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"When you have eliminated all which is impossible, then whatever

remains, however improbable, must be the truth"

Sir Arthur Conan Doyle - The Adventures of Sherlock Holmes



Thesis Abstract

The chloroplast of the unicellular green alga Chlamydomonas reinhardtii is readily
amenable to molecular genetic analysis. Using particle-gun-bombardment, exogenous
DNA can be introduced into the chloroplast where it will recombine into the organellar
genome. Coupled with the high levels of homologous recombination this allows
precisely targeted insertion of introduced DNA anywhere into this 196 kbp genome.
Several different chloroplast expression vectors have been constructed in order to
introduce and ectopically express foreign genes within the Chlamydomonas chioroplast.
One of these genes, aphA-6, a eubacterial aminoglycoside antibiotic resistance gene,
confers resistance to kanamycin and amikacin in transformed cells and so can be used
as a dominant selectable marker for chloroplast transformation. Experiments to
demonstrate the utility of this new marker to chloroplast molecular genetics were also
carried out.

The same expression vector was used in an attempt to express the protochlorophyllide
oxidoreductase (POR) gene from Synechocystis sp. PCC 6803 in a chlorophyll-less
Chlamydomonas double mutant (pc-1y-7) lacking active POR. In addition, the fufA
gene encoding the protein elongation factor EF-Tu, from the plastid of the
Apicomplexan Plasmodium falciparum was introduced into the chloroplast. This was
carried out in order to attempt a functional replacement of the endogenous chloroplast
EF-Tu. The results of the introduction and expression of these two foreign genes are
discussed.

Finally, an experiment is described which attempted to isolate cells in which chloroplast
DNA had transferred to the nuclear genome. It was hoped that this would serve as a
model for the process occurring throughout chloroplast evolution by which the majority
of plastid genes have become nuclear encoded. To achieve this the 'ble' selectable
marker for nuclear transformation in Chlamydomonas, conferring zeomycin resistance,
was introduced into the chloroplast genome where it was not functional. Cells in which
this marker had moved to the nuclear genome were then selected by their ability to
survive on zeomycin-containing medium. The results of this screen are discussed.
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CHAPTER 1 INTRODUCTION

1.1 The chloroplast and its genome

In this first section of the introduction an overview will be given of chloroplasts as
organelles and their importance within the host organism. In order to give an idea of the
various functions of the chloroplast, its gene content and expression will be described.
Finally, the evidence supporting the hypothesis that the chloroplast is of endosymbiotic
origin will be summarised.

1.1.1 Structure and function of the chloroplast

Chloroplasts are cell organelles, found within plants and eukaryotic algae, which
contain the complete set of components necessary for photosynthetic function. The

number of chloroplasts per cell varies greatly, from a single large (5-10 pm diameter)

chloroplast in Chlamydomonas sp. to around 200 small (1-3 um diameter) chloroplasts

in plant leaf mesophyll cells. Although the primary function of the chloroplast is as a
photosynthetic carbon fixation factory it is also the site of amino acid, nucleotide,
starch, fatty acid, pigment and lipid biosynthesis. The chloroplast is bounded by
between two and four membranes, depending on the species of the host. For example,
chlorophyte algae and land plant chloroplasts are bounded by two membranes whereas
euglenophytes have three and other algae such as the cryptophytes have four (reviewed
in Gray, 1992). The chloroplast also contains another, internal membrane known as the
thylakoid membrane. The thylakoid membrane is formed as highly folded stacks known
as grana which contain all the energy generating systems of the chloroplast. The
chemiosmotic mechanisms of the photosynthetic apparatus are unique to chloroplasts
and photosynthetic bacteria. This makes them the sole providers of the organic material
which fosters life on earth.

Chloroplasts are just one of a supergroup of organelles known as plastids; proplastids
being the developmental precursors to chloroplasts. In the dark, leaf plastids can
differentiate to form etioplasts, which are deficient in thylakoid membranes but contain
arrays of prolamellar bodies arranged in quasicrystalline lattices. Upon transfer to light,
there is a large increase in the complement of thylakoid membranes and photosynthetic
proteins as the etioplasts mature to become fully developed chloroplasts (Fig. 1.1). As
well as chloroplasts, plastids can develop to become a variety of other organelles. These
include starch-rich amyloplasts found in roots, chromoplasts whose carotenoids are
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responsible for the colouration of many flowers and fruits, and oil-containing
elaioplasts.

The chloroplast envelope has been discovered to have three main functions (reviewed
by Joyard et al., 1991). Firstly, the inner envelope is responsible for metabolite
transport between the cytoplasm and the chloroplast stroma. The second, highly
complex function of the envelope is to transport into the chloroplast the large numbers
of plastid-localised proteins that are encoded by the nuclear genome (reviewed by Soll
and Alefsen, 1993; Robinson and Klosgen, 1994; Haucke and Gottfried, 1997).
Thirdly, the chloroplast envelope is the site of biosynthesis of several vital components
of the plastid. For example, glycerolipids such as phosphatidylglycerol and
monogalactosyldiacylglycerol (which accounts for over half the glycerolipid content of
thylakoids and the inner envelope) synthesis occurs via enzymes that are associated
with the chloroplast envelope. Moreover it appears that plastids are the major site of
fatty acid synthesis within the cell.

In combination, the stromal and thylakoid localised components of the photosynthetic
machinery use light to convert carbon dioxide and water to carbohydrates and oxygen
(Hall and Rao, 1994). The thylakoid membrane, consisting of flattened vesicles stacked
into regular aggregates called grana, is the site of photosynthetic electron transport (the
'Z-scheme') and photophosphorylation (Fig. 1.2). These reactions are carried out by
four major multisubunit protein complexes termed photosystem I (PSI), photosystem I
(PSII), the cytochrome b /f complex, and the ATP synthase complex (Nugent, 1996).
PSII, the cytochrome b/f complex and PSI are the three complexes that couple
photochemical excitation of electrons to electron transport from H,0 to NADP*. PSII
uses photochemical energy to produce plastoquinol and O, from plastoquinone and
H,0. PSI mediates the light-driven production of oxidised plastocyanin and NADPH,
from reduced plastocyanin and NADP*. The cytochrome b/f complex couples the
reduction of plastocyanin by plastoquinol to H* transport. A key component of the
thylakoid membrane and photosystems I and II is the pigment chlorophyll.
Chlorophyll, which is synthesied in the chloroplast (Fig. 4.1), is highly abundant in the
thylakoid making it is the most abundent pigment on earth. The chloroplast stroma
contains the soluble enzymes involved in the Calvin-Benson cycle of C,
photosynthesis. The principal component of the stroma and the enzyme responsible for
carbon dioxide fixation is ribulose bisphosphate carboxylase oxygenase (RuBisCO). In
many photosynthetic organisms RuBisCO has a molecular weight of ca. 560 kDa and is
composed of eight large subunits (ca. 52 kDa, invariably chloroplast encoded) and eight
small subunits (ca. 14 kDa, usually nuclear encoded). L |
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Morphologically, chloroplasts appear to divide by binary fission (Pyke, 1997). Using
electron microscopy an electron dense isthmus between dividing chloroplasts, termed
the 'plastid-dividing (PD) ring', has been identified (Kuriowa et al., 1981). Until
recently molecular data concerning the nature of the the PD ring was lacking. However,
the recent discovery, and downregulation using antisense expression, of homologs to
the bacterial ftsZ gene in Arabidopsis has provided insight into this problem
(Osteryoung and Vierling, 1995; Osteryoung et al., 1998). In this plant FtsZ proteins
are targeted both to the plastid and the cytosolic compartments (Osteryoung et al.,
1998). This suggests that the PD ring is composed of elements on the interior and
exterior of the plastid.

( . %, Chloroplast

$ 7
'~ @,
~ [ — 2
/o SO
==

\C‘\\ ,0

N\ ,Q-
e - -
AW &S Protochloroplast /'fé,,(’%, _

@ Dark

Proplastid Etioplast

Figure 1.1 Developmental pathways of chloroplasts in higher plants (Gillham, 1994).
Proplastid, etioplast and chloroplast stages are described in the text. Proplastids or
etioplasts exposed to short pulses of light (2 minutes) separated by long periods (98
minutes) form protoplastids that contain few thylakoids, no chlorophyll b, and no
grana. Once exposed to continuous light protoplastids rapidly mature into chloroplasts.
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1.1.2 Chloroplast genome structure

Chloroplasts, together with mitochondria, are distinct from all other intracellular
organelles in that they contain their own genetic apparatus. It is generally accepted that
the reason for this anomaly is that these organelles have a distinct evolutionary history.
Both chloroplasts and mitochondria are believed to be the result of an endosymbiotic
event between a progenitor eukaryotic cell and a bacterium. This hypothesis and
evidence supporting it will be reviewed in section 1.1.4. In this century, the genetic
systems of both these organelles have been shown to be inherited in a non-Mendelian
fashion. However, it was as a result of a chloroplast associated trait that, in 1909, Baur
and Correns separately published the first reports of non-Mendelian inheritance based
on studies of variegation in higher plants (Baur, 1909; Correns, 1909; for discussion
see Gillham, 1994; Birky Jr, 1995). Landmark studies by Sager demonstrating
extranuclear inheritance in Chlamydomonas will be discussed in section 1.2.2.

A chloroplast DNA species was initially demonstrated by CsCl gradient centrifugation
in the early 1960's (Chun et al., 1963; Sager and Ishada, 1963). The first visualisation
of circular DNA molecules from isolated chloroplasts was achieved in 1971 using
chloroplasts from the green alga Euglena gracilis (Manning et al., 1971). As well as its
circular conformation, studies such as this demonstrated the polyploid nature of the
chloroplast genome. The question which then arose was were these multiple copies
identical? Restriction map evidence from several algal and higher plant species (for
example Bedbrook and Bogorad, 1976) confirmed that the bulk of circular chloroplast
DNA molecules are identical in sequence. Obviously, the next goal in understanding the
nature of chloroplast DNA was to sequence a complete genome. This milestone was
first acheived in 1986 with the complete sequences of the chloroplast genomes from
tobacco (Shinozaki et al., 1986) and the liverwort Marchantia polymorpha (Ohyama et
al., 1986). Table 1.1 lists the fully sequenced plastid genomes to date.

The most notable result of these sequencing projects overall is the plasticity of the
plastid genome. Sequencing of chloroplast DNA from representative organisms has
produced an invaluable guide to the evolution of algae and plants. For example, the alga
Cyanophora paradoxa is often described as a "living fossil" because it contains
cyanobacterium-type plastids termed cyanelles. The cyanelle genome of C. paradoxa
mirrors this morphological observation in that it contains several cyanobacterial
features, including a much more complete set of genes than in higher plants (30% more
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_(')rganism Genome Size Number of Reference
(bp) protein coding
genes

Nicotiniana tabacum 155,844 76 Shinozaki et al.,
(Tobacco) 1986
Marchantia polymorpha | 121,024 84 Ohyama et al., 1986
(Liverwort)
Oryza sativa (Rice) 134,525 76 Hiratsuka et al.,

1989
Epifagus virginiana 70,028 21 Wolfe et al., 1992a
(nonphotosynthetic
parasitic flowering
plant)
Euglena gracilis (green | 143,170 58 Hallick et al., 1993
alga)
Pinus thunbergii (Black | 119,707 69 Wakasugi et al.,
pine) 1994
Zea mays (Maize) 140,387 76 Maier et al., 1995
Cyanophora paradoxa 135,599 136 Stirewalt et al.,
(non-green alga) 1995
Porphyra purpurea (red | 191,028 200 Reith and
alga) Mullholland, 1995
Odontella sinensis 119,704 124 Kowallik et al.,
(diatom/brown alga) 1995
Plasmodium falciparum | 34,682 23 Wilson et al., 1996
(Malarial parasite)
Chlorella vulgaris 150,613 78 Wakasugi et al.,
(green alga) 1997
Guillardia theta 124,524 141 Douglas and Penny,
(Cryptophye alga) 1999

Table 1.1 Fully sequenced plastid genomes. Adapted from (Martin and Herrmann,

1998).
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genes than tobacco); seven genes encoding phycobiliproteins; one gene with homology
to ftsW, possibly involved in cyanelle division or cell wall biosynthesis; genes coding
for both the large and small subunits of RuBisCo (Stirewalt et al., 1995).
Characterisation of genes unique to this unusual alga may help elucidate details of the
endosymbiotic event that produced the progenate plastid.

Of the two other nongreen algae whose chloroplast genomes are fully sequenced the red
alga, Porphyra purpurea, contains the largest chloroplast genome sequenced to date
(191,028 bp). Its genome codes for 251 genes and ORFs, approximately double the
number typically found in higher plants (Reith and Mullholland, 1995). The additional
genes mainly encode biosynthetic functions such as synthesis of amino acids, fatty
acids, pigments and thiamine. These genes have presumably been lost, replaced, or
transferred to the nucleus in other species (section 1.1.4). Neither in Porphyra
purpurea, nor the diatom Odontella sinensis, have any introns or RNA editing been
detected in chloroplast genes (Kowallik et al., 1995; Reith and Mullholland, 1995). In
contrast 38% of the chloroplast genome of the green alga Euglena gracilis is represented
by introns, including unusual introns known as "twintrons", which are introns within
introns (Hallick et al., 1993). It has been suggested that the introns in Euglena are the
descendants of mobile genetic elements that have invaded the chloroplast genome
(Hallick et al., 1993). This hypothesis is supported by the fact that these introns are
found in unique locations not found in other chloroplast DNAs, in intercistronic spacers
and within other introns. An alternative hypothesis for the origin of introns is that they
have facilited the assembly of new genes from the functional domains of more ancient
genes and so become stuck at their intragenic location (Darnell and Doolittle, 1986;
Gilbert et al., 1986; Dorit et al., 1990). This is often refered to as exon shuffling. It can
be postulated that the former, invasion hypothesis, rather than exon shuffling is more
correct for intronless chloroplast genomes such as Porphyra purpurea and Odontella
sinensis whose ancestor(s) might not have been exposed to the invading element.

The other green alga for which a complete chloroplast sequence is available is Chlorella
vulgaris (Wakasugi et al., 1997). Although this species lacks ndh genes, it contains
several ycf genes which occur in higher plants but not in non-green algae, suggesting
Chlorella is related more closely to higher plants than its non-green counterparts.
Interestingly, the Chlorella chloroplast genome contains two genes related to the E. coli
genes minD and minE. In E. coli expression of the minC/D/E locus is required for the
placement of a division septum at the midpoint of the rod shaped cell. Overexpression
of Chlorella minD in E. coli causes aberrant cell division (Wakasugi et al., 1997),
therefore analysis of minD and minE in Chlorella may further understanding of the
mechanism of chloroplast division at cytokinesis.
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Unlike mitochondria, it appears that, with the possible exception of Euglena (Hallick et
al., 1993), persistance of the chloroplast genome is essential to the maintenance of the
organelle. Plants treated with inhibitors of chloroplast gene expression, while
producing nonphotosynthetic bleached tissue, maintain DNA containing etioplasts.
While mutagenised copies of essential chloroplast genes in Chlamydomonas remain in a
heteroplasmic state and are lost as soon as selective pressure is removed (e.g. Boudreau
et al., 1997a). Therefore, the plastid genome must contain some essential function
which has not yet be discovered. Epifagus virginiana, commonly known as
beechdrops, is a flowering plant that is parasitic on the roots of beech trees and is
completely nonphotosythetic. Epifagus may help illuminate the answer to this problem
as its highly reduced plastid genome is functional and contains only 42 genes, at least
38 of which code for components of the gene expression apparatus of the plastid
(Wolfe et al., 1992a). The E. virginiana plastid genome does not contain any genes
coding for components of photosynthetic or chlororespiratory systems. The reason for
the persistance of the Epifagus plastid genome must be the expression of at least one of
the four genes not involved in maintenance and expression of the genome. Only two of
the four ORFs have a clear homology to any known genes. The first is accD encoding

the plastid homolog of the B subunit of the carboxyltransferase component of E. coli

acetyl-CoA carboxylase, which catalyses the first committed step in fatty acid synthesis.
The second is clpP, encoding the plastid homologue of the proteolytic subunit of the
ATP-dependant Clp protease of E. coli and may function in processing, turnover or
even import of plastid proteins. Either of these genes may be the focus of selective
pressure that maintains the whole genome (Wolfe et al., 1992a).

Another phylum containing a highly reduced plastid genome is the Apicomplexa. The
discovery that the malarial parasite Plasmodium falciparum and other members of the
Apicomplexa contained a second species of cytoplasmic DNA was unexpected (Palmer,
1992; McFadden and Waller, 1997). Although the lineage is thought to have shared a
common ancestor with the dinoflagellates (Palmer, 1992), it was only upon sequencing
of the P. falciparum 35 kb DNA that its plastidic origin was confirmed (Wilson et al.,
1996; Kohler et al., 1997b). The P. falciparum plastid genome is similarly reduced in
size but bears little relation to its Epifagus counterpart apart from the saturation of genes
involved in gene expression. Apart from these genes, also present is a degenerate clpC
gene and up to eight ORFs. Several of these ORFs are small and may not be protein
coding, whereas ORF 470 is conserved among red algae and the diatom Odontella
sinensis, although its function is unknown (Williamson et al., 1994). As with
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Epifagus, the reason for the maintenance of the genome is unknown and the answer
presumably lies in the identity of its ORFs.

The chloroplast genome of higher plants appears to be less divergent than that of the
algae. Most have an inverted repeat segregating a large single copy (LSC) and a small
single copy (SSC) region, although exceptions include pea, broad bean and alfalfa
(Sugiura, 1992). The ndh genes, which have been shown to express components of the
chlororespiratory chain (Burrows et al., 1998; Kofer et al., 1998b), are common to
higher plant chloroplast genomes (apart from Pinus thunbergii ,Wakasugi et al., 1594)
but absent among other plastid containing species. This would seem counter to
conventional thinking that the algae are "less evolved" than flowering plants. Assuming
that ndh genes were present in a common ancestor and have not been acquired during
the evolution of higher plants, then they must either have been lost or transferred to the
nucleus in lower species (Martin ez al., 1998). Complete loss of the chlororespiratory
complex would seem strange considering it has been retained in so many species and is
presumably advantageous to the cell (section 1.2.2.2). Screening for the presence of
ndh genes in the nuclear genome of algae or Pinus thunbergii may solve this enigma.

1.1.3 Chloroplast gene content and expression

Chloroplast genomes range in size from 120-200 kbp and code for between 120-240
genes. Until recently it was possible to divide the genes contained on chloroplast
genomes into two classes: genetic system genes and photosynthetic genes. The
sequencing of a greater number of chloroplast, and especially algal chloroplast
genomes, has identified novel ORFs with homology to genes with biosynthetic and cell
division functions. As yet, most of these ORFs have only been characterised by
sequence comparison and so ideas of their true function are speculative. Therefore,
instead of discussing these novel genes individually I will include them in a third
section entitled, ORFs of putative or unknown function.

1.1.3.1 Genetic system genes

In all chloroplast genomes studied many components of the gene expression machinery
have been discovered. Does this observation mean that the chloroplast is a self
sufficient organelle, able to express genes on its own without importing any
components from the cytosol? One of the aims of analysing genetic system genes have
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been to answer this question. All 61 possible codons are used in chloroplast genes and
the number of tRNA genes ranges from 27 in Euglena gracilis (Hallick et al., 1993) to
36 in Cyanophora paradoxa (Stirewalt et al., 1995). Theoretically, the minimum
number of tRNA species needed for translation of all 61 codons (64 minus 3 stop
codons) is 32, if normal wobble base-pairing occurs in codon-anticodon recognition
(Alberts et al., 1989). It is possible that chloroplasts with less than this number use
expanded codon-anticodon pairing (Sugiura, 1992; Hallick et al., 1993) or that they
import cytosolic tRNAs (Morden et al., 1991; Wolfe et al., 1992c). tRNA import must
occur in the nonphotosynthetic plastid of Epifagus virginiana as its genome contains
only 17 tRNA species (Wolfe et al., 1992a).

The complete set of rRNAs necessary to compose the 70S ribosome are usually
encoded by the chloroplast genome. In general, these are arranged in an operon in the
same order as that found in E. coli (16S-23S-5S) (Sugiura, 1992). In contrast to
rRNAs, only one third of the sixty ribosomal proteins are encoded by the chloroplast
genome (Tanaka et al., 1986). The ten ribosomal proteins of the rpl23 operon are

clustered in the same order to homologous genes in the E. coli S10, spc and o operons,

even though several of the chloroplast genes contain introns (Tanaka et al., 1986). This
suggests that genes for ribosomal proteins in chloroplasts and E. coli evolved from a
common ancestral set (Sugiura, 1992).

Several translational factors are also expressed by the chloroplast genome. rufA, coding
for Elongation Factor-Tu, is found in the chloroplast genome of algae but not in the
chloroplast DNA of any higher plant sequenced to date (Baldauf and Palmer, 1990b). A
tufA chloroplast homologue has been found in the nuclear genome of tobacco, and this
is presented as evidence for its evolutionary transfer to the nucleus (Baldauf et al.,
1990a; Baldauf and Palmer, 1990b). Two other translational factors present in the
chloroplast of several species are infA, encoding Initiation Factor-1, and clpP, encoding
the proteolytic subunit of an ATP-dependant protease responsible for degrading
incomplete polypeptides and unassembled proteins.

The final group of genetic system genes coded for by the chloroplast genome are the
RNA polymerase genes. The chloroplast genome encodes an E. coli-type RNA
polymerase with genes coding for o (rpoA), B (rpoB), B' (rpoCl) and B" (rpoC2)

polypeptides. As far back as 1970 it was suggested that in maize two different types of
RNA polymerases exist (Bogorad and Woodcock, 1970). More recently, work using

barley mutants with plastids lacking ribosomes suggested the presence of a functioning
non-chloroplast-encoded RNA polymerase (Hess et al., 1993). Subsequently, evidence
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