by random oligonucleotide priming, it will also hybridize to the mature tRNAs and their polycistronic precursors (labeled by asterisks).
(B) RNA gel blot analysis of the rbcL/petA gene cluster. rbcL encodes the large subunit of ribulose bisphosphate carboxylase; accD, a subunit
of acetyl-coenzyme A carboxylase; psal, the | subunit of photosystem I; ycf4, an unidentified open reading frame; cemA, a protein of the inner
envelope whose function has not been resolved; and petA, cytochrome f.



analyzing the psbB, psbD/C, ndhH, and ndhC transcription units
(Figures 5A to 5D). This result suggests that the hcf109 gene
product specifically affects the accumulation of plastome-
encoded RNAs.

The psbB operon encodes the three photosystem Il genes
psbB, psbT, and psbH and the two cytochrome bgf complex
genes petB and petD (Barkan, 1988; Westhoff and Herrmann,
1988; Monod et al., 1994). Figure 5A shows that the levels of
all transcripts carrying psbB coding sequences, that is, the
polycistronic transcripts of 4.8 and 4.1 kb and the bicistronic
psbB-psbT transcripts of 2.5, 2.1, and 1.9 kb, were drasticaily
lowered. There was also a substantial reduction in the abun-
dance of the primary polycistronic transcript of 5.7 kb. In
contrast, the oligocistronic and monocistronic petB and petD
transcripts of 2.6, 2.4, 1.55, 0.85, and 0.75 kb accumulated to
wild-type levels. Wild-type levels were also observed for the
monacistronic 0.40-kb psbH RNA. However, in the mutant, one
additional psbH-containing transcript of 0.45 kb could be de-
tected. The expression of psbN, which is located between psbT
and psbH but transcribed in the opposite direction (Kohchi et
al., 1988), was the same for both the mutant and the wild type.

Depletion of distinct transcripts was also observed in the
psbD/C operon. In dicots, this operon is known to encode the
two photosystem |l genes psbD and psbC, the unidentified open
reading frame ycf9, and perhaps trnGgcc (Offermann, 1988;
Yao et al., 1989). Two promoters, one in front of psbD and one
within its coding region, drive the transcription of this operon.
Two processing sites located downstream of the two promoters
produce additional RNA 5’ ends (Gamble et al., 1988; Yao et
al., 1989; Christopher et al., 1992). At least one more process-
ing site located behind psbC removes the ycf9 part from the
psbO/C segment (Berends et al., 1987).

Figure 5B shows that all ycf9-containing transcripts of 3.8,
33,29, 2.2, and 2.0 kb are depleted, whereas the accumula-
tion of the other RNAs of this operon, that is, the 3.3-, 2.9-,
2.6-, 1.8, and 1.7-kb RNAs, was not affected by the mutation.
As for the psbB transcription unit, the level of the primary
polycistronic transcript (4.2 kb) of the psbD-psbC-ycf9 operon
was also reduced but not as much as the other ycf9-con-
taining RNAs.

Drastic alterations in the transcript patterns were also ap-
parent for two polycistronic transcription units that encode
subunits of the plastid NAD(P)H dehydrogenase complex. The
ndhC operon contains three ndh genes (ndhC, ndhK, and
ndhdJ), which are transcribed into a tricistronic ndhC-ndhK-ndhJ
RNA of 2.1 kb and a dicistronic ndhK-ndhdJ transcript of 1.7
kb (Steinmiiller et al., 1989). It is not known whether both tran-
scripts arise by transcriptional initiation or whether the latter
is due to RNA processing. Figure 5C shows that hcf109 seed-
lings are unable to accumulate any transcript of this
transcription unit.

The ndhH transcription unit is characterized by a complex
transcript pattern, which has been studied only by RNA blot
hybridization (Matsubayashi et al., 1987; Kubicki et al., 1996).
The polycistronic transcripts extend from ndhH to ndhD and
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demonstrate that this gene cluster represents a single tran-
scriptional unit (Kubicki et al., 1996). However, no RNA 5" and
3’ mapping or 5’ capping experiments have been conducted,
therefore, RNA processing or additional internal transcription
initiation sites are not known. Figure 5D shows that polycis-
tronic transcripts of 6.8, 5.7, 5.0, and 39 kb are severely depleted
in hcf109, whereas transcripts of intermediate sizes, that is,
3.2,2.2, 1.75, and 1.2 kb, accumulated to wild-type levels. The
most dramatic reduction was observed for the monocistronic
0.5-kb psaC RNA, suggesting that the mutational defect tar-
gets this segment of the operon. Interestingly, there is a
transcript of 4.7 kb that accumulates in the mutant but is hardly
detectable in the wild type.

We conclude that hcf109 is severely disturbed in the tran-
script patterns of several but not all plastid polycistronic
transcription units. In all affected transcription units, with the
exception of the ndhC operon, only distinct transcripts do not
accumulate, whereas the remainder are present at wild-type
levels.

Run-On Analysis of Plastid Transcriptional Activity

To determine whether transcriptional or post-transcriptional
processes are the major cause for the altered patterns of RNA
accumulation, a run-on transcription system (Deng et al., 1987,
Mullet and Kiein, 1987) was established for Arabidopsis chlo-
roplasts. In general, mutant and wild-type chloroplasts showed
similar transcriptional activities (data not shown). Hybridiza-
tion of radiolabeled run-on transcripts to membrane-bound,
gene-specific antisense probes revealed no significant differ-
ences in the transcriptional activities of the psbA, rbcL, psaA,
psbB, petB/D, psbD/C, ycf9, psaC, and ndhK genes (Figure
6). Thus, depletion of the psbB-, ycf9-, psaC-, and ndhK-
containing transcripts in hcf7109 may not be linked with corre-
sponding alterations in the transcription rates of these genes.
It follows that post-transcriptional processes via the regulation
of RNA stability must account for the differences in steady state
RNA levels.

Molecular Mapping of the hcf109 Locus

As an initial step toward the molecular characterization of the
hcf109 locus within the Arabidopsis genome, restriction frag-
ment length polymorphism (RFLP) and polymerase chain
reaction (PCR)-based marker mapping were used. With the
ARMS RFLP marker set (Fabri and Schaffner, 1994), hcf109
was located on chromosome 5 between markers 291C and 247A
(Table 2). For more precise mapping of the hcf109 locus, two
microsatellite markers nga76 and nga139 (Bell and Ecker, 1994)
and a cleaved amplified polymorphic sequence marker for the
phytochrome C gene (phyC) (Arabidopsis thaliana Database,
Stanford University, Stanford, CA) were used. Table 2 shows
that the analysis of 1000 meiotic chromosomes did not result
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Figure 5. RNA Gel Blot Analysis of the Plastid psbB, psbD/C, ndhC, and ndhH Operons in hcf109 and Wild-Type Plants.
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Figure 6. Run-On Analysis of the Transcriptional Activities of Several Plastid Genes in hcf109 and the Wild Type.

The run-on transcripts of 5 x 108 chloroplasts from the wild type (WT) and hcf109 were hybridized to immobilized gene-specific probes for psbA,
psbB, petB/D, psaA, psbD/C, ndhK, rbcL, and ycf9 (see Table 1 and Meurer et al. [1996] for probe details). A cDNA for the nuclear-encoded ppcA
gene of F. trinervia (Poetsch et al., 1991) was used as a control for background hybridization. The bound radioactivity was visualized by autoradiog-
raphy; a representative of four independent experiments is shown here. The hybridized run-on transcripts were also quantitated by liquid scintillation
counting. When the relative transcription rates of psbA in hcf109 and the wild type were arbitrarily set to 100 and used to normalize the transcription
activities of the other genes, the following mean values of four independent experiments were obtained: psbB: WT, 25 + 05, hcf109, 34 +
0.8; petB/D: WT, 4.1 + 0.3, hcf109, 4.6 + 05; psaA: WT, 36 + 0.2, hcf109, 4.3 + 0.8; and rbcL: WT, 79 = 1.0, hef109, 11.3 = 1.2. The hybridization

signals obtained with the psbD/C, ndhK, and ycfd probes were close to background hybridization (ppcA) and are not included here.

in any recombination event between hcf109 and phyC. Thus,
hcf109 must be <0.1 centimorgans apart from phyC, which
should be in the range of ~20 kb.

DISCUSSION

Conclusive evidence from various genetic and biochemical
studies (Rochaix, 1992; Barkan et al., 1995; Mayfield et al.,
1995) indicates that plastid gene expression is controlled by
the activities of a large number of nuclear-encoded genes. It
is reasonable to expect that most of the regulatory factors en-
coded by these genes will represent minority factors. A
combined genetic and molecular biological approach is there-
fore likely to be the method of choice for identifying these
controlling genes and for dissecting the regulatory network
in which they are involved. Here, we describe a nuclear high-
chlorophyll fluorescence mutant of Arabidopsis. This mutant
is impaired by the accumulation of distinct transcripts from four
different transcription units.

Phenotypically, hcf109 can be classified as a pleiotropic mu-
tant whose photosynthetic electron transport chain is almost
totally inactive due to defects in photosystems | and Il and the

plastid NAD(P)H dehydrogenase complex. Immunoblot anal-
ysis indicated the absence of defects in the cytochrome bgf
complex and ATP synthase. Electron transport measurements
and various spectroscopic techniques were used to define as
precisely as possible the lesions within the two photosystems.
No attempts were made to probe into the NAD(P)H de-
hydrogenase, because neither an unambiguous assay system
nor specific inhibitors were available to test for this thylakoid
membrane complex.

Chlorophyll fluorescence induction kinetics (Meurer et al.,
1996) and electron transport measurements showed that hcf109
is severely impaired in light-induced electron transport through
photosystem Il. The 77K fluorescence spectra support these
results by pointing to the inner antenna complex as the puta-
tive target of the primary lesion within this photosystem. The
drastic reduction of photosystem IlI-driven electron flow is also
reflected in the absorption kinetics of Pqo. Oxidized P7oo may
be reduced only partially by illumination with a strong white
light pulse (Meurer et al., 1996), although substantial amounts
of functional photosystem | reaction center do exist in hcf109.
However, linear electron transport from photosystem Il via the
cytochrome bgf complex is not the sole provider of electrons
to photosystem |. In addition, a cyclic electron flow exists around
photosystem | (Bendall and Manasse, 1995), which may receive

Figure 5. (continued).

For experimental details, see the legend to Figure 4. WT, wild type.

(A) RNA gel blot analysis of the psbB operon. psbB encodes the CP47 chlorophyll a apoprotein of photosystem II; psbT, a 4-kD subunit; psbH,
the 10-kD phosphoprotein subunit; and psbN, another 4-kD subunit. petB and petD encode subunits cytochrome bg and 1V, respectively, of the
cytochrome bgf complex. The lower part of the filter hybridized with antisense transcripts to psbB/psbT/psbH was overexposed to increase the
signal of the monocistronic psbH band.

(B) RNA gel blot analysis of the psbD/C operon. psbD and psbC encode the D2 polypeptide and the CP43 chlorophyll a apoprotein of photosystem
Il, respectively; ycf9, an unidentified open reading frame; and trnTgay, trnGace, and trnSyca, tRNAs for threonine, glycine, and serine, respectively.
(C) RNA gel blot analysis of the ndhC operon. ndhC, ndhK, and ndhJ encode the corresponding subunits of the plastid NADP(H) dehydrogenase
complex.

(D) RNA gel blot analysis of the ndhH operon. ndhH, ndhA, ndhl, ndhG, ndhE, and ndhD encode the corresponding subunits of the plastid NADP(H)
dehydrogenase complex; psaC, subunit C of photosystem |.
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Table 2. Mapping Data for hcf109*

Chromo- Percentage Genetic

somes of Distance (in LOD
Marker Analyzed Recombination centimorgans) Score®
291C 38 15.8 + 4.2 16.4 + 4.7 4.2
247A 42 48 + 23 48 + 2.3 9.2
nga139 110 20.0 + 2.7 21.2 + 3.2 9.2
nga7é 280 ) 43 + 09 43 + 09 62.8
phyCe 1000 <0.1 0.07 <0.1+ 0.07 >300

a For experimental details, see Methods.

b Logarithm of the likelihood odd ratio supporting linkage between
hcf109 and the marker.

¢ No recombination event between phyC and hcf109 was detected.

electrons from the NAD(P)H dehydrogenase complex (Kubicki
et al., 1996). Because hcf109 is deficient in the NAD(P)H de-
hydrogenase, this lesion may contribute to the almost complete
lack of electron fiow into photosystem |

The impaired functions of photosystems | and it are mirrored
at the protein and RNA levels. Immunoblot analyses demon-
strated that all of the analyzed photosystem | subunits are
reduced by ~75%. Although the psaA-psaB transcripts ac-
cumulated to wild-type levels in hcf109, there was a drastic
reduction in the steady state amounts of the monocistronic
psaC RNA. Limiting amounts of this RNA may explain the di-
minished numbers of photosystem { complexes, because it is
known from mutational analysis with Chlamydomonas that the
psaC product is essential for the correct assembly of this pho-
tosystem (Takahashi et al., 1991).

The accumulation of all analyzed photosystem | subunits
in hcf109 was lowered by similar values. In contrast, pho-
tosystem Il polypeptides accumulated nonstoichiometrically.
This result agrees with observations of photosystem I| mutants
of Chlamydomonas (de Vitry et al., 1989), the greening of etio-
lated spinach seedlings (Westhoff et al., 1990), and bundle
sheath chloroplasts of monocotyledonous C,; plants
(Meierhoff and Westhoff, 1993). The highest reductions of the
amount of protein and the incorporation of 35S-methionine in
in vivo labeling experiments were observed for CP47 and D1.
Such a coordinated synthesis and concomitant accumutation
of CP47 and D1 have also been found in CP47 mutants of
Chlamydomonas (Jensen et al., 1986; Monod et al., 1992) and
Synechocystis (Shen et al., 1993).

The lowered level and synthesis of CP47 were paralleled
by a depletion of the amount of psbB-containing transcripts,
indicating a causal relationship. In contrast, the levels of psbA
and other plastome-encoded photosystem Il transcripts were
not changed in hcf109, and accumulation of corresponding pro-
teins was reduced. These findings suggest that the limiting
amounts of CP47 are the primary cause for the deficiency in
photosystem Il and that the reduced levels of the other pho-
tosystem |l subunits are a secondary effect. Because psbTl
sequences are always carried on the same transcripts as psbB,

a concomitant loss of the psbT protein may contribute to the
observed photosystem |l phenotype. However, this appears un-
likely because the inactivation of psbT in Chlamydomonas did
not cause any disturbances in photosystem Il under normal
growth conditions (Monod et al., 1994).

Besides the severe depletion in psbB-psbT transcripts,
hcf109 also lacks all ycf9-containing transcripts. The ycf9 read-
ing frame is not found on a separate RNA but always occurs
together with psbD and psbC sequences. The function of the
YCF9 protein has not been elucidated, and it is not known
whether the co-location of ycf9, psbD, and psbC sequences
on the same RNAs implies any functional relationship. The
drastic depletion of ycf9 transcripts in the photosystem
li-depleted bundle sheath chloroplasts of monocotyledonous
NADP malic enzyme-type C, species (Westhoff et al., 1991,
Kubicki et al., 1994) may suggest a functional association of
ycf9 with this photosystem.

The most intriguing feature of hcf109 is that the mutational
lesion impairs RNA accumulation in four different polycistronic
transcription units but only distinct transcripts in the mul-
tibanded pattern of the psbB, psbD/C, and ndhC operons are
lacking. Because transcriptional run-on experiments revealed
no significant differences in the transcriptional activities of the
corresponding genes, the mutation must affect RNA accumu-
lation at the level of transcript stability and not of transcription
initiation. An hcf locus (hcf38) that affects the accumulation
of psbB transcripts has also been described in maize (Barkan
et al., 1986). In addition, the locus affects RNA accumulation
in the petA and atpB/E gene clusters and is therefore different
from the hcf109 gene of Arabidopsis.

The pleiotropic effects of the two hcf loci of Arabidopsis and
maize on RNA accumulation in several polycistronic transcrip-
tion units contrast with our current knowledge about nuclear
mutations affecting plastid mRNA stability in Chlamydomonas.
All mutations that have been identified are specific and affect
only individual mRNAs, for instance, those encoding psbB

F (Sieburth et al., 1991; Monod et al., 1992), psbC (Sieburth et

al., 1991), or psbD transcripts (Kuchka et al., 1989). The limited
available data do not permit any conclusions about this dis-
crepancy between land plants and Chlamydomonas. However,
the two plastomes differ widely with respect to genome orga-
nization (Palmer, 1992); perhaps even more importantly, land
plants and chlorophycean algae are derived from independent
lineages that separated at the beginning of the evolution of
the chlorophyll a/b—containing plants (Steinkdtter et al., 1994).
It is to be expected that significant differences in the regula-
tion of plastid gene expression in these two lineages of
chlorophyll a/b-containing photosynthetic eukaryotes have
evolved.

For the mechanism of action of the hcf109 gene product,
two principal modes may be envisioned. Due to the recessive
nature of the mutation, the mechanism could act as a nega-
tive regulator of a specific nuclease or processing activity that
renders the transcripts more susceptible to degradation. This
could be an RNA binding protein which recognizes cis-acting



elements in the psbB-psbT, ycf9, psaC, and ndhC/K/J transcripts
and thereby confers stability on these RNAs. Alternatively, it
might not contact RNA directly but might represent a compo-
nent of a multimeric complex. In any case, one would expect
that sequence motifs and/or structures that provide recogni-
tion sites for the hcf109 gene product or its associated
components are common to all of the above transcripts. The
transcribed sequences of the psbB-psbT, ycf9, psaC, and
ndhC/ndhK/ndhJ genes and adjacent regions were examined
visually and by computer-aided searches to identify eventu-
ally those cis-regulatory sequence motifs. No particularly
convincing sequence similarities were detected in the 3’ flank-
ing regions of psbT, ycf9, ndhJ, and psaC. This contrasts with
a conserved hexanucleotide motif (CCAATG) that can be found
5’ upstream of psbB, ycf9, and ndhk and just at the transia-
tional start codon of psaC (Figure 7). Its significance may be
questioned, however; in the case of psbB (Westhoff and
Herrmann, 1988) and ycf9 (Offermann, 1988), it has been
shown that the corresponding RNA segment contains an en-
donucleolytic processing site (see Figure 7). Cleavage at this
site leads to the formation of a 5’ truncated version of the
psbB-psbT dicistronic RNA (Westhoff and Herrmann, 1988)
and to the removal of the ycf9 region from the psbD-psbC tran-
script segment, respectively (Offermann, 1988). Unfortunately,
no 5’ mapping data are available for the monocistronic psaC
RNA and the dicistronic ndhK-ndhJ transcript. For this rea-
son, there is still no evidence that these CCAATG-containing
regions are the target site of the hcf109 gene-product.

The importance of the 5' leader segment for RNA stability
is well documented for mitochondrial transcripts in yeast
(Dieckmann et al., 1984; Chen and Dieckmann, 1994; Grivell,
1995) and also for the psbD transcript in the chloroplasts of
Chlamydomonas (Kuchka et al., 1989; Nickelsen et al., 1994).
Similar data for plastid RNAs of higher plants are lacking. It
is hoped that the isolation and molecular characterization of
the hcf109 locus will shed new light on the regulation of plastid
RNA stability by transcript-specific proteins. The proximity of
the hcf109 locus to the phyC gene should permit a successful
isolation of hcf109 by positional cloning and provide this im-
portant information in the near future.

\

psbB

ycf9
psacC

ndhK
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METHODS

Plant Material and Growth Conditions

Seeds of Arabidopsis thaliana ecotypes Columbia and Landsberg erecta
were obtained from J. Dangl (formerly of Max-Delbriick Laboratory,
Max-Planck-Institut fiir Zichtungsforschung, Cologne, Germany). Both
mutant and wild-type plants were grown on sucrose-supplemented Gel-
rite medium (Meurer et al., 1996). All comparisons between mutant
and wild type were performed with leaf material at the same develop-
mental stage.

Photosynthetic Electron Transport Measurements

Thylakoid membranes were isolated by homogenizing 1- to 2-g leaves
from 24-day-old mutant and wild-type seedlings in 20 mL of 20 mM
Tricine-KOH, pH 8, 10 mM NacCl, and 400 mM sucrose, using a Waring
blender. Following filtration through 20-um nylon cloth, the membranes
were centrifuged for 10 min at 4500 rpm (HB-4 rotor; Sorvall-Dupont,
Bad Nauheim, Germany), washed in the same buffer, and finaily sus-
pended in 20 mM Tricine-KOH, pH 8, 150 mM NaCl, and 5 mM MgCl,.
The chlorophyll content was determined according to Arnon (1949).
Polarographic measurements of the light-driven activities of pho-
tosystems | and Il were conducted by using a homemade oxygen
electrode (Delieu and Walker, 1972) in saturating light at 20°C. Pho-
tosystem I-dependent electron transport was measured in the presence
of 1 uM 3-{34-dichlorophenyl]-1,1-dimethylurea by using 0.5 mM
N,N,N',N'-tetramethyl-p-phenylendiamine, which was reduced with 0.5
mM sodium ascorbate as electron donor and 25 pM methyl viologen
as electron acceptor. The reaction medium contained additional 40
mM Tricine-KOH, pH 8.0, 60 mM KCl, and 5 mM MgCl, (Allen and
Holmes, 1986). Photosystem |I-mediated oxygen evolution was mea-
sured by using 2,5-dimethyl-p-benzoaminone as electron acceptor in
a medium containing 330 mM sorbitol, 5 mM MgCl,, 5 mM NaCl, 1
mM KH,PO,, and 40 mM Hepes-KOH, pH 7.6 (Somersalo and Krause,
1990).

Low-Temperature Chlorophyl! Fluorescence Spectra

Chlorophyll fluorescence emission spectra at 77K were recorded for
primary leaves of 16-day-old plants with a fluorometer (model F-3010;

“TTTTICCAATGCAATAAAGTTACGTAGTGTCTATTTATCTTTGATATAAGGGGTATTTCCATG. . .
CAAATGGTATATAGTTCATTTGTTGGTAGCTTGGAGGATTAAAAGC——~~~———— ATG. ..
ICCAATGTCACATTCAGTAAAGATTTATGATACGTGTATAGGATGTACTCAATGTGTCC. . .

CCAATGGGCGATGCTTGGTTACAATTTCGAATCCGTTATTATATGTTT-159nt~-ATG. . .

Figure 7. Alignment of Sequences in the 5-Leader and Coding Regions of psbB, ycf9, psaC, and ndhK.

Sequences were taken from tobacco plastid DNA (Shinozaki et al., 1986). Vertical arrows denote RNA 5’ ends as determined by S1 nuclease
protection analysis with spinach (Westhoff, 1985; Offermann, 1988). The conserved hexanucleotide motif CCAATG and the pentanucleotide motif
ATAGA are boxed. The translational initiation codons are written in boldface letters. The ndhK upstream region is actually located within ndhC

(Steinmiiller et al., 1989).
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Hitachi, Tokyo, Japan), as described by Weis (1985). Fluorescence was
excited at 475 nm (band pass 20 nm), and the emission was recorded
between 670 and 780 nm (band pass 1.5 nm). Emission spectra from
25 single measurements were averaged, and the emission maxima
were determined by calculating the second order derivative spectra
with a personal computer. Spectra were normalized with respect to
equivalent long wavelength emission bands.

In Vivo Labeling of Leaf Proteins

Primary leaves of 12-day-old mutant and wild-type seedlings were
vacuum infiltrated in 50-uL reaction medium containing 1 mM KH,PO,,
pH 6.3, 0.1% (wiv) Tween 20, 50 uCi 35S-methionine (specific activity
>1000 Ci/mmol; Amersham Buchler, Braunschweig, Germany) and 20
ug/mL cycloheximide. After a 15-min incubation at 25°C in ambient
light, leaves were washed twice with 500 pL of 20 mM Na,CO; and
10 mM DTT. Thylakoid membranes were isolated from leaves after grind-
ing with a conical stainless steel rod that fitted into the bottom of an
Eppendorf tube. The homogenate was centrifuged for 10 min at 15000

rpm (2MK centrifuge; Sigma, Osterode, Germany). The pellet with the

membranes was washed and resuspended in 100 mM Na,COs;, 10%
(wiv) sucrose, and 50 mM DTT. Trichloroacetic acid-insoluble radio-
activity was measured according to Mans and Novelli (1961).

PAGE and Immunoblotting

Electrophoresis of proteins in SDS-polyacrylamide gels was performed
according to Schagger and von Jagow (1987). Separated proteins were
silver stained according to Blum et al. (1987). Radiolabeled proteins
were detected by autoradiography after electrophoretic transfer to a
nitrocellulose membrane. Proteins for immunodecoration analysis were
also transferred to nitrocellulose membranes, incubated with specific
antibodies (Westhoff et al., 1985), and visualized by the enhanced che-
miluminescence Western blotting technique (Amersham Buchler)
(Meurer et al., 1996).

RNA Gel Blotting

Gel blot analysis of total leaf RNA by using DNA or RNA probes was
performed as described previously (Westhoff and Herrmann, 1988;
Westhoff et al., 1991, Meurer et al., 1996). Hybridization probes for
plastid- or nuclear-encoded RNAs are listed in Meurer et al. (1996)
and Kubicki et al. (1996). Additional gene probes of spinach plastid
DNA were pSoP930 (containing a 1041-bp Xbal fragment; P. Westhoff,
unpublished data) for rpoA, pSoP3303 (containing a 1100-bp
BamHI/EcoRI fragment; M. Streubel and P. Westhoff, unpublished data)
for accD, and pSoP3034 (containing a 2100-bp EcoRi fragment; M.
Streubel and P. Westhotf, unpublished data) for psal/ycf4/cemA.

Run-On Transcription Reactions and Hybridization of
Radiolabeled Run-On Transcripts to Membrane-Bound
RNA Probes

Crude chloroplasts were isolated from 3 g of leaf material of 12-day-
old mutant or wild-type seedlings, essentially as described by Somerville

et al. (1981). Further purification of the chioroplasts on a Percoll step
gradient (42%/85%) followed the protocol of Bartlett et al. (1982). Chlo-
roplasts were resuspended in 300 mM sorbitol and 50 mM
Hepes-NaOH, pH 8.0, and their concentration was determined in a
hemocytometer. Run-on transcription assays with 5 x 10 chlo-
roplasts per 55 uL of total reaction volume were performed as described
by Klein and Mullet (1990) with the modifications listed in Kubicki et
al. (1994). After 10 min of incubation at 25°C, transcription was termi-
nated and the radiolabeled RNAs were isolated (Kubicki et al., 1994).
Incorporation of ¢-32P-UTP into transcripts was determined as de-
scribed by Hallick et al. (1976).

Antisense transcripts to psbA, psbB, psbD/C, petB/D, rbcl, psaA,
yef9, and ndhK were produced by in vitro transcription, as described
by Klein and Mullet (1990). Approximately 8 pmol of in vitro transcript
was glyoxylated (McMaster and Carmichael, 1977) and immobilized
onto Biodyne A nylon membranes (0.2 um; Pall, Dreieich, Germany),
using a Minifold | dot blot device (Schleicher & Schuell). Prehybridi-
zations and hybridizations with 32P-labeled run-on transcripts were
performed according to Klein and Mullet (1990). To exclude competi-
tion of probes for the same polycistronic transcripts, the probes of one
transcription unit were always assayed in separate hybridization reac-
tions. Blots were analyzed by autoradiography and liquid scintillation
counting of the excised spots.

Mapping of hcf109

Seventy-five F, populations were produced by pollinating emasculated
flowers of the ecotype Landsberg erecta with Columbia plants hetero-
zygous for the hcf109 mutation and selfing the resuiting F, plants.
Twenty-two F» plants that were homozygous for the wild-type hcf109
locus of Landsberg erecta were selected from the segregating F;
populations and used to generate F3 families for restriction fragment
length polymorphism (RFLP) analysis. They were also used for poly-
merase chain reaction (PCR)-based marker typing; in addition,
individual F, plants that were homozygous for the mutant locus were
included in the analysis.

For RFLP mapping, DNA was isolated from ~60 plants of the Fj
families (Dellaporta et al., 1983). One microgram of EcoRl-digested
DNA was separated in agarose gels and subjected to DNA gel blot-
ting using standard procedures of Sambrook et al. (1989) and the ARMS
marker set of Fabri and Schéffner (1994).

PCR analysis was performed with isolated genomic DNA (Deilaporta
et al., 1983) or with a crude leaf homogenate (Klimyuk et al., 1993).
The microsatellite markers nga76 and nga139 were amplified accord-
ing to Bell and Ecker (1994). The primer for the cleaved amplified
polymorphic sequence marker (Konieczny and Ausubel, 1993) of
phytochrome C (phyC) was as follows: forward primer, 5-CCTAATGGA-
GAATCATTCGG-3'; reverse primer, 5-CTACAGAATCGTCCTCAACG-3’
(Arabidopsis thaliana Database). Amplification with the phyC primers
yielded a product of ~2 kb, which, after digestion with Pstl, resuited
in 1.7- and 0.3-kb fragments for the Columbia allele and in 0.8-, 0.7-,
0.3-, and 0.2-kb fragments for the Landsberg erecta ecotype.

Chi square tests were used to assess genetic linkage of the hcf109
locus with the RFLP markers. The relative map positions of hcf109
and marker loci were determined with MapMaker 2.0 for Macintosh
(Apple Computers, Inc., Cupertino, CA) (Lander et al., 1987) by using
the Kosambi mapping function and a log-likelihood threshold of 4.0.
Standard errors of recombination frequency and map distances were
estimated according to Koornneef and Stam (1992).
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