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ABSTRACT

Photosynthetic electron transport mutants of Arabidopsis thaflana were isolated
using the high chlorophyll fluorescence (hcf) phenotype as a screen. Seeds from small bulk
populations (7 plants each) of chemically mutagenized (ethyl methane sulfonate) plants were
collected and the progeny screened for the presence of hcf phenotypes. Of 570 bulk
2 generation. This suggests that
populations screened, 251 contained hcf seedlings in the M
there are a high number of nuclear loci that are required for functional photosynthetic
1 bulk
electron transport. Twenty-one mutant lines, each originating from a separate M
segregating for the hcf phenotype as a single nuclear recessive gene were isolated. Eight
lines that appeared to be blocked early in the photosynthetic electron transport chain were
selected for further study. They were characterized with respect to fluorescence induction
kinetics, chloroplast pigment composition, photosystem I and H electron transport activity
rates, chloroplast proteins, chlorophyll-protein complexes, and RNAs. Chloroplast pigments
were found in different proportions in the mutants compared to the wild-type siblings,
however, all the major pigments were present. Thus pigment biosynthesis does not appear
to be the cause of the hcf phenotype, but loss of one or more of the thylakoid membrane
complexes involved in electron transport is responsible. Four of the mutants (hcf2, hct3, hcf5
and hcf6) are reduced in all components of the electron transport chain (photosystems I and
II, and the cytochrome complex). The block in electron transport in these mutants can be
correlated with abnormal processing and/or stability of chioroplast RNA transcripts or steady
state levels of chloroplast RNAS encoding protein products components of photosystem II and
cytochrome complex. In mutant hcf2, the chloroplastpetA transcript (encoding the
cytochrome fapoprotein) is at significantly higher steady state levels in the mutant. The
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reason for this is unknown at the present, as the cytochrome fpolypeptide is in the thylakoid
membrane at reduced levels. Mutant hcf3 appears to have a lower level of chloroplast
mRNAs, but the differences were not quantified. Mutants hcf5 and hcf6 both have altered
levels in some, but not all, of the transcripts derived from polycistronic chioroplast operons.
The results on these mutants suggests that a nuclear gene product involved in the stability
or processing of the chioroplast transcripts is missing in these mutants. The hcf phenotype
in the remainder of the mutants (hcfl, hcf4, hc17 and hct) is due to a block in electron
transport at the photosystem I complex. Photosystem II and the cytochrome complex are
normal, except for mutant hcf4 which appears to have a slightly lower level of Photosystem
II electron transport activity rate. There was a correlation between photosystem I ChI
protein complex (CPI), photosystem I thylakoid membrane polypeptides and photosynthetic
electron transport activity rate for mutants hcfl and hcf8. Mutant hcf4 on the other hand, in
spite of the lower level of photosystem I ChI-protein complex (CPI) and photosystem I
polypeptides, had a normal level of photosystem electron transport activity rate. The reason
for this is unknown, although it is possible that a soluble component in the electron
transport chain is lost in the mutant. Chloroplast and nuclear steady state mRNA levels are
at wild-type levels in all of the mutants reduced in photosystem I. This suggests that a
nuclear gene product is required post-transcriptionally in assembly and/or stability of the
photosystem I complex in these mutants.
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CHAPTER 1
INTRODUCTION
te and characterize nuclear mutations of
The objectives of this research were to isola
c electron transport. Nuclear mutations that
Arabidopsis thaliana that affect photosyntheti
ably would be located in genes that encode
disrupt photosynthetic electron transport prob
st biogenesis and assembly or stability of the
gene products that are essential for chioropla
edure used took advantage of the fact that
photosynthetic complexes. The screening proc
thesis is re-emitted as chlorophyll
light energy that cannot be utilized in photosyn
osynthetic electron transport display a high
fluorescence. Thus mutations that block phot
rophyll fluorescent phenotype or hcf
level of fluorescence and are termed high chlo
ared to segregate as single nuclear recessive
Characterization of selected hcf lines that appe
kinetics, Chi-protein complexes,
mutations entailed analysis of the fluorescence
,
al antibodies, electron transport activity rates
immunoblotting with monospecific polyclon
ear and chioroplast genes encoding
and analysis of steady state RNA levels of nucl
the electron transport system.
polypeptides known to be an integral part of
rch is that the chioroplast, although
The rationale of the approach taken in this resea
Sequencing the chloroplast genome from
biochemically complex, is genetically simple.
oximately 130 known genes and open reading
several species has revealed that there are appr
of
1986; Shinozaki et al., 1986). The majority
frames (Hiratsuka et al., 1989; Ohyama et al.,
st transcription and translation, and encode
the genes encode products involved in chioropla
involved in photosynthetic electron transport
protein components that are part of complexes
nucleus plays a major role in chioroplast
(Sugiura, 1988). It is well established that the
ponents that form an integral part of the
biogenesis. Nuclear genes not only encode com
also encode components that are required in
photosynthetic electron transport system, but
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the assembly and stability of the complexes. Little is known about these genes. Mutant
analysis provides the opportunity to study the action of nuclear genes required for
chioroplast biogenesis that would not otherwise be accessible through biochemical and
physiological means.

1.1. ARABIDOPSIS AS A MODEL SYSTEM
The advantage ofArabidopsis as a model system for studies in plant biology and
genetics is due to the short generation time (6-8 weeks), small genome size (Leutwiller et al.,
1984), little repetitive DNA (Pruit and Meyerowitz, 1985), availability of mutants (Estelle
and Somerville, 1986, Meyerowitz, 1989), availability of genetic and molecular markers for
mapping (Koornneff et al., 1983; Chang et al., 1987; Nam et al., 1989), and availability of
large DNA segments in yeast artificial chromosomes to facilitate chromosome walking (Grill
and Somerville, 1991). Arabidopsis is a dicotyledonous plant, and can be transformed via
Agrobacterium tumefaciens using leaf (Lloyd et al., 1986), cotyledon (Schmidt and
Willmitzer, 1988) and root (Valvekens et al., 1988) explants, and seeds (Feldmann and
Marks, 1987). The latter system has also led to the isolation of mutants by the insertion of
the T-DNA ofA.grobacterium (Feldmann et al., 1989; Feldmann, 1991), facilitating isolation
of genes of interest (Yanofsky et al., 1990).
Each model system also has disadvantages, and Arabidopsis is no exception. The
small size of the plants complicates harvest of sufficient material for analyses (especially for
seedling lethal mutants such as is the case for the present study), and the small size of the
flowers requires expertise for crossing. There are no known functional transposable
elements in Arabidopsis. However, the maize transposable element Ac has been transformed
into Arabidopsis, and can ‘hop’ at low frequencies (Baker et al., 1987; Schmidt and
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with
Willmitzer, 1989). The transformation frequency ofArabidopsis explants is not on par
In
other systems such as tobacco (Nicotiana tabacum L.) and petunia (Petunia hybrickL L.).
addition the favored ecotypes for molecular and genetic studies (Columbia and Landsburg)
have consistently been the hardest ecotypes from which to obtain fertile transformed plants
(Chaudhury and Signer, 1989; Schmidt and Willmitzer, 1988; Valvekens et aL, 1988).

The success of Arabidopsis as a model system in plant genetics and molecular biology
is due to a large increase in the number of researchers using Arabidopsis in the last 5-10
years. This is evidenced by the increase in numbers ofjournal articles that appear monthly
in which Arabidopsis is the subject organism. The uses ofArabidopsis can be grouped into
the following (arbitrary) topics: isolation of novel mutant phenotypes, molecular
characterization of the Arabidopsis genome, and characterization of known proteins and
genes already isolated in other species. The combination of the first two above is the most
promising aspect ofArabidopsis as a model system. It is virtually impossible to isolate a
gene for which the protein product is not known, unless a molecular tagging’ technique is
available. This is especially true in cases where the gene of interest is regulatory, where the
protein product will probably be at extremely low levels. Genes that give rise to mutant
phenotypes which are probably regulatory are on the verge of being isolated and analyzed in

Arabidopsis through the combined use of mutant analysis and gene isolation by chromosome
walking. One of the more advanced studies of this nature derived from mutant analysis, is
in flower development. To date, two genes involved in flower development have been cloned
(Yanofsky et al., 1990). Granted, both genes were isolated due to an insertion of T-DNA in
the gene of interest. However, isolation of genes with known mutant phenotypes by
chromosome walking should begin to appear in the literature shortly.

3

As the possibility of chromosome walking becomes reality in Arabidopsis, many
researchers have concentrated on isolating mutant phenotypes of interest. Arabidopsis has
yielded phenotypes that are auxotrophic (Last et al., 1988; Schnieder et al., 1989), hormone
insensitive (Klee and Estelle, 1991); phytochrome deficient (Chory et al., 1989); have altered
responses to blue light (Karuna and Poff, 1989; Liscum and Hangarter, 1991) and react
similarly to that of light grown plants in the dark (Chory et al., 1989; 1991; Beng et al.,
1991). The mutants with altered responses to light are of particular interest with respect to
the research presented in this thesis and will be further described below.
Studies of the Arabidopsis photosynthetic apparatus have been meager compared to

Chiamydornonas reinhardtii, Synechocystis spp., barley (Hordeum vulgare L.), maize (Zea
mays L.) and spinach (Spiniacea oleracea L.). Most of the research has been on lipid
biosynthesis in the chioroplast (reviewed in Browse and Somerville 1991), mutants with
altered CO
2 requirements (Somerville and Ogren 1982; Artus and Somerville, 1988), and
mutants blocked in pigment biosynthesis (Duckham et al., 1991; Murray and Kohorn, 1991;
Ruhie et al., 1983). Work has been done on the characterization and expression of the cab
genes (Leutwiller et al., 1986; Karlin-Neuman and Tobin, 1988). A gene required for
photosynthetic competence in Arabidopsis has been isolated from a mutant caused by T-DNA
insertion (Koncz et al., 1990). The T-DNA mutant did not complement a known Arabidopsis
mutant (ch-42) with a similar phenotype. The wild-type CH-42 gene has been isolated and
the gene product is targeted to the chloroplast, although the function and location of this
gene product in the chloroplast is as yet unresolved.
Using the knowledge of higher plant chioroplast thylalcoid membrane complexes
(Green, 1988), chloroplast development (Deng and Gruissem, 1987), chloroplast gene
organization (Westhoff and Herrmann, 1988) and gene expression (Deng and Gruissem
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1988), Arab idopsis photosynthetic complexes and gene expression can be reasonably
speculated on until further characterization of the Arabidopsis system is done.

1.2. PHOTOSYNTHESIS AND COMPONENTS OF ELECTRON TRAI”ISPORT
Oxygenic photosynthesis is the process by which radiant energy, in the form of
sunlight is converted into chemical energy in the form of biomass. The light reactions of
photosynthesis are involved in light capture, stabilization and transfer of energy into the
chemical currency in the formation of ATP and generation of reductant in the form of
NADPH and ferredoxin. Functionally, electron transport occurs from intermediate to
intermediate on thylakoid membrane complexes and soluble electron carriers of chioroplasts
in a sequential manner outlined by Hill and Bendall (1960). In the transfer of electrons from
PSII to ferredoxin and NADPH an electrochemical potential gradient is generated and ATP
formation ensues. The energy and reducing power convert carbon, nitrogen and sulfur which
arrive at the plastid in the form of carbon dioxide, nitrite, and sulfate ions, into
carbohydrates, amino acids, nucleotides, and many other compounds.
The thylakoid membrane macrocomplexes involved in photosynthetic electron
f, and photosystem I (PSI) in addition to
b
/
transport are: photosystem II (PSII), cytochrome 6
the mobile electron carriers (Figure 1). Crude fractionation studies indicate that the active
PSII complexes are primarily confined to the appressed regions of the grana, whereas PSI is
6 If
found in the stroma and at the margins of grana (Anderson, 1989). The cytochrome b
complex is found in both the grana and stroma lamellae (Anderson, 1989). The level of each
of the complexes in the thylakoid membrane is continually in a dynamic equilibrium in
response to environmental conditions and energy requirements. Plants grown under low
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Stroma
psaG

Photosystem I Complex
l’hotosystem 11 Complex

f Complex
b
Cytoehrome 6

Figure 1. Macromolecular complexes involved in photosynthetic electron
The complexes are
transport in higher plant thylakoid membranes.
Gene sequences are
/f, photosystem II.
6
photosystem I, cytochrome b
presented on Tables 1-3. This figure is adapted with modifications from
Green et aL (1991).
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light levels, for example, were found to have a cytochrome/PSI ratio of 0.7 (Chow and
Anderson 1987; Chow and Hope, 1987). When the plants were transferred to high light, the
cytochrome content in the thylakoid membranes increased to a cytochromelPSl ratio of 1.01.25. Thus when the rate of light absorption is limited, the thylakoid membranes contain
low levels of the cytochrome complex. Conversely, under high irradiances, where light is not
limited, the increased levels of the cytochrome complex in the membrane ensure increased
levels of intermediate electron transport carriers. In addition, heterogeneity within PSII and

PSI complexes has been documented (Govindjee, 1990; Svensson et aL, 1991). This is in part
due to subpopulations of each of the complexes that are probably being repaired or assembled
(Melis, 1991). Further details of the macromolecular organization, function and genetic
origin of each of the complexes follows.

12.1. Photosystem II

PSII is responsible for the oxidation of water and reduction of a stable electron
acceptor, plastoquinone. The oxidation-reduction potential of this reaction is +0.9 V. Light
energy is absorbed by the ChI antenna which is transferred to the reaction center ChI where
charge separation occurs. The reaction center Chi P-680 through a series of four oxidizing
photochemical reactions involving a cluster of four manganese results in the oxidation of
water leading to oxygen evolution, and the release of protons into the thylakoid lumen.
By analogy to the Rhodopseudomonas viridis reaction center for which the 3-1)
structure has been elucidated (fleisenhofer et al., 1985), it is thought that the core proteins,
Dl and 02, bind a special pair chlorophyll (P680), two pheophytin molecules and each have a
quinone binding site (Table 1). Both Dl and 02 are predicted to contain 5 membrane
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Table 1. Genes encoding photosystem II polypeptides
Gene

Origin

Gene Product

psbA

Chioroplast

34 kDa reaction center polypeptide (Dl)

psbB

Chloroplast

45-54 kDa Chi binding PSII core polypeptide (CP47)

psbC

Chloroplast

40-45 kDa Chl binding PSII core polypeptide (CP43)

psbD

Chloroplast

34 kDa reaction center polypeptide (D2)

psbE

Chloroplast

9 kfla Cytochrome b559 binding polypeptide

psbF

Chloroplast

4 kfla Cytochrome b559 binding polypeptide

psbG

Chloroplast

PSII “G”protein (?); NADH dehydrogenase (?)

psbH

Chloroplast

9 kDa phospho protein

psbl

Chioroplast

PSII ‘T protein

psbJ

Chioroplast

PSII “J” protein

psbK

Chioroplast

PSII “K” protein

psbL

Chioroplast

PSII “L” protein

psbM Chioroplast

PSII “M’ protein

psbN

Chioroplast

PSII “N” protein

psbO

Nuclear

33 kDa polypeptide of OEC

psbP

Nuclear

23 kDa polypeptide of OEC

psbQ

Nuclear

16 kDa polypeptide of OEC

psbR

Nuclear

10 kDa polypeptide of OEC

8

spanning helixes, and have been shown to contain one electron transport intermediate
tyrosine residue (denoted Z and D, respectively) near the manganese atoms in the oxygen
evolving enhancer complex. The Dl contains the QB binding site for the mobile electron
carrier, plastoquinone.
In addition to the Dl and D2 polypeptides, the smallest photochemicafly active
reaction center PSU preparation isolated also contains the polypeptides that bind
559 (psbE and psbF gene products), and the psbl gene product (Namba and
b
cytochrome ;
559 in PSII is still unknown, although most
Satoh, 1987). The role of cytochrome b
researchers do not believe that it is involved in non-cyclic electron transport (for a dissenting
59 in PSII
b
view see Ortega et aL, 1989). Possible hypotheses for the role of cytochrome 5
are: 1) a protectant against photooxidation of PSII core chlorophylls (Herber et al., 1979), 2)
participation in cyclic electron flow around PSII (Arnon and Tang, 1988), and 3) a redox
559 are devoid of
function in water oxidation (Cramer et al., 1986). All mutants that lack b
PSII activity (Maroc and Gamier, 1981; Pakrasi et aL, 1989). It is interesting to note that in
a mutant of Synechocystis in which thepsbE and psbF genes were deleted, the CP47 and
CP43 proteins were observed to accumulate in the membrane (Pakrasi et al., 1989). In
higher plants and Chlamydomonas any disruption of a PSII component appears to
destabilize the P511 complex leading to loss of all P511 polypeptides (Metz and Miles, 1982;
Rochaix and Erickson, 1988).
The PSII core complex also includes two chloroplast encoded ChIa binding proteins,
CP47 (psbB gene product) and CP43 (psbC gene product). Although not components of the
reaction center, they function in the transfer of light energy to the reaction center. Both are
essential for P511 stability in vivo, as inactivation results in PSII deficiency (Vermas et al.,
1986).
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The psbH gene encodes a small (10 kDa) phosphoprotein that is co-transcribed with
3 as
the 47 kDa ChIa binding protein in the plastid. The function of this polypeptide in PSII
with some of the other smaller proteins associated with PSII, is not known. In some cases

their association with PSII has yet to be confirmed. For example, the psbG gene has been
proposed to be a component of NADH dehydrogenase and not a component of PSU (Nixon et
aL, 1989). Insertional inactivation of the psbG gene in Synechocystis had no phenotypic
effect on P511 activity (Steinmuller et aL, 1991). However, due to a second plasmid-borne
cryptic psbG gene in Synechocystis, no conclusions as to the role of the psbG can be made.
Associated peripherally with PSII are nuclear encoded 33, 23 and 16 kfla
polypeptides (psbO, psbP and psbQ, respectively) which form the oxygen enhancer complex
and serve to stabilize the manganese atoms in P511. Originally this was called the oxygen
evolving complex as the integrity of the complex is associated with oxygen evolution.
However, oxygen evolution can be partially restored by calcium and chloride ions in the
absence of these polypeptides. It is generally accepted that the 33 kDa protein serves to
maintain the functional conformation of the manganese cluster. Deletion of the psbO gene
(33 kDa) does not 1ead to loss of oxygen evolution in Synechocystis sp. PCC 6803, but does
increase the susceptibility to photoinhibition (Mayes et al., 1991). The extrinsic 23 and 16
kfla proteins do not play an obligatory role in binding manganese. However, they probably
have regulatory functions serving to stabilize the manganese, protect the cluster from other
reducing agents and modulate the binding of the calcium and chloride ions (Ghanotakis and
Yocum, 1990).
Associated with PSII, and comprising part of the PSII macro complex are the Chi a-i-b
light harvesting antenna complexes, LHCII (reviewed in Green, 1988; Thornber et al., 1990).
These are encoded by the nuclear cab genes. Several forms of the light harvesting antenna
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have been found in the thylakoid membranes. Some of the protein complexes are in close
association with PSII, eg. CP29 and CP24 and do not appear to disassociate from the
complex in vivo. The mobile 111011 complexes constitute a second form. These are found
associated with PSII under favorable PSIT light conditions, whereas under high light or
under PSI light conditions they are phosphorylated, migrating to the stromal lamelae,
thereby decreasing the PSII antenna size. Evidence has accumulated that the mobile form
can become associated with PSI in the phosphorylated state (Kyle et al., 1983). It is

however, unresolved if the mobile LHCII complexes are actually involved in transfer of
energy to PSI.

1.2.2 Cytochrome hG/f
/f complex oxidizes plastoquinone and reduces plastocyanin. In
6
The cytochrome b
this process protons are translocated across the membrane generating a protonmotive force.
The cytochrome complex is composed functionally of the 34 kDa cytochrome f associated
polypeptide (encoded by the petA gene), a 23 kDa polypeptide (encoded by the petB gene)
63 (b
b
) heme molecules, a nuclear encoded 20 kDa iron-sulfur
6
which binds two cytochrome 5
Rieske protein (encoded by the petC gene), and a 17 kDa polypeptide termed subunit 4
encoded by the petD gene (Westhoff et al., 1986) (Table 2). Recently Haley and Bogorad
(1989) have shown that a small 4 kDa chloroplast-encoded polypeptide is also associated with
the complex. The function of this polypeptide in the complex is unknown.
The petB and petD genes are co-transcribed in the same polycistronic message as the
psbB and psbH genes of photosystem II. The operon has been extensively studied as the
steady state levels of RNA messages display a complex pattern on northern blots (Deng and
Gruissem, 1987; Rock et aL, 1987; Westhoffet al., 1986). This is due to complex

11

Table 2. Genes encoding cytochrome complex and other chloroplast polypeptides
Gene

Origin

Gene Product

petA

Chioroplast

cytochrome f

petB

Chloroplast

6
cytochrome b

petC

Nuclear

Rieske Fe-S polypeptide, subunit III

petD

Chloroplast

9 kDa, subunit TV

petE

Nuclear

plastocyanin

petF

Nuclear

ferredoxin

petG

Chioroplast

subunit V, function unknown

etH

Nuclear

ferredoxin-NADPH reductase (FNR)

petl

Nuclear

flavodoxin
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processing events whose functional roles are not yet completely understood. In addition, the
gene products from this operon do not accumulate simultaneously, as the photosystem II
gene products only accumulate during illumination, whereas the petB and petD gene
products are present both in the dark and light. Co-transcription of petB and petD is not
surprising in light of the fact that the petB and petD gene products together are homologous
to the N terminal and C terminal regions, respectively, of the mitochondrial cytochrome b
gene (Widger et al., 1984).
Also included in the pet (photosynthetic electron transport) designation is the mobile
electron carrier plastocyanin (petE), ferredoxin (petF), ferredoxin-NADPH reductase (FNR)
(petiT) and flavodoxin (petl) (Hallick, 1989).

1.2.3 Photosystem I
PSI oxidizes reduced plastocyanin, and transfers electrons to ferredoxin which reduces
NADP+. Charge separation occurs at the reaction center Chi, P700, and the electron is
transferred to the primary electron acceptor Aj. The electron is transferred through a series
of membrane-bound receptors to ferredoxin.
Presently there are twelve gene products known to be part of the PSI complex (psaA
through psaL; see table 3). Five are encoded in the chloroplast genome (psaA-C, psal, psaJ),
and the remainder are of nuclear origin. With the exception of psaA, psaB and psaC, the
functions of the other polypeptides in the complex have not been established unequivocally,
although the functions of the psaD and psaF polypeptides are fairly certain.
The psaA and psaB gene products form the PSI core complex. They are homologous
polypeptides and form a heterodimer. Dimerization of the psaA and psaB polypeptides is
postulated to be aided by presence of a leucine zipper motif (Weber and Malkin, 1990).
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Table 3. Genes encoding photosystem I polypeptides
Gene

Origin

Gene Product

psaA

Chloroplast

P700 Chla binding core polypeptide, subunit I

psaB

Chloroplast

P700 Chia binding core polypeptide, subunit II

psaC

Chioroplast

9 kDa Fe-S polypeptide, subunit VII

psaD

Nuclear

ferredoxin docking polypeptide, subunit II

psaE

Nuclear

18-20 kDa accesory polypeptide, subunit IV

psaF

Nuclear

plastocyanin binding polypeptide, subunit III

psaG

Nuclear

14-16 kDa accessory polypeptide, subunit V(?)

psaH

Nuclear

10-12 kDa polypeptide, subunit VI

psal

Chloroplast

PSI T polypeptide, unknown function

psaJ

Chloroplast

PSI “J” polypeptide, unknown function

psaK

Nuclear

PSI ‘K’ polypeptide, unknown function

psaL

Nuclear

PSI “L” polypeptide, subunit V(?)
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Both genes encode polypeptides of 82-83 kDa, although the polypeptides are observed to
migrate on gels with an apparent molecular weight of 58-70 kDa. The anomalous
electrophoretic migration has been ascribed to the hydrophobic nature of these proteins. The
psaA and psaB polypeptides bind the P700 reaction center chlorophyll, the primary electron
, two phyloquinone (vitamin Ki) molecules which are postulated to be the
3
acceptor A
, and the iron-sulfur (4Fe-4S) cluster F (Golbeck and Bryant, 1991). There are
1
acceptor A
approximately 60- 130 ChIa and 12-16 13-Carotene molecules in the core complex. The
psaA/psaB core can function at room temperature to produce stable, light dependent charge
separation (Golbeck and Bryant, 1991).
The psaC gene encodes a small polypeptide (9 kfla) which binds the two iron sulfur
centers (4Fe-4S) FA and FB (Hoj et al., 1987). The FAIFB clusters are the terminal electron
acceptors of the PSI complex and reduce the soluble electron carrier ferredoxin. It is
presently under debate whether the electron flow from FX to the FA and FB centers is linear
or functions in parallel and which of the two centers donate electrons to ferredoxin (Golbeck
and Bryant, 1991).
The psaD gene encodes a precursor polypeptide of 23 kfla containing a 50 amino acid
transit peptide directing the protein to the chloroplast stroma (Hoffman et al., 1988). The
mature protein migrates on polyacrylamide gels with an apparent molecular weight of 18-22
kDa and was designated subunit II by Bengis and Nelson (1975). The psaD gene was
originally isolated from tomato (Hoffman et al., 1988) and subsequently from spinach
(Lagoutte, 1988; Munch et al., 1988), Synechocystis sp PCC 6803 (Riley et al., 1988) and
Synechocystis sp PCC 6301 (Wynn et al., 1989). Partial amino acid sequences have also been
obtained from the higher plants barley (Schefler et al., 1988) and pea (Dunn et al., 1988).
There is a high degree of conservation in the PSI subunit II protein, and antibodies to the
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spinach and swiss chard proteins cross react with bean, oats, Chiamydomonas and
Mastigocladus laminosum (Nechushtai and Nelson, 1985; Nechushtai et aL, 1983). In spite
of this the functional role has not been established although studies suggest that the psaD
protein is a docking site for ferredoxin (Zanetti and Morelli, 1987; Zilber and Malkin, 1988).
A mutant of Synechocystis sp PCC 6803 that lacks the psaD gene product due to an
insertional mutation, grew slowly under photoautotrophic conditions, lacked some of the
smaller PSI polypeptides, and had a P700 activity rate that was reduced by 50%, but had a
PSI electron transport rate similar to the wild-type (Chitnis et al., 1989b).
The psaE gene encodes a 10 kDa polypeptide although it is frequently observed to
migrate with an apparent molecular weight mass of 14-16 kDa on polyacrylamide gels
(Golbeck and Bryant, 1991). There is a high degree of conservation between the protein from
cyanobacteria and higher plants. The functional role ofthepsaE gene product is not known.
Insertional inactivation of this gene in Synechocystis resulted in only minor differences in
photoautrophic growth and PSI activity rates compared to the wild-type (Chitnis et al.,
1989a).
The role of the psaF gene product [subunit III in the terminology of Bengis and
Nelson (1975)] is fairly well established. It is encoded in the nucleus and contains an Nterminal sequence similar to other lumenally directed proteins. Cross linking studies have
confirmed that it is lumenally located, and that it cross links to plastocyanin (Wynn and
Malkin, 1988; Hippler et al., 1989). The psaF gene product appears to be dispensable, as
insertional inactivation of the gene in Synechocystis does not impair autotrophic growth
(Chitnis et al., 1991).
The function of the remainder of the PSI gene products (psaG-psaL) has not been
established. The psaG and psaH gene products probably interact with the light harvesting
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complex LHCI, as these protein products have only been observed in eukaryotes. (Li et al.,
1991). Additional small polypeptides that appear to be part of PSI have been observed, but
they have not been characterized.

12.4 Coupling Factor
Although the coupling factor is not directly involved in electron transport per Se, the

complex is an integral component of the chloroplast thylakoid membrane. It is composed of
two structures, the catalytic section (CF
), and a hydrophobic structure in the membrane
1
). The function of the complex is to harness the energy of the electro-chemical gradient
0
(CF
to generate ATP from ADP and Pi. The coupling factor is found primarily on the stromal
lamellae and grana margins, probably due to the physical contraints from the CF
1 knob
protruding from the thylakoid. The coupling factor is encoded by both nuclear and
chloroplast genes (Table 4). In the chioroplast, two polycistronic operons encode the coupling
factor gene products (atpl-atpF-atpH-atpA and atpB-atpE).

1.3. CHLOROPHYLL FLUORESCENCE

Chlorophyll a fluorescence has been used as a non-invasive method for monitoring
photosynthetic events and assessing the physiological state of the plant. Many fluorescence
studies have used isolated protoplasts or isolated chloroplast membranes and particle
preparations. Fluorescence emanating from intact leaves under normal physiological
conditions is still enigmatic (Krause and Weis, 1991). Compilation of results obtained from
these sources and contributions from studies on mutants allows for some generalizations to
be made about fluorescence observed under normal conditions. A typical idealized
fluorescence induction observed from dark adapted leaves exhibits a fast rise from F
0 to Fj
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Table 4. Genes encoding coupling factor polypeptides
Origin

Gene Product

atpA

Chioroplast

a subunit; nucleotide binding and regulation

atpB

Chioroplast

3 subunit; Active site

atpC

Nuclear

y subunit; binding of CF1 to membrane

atpD

Nuclear

6 subunit; induction of proper binding

atpE

Chioroplast

Gene
CF1:

subunit; necessary for phosphorylation

CFO:
atpF

Chioroplast

subunit I; 27 kfla polypeptide, function unknown

atpG

Nuclear

subunit II; assembly of CFO (?)

atpH

Chioroplast

subunit ifi; proton conduction

atpl

Chloroplast

subunit IV: binding to CF1 (?)
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(Iinflection) followed by a plateau or ‘dip’ (FD) and a slower rise to the peak (Fp) or
maximal fluorescence (FM) (Figure 2). Theoretically Fp equals FM, however Fp is lower
than FM when complete reduction of QB is not achieved (ie. when light levels are not
saturating).
(F to Fj) is thought to be due to the reduction of QA in the
The first fast rise 0
population of inactive PSII centers lacking QB. This is suggested by results obtained using
the P511 electron acceptors dimethylquinone and ferricyanide which quench the D-P
fluorescence but not the 0-I peak (Cao and Govindjee, 1989; Melis, 1985). Guenther and
Melis (1990) suggest that this population is a subset of PSIIf3 centers in the process of being
assembled or repaired. The I-D phase is reported to be due to re-oxidation of QA by PSI
electron transport (Hansen et al., 1991). The D-P rise represents the reduction of the
plastoquinone pool and has been postulated to be biphasic representing the PSIICL and

l

units (Melis, 1991).
In vivo fluorescence kinetics actually observed can vary with the source of plant

80 2) PSII cooperativity, 3)
,
6
material and is influenced by: 1) rate of electron donation to P
PSII heterogeneity, 4) size of the plastoquinone pool and the rate of its reoxidation, and 5)
rate of electron transport beyond PSI including carbon metabolism (Krause and Weiss,
0 fluorescence observed at 680 nm under normal conditions is primarily emitted
1991). The F
from PSII and thus is an indication of PSII integrity. Although PSI can contribute to overall
variable fluorescence this is normally only observed at wavelengths above 700 nm.
Holzwarth et al. (1990) suggest that fluorescence from PSI only contributes 1-2% of the
fluorescence observed at 685 nm.
The origin of the variable fluorescence observed from intact leaves at room
temperature is still uncertain. It was originally proposed by Klimov and Krasnovskii (1981)
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Figure 2. Idealized in vivo fluorescence kinetics from dark adapted leaves.
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680 Pheo
and Breton (1982) that a charge recombination in closed reaction centers of P
was the source of the variable fluorescence. This is supported by data from Shatz et al.
(1988) using picosecond fluorescence decay kinetics, and Schlodder and Brettel (1988) using
flash-induced absorbance changes related to the primary radical pair of P511, where charge
68 Pheo is inhibited by the electrostatic effect of QA. This
P
separation forming g
hypothesis has recently been questioned and van Dorssen et al. (1987) have proposed that
the variable fluorescence originates from Chia molecules in the core antenna complex, CP47.
These authors have shown that at 77 K, the fluorescence of CP47 (695 nm florescence)
follows the same kinetics observed at room temperature.

-

Fluorescence measurements done on isolated chloroplasts or thylakoid membrane
preparations and plant material at 77 K have been useful in the analysis of the fluorescence
induction kinetics and fluorescence decay kinetics. However, for measurements involving
photochemistry, such as reoxidation of QA, P511 cooperativity and electron transport events
beyond PSI, in vivo measurements at room temperature are more informative. Typical
fluorescence in vivo under continuous illumination results in a decline in the fluorescence
yield following FM, and this is termed the Kautsky effect (Krause and Weis, 1991).
Fluorescence quenching is known to be caused by a variety of factors. The major
factors contributing to fluorescence quenching are photochemical energy conversion used in
002 reduction (qp), and non-photochemical quenching (q). Non-photochemical quenching
is the result of energization across the thylakoid membrane due to the formation of a proton
gradient (q), changes in the PSH cooperativity or connected centers due to phosphorylation
). The use of pulse-modulated fluorometers has
1
of LHCII (q’p), and photoinhibition (q
allowed analysis and resolution of the quenching components (Schreiber et al., 1986).
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5 is presently
However, the relative contribution of each in the decline from FM to F
unresolved.

1.4 HIGH CHLOROPHYLL FLUORESCENCE MUTANTS
Fluorescence induction kinetics can be used to isolate mutants with altered
photosynthetic capacity due to the consistency of the fluorescence induction of dark-adapted
plants or chioroplasts. This was the basis for the mutant isolation procedures used in this
study. The rationale for selecting mutants that are blocked in photosynthetic electron
transport by screening for high chloroplyll fluorescence was first shown by Bennoun and
Levine (1967) in Chiamydomonas and subsequently in maize (Miles and Daniel, 1973).
Screening for plants with pigmentation differences has also yielded mutants with altered
fluorescence kinetics in barley, Oenothera, and tobacco (Chia et al., 1986; Simpson and von
Wettstein, 1980; Johnson and Sears, 1990).
Hcf mutants tend to exhibit limited pleiotropic effects, but usually the mutation
affects a related set of polypeptides (Barkan et al., 1986; Metz and Miles, 1982; Metz et al.,
1983; Taylor et al., 1989). The hcf mutation does not appear to disrupt pigment biosynthesis
per Se, but disrupts the assembly of one or more of the complexes involved in electron

transport (Miles, 1980). Hcf mutants were instrumental in convincing researchers that
chlorophyll was associated with proteins and not lipids (Thornber 1986), helped to show the
role of the cytochromes in non-cyclic electron flow (Levine, 1968) and have aided in
correlating loss of function with loss of particular sets of polypeptides (Barkan et al., 1986;
Chua and Bennoun, 1975; Chua et al., 1975; Jensen et aL, 1986; Lemaire and Wollman,
1989a; Leto and Miles, 1980; Metz and Miles, 1982; Moller et al., 1980; Rochaix and
Erickson, 1988; Taylor et al., 1987; Wollman and Lemaire, 1986). Studies on mutants of

22

barley, Chiamydomonas, and maize have yielded hcf mutations which specifically affect the
PSII complex (Chua et al., 1975); Leto and Miles, 1980; Metz et al., 1984; Rochaix and
f(Lemaire et al., 1986;
Ib
Erickson, 1988; Simpson and von Wettstein, 1980), cytochrome 6
Metz et al., 1983), PSI complex (Bennoun and Jupin, 1976; Hiller et al.,1980; Cook and
Miles, 1990), as well as photophosphorylation and carbon fixation (Edwards et al., 1988;
Lemaire and Woliman, 1989b; Miles, 1980).
Photosynthetic mutation affecting electron transport may either be due to defects in
the chioroplast or nuclear genome. It is assumed that any mutation in the chioroplast
genome which disrupts a component of a complex involved in electron transport will result in
the hcf phenotype. This is the case for Oenothera and maize mutants induced through the
action of a nuclear chloroplast mutator locus (Johnson and Sears, 1990; Mourad et al., 1989).
Also, through the use of insertional inactivation via transformation, chloroplast genes have
been deleted or altered in Chlamydomonas and Synechocystis resulting in the hcf phenotype
(Blowers et al., 1990; Takahashi et al., 1991).
The aim of this research was to isolate nuclear mutants defective in photosynthetic
electron transport. Possible nuclear hcf gene products are: 1) nuclearly-derived proteins
essential for a given complex; 2) proteins ivolved in assembly or stability of a complex; 3)
proteins involved in specific translation, processing, or stability of particular chloroplast
transcripts; 4) proteins involved in transport of cytoplasmic derived polypeptides across the
membrane, or insertion into the thylakoid membrane.
The nuclear gene product responsible for the hcf phenotype has not been determined
for any of the hcf mutants reported to date. The wild-type gene of the maize hcflO6 mutant,
that was isolated due to the insertion of the transposable element mu has been cloned
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(Barkan and Martienssen, 1991; Martienssen et al., 1989). However, the gene sequence and
possible function of the wild-type allele have not been reported.
The majority of hcf phenotypes due to nuclear mutations have normal chioroplast
transcripts suggesting that the wild-type allele is required post-transcriptionally (Barkan et
al 1986; Jensen et a]., 1986). Three exceptions to this have been reported in Chiamydornorias

and one in maize. Jensen et al. (1986) reported on a Chiamydomonas mutant GE2.1O,
lacking chloroplast transcripts, originating from the psbB operon. No other chloroplast
transcripts were affected in this mutant. In vitro transcription of other chioroplast genes
revealed that translatable RNA was present, and pulse labeled experiments showed that
other components of PSII were translated, but did not accumulate. Seiburth et al. (1991)
have shown that the psbB gene is transcribed in this mutant, but the message does not
accumulate. The simplest explanation for the results is that a nuclear factor is required
specifically for the stability of the psbB transcript.
Other nuclear mutations in Chlamydomonas that appear to involve stability of
specific chioroplast transcripts are the mutants 6.2z5, in which the psbC transcript is
depleted (Sieburth et al., 1991); and nczc2 involving the psbD transcript (Kuchka et al.,
,

1989). In both instances, the message appears to be transcribed at wild-type levels, but no
steady state mRNAs accumulate. Other chloroplast transcripts appear to be translated in
these mutants, but no PSII polypeptides accumulate in the thylakoid membranes. As in the
case of the GE2.1O mutant above, the simplest explanation for the results is that a nuclear
protein product involved in stability of the chloroplast transcript is missing. These examples
serve to illustrate that mutations that give rise to the hcf phenotype are not simply due to
the lack of one of the polypeptides of a complex.

24

Many hcf mutations have also been shown to affect two or more of the complexes
involved in electron transport (Barkan et al., 1886; Simpson and von Wettstein, 1980; Taylor
et al., 1989). The cause of the multiple pleiotropic effect in these mutants is not understood
with one exception, hcf38 in maize (Barkan et al., 1986). Analysis of chloroplast mRNA
transcripts of this mutant revealed an altered transcript originating from the psbB
polycistronic operon. Also, the petA transcript was not present. Thus it can be inferred that
’f complexes would be affected, which was indeed observed. No
ib
both P511 and cytochrome 6
other differences at the mRNA. level with loss of multiple complexes have been reported.
Thus, factors which may be involved in assembly andlor stability of more than one complex
remain to be determined. The isolation of the hcflO6 wild-type gene, which results in the
loss of several chloroplast complexes, should aid in the analysis when it is reported (Barkan
and Martienssen, 1991).

1.5. CHLOROPLAST BIOGENESIS

The chloroplast’s progenitors are small undifferentiated proplastids that, in most
cases, are inherited maternally. The differentiation of the proplastids into chioroplasts in
mesophyll cells, chromoplasts in petals and fruit, and amyloplasts in tubers, is dependent on
positional information. Nuclear derived positional information can further establish
specialized chloroplasts within a single leaf. For example, mature chloroplasts are found
4 plants are
only in mesophyll cells. Furthermore, chioroplasts in mesophyll cells of C
CO fixation, whereas the bundle sheath cell chloroplasts
deficient in proteins involved in 2
are deficient in PSII proteins. Regulation of these phenomena can be observed at the level of
mRNA accumulation for the proteins involved (Langdale et al., 1988).
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Although development of photosynthetic plastids from proplastids is regulated by a
variety of environmental factors, such as nutrient availability (carbon, nitrogen), the primary
control in vascular plants appears to be light. Some plants, for example barley, are able to
proceed with the early phases of chioroplast and leaf development in the absence of light but,

most dicots will follow a developmental strategy termed skotomorphogenesis in the absence
of light. The proplastids develop into small undifferentiated etioplasts under these
conditions. Leaf development is arrested, and cellular differentiation is retarded. Control of
the skotomorphogenic strategy in these dicots appears to be due to negative nuclear
regulatory genes. This conclusion is based on mutants that fail to follow the
skotomorphogenic strategy under dark grown conditions (Chory et al., 1989a). Upon
illumination the proplastids differentiate into photosynthesizing plastids. Chloroplast
differentiation leads to activation of many nuclear and chloroplast genes (Deng and
Gruissem, 1986; Rodomel and Bogorad, 1985). Although it has not been possible to uncouple
leaf development and chioroplast differentiation (Iba et al., 1991), light regulation of
chloroplast development appears to manifest itself primarily at the post-transcriptional and
translational levels (Krupinska and Apel, 1990; Reinbothe and Parthier, 1990). In spinach
and maize, chioroplast transcription is constitutive and only increases 2-3 fold upon
illumination, (Deng and Gruissem, 1987; Deng et al., 1987; Rock and Barkan, 1987).
Essentially no change in transcription was observed in dark grown barley illuminated for
16h (Krupinska and Apel, 1989) except for the psbA gene, where an increase was found
(Klein and Mullet, 1987). The difference observed in relative chloroplast mRNA abundance
may be due to stronger promoters in the light. Differences in transcriptional start sites in
light vs dark have been reported for several chloroplast operons (Eisermann et al., 1990;
Gamble et al., 1988; Haley and Bogorad, 1990).
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Quantitative and qualitative increases in mRNA transcripts were observed upon
4 plant (Schrubar et al., 1990). Thus the actual role of
illumination in Sorghum bicolor, a C
4 plants. Further studies are necessary
transcriptional regulation may be different in some C
4
to determine if the transcriptional regulation reported for sorghum is representative of C
regulation.
Although some light and developmental transcriptional differences can be observed,
the primary control of accumulation of chloroplast-gene products appears to be at the
translational level. Accumulation of chlorophyll-associated proteins follows a sequential and
orderly pattern (Croxdale and Omasa, 1990) and is dependent on Chi formation. In the
absence of Chi, Chl-binding proteins are rapidly degraded (Mullet et al., 1990).

1.5.1 Light Receptors
Several photoreceptors, namely phytochrome, a blueftJV-A light receptor (also
termed cryptochrome), an UV-B light receptor, and protochlorophyllide reductase, are used
to mediate informational signals from incident radiation in the control of plant development.
Proto-chlorophylide reductase requires light to convert proto-chlorophyllide to Chl, and thus
falls into the category of light receptor. However, the major light receptors that are involved
in plant development are phytochrome and the bluefLIV light receptors.
Phytochrome is the best characterized plant photoreceptor (Colber, 1988). It absorbs
either red or far red light, depending on the conformation of the molecule, and triggers a
cascade response involved in photomorphogenesis. The best studied effect of phytochrome
has involved dark-grown etiolated seedlings which are then subjected to a particular light
treatment. Upon illumination with red light, phytochrome is converted to the active form
(Pfr), and illumination with far red light converts it back to the inactive Pr form. Although
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the changes in the structure of the phytochrome molecule have been documented, how these
changes occur especially in relation to the protein portion of phytochrome and what these
changes ellicit with respect to the signal transduction mechanism is still unresolved.
In spite of the wealth of information on the effects of red and far red light on seed
germination, greening, nuclear transcription, stern elongation, and flower induction, very
little is known of the role of phytochrome in chloroplast development and its role in green
tissue under normal physiological conditions.

Mutants lacking detectable phytochrome are

fully autotrophic and survive to produce seeds (Chory et al., 1989b). The mutant plants are
smaller, have smaller leaves, fewer chioroplasts per mesophyll cell, reduced grana density
and higher Chia to Chib ratios. Thus while phytochrome does not appear to play a major
role in triggering chioroplast development nor in regulation of chloroplast genes, it may
modulate the amount of chioroplast development.
In higher plants, response to different light treatments in the blue and ultra violet
region include phototropism, growth inhibition, and stomatal opening. To date, no pigment
has been demonstrated convincingly to be a blue light photoreceptor (and for this reason the
blue light receptor has been designated cryptochrome), although carotenoids and/or
flavanoids are the most likely candidates. Photomorphogenesis, per Se, does not appear to
require blue light to proceed, as red light alone is sufficient. Thus blue light, acting in
concert with phytochrome, exerts additional stimulatory effects on nuclear gene expression.
In addition to the bluef[JV-A responses there is also a response in the UV-B region of the
spectrum, which is not directly involved in photomorphogenesis, but has been shown to
induce nuclear genes primarily in the phenyipropanoid pathway (Halbrock and Scheel,
1989).
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minutes removed from the
The physiological responses above are at least several
later in the transduction
time of light reception, and thus probably represent events
and enzymatic changes have been
pathway. As expected, several biochemical, biophysical

and UV light regions (Short and
reported that are due to different fluence rates in the blue
the chioroplast dicistronic message
Briggs, 1990). Gamble and Mullet (1989) reported that
is induced by blue light.
encoding the PSH D2 (psbD) and CP47 (psbC) polypeptides
ly the transcript accumulation, it
Although a pulse of far red light can attenuate partial
in induction as red light by itself
appears that phytochrome is not involved specifically
observed in the presence of
elicited no response. The induction by blue light was not
thus suggesting that a blue light
cyclohexamide (an inhibitor of cytosolic protein synthesis),
responsive nuclear gene product is required.
through the use of mutants.
One method for analysis of the blue light responses is
mutants with altered response to
Extensive use of mutants in fungi has revealed numerous
plants has been meager, but
blue light (Senger, 1987). Similar use of mutants in higher
tly under study by Poff and co
mutants with altered curvature response to blue light, presen
na and Poff 1989; Kurana et al
workers, should begin to bear fruit in the near future (Khura
observed. The lack of response in
1989). In one such mutant no phototropic curvature was
response, as normal gravitropic
this mutant appears to be solely due to lack of phototropic
response was noted.
three mutants of
In another study, Liscum and Hangarter (1991) isolated
The screening technique employed
Arabidopsis that did not respond normally to blue light.
d to blue light. This is a similar
was to select for long hypocotyl elongating seedlings expose
However, the mutants that are
technique as was used to isolate hy mutants described above.
These mutants, called blu (for hlue
insensitive to blue light are not allelic to the hy mutants.
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light linresponsive), are only unresponsive to blue light, and responded normally to white
light and far red light. No phenotypic differences were observed in the mutant plants grown
under white light, and the wild-type product appears to be required only during early
seedling development.

1.5.2 Chioroplast Signal
The state of the chloroplast has been shown to be important in determining whether
nuclear genes are transcribed (Taylor, 1989). This has led to the speculation that a plastid
signal regulates nuclear transcription. The requirement for a plastid signal was postulated
by Bradbeer et al. (1979) in an analysis of carotenoid-deflcient mutants of barley. The
mutants are deficient in plastid ribosomes, thus fail to accumulate the chioroplast encoded
proteins, but also do not accumulate transcripts of nuclear encoded chioroplast directed
proteins. Similar results have been shown in carotenoid deficient mutants of maize
(Harpster et al., 1984, Mayfleld and Taylor., 1986).
Further evidence for the requirement of a plastidic signal has been from the work of
Oelmuller el al. (1986; 1988). Using the herbicide Norfiurazon, which blocks carotenoid
biosynthesis and leads to photooxidation of Chi, the authors found that the level of nuclear
transcripts of protein products destined for the chioroplast were reduced. Treated seedlings
grown under far red or dim light accumulate normal levels of Chi, and the levels of nuclear

cab transcripts is normal. Thus, it appears that it is the photooxidation which is responsible
for the low levels of the transcripts observed, and not the carotenoid deficiency per Se. This
conclusion was further supported by the use of a double mutant in maize blocked in both
chlorophyll and carotenoid biosynthesis (Burgess and Taylor, 1988). Under low light
intensities, cab mRNA was observed to be at normal levels in the double mutant compared to
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a Norfiurozan treated wild-type. However, once transferred to high light, photobleaching
occured in the wild-type, and lower levels of the cab transcript were found, whereas there
was no effect on the mRNA level in the double mutant.
At present the nature of the plastidic signal is unknown. In each of the procedures
above, multiple pleiotropic effects are also observed which make it difficult to draw specific
conclusions regarding the nature of the signal. It is well established that organelle signals
can regulate nuclear genes in yeast mitochondrial biogenesis and development. In yeast,
heme, which is synthesized in the mitochondria, has been shown to be a component
regulating nuclear gene transcription (reviewed in Forsburg and Guarente, 1989). However,
the genes involved in heme biosynthesis are nuclear. The fact that mutants of yeast
impaired in electron transport show very little difference in nuclear steady state RNA levels,
including those part of the respiratory electron transport, has led to speculation that there is
no mitochondrial-specific signal directed to the nucleus (Tzagoloff and Myers, 1986).
However, Parikh et al. (1987) have identified nuclear transcripts that are increased in yeast
cells with deletions or complete loss of mitochondrial genomes. The identity and function of
the protein products of these transcripts are not known. The authors speculated that some
metabolic compound synthesized in the mitochondria might function as a regulatory
messenger, although identification of such a compound has eluded researchers.

1.5.3 Nuclear Genes Involved in Chioroplast Biogenesis
One of the best examples to illustrate the importance of nuclear genes in chloroplast
development are the deticop mutants of Arabi.dopsis (Chory et al., 1989a; Chory et al., 1991;
Deng et al., 1991). The mutants were isolated by screening for normal light-grown
morphology in plants germinated in the dark. Presently, three mutant phenotypes have
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been reported in the literature: deti (Chory et al., 1989a), det2 (Chory et al., 1991) and copi
(Deng et al., 1991). These mutants display many characteristics of light grown plants, such
as expanded cotyledons and primary leaves, short hypocotyls, accumulation of anthocyanins

and some differentiation of chloroplasts in the dark (deti only). The results from these
mutants suggest that the etiolated morphology in the dark is due to a nuclear negative
control factor. The deti mutation also de-regulates the tissue specificity of the lightinducible genes, as chioroplast development is observed in the roots. Some phenotypic
differences are also observed in the det mutants grown under normal light conditions,
suggesting that the mutation also affects a component necessary for normal development
(det2 and copi).
The det/cop mutations apppear to act very early in chioroplast develoment.
Mutations that affect the assembly of components involved in electron transport, on the
other hand, would act later in the signal transduction pathway. With the exception of
nuclear gene products that code for strurtural components of photosynthetic complexes, and
enzymes of carbon and nitrogen metabolism in the chioroplast, knowledge of the role of
nuclear derived genes in the chioroplast is meager. One example is nuclear gene products
that bind to the 3’ end of chioroplast transcripts (Stern et al., 1989). Additional nuclear
encoded chioroplast-localized RNA-binding proteins have been isolated (Li and Sigiura 1989),
however, the function of these is unknown at the present. In the case of the former,
chloroplast 3’ mRNA binding proteins were observed to be general in nature, that is, the
binding proteins were found associated with all chloroplast transcripts analyzed, while
others appear to be transcript-specific. One such general 3’ binding protein has been
purified, and the gene has been isolated (Kiaff and Gruissem, 1991). The relevance of the 3’
binding proteins has not been unequivocally demonstrated, but they have been postulated to
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be stabilizing proteins, and may also be involved in directing splicing. Precedence for the
involvement of nuclear-derived organelle mRNA binding proteins in stability and processing
has been shown in mitochodrial transcripts of yeast and Neurospora. For example, in yeast,
the MRS1 gene appears to be specifically required for excision of two introns of the genes
cob-box and coxl (Bousquet et al. 1990). Yeast strains that have the two introns deleted in
these genes are phenotypically wild-type and deletions in other introns had no affect. Thus
the authors conclude that the sole raison d’etre of the MRS1 gene is in splicing the two
introns.
Several nuclear encoded genes which are involved in mitochondrial transcriptional
processing also have a second function. While most are also involved in translation (Fox,
1986; Grivell, 1989), two interesting examples were found in yeast and Neurospora where the
protein involved in mitochodrial RNA processing is also an aminoacyl tRNA synthetase. The
NAM2 gene in yeast encodes the mitochondrial leucyl tRNA synthetase (Herbert et al., 1988)
and in Neurospora the cyt-18 mutant gene encodes the mitochondrial tyrosyl tRNA
synthetase (Askins and Lambowitz, 1987). The mutant phenotype was associated in both
cases with the splicing defect in which the target intron was not properly excised For the
cyt 18 gene product, the splicing was found to be specifically associated with a small portion
of the amino terminus of the protein (Cherniack et al, 1990) The amino acid sequence
found on this portion of the protein was not homologous with other tyrosyl tRNA synthetases
from any other species studied.
While no such factors have been isolated which function similarly in the chioroplast,
maize and Chiamydornonas hcf mutants with altered chioroplast RNA transcripts (Barkan et
al., 1986, Jensen et al., 1986; Sieburth et al., 1991) suggest that similar nuclear factors
involved in processing are present. The present study describes three hcf mutants that also
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have altered pattern of chioroplast transcripts. Although the molecular basis for the mutant
phenotype has not been determined, the abnormal transcription pattern observed was
correlated with mutant phenotype. Using procedures that are presently being developed in
the Arabidopsis genome mapping program, it should be possible to clone these genes in the
near future.
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CHAPTER 2
MATERIALS AND METHODS

2.1. PLANT MATERIAL AND GROWTH CONDITIONS

Seeds from Arabidopsis thaliana (L.) Heynh. wild-type Columbia were mutagenized
in 0.3% (vlv) ethyl methane sulfonate for 12.5 hr. 2
M seeds from 570 small M
1 bulk
populations (average 7 plants) were surface sterilized and germinated on 112 MSO (112
concentration MS salts [Murashige and Skoog, 1962], 5 g L
1 sucrose) petri plates and
screened for the high chlorophyll fluorescence (hcf) phenotype visually under ‘UV
illumination as described by Miles (1980). Approximately 100 M
2 plants from each M
1 bulk
found to contain the hcf phenotype were grown in soil, seed collected individually from each
plant, and a small sample screened for the hcf phenotype. Plants which segregated at a 3
wild-type: 1 hcf ratio were rescreened the following generation to confirm the hcf phenotype.
Each line is derived from a single M
2 plant from each M
1 bulk. Aflow chart of the mutant
isolation procedure is presented in Figure 3. Since the hcf phenotype is seedling lethal, the
expected segregation frequency of self-pollinated heterozygous plants grown in soil is: one
third homozygous wild-type and two thirds heterozygous for the hcfphenoytype. Each line
was maintained by screening individual plants segregating 3 wild-type: 1 hcf on a sucrose
supplemented medium (112 MSO) each generation.
Plants were grown in a controlled environment chamber under fluorescent lights
2s
, 23±3 C, 16 h light’ 8 h dark photoperiod) on a vermiculite:peat (3:1)
1
(100-150 pE m
mixture and bottom watered with the addition of a 2 0-20-20 all purpose fertilizer (Plant
Products, Co., Ontario, Canada) at a rate of 0.8 g

as needed. Harvest of material for

analyses was done on plants which were germinated on 112 MSO petri plates under
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MutagenizeArabidopsis wild-type Columbia seeds in 0.3% EMS for 12.5 hrs
Plant 7 mutagenized seeds per pot

‘I,
1 bulk population
Harvest each pot separately. Each constitutes one M
) on 1/2 MSO petri plates
2
1 bulk population (M
Screen a small sample of progeny of each M
for high fluorescence
1 bulks in soil
2 seeds (approximately 100) from promising M
Plant M

..1
2 plant separately.
Harvest seeds from each self-pollinated M
2 plant (M
3 generation) for the presence of the hcf
Screen the progeny from each M
phenotype segregating at a ratio indicative of a single nuclear recessive (3 wild-type: 1 hcO.

“

2 plants (if more than one), self pollinate and screen the progeny
Plant seeds from selected M
for verification of the hcf phenotype and for additional morphological phenotypes.

“
4 generation
3 plants confirmed to segregate for the hcf phenotype in the M
The progeny of M
at a ratio indicative of a single nuclear recessive are kept, and now constitute an hcf line.
One additional generation of self-pollination and screening was done prior to experiments.
1 bulk population.
2 plant from each M
Each line can be traced to a single M

Figure 3. Flow diagram of hcf mutant isolation procedures. The procedure
1 bulk populations.
depicted was used to isolate hcf lines derived from 21 M
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sterile conditions and seedlings transferred to fresh 250X15 mm 1/2 MSO plates to allow for
leaf expansion following germination and identification of hcf plants. Each plate typically
contained 15-20 hcf plants and 10-15 wild-type plants. Plates were placed in environmental
2 1),
iE m
growth chambers under full spectrum fluorescent lights (Vita-light, GE) (25-40 1
16h lightJ 8h dark, 23±3 C. After approximately four weeks (at the onset of bolting), the
aerial portion of the plants was harvested. Each experiment consisted of harvesting the hcf
and wild-type siblings (homozygous wild-type and heterozyous plants) from 3-5 plates
(typically 40-80 plants of each) grown under the same conditions.

2.2. FLUORESCENCE MEASUREMENTS
In vivo fluorescence measurements were made at room temperature on plants grown
on 112 MSO medium using a computer-aided video fluorescence imaging system (CAVFIS)
2 generation, and in later generations using a pulse
(Fenton and Crofts, 1990) in the M
modulated fluorescence apparatus (PAM 101, Walz, FGR) (Schreiber et al., 1986). Plants
were dark-adapted for 5 mm. prior to induction, and when using the PAM 101 a modulating
2 i for the CAVFIS and 10 iE
. Actinic light (70 iLE m
0
beam (1.6 kH) determined the F
2
2 s or 100 pE m
m

when using the PAM fluorometer) was used to measure the

2
Em
fluorescence kinetics. When using the PAM fluorometer, saturing light pulses (2000 i1
s’- ) were applied in some instances in order to determine photochemical (qp) and non
photochemical (q) quenching (van Kooten and Snel, 1990)

2.3. ISOLATION OF THYLAKOID MEMBRANES AND PIGMENT ANALYSIS
The thylakoid membranes were isolated by grinding the leaves in 20 mM Tricine (pH
8.0), 10 mM NaCI, and 0.4 M sucrose with a mortar and pestle. The homogenate was filtered
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through 125 tm bolting silk, and centrifuged at 4340 g for 12 mm. The pellet was washed
once in the same buffer and suspended in 20 mM Tricine (pH 8), 150 mM NaCI, 5

mM

.
2
MgCl

Total Chi per plant was determined by assaying the thylakoid membrane fraction and
fraction retained on the bolting silk by the method of Arnon (1949).
For pigment analysis, 3-4 week old hcf and wild-type plants were dark adapted for 12 h, collected and ground to a fine powder in liquid nitrogen. The powder was dispersed in
buffered (10 mM Hepes pH 7.5) acetone (80% v/v). An equal volume of diethyl ether was
added to the acetone extract and the acetone was removed by extraction with 3-4 vol. of 10%
KCI. After extensive washing with water the organic phase was evaporated under nitrogen
and the pigments were redissolved in ethanol and used immediately for HPLC analysis.
Pigments were seperated by reversed phase HPLC using a LiChrospher 100 RP-18 column (5
aim, 4 mm I.D. X 125 mm length) (Merck, Darmstadt, FRG). Separation of the pigments was
done in a single run with a linear gradient of solvent A (75/15/10 acetonitrile! methanol!
tetrahydrofuran, v/v/v) with 12% water (vlv) to 100% solvent A after 12 mm. at a flow rate 2
ml mm ‘1. The pigments were detected at 445 nm using a Waters 994 photodiode array
detector. IdentifIcation of the pigments was done by comparison of their absorption spectra
and retention behavior using purified pigments. Calibration was done by using Chia (Sigma)
as a standard.

2.4. ELECTROPHORESIS AND IMMUNOBLOTTING
For separation of ChI-protein complexes, thylakoid membrane samples corresponding
to 25 j.tg ChI were pelleted, washed with 65 mM Tris-maleate (pH 7.0), and solubilized in 88
mM

octyl-13-D-glucopyranoside at a detergent:Chl ratio of 30:1. Electrophoresis was run at 25

mA, for 4-5h, at 4C in the dark on a 1.5 mm thick, 10% polyacrylamide gel.
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Denaturing gels were run on 10% polyacrylamide gel containing 0.1 M Tricine in the
cathode buffer as described by Schagger and von Jagow (1987) modified so that the final.
concentration of Tris (pH 8.25) in the gel was 1.0 M. Thylakoid membrane samples were
pelleted and resuspended in 65 mrvi Tris-HC1 (pH 6.8), 20 mM dithiothreitol, 10% ethylene
glycol and 2% SDS and heated at 65C for 15-20 mm prior to loading onto the gel. Samples
of 25 jig Chi (for Coomassie Blue staining) or 5 jig Chi (for western blotting) were loaded from
both hcf and wild-type plants. Electrophoresis was run at 35 mA for 5-6 h, at room
temperature. Proteins were transferred onto nitrocellulose and visualized as described by
White and Green (1987).
Anti-sera prepared against CPI and CPu from barley (White and Green, 1987); PSI
subunits H, V and VI from spinach (Bengis and Nelson, 1975); cytochrome [(a gift from R.
Malkin); PSII chlorophyll-protein core complexes CP47 CP43 (a gift from N.-H. Chua), PSII
559 (a gift from W. Cramer); and
core complex Dl (a gift from L Mcintosh), cytochrome b
1 (Moase and Green, 1981) were used to determine the presence of
coupling factor CF
polypeptides. Following staining with one antibody, the nitrocellulose filter was stripped
overnight in a solution containing 0.1 M glycine (pH 2.2), 20 mM Mg acetate, and 50 mM KCI
and reblotted (Legocki and Verma, 1981).
Visualization of cytochromes on non-denaturing gels was done using 3,3’,5,5’tetramethylbenzidine (TMBZ) and hydrogen peroxide following the procedures of Hoyer
Hansen (1980).

2.5. PHOTOSYNTHETIC ELECTRON TRANSPORT MEASUREMENTS
,
3
PSI-dependent electron transport was assayed at 25C in the presence of 0.1% NaN
0.5 mM N,N,N’,N’-tetramethyl-p-phenylenediamine (reduced with 2.5 mi ascorbate), and 1
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jiM 3-[3,4-1)ichlorophenyl]1,1-dimethyl-urea (DCMIJ), monitoring 02 consumption in the
presence of 0.1 m methyl viologen in a YSI electrode (Allen and Holmes, 1986). Thylakoid
membranes (25 pg ChI) were added to the reaction mixture which contained 100 mM sorbitol,
. Saturating white light was
2
20 mivi Hepes (pH 7.8), 10 mM NaCI, and 2.5 mM MgC1
provided through Fibre-light 180 (Dolan-Jenner) light pipe. PSII-mediated 2,6dichiorophenolindophenol (DCPIP) reduction was measured at 595 nm using a Cary 210
(Varian, Palo Alto CA) spectrophotometer (Allen and Holmes, 1986). Thylakoid membranes
(5 pg ChI) were added to the reaction mixture (20mM MES pH 6.0, 25 jiM DCPIP). Electron
donors used were water or 0.5 mM diphenylcarbazide (DPC). For each experiment in which
both water and DPC were used, a measurement was first obtained with water, DPC added to
the same sample, and a second measurement taken.

2.6. RNA ISOLATION AND RNA BLOT ANALYSiS
Total RNA from hcf mutants and their wild-type siblings was isolated from 3-4 week
old plants grown on 1/2 MSO plates (described above). All plant material was collected
between 12:30 and 14:00 hours, weighed, and immediately frozen in liquid nitrogen until
use, except for hcf5 which was harvested at 10:00 and used immediately.
RNA was isolated following essentially the procedures of Parsons et al. (1989). The
leaf material was ground to a fine powder in liquid nitrogen. The leaf powder was then

suspended at 6WC in 4/5 extraction buffer: 115 buffer equilibrated phenol (v/v) at 1 ml per
gram of tissue. The extraction buffer consisted of 100mM Tris, pH 8, 20mM EDTA, 0.5 M
NaCI, 0.5% SDS; 0.5% 2-mercaptoethanol. The slurry was agitated at 65C for 5 mm, and an
equal volume of chloroform added. The aqueous layer was saved, and an equal volume of 1:1
phenol: chloroform (v/v) at 6WC added. The aqueous layer was extracted twice more with 1
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volume of chloroform. LiCI (115 volume of 10 M) was added to the final aqueous layer. The
sample was placed at 4°C overnight, and centrifuged (17000 g for 10 mm) the following
morning. The RNA pellet suspended in water and concentration determined
spectrophotometrically (Sambrook et al., 1989).
RNA (approximately 10 rig) was separated in formaldehyde-containing agarose (1.2%
w/v) gels, and blotted onto Hybond.NTM (Amersham) membrane (Sambrook et al., 1989).
The filters were prehybridized for 2 to 4 hr at 65°C in a solution containing 0.9 M NaCJ, 0.09
M sodium citrate, 0.5% SDS, 5X Denhart’s reagent (0.1% bovine serum albumin, 0.1% Ficoll,
and 0.1% polyvinylpyrrolidone), 100 ig!mL denatured salmon sperm DNA. Specific
P using the random primer
hybidization probes were prepared by labeling DNA with 32
method following manufacturer’s recomendation (Boehringer Mannheim), and hybridized for
12-16 hr at 65°C. The filters were washed several times at 65°C in 2X SSC (0.3 M NaCI, 0.03
M sodium citrate), 0.1% SDS (w/v) for 2 to 4 hr and exposed to Kodak XAR-5 film at -90°C
with an intensifying screen.

DNA probes for nuclear genes used in this study were cabil, a 0.7 kb PstlXba
fragment of the tomato gene for the light-harvesting chlorophyll protein associated with PSI
(Kirsch et al., 1986) ; psaD, a 0.3 kb EcoRI fragment containing the tomato PSI subunit II
gene (Hoffman et a!., 1988). DNA probes for chioroplast genes used were atpA, a 1.1 kb
) alpha subunit (Barkan et al., 1986);
1
BamHhJSalI fragment of the maize coupling factor (CF
1 beta and epsilon subunits (Henning
atpB/E, a 2.2 kb Xbal fragment from the spinach CF
and Herrmann, 1984); petA, a 478 bp EcoRliXhol fragment containing the spinach
cytochrome f gene (Alt and Herrmann, 1984); petB, a 309 bp Xhol fragment containing the
6 gene (Heinemeyer et al., 1984); psaB, a 1.7 kb BamHl fragment of
spinach cytochrome b
the spinach 82 kd PSI reaction center polypeptide (Kirsch et a!., 1986); psaC, a 0.3 kb RsaI
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fragment of the spinach PSI subunit VII polypeptide gene (Steppuhn et al., 1989); psbB, a 1.1
kb BamHlLXbal fragment containing the PSU 47 kd polypeptide gene from spinach (Morris
and Herrmann, 1984); psbD, a 989 bpEcoRIJPvuII fragment containg the PSIJ D2 core
protein gene from spinach (Alt et al., 1984).

2.7. ELECTRON MICROSCOPY
Electron microscopy was carried out on leaves of the mutants and wild type siblings
grown on 1/2 MSO for two weeks. The leaf tissue was fixed in 2.5% (v/v) glutaraldehyde in
0.1 M sodium cacodylate buffer (pH 7.2) for 1 h, and stained in 1% (wlv) osmium tetroxide in
the same buffer for 1 h. The tissues were then dehydrated in a graded ethanol series,
followed by propylene oxide, and embedded in Spurs resin. Ultra thin sections were stained
with uranyl acetate and lead citrate and examined m a Zeiss (EM1O) electron microscope.

2.8. GENETIC ANALYSIS

2.8.1 Marker Lines
The following tester lines containing visible phenotypes were used in crosses.
Chromosome 1 (W2:an, disi; W4: chi, api, g12), chromosome 2 (W6: as, cer8), chromosome 3
(W7: hy2, gil, tt5; W8:gii, cer7; RDM3: hy2,gil, cer?), chromosome 4 (W10: cer2, ap2;
RDM4: bp, ap2, cer2), chromosome 5 (W13: ttg, yi). All lines are in the Landsburg
background. The W lines were obtained from Dr. David Meinke (Oklahoma State
University, Stillwater, OK), and were originally constructed by Dr. Maarten Koornneef
(Agricultural University, Generaal Foulkesweg, Wageningen, Netherlands). The two RDM
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lines were constructed by the author (sandy inkins Marker). The phenotype of each visible
marker and relative location is presented in Table 5.

2.8.2. Linkage analysis
-

Immature flowers from plants homozygous for the marker lines were opened and the

stigma was dusted with pollen from heterozygous hcf plants. The visible marker lines were
used in all cases as the female parent to facilitate the identification of accidental selfs among
1 progeny. Since the hcf mutations are lethal, it was not possible to evaluate the hcf
the F
phenotype in relation to the visible markers. Instead, deviations greater than the expected
3:1 segregation for the visible markers would be indicative of linkage of the hcf phenotype
with a visible marker. Complete linkage, for example, should give a 2:1 segregation ratio for
2 generation.
the visible marker in the F
Since it is not possible to distinguish the heterozygous hcfY+ plants from homozygous
wild-type (+1+) several crosses using different plants from each hcf line were made to each

marker line. Putative hcf7+ plants used in crosses were self-pollinated and heterozygous
1 were grown from crosses that were verified to have been done
plants identified. The F
1 was self-pollinated and individual plants
using the heterozygous hcf plants. The F
2 analysed for the presence of the hcf phenotype. Following
harvested and the F
2 plants were grown
identification of lines which segregated for the hcf phenotype, 100-400 F
and screened for the presence of the visible markers. Since the hcf phenotype is lethal in
soil, segregation frequency greater than 25% for a given visible marker should be indicative
of linkage of a lethal phenotype with the visible marker.

—
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Table 5. Genotype of Arabidopsis thaliana visible markers used in crosses
Locus Chr.a

Name and Description

-

an

1:0

Angustifolia: Narrow leaves

ap-1

1:102

Apetela: no peta1s

ap-2

4:51

Apetela: no petals

as

2:33

Asymetric leaves

bp

4:11

Brevipedicellus: very short pedicels, siliques bend downwards

cer-2

4:42

Eceriferum: no epidermal wax

cer-7

3:85

Eceriferum: like cer-2

cer-8

2:51

Eceriferum: reduced epidermal wax

c/i-I

1:60

Chlorina: light green color due to loss of Chib

cp-2

2:7

Compacta: semi-dwarf

dis-1

1:18

Distorted trichomes

er

2:16

Erecta: compact inflorescence, fruits blunt

gl-1

3:40

Glabra: no trichomes on leaves or stems

gl-2

1:122

Glabra: reduced trichomes on lower leaves, no trichomes on upper leaves

hy-2

2:0

Long hypocotyl, reduced level of phytochrome

tt-5

2:78

transparent testa, yellow seed due to transparent testa

ttg

5:32

Transparent testa, glabra: (see tt-5 and gl-1)

yi

5:87

Yellow inflorescence, yellowish flower buds

a Chromosome: Chromosomal location. From Koornneef et al. (1983)
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2.9. ARABIDOPSIS TISSUE CULTURE

2.9.1. Plant Material and Growth Conditions

Arabidopsis thaliana seeds were kindly provided by 11W. Meinke (Oklahoma State
University: Columbia), M. Jacobs (Vrije Universiteit Brussels: C24), and A.R. Kranz (J.W.
Goethe-Unversität Frankfurt: Landsburg erecta). The Point Grey ecotype was collected by

the author and A.J.F. Griffiths on the Point Grey peninsula in British Columbia, Canada.
All plant material was grown in a controlled enviromental chamber under fluorescent lights
2s
(100-150 jiE m

) 16 h lightl8 h dark, at 23 ± 3’ C.

2.9.2 Tissue Culture.
Seeds were surface sterilized in 95% EtOH (30 sec.), and 50% Clorox (6 mm.), rinsed
in sterile distilled water 3-4 times and allowed to dry on a sterile filter paper. Seeds were
either immediately sown on a germination medium (GM: 112 X MS salts; 5% sucrose; pH 5.8
and solidified with 0.8% agar) by gently displacing the seeds from the filter paper with a
sterile forceps, or left in a sterile petri sealed with paraflim until use. Explant sources were
cotyledons cut at the petiole from 7-10 d. old seedlings (Schmidt and Willmitzer, 1988,
Chaudbury and Signer, 1989) or roots from 2-3 week old plants (Valvekens et al., 1988).
Explants were placed on a thoot inducing medium reported by Lloyd et al. (1986) (SIM1: MS
1a
salts, B5 vitamins, 3% sucrose, 1 mg L 6-benzylaminopurine, 0.1 mg L
naphthaleneacetic acid, pH 5.7, solified with 0.8% agar) or on a slightly modified SIM
medium (SIM2: same as SIM1 except a-naphthaleneacetic acid was increased to 0.5 mg L
1)
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2.9.3 Genetic analysis of the Columbia X Point Grey explants.
Seeds were harvested from the Columbia parent in which immature flowers were
). Several
1
opened, the anthers removed and pollen from the Point Grey ecotype applied (F
2 seeds surface sterilized and germinated on 1/2
1 plants were also self-fertilized, the F
F
2 seedlings were placed on SIM2
1 and F
MSO. Both cotyledons from Columbia, Point Grey, F
2 plants were also evaluated on SJM2 in a
side by side. The progeny from 20 random F
similar manner.

2.9.4. Transformation.
The Agrobacterium strains used for transformation experiments were A208 carrying
the avirulent nopaline-type plasmid pTiT37-SE and pMON41O binary plasmid (Rogers et al.,
1987) (cotyledons) and C58C1 rif containing the PGV3850 Ti plasmid recombined with E. coli
pKU4 plasmid (Baker et al., 1987). Agrobacterium was grown overnight in Luria broth
containing the appropriate antibiotics at 2W C on a rotary table (150 rpm). Explants were
placed in 18 ml 1/2 X MS salts liquid medium and two ml of Agrobacterium for 1-2 mm,
rinsed with fresh liquid medium, blotted dry on filter paper and placed on SIM. In some
experiments root explants were placed on a callus inducing medium (Valvekens et al., 1988).
After 4-5 days, the explants were rinsed in 1/2 MS liquid medium and transfered to SIM2
1 cefotaxime
1 carbinicillin or 250 mg L
1 hygromycin and 500 mg L
containing 25 mg L
1 vancomycin (root explants).
(cotyledon explants), or 500 mg L
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CHAPTER 3
RESULTS

3.1. ISOLATION OF HCF MUTANTS

Seeds of small bulk populations of ethyl methane sulfonate (EMS) seed-mutagenized
2
1 plants were individually collected and screened visually in the M
Arabidopsis thaliana M
generation for the high chlorophyll fluorescence (hcf) phenotype (Figure 4). The majority of
the bulk populations contained seven plants. A few pots contained less than seven plants
due to mortality, and a few pots contained eight plants that were not thinned properly from
1 bulk
the initial 10-15 seeds planted in each pot. The rationale for collecting small M
1 bulk would have
2 plants from each M
populations was that a relatively small number of M
2 plant heterozygous for a nuclear mutation,
3 in order to isolate an M
to be screened in the M
a necessary prerequisite to isolate mutations that are lethal in the homozygous condition. A
1 bulks would be due to
second reason was that mutant lines derived from the different M
1
different mutagenic events, and not simply a re-isolation of the same mutation. Of 570 M
bulks screened visually for the hcf phenotype, approximately half (251) contained at least
one hcf seedling. This result, while surprising, was not completely unexpected due to the
high number of known hcfloci in maize (Cook and Miles, 1988) which is a third reason small
1 bulks were collected.
M
The screening was done in two phases. Bulk populations 1-240 were screened
visually only, while the remainder were also screened using a computer aided fluorescence
video imaging system (CAFVIS) (Fenton and Crofts, 1990). The CAFVIS software allowed
2 plants simultaneously,
screening the fluorescence kinetics on up to sixteen individual M
quickly quantifying the fluorescence kinetics of putative hcf mutants and the wild-type
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Arabidopsis thaliana hcfl mutant and wild-type plants.
Figure 4.
plants under normal white light (A), under UV light, no
depicts
Photograph
under
UV light red filter (C). Mutant plants fluoresce red
and
filter (B);
white to the eye when a red filter is used.
appear
and
light
under UV
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61

siblings on the same petri plate, and it also provides a measure of the variability that will be
observed among the plants.
A sample of fluorescence kinetic curves obtained using this method is presented in
Figure 5. The fluorescence kinetics from wild-type Columbia plants grown on 112 MSO
(Figure 5A) is essentially the same as the fluorescence kinetics observed in plants grown in
soil (Artus and Somerville, 1988). This suggests that photosynthetic competence of wild-type
Arabidopsis, at least with respect to the fluorescence kinetics, is normal when grown on 112
MSO plates.
•

Many different patterns in the fluorescence kinetics were observed during the initial

screening (Figure 5). Miles (1980) outlined some of the more common fluorescence kinetics
1 bulk 60 appear to have a normal
obtained from maize hcf mutants. Mutant plants from M
induction to the maximal level of fluorescence (FM), but there is no decline to a steady state
fluorescence (Fs). This indicates that charge separation and electron flow in PSII to QB is
occurring. Since there is essentially no decrease from the maximal fluorescence level (FM) in
the mutant plants, it suggests that QA is not being reoxidized. This would result if electron

If, or PSI (Miles 1980). A line
6
flow is blocked at some point past QB such as cytochrome b
1 bulk that appears to segregate as a single nuclear recessive and is
derived from this M
defective in the PSI complex will be further described below (hcfl).
), and
0
1 bulks 239, 302 and 530 have a high initial fluorescence (F
2 plants from M
M
little variable fluorescence (Fv). This suggests that there is very little, if any, electron flow
through PSII. Similar fluorescence kinetics has been observed in PSII hcf mutants of

Chiamydomonas (Bennoun and Chua, 1976) and maize (Leto and Miles, 1980). A line
1 bulk 302 has been isolated and will be further described below (hcf).
derived from M
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Figure 5. Fluorescence induction kinetics of wild-type and hcf mutant plants
in the M
2 generation. Fluorescence kinetics of a representative sample from
wild-type Columbia (A) and mutant and wild-type siblings of M
2 plants from
bulk populations 60 (B), 239 (C), 302 (D), 530 (E) and 559 (F) taken on a
computer-aided video fluorescence apparatus (CAFVIS). Measurements
taken from 6-10 individual plants simultaneously.
Fluorescence
measurement are in arbitrary units.
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1
Although attempts were made to isolate lines segregating for the hcf phenotype from M
bulk 239, none have been recovered. Possible reasons for this will be discussed below.
1 bulks
2 plants presented thus far are examples of M
The fluorescence kinetics of M
1
that were selected as candidates for further study. Figure 5F provides an example of an M
bulk which was not selected for further investigation. The reasons are twofold. First, there
are two distinct patterns of fluorescence originating from different plants. This could mean
1
that more than one mutation, which gives rise to the hcf phenotype, originated in this M
bulk, or that a second mutation has some synergistic or pleiotropic effect on the hcf
1 bulk, is that while the initial fluorescence from
phenotype. A second feature of this M
several plants is higher than the wild-type, the variable fluorescence (F) and quenching
appears to be relatively normal. Similar fluorescence kinetic patterns have been described in
2 fixation (Edwards et al., 1988;
maize, and are correlated with mutations that affect CO
Miles, 1980). Since the the goal of this project was to select mutants that might be blocked
1 bulks containing hcf plants that displayed little or no
early in electron transport, only M
decrease in the maximal fluorescence, and with all the hcf plants having similar induction
1
kinetics, were selected as candidates for further study. Some of the lines isolated from M
bulks prior to analysis with the CAFVIS that appear to be blocked subsequent to PSI, were
isolated, but have not been analyzed (see below).
In order to isolate heterozygous plants segregating for the hcf phenotype as a single
2 plants from each selected bulk were
nuclear recessive, approximately 100 individual M
2 plants
grown in soil, and the progeny were screened on 1/2 MSO petri plates. Individual M
2 plant segregating
1 bulks have been screened, and 21 have yielded at least one M
from 27 M
3 generation (Table 6). Screening
at a ratio indicative of a single nuclear recessive in the M
1 bulk populations in which no hcf lines have been
2 plants from the six M
additional M
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M bulk screen.
Table 6. Arabidopsis high chlorophyll fluorescence 1
2 plants
No. M
Present
1 Bulk
M
screenedb
designationa
number
16
20
41
44
45
54
57
60
70
72
V
V

146
155
207
215
239
302
310
313
322
343
379
386
392
393
530
550

N
hcf2
N
N
N
N
N
hcfl
hc/3
N
N
hcf4
N
N

14B,31C,340
1A,12A,.1
8A,29C,34B
23C,28A
40
31B,32B
14B
4A,80j
2.7,29C
12A,22C
7B
7A,
7Aj.j
hA
None
None
7C,,20B
,9C

72
71
72
64
57
72
52
68
59
86
56
102
99
48
48
169
92
95
69
99
116
138
93
92
76
108
181

V

hcf5
hc.f7
hcf6
N

-

N

hcf8
N

-

M plants
2
seg. for hcf’

4A,1OC
None
None
None
4A
1B,
250
None
V

a Designation used in the thesis hefi through hcf8; N= no present designation. A dash (-)
signifies that no hcf lines have been identified originating from these bulk populations.
b Number of individual plants from which the progeny were screened on 1J2 MSO petri
plates.
2 plant
C Hcf lines have been propagated by single seed descent, originating from the M
underlined.

V

53

2 plant which segregates as a single nuclear recessive. However,
found, may yield an M
another possibility is that the hcf phenotype observed dining screening was due to a
cytoplasmic mutation. Cytoplasmically inherited photosynthetic mutants would probably
2 plants have been screened from
2 generation. Over 160 M
not have survived in soil in the M
1 bulks 239 and 550, for example, without yielding a line which segregates as a nuclear
M
1 bulk 239
2 hcf plants observed from the original M
recessive. Also, the number of M
appeared to be higher than expected for a single nuclear recessive (14 versus the expected 42 plants screened). These results provide circumstantial evidence that
7 of 500-7 50 total M
1 bulks 239 and 550 may have been due to a cytoplasmic
the phenotype observed in M
mutation. However, genetic analysis was not done to verify that this was indeed the case.

3.2. CHARACTERIZATION OF WILD-TYPE ARABIDOPSIS GROWN UNDER STERILE
CONDITIONS
Whenever possible, each hcf line was compared with wild-type siblings. The results
of the wild-type siblings were essentially the same as the Columbia wild-type parent for all
characteristics analyzed. This section details initial experiments to determine the results for
the wild-type, and comparisons among wild-type siblings from the different mutant lines.

3.2.1. Physical Characteristics and Pigment Composition of Wild-Type Plants
Physical characteristics of wild-type plants on 112 MSO petri plates were dependent
on the number of plants growing on the same petri plate, placement in the growth chamber
and age of the plants at harvest. Attempts to minimize this by transferring an equal number
of plants to fresh petri plates, and harvesting of plant material at roughly the same age (at
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four weeks) still resulted in large variations in plant size and total Chi per fresh weight
(Table 7).

Analysis of carotenoids and chlorophylls by HPLC revealed that the relative amount
of the thylakoid pigments was similar to published results for Arabidopsis (Figure 6, Table 8)
(Duckham et al 1991, Rock and Zeevart, 1991). No significant differences between the
different wild-type siblings in relative amounts of pigments were found, so the results were
combined (Table 8). All the pigments found in the wild-type siblings were found in the
mutants. This suggests that disruption of pigment biosynthesis was not the cause of the hcf
phenotype in the mutants, but that the differences in pigment composition were the result of
loss of specific pigement complexes (see below). One pigment, antheraxanthin, was found at
significantly higher levels relative to Chia in all the mutants compared to the wild-type
(Table 8). Since antheraxanthin is an intermediate in the pathway from B-carotene to
violaxanthin and neoxanthin (Sandmann, 1991), both of which are present in the mutants,
the significance of this finding is not presently understood. A second intermediate,
zeaxanthin, was present only at trace levels in the wild-type and mutants. Zeaxanthin and
lutein elute at roughly the same time on the HPLC column used. Since the plants were dark
adapted prior to pigment isolation, the level of zeaxanthin was expected to be low (Demmig
Adams et al., 1990). A few samples were run on a column that would resolve the two
pigments, and zeaxanthin was found only at trace levels in the mutants (data not shown),
thus no further attempts to resolve the two pigments were undertaken.

3.2.2. Fluorescence and Electron Transport
The fluorescence characteristics of the wild-type plants in culture have been
presented above, and the fluorescence kinetics observed in the plants grown under sterile
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Table 7. Physical characteristics ofArabidopsis thaliana hcf mutants and wild-type
siblingsa
Weigh Chi (pg) per Chi a/b
Plant Fresh
Line
Fresh Weight (mgY Ratio
Weight (g)b

hcfl
hcfl Wt

18.4±9.5
40.7±14.1

0.217±0.012
0.763±0.012

2.68±0.12
2.70±0.11

hcf2
hc/2 Wt

20.0±6.4
51.0±10.4

0.35±0.11
0.75±0.05

1.95±0.02
2.70±0.06

hcf3
hcf3 WT

8.3
45.3

0.30
0.70

2.12
2.71

hcf4
hcf4Wt

21.3
51.4

0.22
1.14

2.34
2.63

hcf5
hcf5Wt

17.6±7.7
54.3±4.1

0.22±0.02
1.04±0.07

1.60±0.08
2.67±0.17

hcf6
hcfli Wt

18.3
54.5

0.10
0.85

1.59
2.47

hc/7
hcf7Wt

16.4
108.2

0.43
1.44

2.59
2.78

hcf8
hcf8Wt

20.0±6.5
47.9±7.1

0.445
1.29

2:52±0.09
2.68±0.05

a Each experiment consisted of harvesting 40-80 mutant and wild-type siblings from 3-5 112
MSO petri plates at four weeks following germination. Values are means±SD, where three
or more experiments were done.
b Fresh weight of aerial portion per plant.
Total Chi was calculated from the combined thylakoid membrane fraction and filter residue
fraction (see Materials and Methods).
C
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Figure 6. IIPLC chromatogram of pigments extracted from leaves of
Arabidopsis wild-type (A) and mutant hcfl (B). Peaks: Neoxanthin (Neo),
Violaxanthin (Vio), Lutein (Lu), Chlorophyll b (Chlb), Chlorophyll a (Chia)
and 13-carotene (BCar). The peak between violaxanthin and lutein that is
prominent in the mutant but only found at trace levels in the wild-type is
antheraxanthin.
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Table 8. HPLC analysis of the relative pigment composition of wild-type and hcf mutants of

Arabibickipsis thaliana.
Pigmenta

wtb

hcflC

hcf2

hcf3

hcf4

hcf5

hcf6

hcf7

hct8

Chlorophyll a

100

100

100

100

100

100

100

100

100

Chlorophyll b

33.9±1.8

35.5

43.3

38.5

38.4

56.0

43.3

35.3

40.3

Lutein

18.2±1.34

28.3

24.8

23.8

24.1

36.7

37.0

24.1

27.3

Violaxanthin

4.1±0.6

5.8

5.8

6.7

4.9

9.5

14.3

5.6

6.7

Neoxanthin

4.8±0.51

7.0

6.5

7.7

6.0

9.4

7.4

5.4

7.0

Antheraxanthin

0.09±0.03

2.9

2.1

0.5

3.2

1.7

1.9

1.6

2.6

13-Carotene

10.1±1.19

6.4

4.4

6.5

6.0

3.4

4.4

5.9

5.5

a Expressed as mol pigment/100 mol chlorophyll a
b Average of 5-9 preparations of wild-type chioroplasts from the wild-type siblings of each hcf
mutant, and 6-12 injections. No significant differences were found between the wild-type
siblings, so the results were combined.
No standard errors were calculated for the mutants since an insufficient number of
injections were done. hcfl: Average of 3 extractions of plant material, each injected once;
hcf2: 2 extraction, each injected once; hcf3: 2 extractions, 3 injections; hcf4: 2 extractions, 3
injections; hcf5: 2 extractions, each injected twice; hcfi3: 2 extractions, each injected twice;
hcfl: 1 extraction, injected 3 times; hcf: 2 extractions, 3 injections.
C
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conditions on the 1/2 MSO petri plates were similar to wild-type plants grown in soil (Artus

and Somerville 1988). As previously stated, the conditions on the petri plates did not appear
to have any detrimental effect on electron transport as observed from the fluorescence
kinetics.
PSI and PSH electron activity rate in the wild-type siblings varied from experiment
to experiment. This probably reflects the manner in which thylakoid membrane
preparations were done, the age of the plants, conditions in the petri plates or time at which
the plants were harvested, rather than real differences among the wild-type siblings. This
conclusion is based on a strong negative correlation (-0.89) observed between the PSI and
PSII electron transport activity rates in the wild-type siblings (Table 9) suggesting that
plants were subjected to some condition favoring either PSII or PSI electron transport prior
to isolation of the thylakoid membranes. Attempts were made to minimize this by only
harvesting plants early in the morning following a 1-2 dark adaptation period, however; this
was not always possible. For this reason, comparison of the hcf mutant lines was only done
in relation to the wild-type siblings harvested from the same petri plates, at the same time.

3.2.3. Chlorophyll-Protein Complexes, and Thylakoid Membrane Polypeptides

Thylakoid membrane samples from wild-type Arabidopsis plants grown on 1/2 MSO
petri plates and electrophoresed under non-denaturing conditions have the normal
complement of ChI-protein complexes observed from a number of species (Green 1988) as
well as Arabidopsis plants grown in soil (Hugly et al., 1989). There were no differences that
could be observed between any of the wild-type siblings from the different mutant lines.
The presence or absence of specific polypeptides was detected using monospecific
polyclonal antibodies. Since none of the antibodies were raised from proteins isolated
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Table 9. Electron transport activity rates for hcf mutants and wild-type siblings. Values are
means ± SD; n=3-6.
11
b
5
P
p5ja
Line
j.tmol 02 reduced
4
(mg Chl)
1 hr

pmol DCPIP reduced.
(mg ChIY
1 hr
DPC
0
2
H

hcfl
hcflWt

280±39
1121±100

99±8
115±10

119±9
123±13

hcf2
hcf2Wt

577±60
1320±175

NDC
ND

36±5
115±11

hcfl3
hcfl) Wt

768±37
954±83

ND
NI)

65±13
164±21

hcf4
hcf4Wt

1231±48
1270±82

113±19
136±11

112±18
141±14

1vf5
hc/5Wt

759±51
1043±80

<5
147±7

<5
145±7

hcf6
hef6Wt

1044±38
822±78

ND
ND

<5
172±5

hc/7
hcj7Wt

827±22
1184±37

ND
ND

116±10
115±11

hc18
hctWt

607±30
1493±159

ND
ND

111±5
107±4

a Measured as 02 uptake in the presence of 0.1% NaN
, 2.5 mM ascorbate, 0.5mM
3
tetramethyl-p-phenylenediamine, 0.1 mM methyl viologen, 1 j.iM DCMU, pH 7.8.
b Measured as light-driven reduction of DCPJP at 595 nm, pH 6.0. Electron donors were
water and diphenylcarbazide (see Materials and Methods for experimental protocol).
C

ND

=

no data
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from Arcthidopsis, detection of the corresponding polypeptide in Arabidopsis confirmed
immunological relatedness. Only in the case of PSI subunit III and IV did antibodies raised
to spinach proteins fail to react to a homologous polypeptide in the Arabidopsis thylakoid
membrane preparations (Figure 7). Subunit ifi is the psaF gene product and has been
shown to become easily disassociated from the PSI core complex (Bengins and Nelson, 1977).
The antibody weakly recognized several bands corresponding to CPI core polypeptides in
Arabidopsis. Thus either the subunit III polypeptide did not dissassociate completely from
the core complex under the conditions used, there is some immunological relatedness
between the A.rabidopsis core polypeptides and the spinach subunit HI, or the reaction
observed is simply non-specific. The subunit 111 antisera prepared from spinach cross-reacts
to a homologous protein in oats, bean, (Nechushtai and Nelson, 1985) and Synechocystis
(Wynn et al., 1989), it suggests that the bulk of the subunit ifi polypeptide was lost during
isolation. It is interesting to note however, that the thylakoid membrane fraction isolation
procedure used, was essentially the same for both spinach and Arabidopsis. Thus while for
the spinach a significant amount of subunit Ill was associated with the PSI fraction, it was
lost in Arabidopsis. For PSI subunit IV, there was no cross reaction observed at all.
The function of subunit IV, the psaE gene product, is not presently known. There is
a high degree of homology observed among different species, leading Golbeck and Bryant
(1991) to speculate that the protein is either ftinctionally or structurally constrained. In view
of this, the lack of observed immunological relatedness between Arabidopsis and spinach is
intriguing.
The antibody to the spinach subunit VI polypeptide recognized three polypeptides in
the Arabidopsis thylakoid membrane preparations (Figure 7), and only the larger two when
a PSI-200 preparation was isolated by the procedures of Mullet et al. (1980) (data not
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AS

AS

Sub. III

Sub. W

Sub. VI

Figure 7. Comparison of Arabidopsis (A) and spinach (S) photosystem I
poLypeptides. Thylakoid membranes were separated by denaturing SDS
PAGE and were immunoblotted with antibodies prepared against spinach
photosystem I subunits Ill (Sub. III), IV (Sub. IV) and VI (Sub. VI).
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shown). Only two polypeptides are also immunostained when spinach thylakoid membranes
are probed with the antibody (Figure 7). In this case, the antibody may be recognizing both
subunit VI (psaH gene product) and subunit VII (psaC gene product) or another PSI
polypeptide which may have been co-purified. The identity of the lower molecular weight
polypeptide observed in the Arabidopsis thylakoid membrane preparations which reacts to
anti-PSI subunit VI is unknown. Since it is not observed when PSI preparations were
immunoblotted, it is either not a PSI polypeptide or it is lost during PSI isolation. As this
lower band is at normal levels in the mutants that are reduced in the PSI complex (see hcfl
and hcf8 below) the former possibility is more likely.

3.2.4. Electron Microscopy
Chloroplast ultrastructure was compared among the mutants hcfl, hcf4, hcf5, hcf6
and hcf8 and the wild-type siblings. No Columbia wild-type plants were analysed, however,
there were no ultrastructuraldifferences observed between the wild-type siblings from the
different mutant lines. A representative example of the wild-type and mutants hcf4, hct5
and hcf6 is presented in Figure 8. There were no obvious ultrastructural differences
observed between the wild-type and hcfl and hcf8 at the stage at which plants were analysed
(early seedling; not shown).

3.2.5. RNA Levels in the Wild-Type
There were no differences in the bands observed between the different wild-type
siblings on northern blots. The banding pattern profiles from the different chioroplast
transcriptional units observed on northern blots, are also similar to those published for
spinach (see below).
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Figure 8. Thin section electron microscopy of hcf mutants and wild-type
chioroplasts. Arabidopsis wild-type (A), mutant hcf4 (B), hcf5 (C) and hcf6
(D).
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3.3. CHARACTERIZATION OF EIGHT HCF MUTANT LINES

Without exception, all the mutant lines when first isolated contained additional
mutant traits segregating with the hcf phenotype. The most common co-segregating mutant
trait was embryo lethality. Each line was self-pollinated at least one additional generation
prior to commencing the experiments described. All measurements were done on mutant
and wild-type siblings grown on the same petri plates. This ensured that all comparisons of
the hcf phenotype were performed in a common genetic background.
In order to harvest sufficient plant material for analysis, seeds from heterozygous
plants were sown under sterile conditions on agar plates containing 5% sucrose and
nutrients (see materials and methods). Following identification of the hcf and wild-type
plants under UV light, small numbers of hcf (typically 15-20) and wild-type (typically 10-15)
plants were transferred to fresh agar plates to allow for leaf expansion. Each experiment
usually involved harvesting plants from 3-5 petri plates, and combining similar phenotypes.
Thus, the results of each experiment are based on an average of 45-75 plants.
The results on the individual mutants given below are based on fluorescence kinetics,
photosynthetic electron transport activity rates, presence and amount of Chi-protein
complexes and thylakoid membrane polypeptides. The mutants are grouped according to
phenotype. In the first class (represented by hcf5 and hcf6) electron transport is blocked at
the PSII complex, although, as will be shown, all the complexes in the thylakoid membrane
are also reduced in these mutants. In the second class PSII electron transport is impaired,
yet some activity is observed (hct2 and hcf3). In the third class PSII electron transport is
normal, but the PSI complex is reduced (hefi and hcf8). The last two mutant lines presented
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(hcf4 and hcf7) probably also have a damaged PSI complex, however, this conclusion cannot
be unequivically substantiated by the results obtained to date.

3.3.1.hcf5

3.3.1.1. Mutant Isolation and Genetic Analysis

1 bulk population 302 and was found to
Mutant line hcf5 was derived from M
3 generation. The mutant line has been selfsegregate for the hcf phenotype in the M
pollinated 5 generations and backcrossed to the wild-type Columbia parent. The phenotype
is inherited through the pollen. Homozygous wild-type and heterozygous plants are
indistinguishable in morphological characteristics (except for the embryo-lethal phenotype
described below) and the progeny must be screened each generation in order to identify
heterozygous plants.
Heterozygous plants segregated for the hcf phenotype at a frequency of 13%-18%
(jt=14.9; 194 hcf: 1111 wild-type). This is below the expected 25% level for a single nuclear
gene, perhaps because of selective loss of the hcf allele in the gametophytic stage. This
phenomenon, termed certation, has been previously observed in mutant lines where the
photosynthetic apparatus is affected (Deleart, 1980; Simpson and von Wettstein, 1980). A
second explanation could be a linkage to an embryo-lethal allele. The hcf5 mutant line was
screened for the presence of embryo-lethal phenotypes in response to anomolous segregation
2 populations containing a glabrous marker on chromosome 3 (gl-1; Table
ratios observed in F
2 plants
5) in routine mapping of the hcf locus (see Materials and Methods). Of 695 F
screened, 268 were glabrous and 427 were wild-type. The frequency of glabruos plants (39%)
is significantly higher than the expected 2 wild-type: 1 glabrous ratio, assuming a single
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2 populations containing visible markers
=8.54; P<O.01). In F
2
linked lethal locus in trans (X
on chromosome 1 (an, dis-l), chromosome 2 (er) and chromosome 4 (cer-2, ap-2) the
segregation frequencies for the visible markers were not found to be significantly different
2 populations with visible markers on chromoéome 5 have not been
from the expected 25%. F
analysed. Screening revealed that an embryo-lethal mutation was present in the hcf5 plants
which were used in crosses. In fact, two distinct embryo-lethals have been found co
segregating with hcf5. One is a late globular to torpedo, and in the second, the embryo
develops outside the seed coat (Meinke, 1991). The second embryo-lethal phenotype has been
mapped to chromosome 1 (DW Meinke, personal communication). The fact that no
segregation differences were observed using either marker on this chromosome, suggests
that the markers analysed (an and dis-1) are greater than 50 map units from the embryolethal locus, or it calls into question the reliability of the method employed. Similar
problems using this method have also been encountered in the mapping of embryonic lethals
(Patton et aL, 1991). The results suggest that the hcf5 locus could be on chromosome 3;
however, due to the presence of the embryo-lethal mutations, further analysis will be
required.

3.3.1.2. Physical Characteristics and Electron Microscopy
The hcf seedlings can be differentiated from the wild-type siblings by their lighter
color even without screening for the high fluorescent phenotype. This is due to a lower
amount of Chi per plant in the mutants (Table 7). After 4 weeks on 1/2 MSO petri plates, the
mutant plants were significantly smaller than the wild-type siblings. The plants bolt and
flower following an extended time on 112 MSO plates (> 6 weeks), but no seed set has been
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observed. It is not known if this is due to the high humidity in the 1/2 MSO magenta boxes,
or if this is part of the hcf phenotype.
Striking differences in chioroplast ultrastructure were observed between the hcf
mutant line hcf5 and wild-type (Figure 7). The thylakoid membranes were almost
exclusively stacked grana, and appeared devoid of stroma lamellae. Since the PSII complex
is severely depleted (see below), the stacking should be due solely to interactions between the
Chla+b light harvesting complex proteins (Anderson, 1982; Thomber, 1990).

3.3.1.3. Pigment Composition
All the pigments that are normally present in the wild-type siblings are also present
in the mutants, albeit reduced and in different proportions (Table 8). The Chia lb ratio was
significantly altered, resulting in a reduction of 82% and 70% for Chla and Chlb, respectively
(Table 7 and 8). The least affected were the xanthophylls; neoxanthin, violaxanthin, and
lutein which were decreased 34%, 41% and 45%, respectively, on a fresh weight basis. 13carotene was the pigment most severely affected in the mutants and only 6% of wild-type
level was observed. 13-Carotene has been primarily associated with the reaction centres of
PSI and PSII, whereas the xanthophylls are primarily associated with peripheral light
harvesting complexes (Siefermann-Harms, 1985).

3.3.1.4. Fluorescence and Electron Transport
The room temperature fluorescence induction curve of the mutant line hcf5 in later
1 bulk 302 (Figure
generations was similar to the fluorescence curves found in the original M
5). The wild-type siblings on 1/2 MSO plates displayed normal fluorescence kinetics as
),
0
described above. The hcf mutants, on the other hand, have a high initial fluorescence (F
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and essentially no variable fluorescence (Fv) (Figure 5). These results suggest that
reduction of QA is not occuring and thus PSII is damaged or absent. Similar fluorescence
kinetics have been observed in PSII mutants of Chiamydomonas and maize (Chua and
Bennoun, 1975; Leto and Miles, 1980; Miles, 1980).
In order to estimate the degree of damage to PSII, and to determine if PSI was also
affected, electron transport activity rates of isolated thylakoids were assayed. As shown in
Table 9, PSII electron transport activity was undetectable above the background level,
confirming the fluorescence data which suggests that electron flow through PSH is impaired.
PSI electron transport rates were also somewhat reduced at 73% of the wild-type levels. The
results suggest that both P511 and PSI are damaged in the mutant, although the high
fluorescence phenotype is due to a disruption in electron transport in PSII.

3.3.1.5. Chlorophyll-Protein Complexes and Thylakoid Membrane Proteins
On non-denaturing (green) gels, the CP47 and CP43 bands, which are the core ChIa
binding proteins of PSU, are not present (Figure 9). The CPI band associated with PSI are
also severely depleted. The Chla+b complexes, CPII*, CPu, and CP29, appear to be normal.
CPI antenna and PSII (CP43 and CP47) Chla binding proteins are chioroplast encoded,

whereas the Chla+b binding proteins are the nuclear encoded products of the cab gene
family.
These results confirm the pigment and electron transport data, which suggested that
PSI and PSII are severely affected. The low ChlaIb ratio suggests that the majority of the
ChI present in the mutants is associated with the peripheral light harvesting complexes,
particularly LHCII which has a Chla/b ratio of 1.2.
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Figure 9. Chlorophyll-protein complexes of hcf5 and wild-type siblings.
Unstained thylakoid membrane complexes run on a non-denaturing 10%
SDS-PAGE. CM-protein complexes: CPI: Photosystem I Chi a binding core
complex; CP47 and CP43: Photosystem II 47 and 43 kDa Chl a binding core
complex polypeptides; CPIP and CPu: the oligomeric and monomeric forms,
respectively, of the Chi a+b light harvesting complex polypeptides.
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Thylakoid polypeptides were completely denatured, separated by gel electrophoresis
and successively immunoblotted with several antibodies to determine the presence or
absence of specific polypeptides. The PSII Chla binding polypeptide of CP47 was almost

59 was not detected (Figure 10).
b
undetectable and the PSII core polypeptide cytochome 5
The levels of PSI polypeptides were also severely reduced (Figure 10). The
polypeptides of CPI, the PSI reaction center, were almost undetectable. There was a low
amount of the PSI subunit II polypeptide, encoded by the nuclear psaD gene. All of the
polypeptides which react to the spinach PSI subunit VI antiserum in Arabidopsis were also
reduced. The levels of PSI polypeptides present in the mutant appear to be less than would
be expected based on the electron transport activity rates. The reason for this is unknown
(but see Discussion).
Immunoblotting against other thylakoid membrane proteins revealed that both the
cytochrome complex and coupling factor are also affected in the mutant. Cytochrome f levels
appear to be reduced to less than 1% of the wild-type. Some of the observed reaction appears
to be due to a polypeptide which ran slightly lower on the gel in the mutant lane. The

1 antisera used (Moase and Green, 1981)
identity of this polypeptide is unknown. The CF
reacts primarily against the alpha and beta subunits in the wild-type, although the smaller
gamma and delta subunits could be resolved following extended staining (data not shown).
In the mutant, only one band was recognized by the antiserum. It appeared to be the upper
band which is normally the alpha subunit in higher plants (Westhoff et al., 1985), but in view
of the data that suggests that the alpha transcript is affected in the mutant (see below) it
must be pointed out that the relative migration of the different subunits has not been
determined on the gel system used.
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Figure 10. Immunoblot of hcf5 and wild-type siblings. Denaturing gels were
loaded with equal amounts of Chi from the mutant and wild-type. The left
nitrocellulose filter was successvely immunoblotted with antibodies to
coupling factor (CF1), PSII 47 kfla ChI a binding protein (CP47), light
harveting complex (CPu) and 9 kfla polypeptide of photosytem II cytochrome
The right nitrocellulose filter was successively
559
b
559 (Cyt ).
b
immunoblotted with antibodies to PSI 80-82 kfla core complex (CPu),
cytochrome flCyt t), PSI subunit II (Sub. II) and PSI subunit VI (Sub. VI).
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3.3.1.6. Steady State RIsIA Levels

To determine if any of the observed differences in the mutant hcf5 line could be due
to transcriptional abnormalities, total leaf RNA was isolated and probed with specific
nuclear and chloroplast DNA sequences. RNA gel blots loaded with approximately equal
amounts of total RNA were probed with the psbB gene encoding the 51 kDa ChIa apoprotein
6 apoprotein (Figure 11). Both of these
of CP47 and the petB gene encoding the cytochrome b

genes are part of the psbB-psbH-petB-petD transcriptional unit, which also encodes the 10
kDa phosphoprotein of P811 (psbH) and subunit 4 of the cytochrome complex (petD)
(Westhoff et al., 1986; Heinemeyer et a]., 1984). This cistron has been the subject of
considerable interest as it displays a complex pattern due to post-transcriptional processing
which is conserved over a wide range of plant species (Barkan, 1988; Gruissem, 1989;
Westhoff and Herrmann, 1988). The level of the primary transcript, as well as the 4.7 and
3.7kb transcripts derived from the petB and petD intron splicing were reduced in the mutant
as detected by both the psbB and petB probes. Some of the smaller processed products were
also at lower levels, specifically the 2.2 and 1.4 kb transcripts using the petB as a probe. The
mutant had normal levels of the 2.4, 1.9 and 1.1kb transcripts, all which include the psbH
coding sequence, whereas the 2.2 and 1.4 kb transcripts do not. Since it is believed that the
smaller transcripts are derived solely from the processing of the primary transcript, and no
alternate promoters have been detected, transcription per se does not appear to be impaired
in the mutant.
The second PSII chioroplast transcript analysed was psbD, encoding the PSII core D2
protein. In other higher plants, psbD is part of a dicistronic transcript which includes the
psbC gene encoding the 43 kD Chla-binding apoprotein (Alt et al., 1984). In the mutant, the
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Figure 11. RNA gel blot of hcf5 and wild-type siblings. Gels were loaded
with equal amounts of total RNA. DNA probes used (labeled above each blot)
are described in the Material and Methods. Molecular weights of the
prominent bands were estimated using RNA standards (Boehringer
Mannhejm)
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level of the primary transcript appears at the wild-type level, however, a 3.1 kb transcript
appears to be reduced (Figure 11).
The atpA gene is part of an Atpase gene cluster also encoding atpF, atpH and atpl
(Henning and Herrmann, 1986). On RNA gel blots, overlapping transcripts accumulate
similar to those of the psbB region. The overall steady state levels were reduced in the
mutant and a 3.3 kb transcript observed in the wild-type is lacking. The level of the larger
expected transcript (4.5 kb) (Westhoff and Herrmann, 1985) was low in the wild-type, thus
comparison with the mutant was not possible.
The rbcL gene encoding the large subunit of ribulose- 1,5-bisphosphate
carboxylase/oxygenase was also used as a probe, although the protein product was not
assayed. No differences at the transcriptional level were expected since the steady state
levels of the rbcL gene have been shown to remain constant over a wide range of
developmental and environmental conditions (Deng and Gruissem, 1988; Piechulla et al.,
1986). Surprisingly, however, less than 5% of wild-type levels were observed in the mutant,
which suggests that there is a problem in transcription or in stability.
Not all chloroplast transcripts were affected. Steady state levels of the two atpB
transcripts that encode the coupling factor beta subunit were normal and of the expected
sizes. In higher plants the atpB gene is part of a discistronic unit also encoding the atpE
gene (Henning and Herrmann, 1986). Immunoblots revealed that, in the mutant, a
1 alpha subunit was present but
polypeptide with relative mobility corresponding to the CF
no band corresponding to the beta subunit was present. These results suggest that the
polypeptide band observed is probably not the alpha subunit, thus the identity of the band is

unknown. No significant differences were found with the psaB transcripts (PSI reaction
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center polypeptide B), psaC (PSI iron-sulfur polypeptide) the atpB /E transcript described
above (Figure 11 and data not shown).
Nuclear genes cab3C (not shown) and cabil (Figure 11) encoding the peripheral light
harvesting complexes of PSI! and PSI, respectively, appear at wild-type levels. In spite of
the decreased accumulation of the nuclear encoded psaD PSI subunit II polypeptide, the
mRNA was at wild-type levels. Gels were loaded as closely as possible with equal amounts of
total RNA, and no differences were observed in ribosomal RNA levels when the gels were
stained with ethidium bromide. Each of the filters was stripped and hybridized with a
chloroplast rDNA probe to verify that the differences observed were not due to a general
decrease in chloroplast RNA.

3.3.2. hcf6

3.3.2.1 Mutant Isolation and Genetic Analysis

1 bulk 313. The original mutant line
Mutant line hcf6 was originally isolated from M
segregated at a frequency higher than would be expected for a single nuclear recessive
(j.t=32.5; 96 hcf: 196 wild-type). This result suggested that the mutant phenotype was
inherited maternally and chioroplast sorting was still occuring in the line, or that more than
one nuclear hcf mutation was responsible for the hcf phenotype, or that an embryo lethal
linked in trans was also present in the line. Crosses to marker lines in the Landsburg
background confirmed that the hcf phenotype is inherited through the pollen, it is therefore
of nuclear origin. Visual screening for embryo-lethal phenotypes confirmed the presence of
6 plant
at least two distinct embryo-lethal phenotypes segregating in the line. Recently an M
has been isolated that segregates for the hcf phenotype at a ratio suggesting a single nuclear
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recessive locus (11=21; 38 hcf: 144 wild-type). These combined results suggest that the
original segregation ratios were due to the presence of co-segregating embryo lethal
phenotypes and that the hcf6 mutant phenotype is due to a single nuclear recessive
mutation.

3.3.2.2. Pigment Composition and Electron Microscopy
The hcf seedlings can be differentiated from the wild-type siblings by their yellow
color even without screening for the hcf phenotype under UV light. Mutant plants are
smaller than the wild-type siblings and the yellow phenotype is due to the very low level of
Chl compared to the wild-type (Tables 7 and 8). When normalized to Chia, all the pigments
present in the wild-type were present in the mutant siblings and were found at increased
levels, with the exception of 13-carotene which was lower (Table 8). When compared to Chia,
the ratios observed are similar to other Arabidapsis hcf mutants analysed, with the
exception of violaxanthin. Violaxanthin was found to be twice the level normally
encountered when compared to the wild-type, or to the other mutants analysed. It is
unknown if the high value of vio1axanthin is significant or simply due to randon deviations in
the levels of pigments in the mutant. Violaxanthin is a carotenoid in the xanthophyll cycle
and undergoes de-epoxidation and is converted to zeaxanthin in high light. The latter has
been found to be associated with dissipation of excess excitation energy in PSII and is
postulated to be involved in photoprotection (Demmig-Adams et al., 1989). Since the plants
were dark-adapted prior to isolation of material for pigment analysis, zeaxanthin was only
found in trace amounts in the mutant, and was not quantified.
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Striking differences were observed in chloroplast ultrastructure between hcf6 plants
and wild-type siblings (Figure 8). Chloroplasts appear to be mostly small and immature and
contain very few grana and stromal lamellae.

3.3.2.3. Fluorescence and Electron Transport

0 and low
The hcf phenotype is due to a disrupted PSII as can be seen by the high F
F (Figure 12A). However, there is a small amount of plastoquinone reduced based on

fluorescence kinetics. There is a slow and well pronounced 0-I-fl-P kinetics using the light
level tested (Figure 12B). The I-I) kinetics is thought to be due to re-oxidation by PSI
(Hansen et al., 1991). This is at variance with the results which suggest that the PSI
complex is at a lower levelin the mutant. On the other hand, PSI electron transport activity
rates were greater than the wild-type when normalized to Chi (Table 9). The hcf6 PSI
results were based on only two replications due to the small amount of mutant thylakoid
membrane preparation, but the two experiments were similar. There is no obvious
explanation for the contradiction between protein and PSI assays. It may be that due to the
immature state of the chloroplast, photooxidation of some compound is occuring in the
mutant, which results in the high PSI electron transport activity rates. Higher than
expected PSI electron transport activity rates have been observed in cases where the
chloroplast were immature and chlorophyll levels low (Bar-Nun et al., 1977; flaniell et al.,
1985; Ohashi et al., 1989).
PSII electron transport activity in the mutant was difficult to ascertain due to light
scattering. A large amount of thylakoid membrane preparation from the mutant was
required in the assay in order to reach the same Chi concentration as the wild-type.
However, no activity was observed above the background noise. Electron transport data
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Figure 12. Fluorescence induction kinetics of hcf6 and wild-type siblings.
(A) Fluorescence kinetics from a single mutant and wild-type plant taken
using the CAFVIS. (B) A representative example of the early induction of
the mutant displaying a prominent dip during induction obtained using the
PAM fluorometer.
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were complicated by the fact that the wild-type PSII was somewhat higher than normally
observed, while the PSI is somewhat lower than normal. Both measurements were done on
the same day from the same plant material. As pointed out above, it may be that the plants
were subjected to conditions that favored PSII activity prior to harvesting.

3.3.2.4. Chlorophyll-Protein Complexes
A non-denaturing (green) gel shows that there are no Chla binding proteins CPI,
CP43 and CP47 (Figure 13). The Chla+b binding proteins appear at nomal levels. This
result suggests that both PSII and PSI complexes are diminished in the mutant.
Thylakoid polypeptides were completely denatured, separated by gel electrophoresis
and successively immunoblotted with several antibodies to determine the presence or
absence of specific polypeptides. The PSI Chia binding apoprotein CPI was almost
59 was not detected (Figure 14).
b
undetectable and the PSII core polypeptide cytochome 5
The cytochrome f polypeptide was also found at a very low level in the mutant. The results
suggest that all the thylakoid membrane complexes are probably at lower levels in the
mutant.

3.3.2.5. RNA Gel Blots
Abnormal steady state levels of some chioroplast transcripts are similar to that
observed for hcf5 (Figure 15). In the case of the rbcL transcript, it is even at lower levels.
When probed with chioroplast ribosomal RNA, the overall steady state level of transcripts
were reduced in the mutant compared to the wild-type. This suggests that some of the
primary chioroplast RNA transcripts could be due in part to a lower transcription rate. A
lower transcription rate would allow for faster turnover of unprocessed primary transcripts
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Figure 13. Chlorophyll-protein complexes of hcf6 and wild-type siblings.
Unstained thylakoid membrane complexes run on a non-denaturing 10%
SDS-PAGE. Chi-protein complexes: CPI: Photosystem I ChI a binding core
complex; CP47 and CP43: Photosystem II 47 and 43 kDa ChI a binding core
complex polypeptides; CPII and CPU: the oligomeric and monomeric forms,
respectively, of the Chi a-i-b light harvesting complex polypeptides.
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Figure 14. Immunoblot of hcf6 and wild-type siblings. Denaturing gels were
loaded with equal amounts of Chi from the mutant and wild-type. The
nitrocellulose filter was successvely immunoblotted with antibodies to to PSI
80-82 kDa core complex (CPI), cytochrome fiCyt f), PSI subunit II (Sub. II)
and the 9 kfla polypeptide of photosytem II cytochrome b559 (Cyt b559).
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Figure 15. RN, gel blot of hcf6 and wild-type siblings. Gels were loaded with
equal amounts of total RNA. DNA probes used (labeled above each blot) are
described in the Material and Methods. Molecular weight of the prominent
bands were estimated using RNA standards (Boehringer Mannheim).
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in favor of processed transcripts observed in the steady state. However, such a conclusion
would require in vitro transcription assays to determine if this is the case.
In some of the gels, the hcf6 lane was significantly overloaded, thereby making
comparisons with the wild-type difficult. In one of the gels where fairly equal loading was
achieved, the rbcL transcript was assayed, and was found to be lower than for hcf5. The
petB and psbB transcripts also appear to lack the large un-processed transcripts.
Unfortunately, these gel were overloaded.
An interesting anomaly was noted when the filters were probed with the psaB gene.
There appear to be two high molecular weight transcripts present in the mutant (ie. larger
than the ‘primary’ transcript). It is not possible to rule out that this is DNA contamination.
However, the bands did not co-migrate with other DNA bands observed in some of the other
wild-type and mutant lanes. In addition these bands were not observed in the hcf6 lane
when probed with other chloroplast genes. If the bands observed are in fact RNA, it suggests
that there is a readthrough into the psaB gene from another 5’ chloroplast gene, and/or the 3’
end is not being processed properly.

3.3.3. hcf2

3.3.3.1. Mutant Isolation and Genetic Analysis
1 bulk 20. The line was self-pollinated for
Mutant hcf2 was originaly isolated from M
5 generations and crossed to marker lines in the Landsburg background. Most of the
seedlings derived from self-pollinated plants segregating for the hcf phenotype are light
green to yellow in soil and die shortly after gennination; no cotyledon expansion is observed.
In a few instances however, some seedlings do survive in soil to form small rosettes.
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Following a prolonged period (8 weeks) these small plants begin to flower, but no seed set
has ever been observed. It has not been possible to confirm if this phenotype is truly hcf or is
due to a second mutation. If the phenotype is due to the hcf mutation, it suggests that the
mutation is ‘leaky’ in some instances. The hcf phenotype is inherited through the pollen and
is therefore of nuclear origin. Only crosses to the marker line RIJM4 (chromosome 4) have
been evaluated and no linkage was found.

3.3.3.2. Physical Characteristics and Pigment Analysis

On 1/2 MSO plates hcf2 plants vary considerably in size. Overall the hcf plants were
approximately half the fresh weight of the wild-type siblings (Table 7). All the pigments
normally found in the wild-type were present in the mutant, although, in different
proportions (Table 8), as with other hcf mutant lines. On a fresh weight basis Chia and Chib
were reduced to 43% and 55% of the wild-type levels respectively. Since ChIa was more
reduced than ChIb, it resulted in a decrease in the ChlaIb ratio. The major xanthophylls
decreased proportionally. Relative to ChIa, neoxanthin, violaxanthin and lutein, decreased
59%, 61% and 59%, respectively. The pigment most severely affected was 13-carotene which
was only at 19% of the wild-type levels.

3.3.3.3. Fluorescence and Electron Transport

Room temperature fluorescence induction kinetics from dark adapted plants (Figure
16) suggest that while electron transport is occuring in the mutant, the PSII complex is
0 level, and the observation of
disturbed. This conclusion is based on the increase in the F
some variable fluorescence. The induction of those PSII centers that are present, appears to
be normal, as the induction kinetics is normal. However, at least 50% of the variable
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Figure 16. Fluorescence induction kinetics of hcf2 and wild-type siblings. (A)
Fluorescence kinetics average from 4-7 mutant and wild-type plant taken
using the PAM fluorometer. (B) Same as panel (A) except that the y axis was
expanded to better show the kinetics of the mutant.
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) is below the initial
5
0 as the steady state fluorescence (F
fluorescence observed is below F
fluorescence (Figure 16B).
Using the PAM 101 pulse modulated fluorometer (Schreiber et al., 1986), the relative
contribution of qP and qNP were calculated (van Kooten and Snel 1990). After 3112 minutes
at low actimc light levels the contribution of qP was less than half of the value observed for
the wild-type (0.22 versus 0.46). However, the contribution of non-photochemical quenching
was essentially the same for the mutant and wild-type. Although the relative contributions
of qE, qT and qI in qNP are still under debate, it appears that the factors responsible for
non-photochemical quenching are normal in the mutant, in spite of the apparent abnormal
PSH kinetics.
Electron transport activity measurements support the conclusion that PSII is
reduced, yet functional in the mutant, as 31% of wild-type rate was observed (Table 9). The
PSI activity rate is also reduced to 50% of the wild-type level in the mutant.

3.3.3.4. Chlorophyll-Protein Complexes
Thylakoid membranes proteins separated on non-denaturing (green) gels confirm
that both PSU and PSI are reduced (Figure 17). The PSI band, CPI, is reduced and the PSIJ
Chl-prot,ein complexes CP47 and CP43 were not present. Since some PSH electron transport
activity is observed, the reason why no PSII are seen bands is unknown. It may be that the
low Chi levels are not detectable, or the PSII complex is unstable and falls apart during
electrophoresis. The Chla+b complexes, CPu and CPII*, appear at normal levels.
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Figure 17. Chlorophyll-protein complexes of hcf2 and wild-type siblings.
Unstained thylakoid membrane complexes run on a non-denaturing 10%
SDS-PAGE. Chi-protein complexes: CPI: Photosystem I Chl a binding core
complex; CP47 and CP43: Photosystem II 47 and 43 kDa Chi a binding core
complex polypeptides; CPII* and CPu: the oligomeric and monomeric forms,
respectively, of the Chi a+b light harvesting complex polypeptides.
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3.3.3.5. Thylakoid Membrane Polypeptides
Non-denaturing gel electrophoresis was performed and the gel was stained with
Coomassie Brilliant Blue (Figure 18). The higher level of protein observed in the mutant
lane is due to loading based on equal levels of Chi. The polypeptide profile from the mutant

and wild-type is identical with two exceptions. Polypeptides of approximately 34 and 15 kDa
appear to be missing in the mutant lane. The identity of these polypeptides is not known,
but one likely candidate for the 34 kDa polypeptide is cytochrome f. In order to determine
the presence of cytochrome fin the membrane two approaches were undertaken. First a
0 (see Materials and Methods) was done on a non-denatured
2
heme specific stain, TMBZ H
gel (Figure 18B). In the mutant lane it can be observed that no band corresponding to the
cytochrome f in the wild-type is found in the mutant lane. However, a slightly larger
molecular weight diffuse band is stained for heme and suggests that the cytochrome f protein
is not migrating normally in the gel and is at a reduced level in the mutant. The stained
0 and thus
2
higher molecular weight bands (43-47 kDa) appeared prior to the addition of H
are probably due to some non-specific staining by TMBZ. The second approach used was to
determine the presence of specific polypeptides using polyclonal polypeptide specific
antibodies on denatured gels transferred to nitrocellulose. When the antibody raised against
cytochrome f was used, a band corresponding to the correct molecular weight is observed,
although the amount of stain is at lower levels (Figure 19). The reasons for the discrepancy
observed in the results above are not known. Attempts to do the heme stain on denatured
gels have been unsuccessful, for unknown reasons. Thus while the results suggest that the
missing band in the denatured gels may not be the cytochrome f polypeptide, as the antibody
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Figure 18. Thylakoid membrane polypeptide profile (A) and heme-specific
staining of non-denaturing gel (B) of hcf2 and wild-type siblings. (A)
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Figure 19. Immunoblot of hcf2 and wild-type siblings. Denaturing gels were
loaded on equal amounts of chlorophyll from the mutant and wild-type. The
left nitrocellulose filter was successvely immunobloted with antibodies to PSI
80-82 kDa core complex (CPI), eytochrome f (Cyt t) and PSI subunit II (Sub.
II). Some non-specific staining of LHCII was observed when the PSI subunit
II antibody was used (asterisk). The right nitrocellulose filter was
successively immunoblotted with antibodies to coupling factor (CF1),
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recognized a similar migrating polypeptide, there appears to be some abnormality associated
with the native cytochrome f protein.
6 antibody revealed that the polypeptide was
Immunoblotting with cytochrome b
present, although at lower levels. This suggests that the entire cytochrome complex is
reduced in the mutant. Immunoblotting with the antiserum raised against the cytochrome
59 associated polypeptide of PSI! shows the 9 kDa polypeptide is at lower levels but
b
5
present in the thylakoid membranes of the mutant.
Immunoblotting with PSI specific polypeptides shows that subunit II, V and VI are
reduced (Figure 19 and data not shown). There does not appear to be any difference in the
level of CPI in the mutant. It is not clear why this should be the case. Mutants that have a
reduced PSI activity, normally display a pleiotropic effect whereby all the polypeptides of the
complex are similarly reduced. This is the case for PSI mutants of barley (Hiller et al., 1980,
Simpson and von Wettstein, 1980), Chiamydomonas (Bennoun and Jupin, 1976) and maize
(Cook and Miles 1989), and the results of other Arabidopsis mutants reported in this thesis
(see hefi, hcffl). Since the antiserum used for hc/2 is the same used for the other mutants
analysed in this study, the results suggest that the CPJ polypeptides are at normal levels.
The reasons for this descrepancy is, as of yet, unexplained.

3.3.3.6. RNA Gel Blots
Steady state levels of mRNAs from nuclear and chioroplast encoded genes were all
normal except the chioroplast derived petA transcript which encodes the cytochrome f
apoprotein (Figure 20). Overall the steady state level of chloroplast RNA appears to be
slightly lower in the mutant based on results of chioroplast ribosomal RNA. It is not known
if this was due to slightly underloading hcf2 RNA, or due to a lower level of steady state
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Figure 20. RNA gel blot of hc/2 and wild-type siblings. Gels were loaded with
equal amounts of total RNA. DNA probes used (labeled above each blot) are
described in the Material and Methods. Molecular weights of the prominent
bands were estimated using RNA standards (Boehringer Mannheim). The
petA blot depicted also includes hcf6 and the wild-type siblings to show that
over loading was not the cause of the high level of the transcripts in hcf2.
The hcf6 lane on the other hand was overloaded, but the major bands are
better seen than the wild-type siblings.
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1b
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chioroplast transcription. The petA transcript, on the other hand, is found to be at a
significantly higher steady state level in the mutant, although it is difficult to discern the
wild-type level due to the contrast in the mutant and wild-type. The transcript sizes

corresponding the expected wild-type are shown by the hcf6 mutant lane, which was
overloaded (see above). Experiments are still in progress to calculate the level of
overexpression of this transcript in the mutant. The transcript encoding the cytochrome f
apoprotein is the 3’ gene of a polycistronic message also containing the 4 kDa PSI gene psal,
and two other open reading frames whose protein products remain to be determined. One of
the open reading frames encodes a putative zinc finger protein, designated zfpA (Sazaki et
al., 1989) and the second open reading frame encodes a putative heme-binding polypeptide
(Wiley and Gray, 1990). The primary transcript is processed, leading to a complex pattern of
transcripts similar to that described for petB-petD transcript (Sazaki, 1989; Wiley and Gray,
1990).

3.3.4. hcf3

3.3.4.1. Mutant Isolation and Pigment Composition

1 bulk 70. The line was selfMutant line hcf3 was originally isolated from M
pollinated for four generations and crossed to marker lines in the Landsburg background.
The hcf phenotype is inherited through the pollen, therefore the mutation is nuclear.
Segregation ratios have been examined for markers on chromosomes 2, 3 and 4. The results
suggest that a lethal phenotype may be responsible for a higher than expected number of
2 generation. This would be expected if the hcf locus
glabrous (gl-2; Table 5) plants in the F
were linked in trans to the glabrous gene on chromosome 1. However, it must be pointed out
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that the hcf3 line has not been screened for the presence of embryo lethals. Thus it is
possible that an embryo-lethal phenotype is co-segregating in the original line used in the
crosses, which could give the same result.
The phenotype of plants grown on 112 MSO petn plates is light green to yellow. The
analysis of the mutant is complicated by the appearance of a small yellow-green phenotype

which survives in soil. At present it is unknown if the small yellow-green plants are hcf.
The hcf plants are lighter green than the wild-type siblings and, based on two experiments,
the hcf plants are slightly smaller (Table 7). All the pigments present in the wild-type are
also observed in the mutant, but, in different proportions (Table 8). No standard errors were
calculated to compare the fresh weight pigment content as only two replicates were done.
When related to Chia, the level of all the pigments increased fairly proportionally,
except for 13-carotene which was reduced. ChIb increased slightly thus resulting in a lower
Chla/b ratio.

3.3.4.2. Fluorescence Kinetics and Electron Transport
(F is significantly increased in the mutant
)
The level of the initial fluorescence 0
suggesting that PSII is abnormal (Figure 21). Upon illumination, there is a reduced, but
normal fluorescence induction and decline to steady state fluorescence. Steady state
.
m
)
fluorescence is slightly higher than the initial fluorescence, under low light (10 iE s 1
.
0
1m
) the F was below F
1
However under higher light intensities (100 jiE s
Photosynthetic electron transport activity rates of the hcf siblings suggest electron
transport is primarily blocked at PSII (Table 9). PSII and PSI activity rates were 40% and
80% of the wild-type level, respectively. This result agrees with the fluorescence kinetics and
suggests that energy transfer in P511 is somewhat impaired. However, for the PSII centers
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Figure 21. Fluorescence induction kinetics of hcfl3 and wild-type siblings.
Fluorescence kinetics are the average from 4-7 mutant and wild-tyie plants
measured using the PAM fluorometer with 1ow light levels (10 ilE m &1)
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that are present, electron transport appears to be relatively normal based on the variable
fluorescence kinetics.

3.3.4.3. Chlorophyll-Protein Complexes

On non-denaturing (green) gels all the Chi-protem complexes were observed, but the
Chia binding proteins of PSI (CPI), and PSII (CP43 and CP47) were all at lower levels
(Figure 22). The Chi a+b antenna band CPII* appears to be slightly decreased, and the CPu

band was increased (Figure 22). Variation in the ratio of the oligomeric and monomeric
forms of CPu caused by the use of different detergents during resuspension has previously
been observed (Green 1988). Since both the mutant and wild-type were treated in the same
manner, the differences observed could either be due to the different nature of the CPU
complexes in the mutant, or to a real increase in the monomeric forms of the light harvesting
complexes on a per ChI basis. A significantly higher level of the free pigment (FP) was also
consistently observed in the mutant.
The results suggest that both PSI and PSII are reduced, but appear to be present in
the thylakoid membranes. No experiments were carried out to determine the presence of
specific polypeptides in the mutant. As both PSI and PSII electron transport activity was
observed, and Chl-protein complexes associated with each complex were also present in the
mutant, the corresponding polypeptides are also expected to be in the thylakoid membranes
at reduced levels.

3.3.4.4. RNA Gel Blots of Mutant Line hcf3

All chloroplast and nuclear derived transcripts appear to be processed normally
(Figure 23). When some the blots were probed with chloroplast ribosomal DNA, the steady
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Figure 22. Chlorophyll-protein complexes of mutant hcf3 and wild-type
siblings. Unstained thylakoid membrane complexes run on a non-denaturing
10% SDS-PAGE. Chi-protein complexes: CPJ: Photosystem I Chi a binding
core complex; CP47 and CP43: Photosystem II 47 and 43 kfla Chi a binding
core complex polypeptides; CPII* and CPu: the oligomeric and monomeric
forms, respectively, of the Chi a+b light harvesting complex polypeptides.

102

Figure 23. RNA gel blot of hcflE? and wild-type siblings. Gels were loaded with
equal amounts of total RNA. DNA probes used (labeled above each blot) are
described in the Material and Methods. Molecular weights of the prominent
bands were estimated using RNA standards (Boehringer Mannheim).
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state level of chioroplast transcripts appears to be slightly lower in the mutant compared to
the wild-type siblings. It is unknown if this difference can be accounted for by unequal
amounts of RNA loading from the mutant. However, the differences in loading do not appear
to be significant, and this suggests that the steady state level of RNA is lower in the mutant.

3.3.5.hcfl

3.3.5.1. Mutant Isolation and Genetic Analysis
1 bulk 60. No morphological differences have
The hcfl mutant line originated from M
been observed between plants that segregate for the hcfl phenotype and those that do not.
Segregation ratios for the hcf phenotype have approximated a single nuclear recessive ratio
for six generations. For example, ten self-pollinated m5 plants were analysed for hcf progeny
in the M
. Four of the ten did not segregate for the hcf phenotype. This is expected because
6
when hcf phenotype is maintained in the heterozygous condition, one-third will be
5
homozygous wild-type, and two-thirds will be heterozygous. For the remaining six M
6 progeny were scored and 107 were hcf. This frequency (21%) while slightly
plants, 507 M
lower than the expected for a single nuclear recessive mutation (25%), may reflect
differential survival in the gametophytic or early sporophytic stage (Delaert 1980; Simpson
and von Wettstein 1980). Similar results have been found in all the Arabidopsis hcf mutants
examined.
The genetic basis for the mutant phenotype was examined by crossing heterozygous
mutant plants to several lines containing visible markers (as described in Materials and
2 progeny of hcfl
1 plants grew normally in soil. Analysis of the F
Methods). The resulting F
crosses suggest that the hcf phenotype is not inherited through the pollen. No hcf plants
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2 plants from several crosses. The hcfl plants used as the
were ever observed among F
paternal parent in the crosses were confirmed to segregate for the hcf phenotype when sellpollinated. This result suggests that: 1) the hcf phenotype is not due to a nuclear mutation,
but chioroplast mutation, and sectoring has led to segregation ratios which for six
generations approximated a nuclear recessive ratio; 2) the mutation disrupts photosynthetic
competence in the Columbia background, and not in the Landsburg background; 3) two
mutations occurred during mutagenesis, one nuclear and one cytoplasmic, neither of which is
lethal by itself. Although the mutant line has been designated hcfl, further genetic analysis
will be necessary prior to assignment of a genotype. However, having stated that, the
mutant line will be called hcfl for the remainder of the thesis for clarity.

3.3.5.2. Physical characteristics of hcfl mutant line
Mutant plants germinate in soil, but the cotyledons do not expand, and no primary

leaves are observed to form. On 112 MSO petri plates leaf expansion is normal, although the
hcf plants are smaller (Table 7). The hcf plants flower after 2-3 months on the sucrose
supplemented medium, but no seed set was observed. They are lighter green and are
visually distinguishable shortly after germination even without UV light. At four weeks all
the pigments which are normally present in the wild-type siblings are also present in the
mutant (Table 8). Total Chi in the mutant line is only 28.4% on a fresh weight basis;
however, the Chl a/b ratio was essentially unchanged. This implies that approximately 2.6
Chia molecules were lost for each Chib molecule lost. The xanthophylls were lower by 58.5%,
59.8% and 55.8%, for neoxanthin, violaxanthin, and lutein, respectively, on a fresh weight
basis. 13-Carotene was the pigment most severely affected, and was only 17% of the wild-type
on a fresh weight basis in the mutant.
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3.3.5.3. Chlorophyll-Protein Complexes and Thylakoid Proteins
As shown in Figure 24, CPI is almost completely missing. Occasionally, a very faint
band can be observed. CP43 and CP47, the Chla antenna complexes of PSII, appear
unchanged. The Chi a+b antenna complex CPII* is slightly lower, and the CPH band is
higher in the mutant. Variation in the ratio of the oligomeric and monomeric forms of the
light harvesting complex was noted above in the mutant hct3. Since both the mutant and
wild-type were treated in the same manner, the differences observed could either be due to
the nature of the CPu complexes in the mutant being different, changes in the lipid
composition surrounding the light harvesting complex, or to a real increase in the monomeric
forms of the light harvesting complexes on a per Chi basis. A significant increase in the level
of the free pigment (FP) is also consistently observed in this mutant.
To determine if the PSI proteins were present in the thylakoids, but they were not
associated with chlorophyll, denaturing gels were run and immunoblotted. Results indicate
that for all PSI polypeptides tested: the core PSI Chla binding polypeptides (CPI), PSI
subunit II and subunit V are similarly decreased in the mutant (Figure 25). When
immunoblotted with antiserum prepared against PSI subunit VI, the two upper bands are at
lower levels in the mutant, while the lower band was at wild-type levels. The identity of the
lower molecular weight polypeptide is unknown but the results suggest that it is probably
not a PSI polypeptide.
When ixnmunoblotted using antibodies against PSII (CP47, CP43, D2 and cytochrome
) polypeptides, no differences
1
59 cytochrome b fr (cytochrome f) and coupling factor (CF
),
5
b
were observed between the mutant and wild-type (Figure 25 and data not shown). Thus the
mutation appears to be specific for PSI. Previous analysis of mutants reduced in PSI have
shown that the loss of one component has a pleiotropic effect and leads to the loss of the
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Figure 24: Chlorophyll-protein complexes of hcfl and hcf8 and their
respective wild-type siblings. Unstained thylakoid membrane complexes run
Chl-protein complexes: CPI:
on a non-denaturing 10% SDS-PAGE.
Photosystem I Chi a binding core complex; CP47 and CP43: Photosystem II
47 and 43 kDa Chi a binding core complex polypeptides; CPII* and CPH: the
oligomeric and monomeric forms, respectively, of the Chl a+b light harvesting
complex polypeptides.

108

hcfS

hcfl
Wt

hcf

Wt

hcf

cpi

Cytf

*L

Sub. II
Sub V
Sub.VI

{

-r

‘—

mmri

Figure 25. Immunoblot of hcfl and hcf8 and their respective wild-type
siblings. Denaturing gels were loaded with equal amounts of Chi from the
Both nitrocellulose filters were successvely
mutant and wild-type.
immunoblotted with antibodies PSI 80-82 kDa core complex (CPI),
cytochrome flCyt /), PSI subunit II (Sub. II), PSI subunit V (Sub. V) and PSI
subunit VI (Sub. VT).
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ptides
entire complex (Chitnis et al 1989; Cook and Miles 1990). The fact that all polype
one of the
tested were present in the mutants precludes the possibility of a null mutation in
genes encoding these polypeptides.

3.3.5.4. Electron Transport and Fluorescence induction Kinetics
PSI electron transport activity rate, measured by TMPD/ascorbate to methyl
rements
viologen, was found to be 25% of the wild-type siblings (Table 9). The activity measu
gh the rate
correspond to the fact that hcfl has a low level of PSI Chi-protein complex, althou
PSI
is higher than would be expected on the basis of the level of PSI ChI-protein complex and
water
polypeptides. PSII electron transport, as determined by DCPIP reduction using both
and DPC as a donor, was found to be identical in the wild-type and mutant.
Fluorescence induction of the mutant lines in later generations was assayed under
low actinic light (10 iE

) using a PAM fluorometer (Schrieber et al 1986). This was
1
m

light
done to confirm the fluorescence kinetics observed with the CAFVIS (Figure 5). Low
s to
levels were used to resolve the early events in electron transport. The mutant appear
no decline to
have a normal induction to the maximal level of fluorescence (FM), but there is
). This result agrees with the fluorescence kinetics observed
8
a steady state fluorescence (F
1 bulk 60 (Figure 5 and 26A). It indicates that charge
2 plants from the original M
in the M
ally no
separation and electron flow in PSII to QB is occurring, but since there is essenti
ts that QA
decrease from the maximal fluorescence level (FM) in the mutant plants, it sugges
s in
P
is not being reoxidized. However, it is interesting to note the lack of the O-I-D- kinetic
cence
the mutant (Figure 26B). Using the low light levels the early events in the fluores
is
in
induction were very clearly resolved in the wild-type. Thus while electron flow P811
sible for the
occuring, the fluorescence kinetics is not completely normal. The kinetics respon
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Figure 26. Fluorescence induction kinetics of hcfl and wild-type siblings. (A)
Fluorescence kinetics is an average from 4-7 mutant and wild-type plants
taken using the PAM fluorometer using low light levels (10 tE m
2 s’). (B)
A representative example of the early induction of the mutant. Note the lack
the dip during induction. The flourescence induction was normalized (FV/F0)
so both mutant and wild-type could be shown on the same panel.
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6

fast rise (0-I) is suspected to be due to a population of non-reducing PSII centers, ie. PSII
complexes lacking or defective at the QB site (Govindjee, 1990; Melis, 1985). However, since
the electron transport activity rates in the mutant were similar to the wild-type, it does not
appear that P511 electron transport is impaired or reduced. It, therefore, appears that no
re-oxidation of QA is occuring due to the block in the electron transport at PSI.

3.3.5.5. RNA Gel Blots of Mutant Line hcfl

Chioroplast transcripts encoding proteins which are part of the PSI complex were
assayed to determine if any gross abnormalities could be detected, since genetic analysis
suggested that the phenotype of mutant line hcfl may be inherited, at least in part,
maternally. As shown in Figure 27, the transcripts of the psaB gene encoding one of the PSI
82 Kd core Chia binding apoproteins appeared at normal levels. The gel used to probe for
psaC RNA encoding the 8-9 kDa iron-sulfur protein was of poor quality, but no obvious

differences were observed (not shown). The fourth PSI chioroplast encoded gene, psal, which
encodes a 4 kDa polypeptide of unknown function was not assayed, but the petA gene
encoding the cytochrome fapoprotein, which is co-transcribed with the psal gene was used as
a probe (Wiley and Gray, 1990), and no differences were observed (not shown). RNAs
encoding other chioroplast proteins (atpA, atpB IE, petB, psbD, and rbcL) were normal.
Nuclear PSI derived psaD encoding subunit II mRNA was also normal. The results suggest
that the hcf phenotype of the hcfl line is not due to abnormalities at the level of
transcription, RNA processing or stability.
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Figure 27. ENA gel blot of hcf3 and wild-type siblings. Gels were loaded
with equal amounts of total RNA. Molecular weights of the prominent bands
were estimated using RNA standards (Boehringer Mannheim).
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3.3.6. hcf8

3.3.6.1. Mutant Isolation and Genetic Analysis
1 bulk 393. The mutant phenotype is
The mutant line hqc8 originated from M
2 progeny
inherited through the pollen, therefore it is a nuclear mutation. Analysis of the F
from crosses to lines with markers on chromosomes one through four did not reveal any
significant deviations from the expected frequency of the markers. Therefore the hc/8 locus
is either on chromosome 5, or not close enough to any of the markers tested to give sufficient
resolution by the method used.

3.3.6.2. Physical characteristics of the hcf8 mutant line
Mutant plants germinate in soil but the cotyledons do not expand, no primary leaves
are observed to form and the seedlings eventually die in 7-14 days. On 1J2 MSO petri plates,
hc/8 seedlings are visually indistinguishable from their wild type siblings both with respect
to pigmentation and fluorescence. Only after 10-14 days can the hcf and wild-type plants be
differentiated by their fluorescence, at which time the hcf plants become noticeably lighter
green compared to the wild-type siblings. After four weeks on 1/2 MSO plates, hcf8 plants
are significantly smaller and lighter green than the wild-type siblings (Table 7). However,
the newer growth remained green. The fluorescence was also normal in these. In an effort
to determine if light or temperature would affect the expression of the hef phenotype, hcf8
2
seeds were germinated under different light (25-40 iiE m

2
16/8 h; and 100-150 jiE m

s, 16/8 h and 24/0 h lightJdark ), and temperature (23 and 27 C under 100- 150
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jiE m
2s
, 16/8 h lightldark photoperiod) regimes. No differences were observed in the
1
timing of expression of the hcf phenotype.
At four weeks all the pigments which are normally present in the wild-type siblings
were also present in the mutant, albeit reduced and in different proportions (Table 8). Total
Chi on a per fresh weight basis was reduced by 65.5% in the mutant; however, the Chl a/b
ratio decreased only slightly (8%) in the mutant. This implies that approximately 2.4 Chl a
molecules were lost for each ChI b molecule lost. The xanthophylls were also reduced, but
were less affected.
Electron microscopy revealed that no ultrastructural differences were evident
between the mutant and wild-type siblings (not shown).

3.3.6.3. Fluorescence Induction Kinetics and Electron Transport

2 plants recorded from the original 393 M
1 bulk is
The fluorescence kinetics of M
presented in Figure 28k However, it is surprising that the hcf phenotype could not be
observed during the early stages of growth on 1/2 MSO plates (see above), yet the kinetics
2 plants was done prior to leaf expansion. The discrepancy was
obtained from the original M
resolved after analysing the fluorescence kinetics in the later generations which shows that
the kinetics obtained in the subsequent generations did not resemble those obtained in the
2 generation (Figure 28B). The fluorescence induction of mutant hcf8 line is similar to that
M
of hcfl after the hcf phenotype manifests itself. Thus the fluorescence kinetics of the later
generations is in agreement with electron transport activity rates, Chl-protein complexes and
immunoblot data (see below) which suggest that the mutant phenotype is due to a disrupted
PSI complex. The result above suggests that there were two distinct hcf mutations which
1 bulk population.
occurred in the original 393 M
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Figure 28. Fluorescence induction kinetics of hcf8 and wild-type siblings. (A)
Fluorescence kinetics is an average from 4-7 mutant and wild-type plants
taken using the CAFVIS in the M
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Electron transport activity rates were assayed to veriI’ the lack of PSI electron
transport. PSI activity, measured by TMPD/ascorbate to methyl viologen, was found to be
40% of the wild-type siblings in the mutant (Table 9). The activity measurements correspond
to the reduction in PSI proteins, however, the rate does appear to be higher than the level of
PSI polypeptides (see below). PSII electron transport activity rate, as determined by DCPIP
reduction using DPC as an electron donor, was identical to the wild-type.

3.3.6.4. Chlorophyll-Protein Complexes and Thylakoid Proteins
As shown in Figure 24, the PSI Chi-protein bands are severely reduced in the
mutant. CP43 and CP47, the ChIa antenna complexes of PSII, appear unchanged. The Chl

a+b antenna complexes CPII* CPII and CP29 appear to be normal.
,

To determine if the PSI proteins were present in the thylakoids but were not
associated with chlorophyll, denaturing gels were run and immuno-blotted. Results indicate
that all PSI polypeptides are similarly decreased in the mutant and that there is a slightly
higher level of CPI apoprotein than observed in hcfl (Figure 25). When immunoblotted with
antiserum prepared against PSI subunit VI, the lower band was at wild-type levels, whereas
the upper two bands are at similar low levels as the other PSI polypeptides.
When immunoblotted using antibodies against PSII (CP47, Dl and cytochrome

/f complex (cytochrome /) polypeptides, no differences were
6
59 and cytochrome b
),
5
b
observed between the mutants and wild-type (Figure 25 and data not shown). Thus the
block in electron transport appears to be the result of a reduced PSI complex in the mutant.
Since the phenotype is only observed in the older tissues, this suggests that the mutation
may be involved in stability of the PSI complex in the membrane and not in assembly per se.
For this reason, electron transport activity rates and the level of PSI ChI-protein and
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polypepides could be biased upwards, as the entire plant was harvested to isolate thylakoid
membranes.

3.3.7. hcf4

3.3.7.1. Mztant Isolation
1 bulk 146. The line was selfMutant line hcf4 was originally isolated from M
pollinated for four generations. Analysis of single plants suggests that the hcf phenotype
segregates as a single nuclear recessive. Most of the plants segregate at a frequency of 2126% for the hcf phenotype, although a few plants were observed to segregate 31-33% for the
4 generation. The frequency observed in the later plants suggests
hcf phenotype in the M
2 plant from which the hcf4
that an embryo-lethal mutation co-segregated in the original M
line was derived. The line has not been backcrossed to the Columbia wild-type nor crossed to
marker lines, therefore, assignment of the hcf4 designation should be viewed as tentative
until nuclear inheritance is confirmed.

3.3.7.2. Physical Characteristics and Electron Microscopy
The hcf seedlings can be differentiated from their wild-type siblings in soil and on 112
MSO plates by their lighter color even without screening for the hcf phenotype. In soil the
hcf seedlings die within 10-14 days following germination. On 1/2 MSO plates, the mutant
plants are significantly smaller than the wild-type siblings after four weeks growth (Table 7).
There were no observed differences in chloroplast ultrastructure between the mutant
and wild-type siblings grown on 1/2 MSO plates for four weeks (Figure 8).
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3.3.7.2. Pigment Composition
All the pigments present in the wild-type were also present in the mutant. However,
the level of Chl on a fresh weight basis was significantly lower in the mutant (Table 8).
Relative to ChIa all the pigments, except 13-carotene, were only slightly increased compared
to the wild-type. On a fresh weight basis, Chia was reduced by 83% and Chib by 78%
reflecting the lower Chla/b ratio. The xanthophylls were all similarly reduced in the
mutant. Lutein, violaxanthin, and neoxanthin were reduced by 75-78% in the mutant on a
fresh weight basis. 3-Carotene was only 11.2% of wild-type levels on a fresh weight basis.
The xanthophyll, antheraxanthin, present in all the other Arabidopsis hcf mutants to date,
was found to be at its highest level in the hcf4 mutant line. The significance of this in so far
as the mutant phenotype is concerned is not known.

3.3.7.3. Fluorescence and Electron Transport
Room temperature induction curves for the mutant and wild-type are shown in
, yet it appears that the induction is normal.
0
Figure 29. The mutant has slightly higher F
No decline in the maximal fluorescence level (FM) was observed. These results suggest that
while PSII is somewhat affected in the mutant, electron transport appears to be blocked at
some point after QB. Since there was no decline from FM, it suggests that electron transport
is blocked either at the cytochrome complex or PSI complex.
PSII activity rates suggest that while the level of PSII centers may be slightly
, the difference observed between the wild
0
reduced accounting for the observed increase in F
type and mutant siblings was not statistically significant (Table 9). PSI activity rates, on the
other hand, were essentially no different than the wild-type sibling rates. Thus while
fluorescence kinetics data suggest that electron transport is blocked at some point after QB.
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Figure 29. Fluorescence induction kinetics of hcf4 and wild-type siblings.
Fluorescence kinetics is an average from 4-7 mutant and wild-type plant
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PSI electron transport is not disrupted between the site of TMPD/ascorbate electron
donation (P700) and reduction of methyl viologen (the iron sulfur cluster Fx).

3.3.7.4. Chlorophyll-Protein Complexes and Thylakoid Membrane Polypeptides
On non-denaturing (green) gels all the bands present in the wild-type were also
observed in the mutant (Figure 30). CPI, CP47 and CP43 appear to be at slightly lower
levels, when gels were loaded with an equal amount of Chi, but otherwise, they appear
normal. Since the electron transport activity rates suggested that neither PSI and PSII were
significantly affected, these results were not unexpected.
To determine if any differences could be detected at the polypeptide level, the
thylakoid proteins were completely denatured, separated by gel electrophoresis and
successively immunoblotted with polypeptide specific polyclonal antibodies (Figure 31). All
polypeptides present in the wild-type were also found in the mutant. Differences were
observed only when the filter was blotted with antibodies to PSI polypeptides. Subunit VI,
subunit II and CPI were all at slightly lower levels on a per Chi basis. At the polypeptide
level, no other differences were apparent. The PSII polypeptide CP47 appears to be at
normal levels (not shown), suggesting that PSII is not significantly reduced. The cytochrome

f and coupling factor polypeptides appear at wild-type levels (Figure 31 and not shown).
At the polypeptide level, except for a slightly lower level of PSI polypeptides, no gross
abnormalities could be detected that would account for the block in electron transport in the
mutant. In addition, while the fluorescence kinetics suggest that the hcf phenotype may be
due to a block in PSI, they contrast with the PSI electron transport rates which showed no
differences in the mutant and wild-type. It is possible that a polypeptide in the PSI complex
which was not screened for, has been lost. Another possibility is that a soluble component in
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hcf
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cPII*
CP47
CP43
Cpu

FP

Figure 30. Chlorophyll-protein complexes of hcf4 and wild-type siblings.
Unstained thylakoid membrane complexes run on a non-denaturing 10%
SDS-PAGE. Chi-protein complexes: CPI: Photo system I Chi a binding core
complex; CP47 and CP43: Photosystem II 47 and 43 kDa Chi a binding core
complex polypeptides; CPII* and CPu: the oligomeric and monomeric forms,
respectively, of the Chi a+b light harvesting complex polypeptides.
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Wt

hcf
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{

Figure 31. Immunoblot of hcf4 and wild-type siblings. Denaturing gels were
loaded on equal amounts of chl from the mutant and wild-type. The
nitrocellulose filter was successvely immunoblotted with antibodies to to PSI
80-82 kDa core complex (CPI), cytochrome flCyt f), PSI subunit II (Sub. H)
and PSI subunit VI (Sub. VI)
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the electron transport chain is missing or non-functional. Since only the thylakoid
membrane fraction was assayed in this study, the presence or absence of the soluble
chloroplast proteins can only be speculated upon.

3.3.7.5. RNA Gel Blots
No differences were observed in the chloroplast and nuclear encoded transcripts
between the mutant and wild-type siblings (Figure 31). Some of the higher RNA levels
observed in the mutant lanes were due to overloading. This was verified using a chioroplast
DNA probe containing the genes for the chloroplast ribosomal RNA. The results suggest that
the hcf phenotype of the hcf4 line is not due to abnormalities at the level of transcription,
RNA processing or stability.

3.3.8. hcf7
The hcf7 line was originally isolated from Ml bulk 310. In soil and on 112 MSO petri
plates the hcf siblings were yellow. As genetic analysis of this line progressed, it became
evident that the yellow phenotype observed was not part of the hef phenotype, but due to
another locus, probably a linked gene. Isolation of a plant which was not yellow segregating
4 generation confirmed that the yellow phenotype was not part
for the hcf phenotype in the M
of the hcf phenotype. Thus, previously collected data on the mutant were discarded. Present
analysis of this mutant line has been restricted to electron transport activity rates and
pigment data, in addition to the fluorescence kinetics (Figure 33).
Pigment analysis shows that although the Chlalb ratio was slightly reduced, all the
pigments normally found in Arabidopsis are present in the mutant and the level does not
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Figure 32. RNA gel blot of hcf4 and wild-type siblings. Gels were loaded with
equal amounts of total RNA. DNA probes used (labeled on above each blot)
are described in the Material and Methods. Molecular weights of the
prominent bands were estimated using RNA standards (Boehringer
Mannheim).
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Figure 33. Fluorescence induction kinetics of hcf7 and wild-type siblings. (A)
Fluorescence kinetics average from 4-7 mutant and wild-type plant taken
using
the
PAM
fluorometer
in
the
4
M
generation.
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appear to be significantly different. Chl-protein complexes associated with PSII are also at
normal levels, whereas CPI is reduced (Figure 34).
Both the fluorescence kinetics and electron transport activity rates point to the cause
of the mutant phenotype being a disruption at some point past QB. Fluorescence induction
is normal, and PSU electron transport appears to be normal (Table 9). Unlike other PSI
mutants described in this thesis, there appears to be a slight, but detectable decrease in the
may be the reason for the
M suggesting that some electron transport is occurring. This
quite high PSI electron transport activity rate observed seen, although the fluorescence
kinetics suggest that electron transport is blocked. A lower level of CPI is observed on nondenaturing gels, however, confirmation of the level of PSI polypeptides has not been done. In
spite of the small amount of data presently available on this line, I suggest that the
Arabidopsis hcf7 designation be reserved and published as the data becomes available.

3.4 ADDITIONAL LINES SEGREGATING FOR THE HCF PHENOTYPE
Of the twenty-one hcf lines isolated, only eight have been further characterized and
described above (Table 6). An additional thirteen lines that appear to segregate as nuclear
recessives, have also been isolated but have not been further characterized. The reasons for
not characterizing the addtional lines are fourfold. First, the fluorescence induction kinetics
1 bulks 41, 44, 54, 57, 72 and 80) display a significant decrease
of some of the lines (from M
from the peak fluorescence (Figure 35). All of these lines were isolated prior to screening the
1 bulks on the CAFVIS. As previously mentioned, this fluorescence pattern is
plants from M
expected to yield mutations which affect electron transport subsequent to PSI (Edwards et
al., 1988; Miles, 1980). Since the goal of this project was to isolate mutants that were
blocked early in electron transport, only the most promising lines were analysed.
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Figure 34. Chlorophyll-protein complexes of hcf7 and wild-type siblings.
Unstained thylakoid membrane complexes run on a non-denaturing 10%
SDS-PAGE. Chi-protein complexes: CPI: Photosystem I ChIa binding core
complex; CP47 and CP43: Photosystem II 47 and 43 kDa ChIa binding core
complex polypeptides; CPIP and CPu: the oligomeric and monomeric forms,
respectively, of the Chl a-i-b light harvesting complex polypeptides.
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Figure 35. Fluorescence induction kinetics of wild-type and hcf mutant
3 generation not selected for characterization. (A)
plants from lines in the M
1 bulk 44; (B) Line from M
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1 bulk 57;
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1 bulk 72.
(D) Line from M
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40

M bulks 45, 155, 207 and 322) contain additional
Second, some of the lines (eg. from 1
morphological phenotypes which co-segregate with the hcf phenotype (fluorescence induction
kinetics of these lines is presented in Figure 36). Although the extent of additional
mutations in each line is unknown, only lines which appeared morphologically normal were
characterized. Further characterization of these lines will require that they be backcrossed
to the wild-type parent.
1 bulks 16 and 392) appear to segregate for more than
Third, two of the lines (from M
one hcf mutation. Thus, either more than one hcf mutation occurred in these lines, or a
second mutation exerts a pleiotropic effect on the hcf mutation. Regardless, further
characterization will require that the lines be backcrossed to the wild-type, in order to get a
‘clean’ mutant phenotype.
1 530; see Figure 5 for fluorescence
Fourth, one of the lines (originating from M
induction kinetics) has an extremely low level of Chi, making analysis of the thylakoid
membrane proteins difficult. The phenotype is inherited through the pollen, therefore it is of
2 data
nuclear origin. Segregation ratios (ji=24.4%; 177 hcf: 723 wild-type; from combined F
from crosses derived from two different marker lines) suggest that the phenotype is due to a
single nuclear mutation.
Germinating hcf seedlings from the Ml: 530 line are distinguishable on 1/2 MSO
petri plates due the their pale green color even without screening for the hcf phenotype. As

the tissue ages, bleaching occurs, leading to loss of all photosynthetic activity and pigments.
The new growth is pale green and exhibit,s the hcf phenotype. Bleaching does not appear to
be due to a disruption in pigment biosynthesis per Se, as all the major pigments present in
the wild-type are also observed to be present in the mutant. Chloroplast ultrastucture in the
pale green tissues show that only rudimentary thylakoid membranes are present (not
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Figure 36. Fluorescence induction kinetics of wild-type and hcf mutant
plants in the M
3 generation from lines not selected for characterization due
to additional morphological phenotypes. (A) Line from M
1 bulk 16; (B) line
from M
1 bulk 45; (C) line from M
1 bulk 207; (B) line from M
1 bulk 322.
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shown). Analysis of the chioroplast ultrastructure in the older, bleached tissues, has not
been done.

3.5. ARABIDOPSIS TISSUE CULTURE STUDIES

3.5.1. Response of Wild-type and Point Grey Cotyledon Explants
The results using cotyledon explants agree with previous reports that the Columbia
ecotype responds poorly in culture (Table 10). In addition, many of the regenerated shoots
did not survive to produce seeds. Typical losses of 50-90% at this stage are not uncommon
(Chaudhury and Signer, 1989).

The Point Grey ecotype was evaluated as it appeared to regenerate shoots and roots
simultaneously in a preliminary screen of wild-type ecotypes using the leaf segment protocol
of Lloyd et al., (1986). These results were confirmed using cotyledon explants placed on
SIM1 or SIM2 (Table 10). In experiments where Point Grey and Columbia explants were
placed on the same petri plate, the response of the Point Grey ecotype, especially on the
SIM2 media was quite rapid (Figure 37). Within 7-10 d. many root hairs and roots formed

over the callus, and shoots differentiated within 14-2 1 d. Sectioning was not done to confirm
the vascular continuity; however, most shoots which were normal in.appearance grew to seed
set following transfer from SIM medium to soil. A similar response has been observed using
the Columbia ecotype when the explant source was embryonic cotyledons (Patton and
Meinke, 1988). These results were confirmed in this study on SIM2 medium, using
Columbia and Point Grey ecotypes (data not shown). Regeneration of shoots and roots is
very rapid when embryonic sources are used, and shoots can be transferred from SIM
directly to soil. However, due to the small size it is technically difficult and time consuming
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Table 10. Response of Columbia, Point Grey and Columbia X Point Grey Fl explants in
culture. Number and percent of explants forming roots or shoots on shoot inducing medium.
SIM2

SEMi

Explant
Roots

Shoots

Roots

Shoots

Columbia

0/200

12/200

5/212

7/212

%

0

0

2

3:

Point Grey

411112

58/112

75/76

49/76

%

37

52

99

64

1
F

11/80

9/80

100/100

45/100

%

14

11

100

45
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Figure 37. Response of Columbia and Point Grey cotyledon explants on shoot
inducing medium. A comparison of both ecotypes (A) and a close up of
Columbia (B) and Point Grey (C)
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to obtain explants from Arabidopsis embryonic sources for routine purposes. It appears that
the Point Grey ecotype retains its regenerative potential following germination, whereas the
potential is lost in the Columbia ecotype during seed desication and/or germination for
unknown reasons. One possible explanation is the difference in .the level of endogeneous
hormone in the embryonic tissues compared to the germinating seedlings.

3.5.2. Genetic Analysis

The Point Grey and Columbia ecotypes were crossed and the progeny were evaluated
to search for a line which would germinate with the ease and uniformity of the Columbia
ecotype and respond to the shoot inducing medium as the Point Grey ecotype. The response
of the F
1 was different on the two media tested. On the SIM2 root and shoot regeneration
appears to be under the control of dominant inheritance. This agrees with the results of
1 in crosses between high and low regenerative
Chaudhury and Signer (1989) where the F
ecotypes, Nossen and Landsburg respectively, responded as the high regenerative ecotype.
However, on SJM1 the rooting response was slightly below the midparent value. Shooting,
on the other hand, was only slightly above the response observed for the Columbia ecotype,
1 appears to be
and well below the midparent value. Thus on SIM1 the response of the F
intermediate to recessive. Since the two shoot inducing media were compared at the same
time, the difference in response appears to be due to the change in the level of NAA in the
medium. The most likely explanation for the results is that a threshold level in the auxin
concentration, or the cytokinin to auxin ratio, is responsible for the different response of the
1 explants is
1 on the two media. Furthermore, the threshold level required for the F
F
different from either the Columbia or Point Grey ecotypes. Even though only yes/no
responses were recorded insofar as regeneration of shoots and roots is concerned, it was
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1 the roots were not as numerous as the Point Grey ecotype. This
observed that in the F
suggests that there is some intermediate response, thus inheritance may not be under simple
genetic control. Further comparisons with slight variations in the auxin and cytokinin ratios
.
1
are required to define the threshold level is for both parents and the F
1 responded similarly to the Point Grey parent on SIM2, giving the
Since the F
3
2 and F
impression of dominant inheritance, only SIM2 was used to evaluate the F
generations. Both cotyledon explants from each seedling were placed side by side on each
petri plate, thus it was possible to evaluate the response of each seedling. The high
2 seedlings in which only one of the two explants responded by regenerating
proportion of F
roots and/or shoots suggests that there is a high degree of environmental influence on these
traits (Table 11). This is not surprising due to variability observed when essentially
homozygous lines are evaluated for regeneration. Although root and shoot regeneration are
probably not coupled, explants that regenerate roots appear to have a higher probability of
2 explants that shooted was surprising. It is
also regenerating shoots. The low number of F
2 genotypes have different auxin to cytokinin requirements. A
possible that the different F
second possibility is that the light intensity was too high in the growth chamber. Shortly
2 explants were evaluated, new lights were placed in the
prior to experiments in which the F
2 1), unknown to us at the time,
growth chamber. The light levels used (100- 150 iE m
have been shown to be suboptimal for shoot regeneration in Arabidopsis (Chaudhury and
Signer 1989). A third possibility, is that there is a correlation between cold treatment
2 seedlings used were germinated
requirement and propensity for regeneration. The F
2 seedlings which
shortly after harvest, and no cold treatment was applied. Since only F
germinated were used, a high number of the progeny tested would be similar to the
Columbia ecotype.
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3 seedlings on
2 and F
Table 11. Root and shoot regeneration of Columbia X Point Grey F
SIM2.
Explant

F
2
%

Shooting

Rooting

Total

Rooted

Shoots On
Rooting
Explants

Shoots On
Non-rooting
Explants

45
26

41
24

37
16

4
3

26
19
11
0
20
8
16
1
4
8
13
38
11
22
12
19
7
2
1
13

23
14
14
0
9
15
11
9
3
10
1
12
8
1
7
9
5
3
4
2

10
11
2
28
14
21
16
18
7
9
0
9
9
7
10
10
16
7
6
0

21
4
18
0
7
1
4
1
3
1
1
12
12
10
12
5
7
4
4
4

0
0
0
1
1
0
3
0
0
1
0
0
0
2
6
1
1
0
0
0

251
40

160
25

216
34

131
20.

16
3

Both
Explants

One
Explant

Neither
Explant

Rooted

Rooted

91
53

59
44
27
28
43
44
43
28
14
27
14
59
28
30
29
44
28
13
11
15

627

177

3 Individual Plants:
F
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
3 Combined:
F

%
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2 were observed to have both explants rooted, seeds from
Since over 50% of the F
3 generation was evaluated to determine if
2 plants were harvested and the F
individual F
, the high level of
2
this trait is simply inherited on SIM2 (Table 11). As was observed in the F
variability makes interpretation difficult. However, it is interesting to note that the overall
. Thus, while root
2
3 is on the same order as observed in the F
variability observed in the F
2
regeneration may be under the influence of a few genes under these conditions, additional F
lines will be required to get a better estimate of the number. No attempt was made to
, explants that
2
interpret the shooting results except to note that, as was observed in the F
formed roots also appeared to be more apt to form shoots (Table 11).

3.5.3. Transformation
The high morphogenic potential of the Point Grey ecotype suggests that it would be a
good ecotype to use for transformation. Cotyledons infected with Agrobacterium resulted in
a high number of transformed calli, but regeneration of seed bearing plants was no more
successful than for the Columbia ecotype. The reason for this was that roots formed shortly

after being placed on selective medium, but they died once in contact with the medium. If
the dying roots were not excised, the entire callus eventually died. When the roots were
excised, the callus remained green, and proliferated, however, shoot regeneration was slow
(only after 4-6 weeks) and none of the calli formed subsequent roots. Thus it appears that
root morphogenesis is very rapid, and the roots were not derived from cells which were
transformed. In this respect the morphogenic potential appears to be a detriment for
transformation of cotyledon explants.
When the root transformation protocol of Valvekens et al. (1988) was used,
uninfected Point Grey root explants were found to be highly morphogenic, and resulted in
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numerous roots and shoots from each explant. It was interesting to note that the Point Grey
root explants did not require a Lallus inducing medium (CIM) pretreatment prior to placing
on SIM to result in a non-polar response (data not shown). Since previous reports indicated
that a pretreatment on CIM leads to better shoot regeneration, all explants exposed to

Agrobacterium infection were placed on CIM prior to transfering to selective SIM2. The
results comparing the transformation frequencies of the Point Grey ecotype with the C24,
Columbia and Landsburg ecotypes are presented in Table 12. Although the low
transformation efficiencies of the Columbia and Landsburg ecotypes were not unexpected,

the meager regeneration of the C24 ecotype was surprising. This ecotype was selected for
comparison as it has been shown to have high regenerative potential from root explants
(Valvekens et al., 1988). The observed result is probably due to the use of different levels
and type of auxins and cytokinins in the shoot inducing medium. One observation of interest
was noted when the explants were transferred to a selective SIM2 medium containing
Cefotaxime instead of Vancomycin (which was not available at the time) to contain bacterial
growth. Cefotaxime is an inhibitor of prokaryotic cell wall formation, but has also been
shown to inhibit regeneration from root explants for unknown reasons (Valvekens et al.,
1988). Regeneration from root explants from the Columbia and Landsburg ecotypes on these
plates was completly inhibited and almost no callus growth was observed. Root explants
from the Point Grey ecotype however, were only slighly inhibited and resulted in
transformed shoots. The reason for this difference is unknown.
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Table 12. Explants infected with Agrobacterium forming shoots on selective SIM2.
Total

Explants

Transformation

Explants

Shooting

Efficiency

Point Grey

104

42

40.4%

Columbia

110

13

11.8%

Landsburg

120

9

8.3

C24

40

9

22.5%

171

31

18.1%

Genotype

Columbia X
3
Point Grey F

3 line used was line 1 from Table 11.
Columbia X Point Grey F
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CHAPTER 4
DISCUSSION

4.1. HCF MUTANT ISOLATION AND GENETIC ANALYSIS
This manuscript describes the isolation of photosynthetic mutants ofArabidopsis
thaliana using a high chlorophyll fluorescence screening procedure. The high frequency of
1 bulks suggests that there are many nuclear loci in
hcf plants observed in the original M
Arabidopsis which are required for correct assembly and function of the thylakoid
membranes. Since Miles and collaborators had established that there are a high number of
nuclear hcf loci that have been genetically established in maize (Cook and Miles, 1988), small
2 line from each was
1 bulks were screened in the present study, and only one M
M
maintained. The use of the computer-aided fluorescence video imaging system (CAFVIS)
(Fenton and Crofts, 1990) allowed for rapid quantification of the fluorescence kinetics of the
mutant and wild-type siblings on the same petri plates. In this respect, the small size of
Arabidopsis allows for manipulations similar to those used for microorganisms such as,
Chlamydomonas where the hcf phenotype was first described (Bennoun and Levine, 1967).
As the goal of this project was to isolate mutants blocked early in photosynthetic electron
transport, the CAFVIS allowed concentration on the most promising lines. Visual screening
methods were sufficient to find putative hef plants, but some of the lines isolated by visual

means were eliminated after screening with the CAFVIS because they displayed variable
results.
1 bulks originally selected that displayed the hcf phenotype, 6 failed to
Of the 27 M
. This suggests that, at least
3
2 plants segregating as nuclear recessives in the M
yield any M
in some cases, the hef phenotype observed in the original bulks may have been due to a
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cytoplasmic mutation. This is especially relevant in light of the inheritance of the hefi

mutant line. The hcfl line appears to segregate as a nuclear recessive, but the phenotype is
not inherited through the pollen. One possible explanation is that the phenotype is inherited
maternally and the ratios observed are coincidental. This seems unlikely, for if the
inheritance is strictly maternal, the hcfl wild-type gene product is not cell autonomous. This
conclusion is based on the fact that no sectoring has been observed between plants
segregating for the hcf phenotype, and those that do not. A second possibility is that two
1 plant, one nuclear and one cytoplasmic. If this is the
mutations occurred in the original M
case, neither of the two mutations appear to have any detrimental effects on Arabidopsis
growth and development in the absence of the other. Reciprocal crosses would be required to
veri1’ this hypothesis. However, the hcfl mutation may offer a unique opportunity to study
the interaction of the nuclear and plastid genomes.
All of the other hcf lines analysed genetically segregated for the hcf phenotype as a
single nuclear recessive gene. At present, the location of the mutations have not been
mapped in relation to known genetic markers. The presence of additional mutations, namely
embryo-lethals, co-segregating with the hcf phenotype interfered with mapping. The genetic
method used in this study was dependent on deviations from the expected 3 wild-type:1
visible marker ratio. However, any co-segregating lethal mutation would change the ratios.
With the exception of hcf7, where the yellow phenotype appeared to be linked to the hcf
locus, no other visible morphological differences were observed between plants which
segregated for the hcf phenotype and those that did not in the lines that were characterized.
Arabidopsis hcf lines that do contain additional morphologial phenotypes co-segregating with
the hcf phenotype have been isolated, and will have to be backcrossed the the wild-type
parent prior to analysis. Complementation tests have not been done to verify that all effects
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are non-allelic. Since the the sample ofArabidopsis hcf mutants analyzed in this study was
small, and the phenotype of each is quite different, it is probable that each is affected at
different locus. However, this cannot be stated with certainty, and future analysis of these
and additional mutants should verify that this is indeed the case. Genetic mapping of the
hcf loci to particular chromosomes should eliminate the need for some crosses.

4.2. PHYSICAL CHARACTERISTICS AND PIGMENT CONTENT OF HCF MUTANT
LINES
Homozygous hcf plants on i12 MSO plates could be distinguished visually from the
wild-type due to pigmentation differences. The only exception was hcf8 (see below), which
developed the hcf phenotype after leaf expansion. The difference in pigmentation could be
correlated with a general decrease in all the pigments in the mutants. Pigment analysis
established that all the major pigments in wild-type Arabidopsis are also found in the

mutants. B-carotene was the carotenoid most severely affected in all the mutants. Since Bcarotene is the biosynthetic precursor of all the xanthophylls detected in this study; [ie.
antheraxanthin, zeaxanthin, violaxanthin, and neoxanthin (Sandmann, 1991)], all of which
were found in the mutants, pigment biosynthesis per se does not appear to be impaired. Bcarotene itself has been primarily associated with the reaction centres of PSI and P811 and is
only a small component of the peripheral light-harvesting antenna, whereas the
xanthophylls are primarily associated with peripheral light harvesting complexes
(Siefermann-Harms, 1985). Since the peripheral light harvesting complexes appeared to be
at normal levels, the low level of B-carotene is presumed to be due to loss of the reaction
center complexes.
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The xanthophylls, violaxanthin and neoxanthin are normally at a 1:1 ratio in the
wildtype (Rock and Zeevart, 1991; this work, see table 8). The same ratio, with minor

-

deviations was observed in all the mutants except hcf6 where violaxanthin was twice the
level of neoxanthin. It is unknown if the highvalue of violaxanthin is significant for hc/6, or
simply due to random deviations. Violaxanthin is a carotenoid in the so called xanthophyll
cycle where it undergoes de-epoxidation and is converted to zeaxanthin in high light. The
latter carotenoid has been found to be associated with dissipation of excess excitation energy
in PSII and is postulated to be involved in photoprotection (Demmig-Adams et al., 1989).
The roles of violaxanthin and neoxanthin in the thylakoid membranes are not as clear.
Mutants ofArabidopsis have been isolated that are blocked in one or both of the epoxidation
steps from zeaxanthin to violaxanthin and almost completely lacking violaxanthin and
neoxanthin (Duckham et a1 1991; Rock and Zeevart, 1991). Although color differences can be
observed in these mutants (Koornneef et al 1982), they do not appear to be
photosynthetically impaired as they are autotrophic. However, studies specifically dealing
with photosynthetic capacity have not been done.
Unlike the other mutant lines in this study, the hcf8 mutant and wild-type seedlings
are indistinguishable in the seedling stage. The hcf phenotype appears gradually and can be
observed only in the older tissues. The light and temperature treatments tested did not
change the timing of the expression of the hcf phenotype. The fact that seedlings in soil
express the phenotype shortly after germination suggests that conditions on 112 MSO plates
retard the development of the hcf phenotype. A possible explanation is that a nutrient in the
medium, possibly sucrose, is able to retard the expression of the hcf phenotype. Arabidopsis
mutants requiring specific nutrients have previously been identified (Last et al., 1989;
Schnieder et al., 1989). Sucrose, for example,, is known to repress the expression of nuclear
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genes involved in photosynthesis (Sheen, 1990). However, any model involving the
repression of the HCF8 gene product by the addition of a component to the media, must also
take into account the fact that the new growth appears normal with respect to the
fluorescence and color. A second possibility is that the wild-type product is involved
specifically in PSI stability or repair. Heterotrophic growth may retard the requirement for
the HCF8 gene product in the developing tissues, whereas plants grown in soil do not contain
sufficient reserves. Growing Arabidopsis lines in both soil and sucrose supplemented
medium, has allowed for the isolation of this novel phenotype.

4.3. FLUORESCENCE, ELECTRON TRANSPORT, CHL-PROTEINS AND
POLYPEPTIDES

The fluorescence kinetics observed in the mutants can be correlated to a block in
electron transport using the data from previous mutants analysed in Chiamydomonas and
maize (Chua and Bennoun, 1976; Miles 1980). In this study the mutants were divided into
PSI mutants (hcfl, hcf4, hcf7 and hcf8) and P511 mutants (hct2, hcf3, hcf5 and hcf6) (see
summary in Table 13) based on the fluorescence kinetics data, photosynthetic electron
transport, the presence or abscence of specific Chi-proteins and polypeptides. Each will be
discussed separately below.

4.3.1. PSI Mutants

V

Mutants blocked in electron transport at PSI have a normal induction to the
maximal level of fluorescence (FM), but there is no decline to a steady state fluorescence
(Fe). This indicates that charge separation and electron flow in P511 to plastoquinone is
occurring, but since there is no decrease from the maximal fluorescence level (FM) in the

147

V

Table 13. Summary of data for the hcf mutants and wild-type siblings.
V

hcfl

hcf2

hc/3

hcf4

hcf5

hcf

hct7

Vhq8

Electron transporta:
PSII

100

97

31

40

79

<5

<5

100

100

PSI

100

25

44

80

97

73

127

70

41

+

+

++

+

+

+

++

+

+

++

-

-

+++

+++

•4-++

+++

:
1
ChI-protein complexes
cPI
CP47 +CP43

+++

+++

cPII*

+++

+1-+

+

Cpu

Thylakoid Membrane Polypeptidesc:
CPI

+++

+1-

++++

nd

+

+1-

+

nd

+

PSI sub. II

+++

+1-

+++

nd

++

+1-

+

nd

+

cytf

+++

+++

1
+P

nd

+++

+

+

nd

+++

PSII CP47

+++

+++

+

nd

+++

+

nd

nd

+++

a Percent of wild-type electron transport activity rates. From Table 9. PSII rates are from
DPC to DCPIP only.
b Chi-protein complexes estimated visually on non-denaturing gels. CPI: PSI Chi a binding
core complex; CP47 and CP43: P511 ChI a binding core complex polypeptides; CPII and
CPII: the oligomeric and monomeric forms, respectively, of the Chi z÷b light harvesting
complex polypeptides.
c Representative sample of polypeptides associated with PSI, cytochrome b
/f and PSII
6
complexes. CPI: 80-82 kDa PSI Chl a binding polypeptides; Sub. II, PSI nuclear psaD gene
product; Cytf, cytochrome fpolypeptide; CP47, PSII 47 kDa Chl a binding polypeptide.
Relative levels estimated visually from immunoblots. nd = not determined.
d A heme staining protein that was observed at lower levels and migrated abnonnally on
non-denaturing gels in the hcf2 lane is presumed to be the cytochrome f apoprotein.
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mutant plants, it suggests that QA is not being reoxidized. This would result if electron flow

f, or PSI. Hcf mutants of barley,
b
/
is blocked at some point past QB such as cytochrome 6
Chiamydomonas and maize which are defective in PSI have fluorescence kinetics similar to
those observed for hcfl, hcf4, hc/7 and hcf8 described herein (Chua and Bennoun 1975; Cook
and Miles 1989; Miles 1980; Simpson and von Wettstein 1980).
It is interesting to note the lack of O-I-D-P kinetics in the mutants disrupted in PSI
photosynthetic activity (eg. Figure 25). Using the low light levels on the PAM fluorometer
these early events in the fluorescence induction in the wild-type were very clearly resolved.
Thus, while electron flow through PSII is occurring, the induction kinetics of dark adapted
plants is not completely normal. Several possibilities may account for the lack of the dip
during the induction. One is that there is a high proportion of non-reducing PSII centers (ie.
P511 complexes lacking or defective at the QB site). PSH activity rates, and the level of P511
Chi-protein complexes and polypeptides in the mutants were similar to the wild-type.
Therefore it does not appear that PSII per Se, is affected. However, since there was a
significant decrease of Chl associated with PSI in the mutants (hcfl, hcf8, hcf4 and hcfl in
order of severity) an increase in PS11 activity rates would be expected when the rates are
based on equal amounts of Clii. This was not observed. PSII activity rates were identical
between each of the mutants and their wild-type siblings. It is possible that due to a
disrupted PSI complex, many of the increased PSII centers are inactive. Heterogeneity of
the P511 complexes is well documented (Govindjee 1990; Melis, 1985). The origin of inactive
PSII centers is still uncertain, although Melis et al. (1988) suggest that these consist of
smaller PSIII3 complexes which are in the process of being assembled or repaired. In the
mutant, impaired electron flow through PSI over an extended period (four weeks on 1/2 MSO
plates in this case), could result in damage to the PSII complexes.
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A second possibility is that the induction kinetics observed is due to plastoquinone
not being fully re-oxidized in the mutants prior to fluorescence measurements. Chow et al.
(1991) argue that differences in the dark adaptation period prior to taking measurements is
one of the primary reasons differences in postulated PSII populations are observed by
different authors. However, the present analysis does not provide for an accurate estimate of
functional versus non-functional PSII centers (Govindgee, 1990), and further experiments
are necessary.
Another possibility is that the dip is due to oxidation of the plastoquinone pool by PSI
(Hansen et al., 1991). Since the mutants all have impaired PSI activity no dip would be
expected during induction according to this view. PSI mutants such as these and of barley,
maize and Chiamydomonas should confirm these results. Based on the results of this study,
it seems logical that PSI oxidation of the plastoquinone pool is responsible for the dip
observed during induction of dark adapted plants.
PSI activity rates confirmed the fluorescence kinetics of the mutants and is in
accordance with the observation that hcfl, followed by hcf8, hcf4 and hcfl have the lowest
level of PSI associated Chl-protein complexes and PSI polypeptides. However, in all cases,
the electron transport rate appeared to be higher than could be accounted for based on the
level of observed PSI polypeptides in the membrane. This was especially true in the case of
hcf4, where no differences were observed between the mutant and wild-type electron
transport activity rate, and hcf6 where the rate was higher than for the wild-type (see
below).
PSI electron transport activity rates have been found to be correlated with CPI and
P700 (Cook and Miles, 1990; Miles, 1980). Although this has been documented in most
characterized PSI deficient mutants, the correlation has been lacking in several instances.
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Pea chiorina mutant (#5) was categorized as a PSI mutant due to lack of detectable P700, yet
it was found to have 50% of PSI electron transport activity (Roshchina et al., 1983). Maize

hcf mutants, hcf-2 and hcf-38 have PSI proteins which are reduced 2 to 3-fold, but no adverse
effects on electron transport were observed (Barkan et al., 1986). Mutant hcf- 101 was
reported to have only 15-20% of wild-type CPI apo-protein and P700 levels, yet it retained
70% of electron transport activity rates (Cook and Miles, 1990). One possibility for the
higher electron transport rates in the mutants, postulated by Cook and Miles (1990), is that
the lower relative amounts of PSI centers allows for more efficient use of the available
electron donors and acceptors in the assay. However, the electron donors (ascorbateiTMEZ)
and acceptor (methyl viologen) are not limiting factors in the PSI assay, and the wild-type
activity rate should reflect the photosynthetic capacity or maximum under the assay
conditions.
Another possibility is that photooxidation of some unstable component is occurring in
the mutants or there are alternate pathways. PSI hyperactivity has been observed in
developing immature chloroplasts of barley (Ohashi et al., 1989), Chlamydomonas (Bar-Nun
et al., 1977) and cucumber (Daniell et al., 1985). In each instance, this phenomenon was
observed in plant material in which the electron transport system was still developing, and
the Chi concentration was very low. This correlates with the fact that the Chi concentration
is significantly reduced in all the mutants studied. In addition, the electron transport
system could be thought of as still in the process of ‘developing’ in the mutants, since the
mutations disrupt the assembly and/or stability of the PSI complex.
In the case of hcf4, where wild-type electron transport rates were observed in spite of
the apparent lower level of PSI polypeptides, it is also possible that the mutant has lost a
soluble component of the electron transport chain. One such possible component is
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ferrodoxin. If such were the case, it would lead to disruption of electron transport in vivo
giving a similar fluorescence kinetics observed of PSI mutants, yet electron transport activity
rates as measured by TMPD/ascorbate to methyl viologen would be unaffected. Further
analysis of this mutant will be required to determine where the block in electron transport is
occurring.

4.3.2. PSII Mutants
Although this section details mutants that are disrupted in PSII based on the
fluorescence kinetics, both PSII and PSI were affected in these mutants. In fact, one of the
more intriguing results from this study was that the PSI band on non-denaturing gels (CPI)
was decreased in all of the mutants. There was no mutant found in this initial screen where
only P511 was affected. This result is surprising because the PSI core Chl, P700, is one of the
most stable components in the photosynthetic electron transport chain (Golbeck and Bryant,
1991). The observed decrease in PSI in the mutants primarily affected at the PSII complex
is not easily understood. However, the majority of maize hcf mutants appear to have a
pleiotropic effect on both PSI and PSII complexes (Miles, 1980; Barkan et al., 1986), and such
pleiotropic effects on both PSI and PSII may also be common in Arabidopsis.
The fluorescence kinetics of mutations which affect the reducing side of PSII is
), and little variable fluorescence (F). A high
0
exemplified by a high initial fluorescence (F’
0 level and no induction suggests that there is no electron flow through P511 due to the
F
inability to use absorbed light energy in electron transport. Similar fluorescence kinetics has
been observed in P511 hcf mutants of Chiamydomonas and maize (Chua et al., 1975; Leto
and Miles,1980; Rochaix and Erickson, 1988). Three mutants (hcf2, hefi) and hcI) that
appeared to have a PSII type mutant fluorescence kinetics were found upon closer inspection
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to have some degree of variable fluorescence. The fluorescence correlated with electron
transport rates, which suggested that while the PSH complex was decreased, it was always
present at some level (Table 9).
For mutants hcf2 and hcf3 the fluorescence induction kinetics suggest that while the
PSH complex is disturbed, electron transport is occurring. The induction kinetics for the
0 to FM.
PSII centers present appears to be normal as observed in the small rise from F
However, at least 50% of the variable fluorescence observed in the mutant hcf2 is below the
. Fluorescence quenching is known to be due to two factors, namely, photochemical
0
initial F
2 reduction (qp) and non-photochemical quenching (q). Non
energy conversion used in CO
phot,ochemincal quenching is due to: a) energization across the thylakoid membrane due to
the formation of a proton gradient (q), b) changes in the PSII LHCII connected centers (qT),
and c) quenching due to photoinhibition (qj) (Krause and Wiess, 1991). Although the relative
contribution of each of the factors involved in fluorescence quenching in normal tissues is
still under debate, in the mutant hcf2, it appears that the quenching mechanisms are normal
as q is the same as in the wild-type.
0 level, and a lower level of P511
For hcf3, in spite of the increase in the F
photosynthetic electron transport activity rate, the variable fluorescence appears normal.
2
This type of fluorescence kinetics has been correlated with mutations that affect CO
fixation in maize (Edwards et al., 1988). Further investigations into the cause of the mutant
2 fixation.
phenotype of hc/3 should include CO
The fluorescence induction kinetics of mutant hcffl suggests that the hcf phenotype is
due to a disrupted PSII complex. Although very little variable fluorescence was observed,
1 and
0 to FM. There was also a significant dip between F
there was some induction from F
FM. According to the theory of Hansen et aL, (1991), the dip is caused by oxidation of the
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plastoquinone pool (see above). Although the levels of PSI ChI-protein complexes and PSI
polypeptides appeared to be reduced in the mutant, PSI photosynthetic electron transport
rate was greater than for the wild-type. While the cause of the high electron transport rate
is unknown, and the differences are difficult to reconcile, the dip observed during induction
tends to support the possibility that the results observed for the electron transport rates are
real. Possible reasons for the high electron transport activity have been presented above.
Mutant hcf6 offers the opportunity to address questions on development of the chloroplast
photosynthetic electron transport, in particular PSI electron transport.
An unresoved discrepancy found on western blots was that the CPI band of mutant
hc/2 immunostained at the same level as the wild-type. In mutations primarily affecting the
PSI complex (hcf7 and hcf), there was a correlation between the level of PSI Chi-protein
found when assayed under non-denaturing gel electrophoresis and the level of PSI
polypeptides observed by immunoblotting (discussed above). The CPI antibody used was the
same for all experiments. For hcf2, in spite of the apparent lower level of CPI found under
non-denaturing conditions, and the lower level of the other PSI polypeptides (Figures 16 and
18) the CPI band was found at wild-type levels. This suggests that CPI is present at normal
levels in the mutant, but binding chlorophyll is not.
Another result that merits further study was the observation that only one of the
coupling factor polypeptides was detected in the mutant hcf5. In higher plants, the missing
band would normally correspond to the beta subunit (Westhoff et al., 1985; Lemaire and
Woliman, 1989a). This result is intriguing in light of the fact that the mRNA of the mutant
hcf5 beta subunit mRNA (atpB) appeared to be normal, whereas, the alpha subunit mRNA
(atpA) did not appear to be processed normally (Figure 10). Mutations which affect one

component of the coupling factor in Chiamydomonas have shown to result in the loss of all
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coupling factor polypeptides (Lemaire and Wofiman, 1990a; 1990b Robertson et al., 1989). In
addition, mutations which affect the stability of the beta subunit tend to disrupt the
1 in Chiamydomonas and suggesting that the beta subunit is required prior
assembly of CF
to assembly and stable integration of the coupling factor into the thylakoid membranes
(Robertson et aL, 1989). It is possible that the mobilities of the beta and the alpha subunits
are switched on the Schagger and von Jagow (1987) gel system. It is also possible that the
1
immunostained band in Figure 9 is due to another protein which crossreacts with the CF
antiserum. A 70 kI)a thylakoid membrane-associated nucleotide-binding protein was
1 beta subunit antiserum in Chiamydornonas (Lemaire and
observed to crossreact with CF
Woliman, 1989a; Robertson et al., 1989). A corresponding protein has not been reported in
higher plants, but such a candidate is the 64 kfla thylakoid membrane bound protein kinase
/f complex (Coughian and Hind, 1986). In
6
found to be associated with the cytochrome b
1 polypeptides on
Chiamydomonas the crossreacting protein migrates slightly higher than CF
1 alpha subunit, it may
gels and, if in higher plants a similar protein co-migrates with the CF
have remained undetected.
One of the most striking phenotypic trait was the drastic alteration of thylakoid
membrane ultrastructure observed in the hcf5 and hcf6 mutant lines (Figure 8). For hc1
almost all the thylakoids were appressed, although a few single thylakoids were observed
around the periphery of the thylakoid stacks. This morphology is consistent with the
observation that LHCII accounts for most of the ChI in the cell, since LHCII is believed to be
the major factor involved in thylakoid appression (Anderson, 1982; 1989). For hcft3, the low
levels of thylakoid membranes is consistent with the fact the there is a very low level of
overall Chi in the mutant. The mutant chioroplasts, in this instance, do not appear to be
fully developed. It is possible that for these mutants that the altered electron transport is a
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consequence of a more general mutation, for example, lipid biosynthesis. This is unlikely,
however, for several reasons. One, numerous lipid biosynthetic mutants have been
characterized, and none appear to result in photosynthetic electron transport abnormalities
(Browse and Somerville, 1991). A second reason that a lipid biosynthesis mutation is
unlikely to be the major cause of the hcf phenotype is that both of the mutants appear to
have altered chioroplast mRNA levels (see below) which would be expected to result in
chioroplast protein deficiencies. A third reason, is that while many of the thylakoid
membrane proteins are missing or at lower levels, the nuclear encoded LHCII Chia Ib
complexes are present in the membrane.

4.4. CHLOROPLASTRNA

Three of the six mutants analysed at the transcriptional level were found to contain
aberrant chioroplast mRNAs. Since the majority of the Chiamydomonas and maize hef
mutants that have been analysed have normal mRNA (Barkan et al., 1986; Jensen et al.,
1986), these results were unexpected.
Both hcf5 and hcf6 had similar phenotypes with regard to defects in accumulation
and processing abnormalities of chloroplast transcripts. For hcf5, overall levels of
chloroplast transcription were apparently not affected, suggesting that the differences in the
levels of specific transcripts are due to real differences in the steady state levels of the
chioroplast mRNA populations. In most respects, the loss of thykakoid complexes correlated
with aberrant accumulation of corresponding mRNA’s. The deficiency in PSII and
cytochrome f could be the result of abnormal processing of the psbB-psbH-petB-petD operon
as well as the psbD transcript. The atpA trancript is also abnormal and may explain the
presence of an aberrant coupling factor in the thylakoid membrane. Although a band
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corfesponding to the alpha polypeptide of the coupling factor was observed in the thylakoid
1 antiserum was used, it may be that the immunostained band
membranes when the CF
resu1ted from a cross reacting polypeptide (discussed above). It is not as clear why PSI
proteins are depleted in mutant hc. Both the psaA and psaC transcripts, encoding the two
polypeptides of CPI which carry the reaction center chromophores of PSI, and the PSI ironsulfur binding polypeptide transcripts were normal. It is possible that the processing of
chloroplast polycistronic messages that include the PSI-I or PSI-J polypeptides is not normal,
although it must be pointed out that the functional role of these polypeptides in PSI has not
been established.
The pleiotropic effect of the hcf5 mutation on several steady state levels of
chioroplast mRNAs suggests that the wild-type gene product may be a general protein
required for chloroplast mRNA stability and/or translation. Stern et al. (1989) have reported
on stabilizing proteins associated with the 3’ ends of chioroplast transcripts. In protein
binding competition studies they observed both common and gene-specific proteins. It is also
possible that stabilizing proteins would bind to the 5’ end. Chioroplast transcripts differing
at the 5’ end have been documented (Gruissem, 1989). While direct evidence for 5’
chloroplast mRNA stabilizing proteins has not been documented, stabilizing proteins that
bind to the 5’ end of mitochondrial transcripts that are required for stability in yeast have
been identified (Dieckmann et al., 1984). Since the levels of unprocessed and processed
intermediates differ depending on the gene assayed (compare psbB and petB with atpA and
psbD in Figure 10), the affinity (stabilizing effect) of the putative HCF5 gene product for

particular transcripts would probably be further determined by transcript specific factors.
Another possible role of the wild-type HCF5 gene product may be in translation.
Although no chioroplast specific translation factors have been isolated, nuclear mutations
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that disrupt the translation of mitochodrial transcripts have been identified in yeast (Grivell,
1989). All characterized nuclear mutations affecting translation characterized, have been
recessive. This suggests that the missing product is a positive acting element. In these
yeast mutants, stable but untranslatable mRNAs accumulated (Fox, 1986). In the mutant
hcf5 there were no ‘new’ transcripts observed, only an increase in the steady state levels of
some processed intermediates and a decrease in others compared to the primary transcripts.
Barkan (1988) reported that processing does not appear to be a prerequisite for translation
in the chloroplast. AU transcripts derived from the psbB-psbH-petB-petD transcriptional
unit, for example, were found to be polysome bound and translated.. The rate of RNA
processing tends to be slow relative to the rate of transcription, allowing for the
accumulation of unprocessed transcripts observed on northern blots (Rock et aL, 1987;
Westhoff and Herrmann, 1988). Thus, if a translational block is occurring in the mutant
line, the transcript population would tend to accumulate in the processed form, thereby
leading to an under representation of the unprocessed transcripts.
A third possibility is that the HCF5 gene product may function in both RNA stability
and translation. The yeast nuclear CPB1 gene product was originally described as a
mitochodrial 5’ RNA stabilizing protein (Diekman and Mittelmeier, 1987) and has
subsequently been found to resemble prokaryotic and eukaryotic translation initiation
factors (Grivell 1989). Other yeast mitochondrial directed nuclear gene products have also
been found to be involved in both RNA processing and translation (Grivell (1989).
The hc/ mutant phenotype, while similar to hcf5, is more extreme as the overall
level of chloroplast transcripts is reduced. However, some of the differences observed, may
be due to a lower transcription rate in the chloroplast of the mutant. One difference was
noted between hcf6 and hcf5 when the psaB gene (encoding PSI subunit II) was used as a
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probe. There appear to be two high molecular weight transcripts present in the mutant that
are not observed in the wild-type, nor in any other mutant. While the possibility that the
bands are due to DNA contamination cannot be ruled out, no corresponding band was
observed in any of the other RNA gel blots either in the mutant hc/6 lane nor in any other of
the mutant and wild-type lanes. If the bands are in fact RNA, a readthrough transcription
into the psaB gene from another 5’chloroplast gene is possible, and/or the 3’ end of the
transcript is not processed properly.
Another transcriptional abnormality was observed in the expression of the petA
chioroplast transcript in the mutant hct2. Although the majority of chioroplast transcripts in
this mutant were at a lower level, due to an apparently slightly lower level of steady state
chloroplast transcripts, the petA transcript was observed to be significantly higher than the
wild-type. This is in agreement with the observation that the cytochrome f protein migrated
abnormally when run on non-denaturing gels. The significance or role of the observed high
steady state level of the petA gene is not presently known. The petA gene is part of a
polycistronic message also encoding a PSI 4 kDa polypeptide (psal gene) and two additional
open reading frames from which the gene products have not been determined. One of the
open reading frames designated zfpA (Sazaki et al., 1989), potentially encodes a zinc finger
protein. Smith et al. (1991) propose that this may be a protein involved in Ci metabolism,
namely propionyl CoA carboxylase. This conclusion is based on comparisons of the same
enzyme from mitochondrial sources, leading the authors to postulate that the conserved
cysteine amino acids might form a metal ion binding site involved in catalysis. The second
conserved open reading frame part of the petA transcript encodes a 229-23 1 amino acid
polypeptide. Sequence analysis of this open reading frame suggests that it may be a heme
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binding polypeptide (Wiley and Gray, 1990). The role and location of this putative heme
binding polypeptide in the chioroplast remains to be determined.
One possible explanation for the mutant phenotype is that the mutation leads to a
singular overexpression of the petA region at the expense of other transcriptional units in the
chioroplast. The steady state levels of other chloroplast transcripts including the genes for
ribosomal RNA appeared to be reduced in the mutant. However, all the processed
intermediates associated with each transcript were present, and the protein products
associated with various transcripts were present in the thylakoid membrane. If the hcf2
mutation leads to an increase in transcription of the petA region, it would be due to a loss of
function of a nuclear factor that is responsible for negative regulation of this operon.
Another possibility for the increased levels observed for the petA transcript may be a
block in processing or translation. The increased levels would be due to the lack of
degradation of the transcript, or an increased transcription in an attempt to compensate in
the mutant plants. However, as pointed out above, mutants in yeast blocked at a
translational step are normal with respect to mRNA levels. Since the petA protein product
(cytochrome I) is detected in the thylakoid membrane fraction at similar levels as the petB
), this suggests that translation per se is not blocked. The role
6
protein product (cytochrome b
of the additional open reading frames from the petA transcriptional unit have not been
determined, therefore it is not possible to evaluate what effect a block in translation of these
genes may have. Future work should include DNA sequences 5’ to the petA gene to verify
that all the unprocessed and processed transcripts from this operon are affected.
The functional significance of the processing of the chioroplast polycistronic messages
is not known (Barkan, 1989; Gruissem, 1989), however, nuclear genes are undoubtedly
involved. Mutant analysis is one method for dissection of this complex nucleo-chloroplast
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interaction. Although the primary effect of the mutant lesion in mutants hcf5, hcf6 and hct2
appears to be involved in chloroplast mRNA stability or transcription, clearly this question
can only be addressed after isolation of the gene. Arabidopsis offers the possibility of gene
isolation by chromosome walking and analysis of the gene function through transformation.
Future work on this and other mutants should allow us to begin to understand nuclear
factors which are involved in chioroplast biogenesis and electron transport.

4.5. GENETIC ANALYSIS OF REGENERATION AND TRANSFORMATION OF WILDTYPE Arabidopsis
The previous sections have dealt with the characterization of the hcf phenotype in
Arabidopsis. Studies involving the analysis of genes isolated from mutant phenotypes, be
they hcf or others, will have to be evaluated in the context of the mutant phenotype. This
involves transformation of the mutant Arabidopsis lines with A.grobacterium containing the
gene of interest. While it is presently technically feasible to introduce foreign genes into
Arabidopsis by transformation, the procedures for obtaining regenerated seed bearing plants
are not on par with systems for tobacco and tomato. In addition, the transformation
efficiency of the wild-type Columbia ecotype, used in this study, is one of the lowest in
Arabidopsis regardless of the protocol used.
Previous studies on Arabidopsis regeneration have shown considerable ecotypic
variation in response to different tissue culture regimes. In order to isolate an ecotype that
had a high regenerative potetial, several wild-type ecotypes were tested on the same tissue
culture regime. One ecotype which has shown promise is a wild-type isolated on the
University of British Columbia campus, named Point Grey. The ability of explants of the
Point Grey ecotype to form roots and shoots simultaneously facilitates transfer from sterile

161

medium into soil. No visible morphological differences have been observed in progeny of over
100 regenerated plants from Point Grey cotyledon explants. It was surprising that by using
cotyledon explants infected with Agrobacterium, the rapid regeneration appears to be a
detriment for regeneration of transformed plants. However, by using root explants, the
Point Grey ecotype regenerates seed bearing plants fairly efficiently.
The different patterns of inheritance on the different shoot inducing media (SIM1
and SIM2) are not unexpected. If there is a major gene that affects regeneration, it would
not be surprising if the segregation could only be demonstrated on a specific medium,
because there is ample evidence that gene expression is highly environmentally-dependant.
Two advantages for the use ofArabidopsis in genetic and physiological studies are its
short generation time and small size. These same features should allow for genetic analysis
of the regeneration response in culture. Previous studies crossing ecotypes with high and
low regenerative potentials have shown that inheritance appears to be under the control of a
single gene (Chaudbury and Signer, 1989). However, the results suggest such an
interpretation can only be made in the context of the tissue culture regime used. It is likely
that the response differences between media are due to interactions between genotypes and
the concentrations of hormones used in the media. It is worth noting that mutants of
Arabidopsis have been isolated that are deficient in particular hormones, or insensitive to
exogenous hormone applications (Klee and Estelle, 1991). However, measurements of the
endogenous hormone levels in different wild-type ecotypes has not been undertaken.
Previous reports using tomato and cucumber suggest that regeneration response in
culture is controlled by few genes, and genetic effects were observed to be additive
(Frankenberger et al,. 1981; Koornneef et al,. 1987; Nadolska-Orczyk and Malepszy, 1989).
Although in the present study the results on shoot regeneration are equivocal, the data on
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root regeneration show a reasonably good fit to Mendelian monogenic inheritance, with
2
efficient regeneration dominant. The least convincing ratios are those of the selfed F
3 generation is close to the expected value.
plants, but even here the overall ratio for the F
The results suggest that shoot formation is more likely on rooted explants than on
unrooted ones. Therefore, it is possible there is a single major genetic determinant in Point
Grey that is responsible for both rooting and shooting. Since shooting is generally less
frequent than rooting, the penetrance of the genetic determinant may simply be lower in
shoots. An alternative explanation is that shoot formation is facilitated by roots; thus
rooting would be seen as the primary facilitating event for regeneration from tissue culture
in the Point Grey system.
Since concordance of the cotyledon pairs for rooting on SIM2 is so high in the
2 and F
3 must be
1 generations, the poor concordance in the F
parental Point Grey and F
accounted for on a formal genetic level by incomplete penetrance. One major difference
3 on the other hand, is
2 and F
1 on the one hand, and F
between parental Point Grey and F
that the former are genetically uniform, whereas the latter are expected to show variance
through genetic segregation. [f the full penetrance of the regeneration genotype in the
1 is caused by the expression of modifiers that strengthen the expression of a
parent and F
3 is expected and could
2 and F
major gene, then the segregation of these modifiers in the F
account for the incomplete penetrance in these generations. One possibility is that in the
1 the overall genotype excedes some kind of expression threshold, whereas in
parent and F
3 the threshold is sometimes not met genetically, but can be exceded by the
2 and F
the F
3
action of environmental factors. The threshold model also explains the variability in the F
sibships; the threshold is sometimes not exceded even though the desired major gene is
present. Further exploration of this genetic system will require several generations of
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backcrosses to parental lines in order to achieve a level of uniformity in the genetic
background against which clearer ratios can be seen.
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