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ABSTRACT
THE PLASTOME MUTATOR OF OENOTHERA: A MOLECULAR AND
BIOCHEMICAL EXAMINATION OF THE MUTATION PROCESS

By

Tseh-Ling Chang

Oenotheraplants homozygous for a recessive allele at the plastome mutator (pm)
locus show non-Mendelian mutation frequencies that are 1000-fold higher than
spontaneous levels. Characterization of RFLP sites in a collection of mutants shows that
insertion-deletion hot spots in the pm lines are defined by tandem direct repeats,
implicating replication slippage or misalignment during recombination. To search for
other DNA lesions that would not be visible as restriction fragment length
polymorphisms, PCR-amplification products of the psbB gene were digested with a
restriction endonuclease, denatured, and examined for single strand conformational
polymorphisms (SSCP). Among 21 mutants, one 4-bp insertion and one point mutation
were identified in psbB. The discovery that the plastome mutator can cause base
substitutions as well as repeat-mediated insertions and deletions points to a likely defect
in a component of the cpDNA replication machinery.

An in vitro system has been developed to investigate the chloroplast replication
machinery of Oenothera. Few differences were observed between the pm- and wild-type

chloroplast extracts provided with activated DNA. However, biochemical analyses show



that KCl is more essential for DNA syntheses by the pm-extracts than the wild-type
extract. In a different assay, phagemids carrying a pm deletion hot spot were used to
produce single stranded DNA as a template to examine DNA synthesis from a specific
primer. Variation in extension of the primer were observed with the chloroplast
replication extracts from the pm- and wild-type lines. The in vitro differences on the
single stranded template allow topoisomerase and helicase to be ruled out as candidates

for the genetic lesion which results in plastome mutator activities.
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Chapter 1

GENERAL INTRODUCTION

Organization of the plastid genome

Plastids are autonomously replicating organelles in photosynthetic eukaryotes.
Since the discovery of the plastid genome (plastome) more than three decades ago,
knowledge of the organization and structure of this molecule has accumulated
dramatically (reviewed by Kirk and Tilney-Bassett, 1978; Palmer,1991; Shimada and
Sugiura, 1991). Despite the fact that plastids with different shapes and functions exist in
various tissues, the DNA composition is the same in all of them while differential
expression of plastome genes distinguishes them from each other.

Plastids contain multiple copies of plastomes subdivided among nucleoids that are
probably the units for segregation and division. The plastome molecules of higher plants
are closed circular double stranded DNAs, with unit sizes that vary from 120- to 200- kbp
(Palmer, 1991). Monomeric- or oligomeric units of plastomes have been observed in pea
(Kolodner and Tewari, 1975), spinach (Deng et al. 1989), and watermelon (Bendich and
Smith, 1990). Except for few species (e.g. legumes), most plastome molecules in higher
plants contain two exact inverted repeats which are 20 to 30 kb in size and separated by a
large and a small single copy region, as exemplified by the plastid genome map of

Oenothera in Figure 1.1. The entire nucleotide sequences of the plastomes from the



psbD-

Oenothera hookeri

Chloroplast DNA
150 kb

Figure 1.1 Circular map of Oenothera chloroplast DNA. Relative
positions of genes used in this dissertation are as shown. Inverted
repeat regions are represented by bold lines.



liverwort Marchantia polymorpha (Ohyama et al., 1986), tobacco (Shinozaki et al.,
1986), rice (Hiratsuka et al., 1989), and maize (Maier et al., 1995) have been determined.
Each plastome encodes 120 to 140 genes that are involved in photosynthetic electron
transfer activities and its own transcription and translation. Often, a complex multi-
subunit protein in organelles is encoded by genes from both nuclear and chloroplast
genomes. The nuclear encoded precursors are transported into plastids through the
guidance of transit peptides, they associate with proteins encoded in plastids, which then
become functional. The best-known example is the ribulose bisphosphate carboxylase
(rubisco) with its large subunit encoded by the plastome while the small subunit is
encoded by the nuclear genome. Generally, plastomes are highly conserved in genome
size and gene order. The main causes of length variation among plastomes include
changes in the amount of repeated DNA, intron content, gene content, and other classes
of deletion-insertion events. The majority of spontaneous length mutations are 1~10 bp in
size (Palmer, 1991). In monocots, DNA rearrangement and amplification/diminishment
of specific fragments were found to be induced in plastomes during callus induction and

plant regeneration in cell/tissue culture (Day and Ellis, 1984; Fukuoka et al. 1994).

DNA replication in chloroplasts

Part of this section is based on reviews by Heinhorst and Cannon (1993) and
Gillham (1993).

The most popular model of chloroplast DNA replication was proposed by
Kolodner and Tewari (1975). Based on the electron microscopic (EM) examination of

replicating cpDNA in pea and maize, they postulated that cpDNA replication in higher



plants involves the Cairns and the rolling circle models. It was interpreted that cpDNA
replication begins with the Cairns mechanism in which DNA replication is initiated by
two replication displacement loops (D-loops). The two origins expand towards each
other to form the Cairns fork. Replication subsequently moves bidirectionally until the
two ends meet each other at a site that is 180° around the DNA molecule from the
initiation site. The DNA gaps left could either be sealed by DNA ligase or serve as the
initiation site for rolling circle replication, through which new plastome molecules are
synthesized through amplification. The mode of cpDNA replication in pea has been
investigated in vitro (Reddy et al. 1994) and both types of replication intermediates
(sigma structure of the rolling circle mechanism and theta structure of the Cairn
mechanism) have been observed. Evidence obtained from other organisms seem to
support this model to some degree. The replication intermediates of cpDNA from
Euglena, Chlamydomonas, tobacco and Oenothera have been examined with electron
microscopy and their replication D-loops were mapped (Koller and Delius, 1982; Ravel-
Chapuis et al. 1982; Waddell et al. 1984; Chiu and Sears, 1992). In Oenothera,
replication intermediates of the displacement loops from unidirectional synthesis of one
strand of DNA were observed (Chiu and Sears, 1992), and in some cases, two D-loops
were observed on the same molecule. The replication intermediates observed in Euglena
(Koller and Delius, 1982; Ravel-Chapuis et al. 1982) and Chlamydomonas (Waddell et al.
1984) are mainly double-stranded arms resulting from bidirectional synthesis of two
nascent strands, which suggested that discontinuous synthesis begins immediately after

D-loop initiation (Heinhorst and Cannon, 1993), or the replication origins are too close to



discern from each other. After applying the technique of pulsed-field gel electrophoresis,
Bendich and Smith (1990) suggested that the long linear molecules they observed may
have resulted as the intermediates of rolling circle replication. The existence of plastome
oligomers observed by Deng et al. (1989) might also seem to support the concept of
rolling circle replication, except that no tail longer than 1.5 unit of the plastome length
was discovered. Rather, frequent recombination events were proposed to explain the
multimers observed in the chloroplasts of spinach.

Most of the proteins that are involved in cpDNA replication appear to be encoded
in the nucleus. Evidence came from the observation that in white plastids of iojap
maize, which lack chloroplast ribosomes and therefore do not contain any chloroplast-
encoded proteins, the plastome DNA is nevertheless replicated (Walbot and Coe, 1979).
Additionally, Rapp and Mullet (1991) showed that an inhibitor of chloroplast genome
transcription (tagetitoxin) did not impair cpDNA synthesis during leaf development).
Furthermore, in wheat, up to 80% of the chloroplast genome apparently can be deleted
without affecting replication of the mutant plastomes (Day and Ellis, 1984). This line of
evidence provides indirect proof that cpDNA replication is not largely dependent on
plastome encoded proteins.

The abundance of plastomes and plastids in higher plant cells differ
developmentally and tissue-specifically (Lamppa and Bendich, 1979; Possingham and
Lawrence, 1983). Light seems to be an important factor stimulating synthesis of
plastomes. Plastome numbers vary from 3300 to 12,000 copies per cell under dark and
light growth conditions respectively in Nicotiana tabacum (Weissbach et al. 1985). It

was estimated that in the leaf meristems of wheat, there are about 1000 plastome copies






per plastid before chloroplasts divide (Boffey and Leech, 1982), and the plastome number
drops to ca. 60 per plastid in mature leaves. Conceivably, plastomes replicate rapidly at
an early stage of leaf development, and then plastid division outpaces plastome
replication resulting in reduction of plastome copy numbers per plastid. It has been
suggested by Bendich (1987) that increases in the amount of cpDNA content occur in
order to provide sufficient templates for expression of chloroplast encoded genes.
Consequently, an adequate quantity of proteins will be made to meet the demand for
elevated photosynthesis rates during leaf development. In older leaves of barley, the
reduction of cpDNA copy numbers per plastid may also be caused by degradation of
cpDNA in addition to redistribution of plastomes (Baumgartner et al. 1989). However,
the copy numbers of plastome per plastid in epidermal cells of spinach does not change

during leaf development (Lawerence and Possingham, 1986).

In vitro replication systems of chloroplast

Several in vitro replication systems have been constructed in different laboratories
to study the process and regulation of DNA synthesis within the chloroplast. Thus far,
the goal has been to establish a system that could support site-specific initiation of
cpDNA replication.

In earlier work, crude extracts with DNA synthesis activity were obtained directly
from isolated intact or disrupted chloroplasts of maize (Zimmermann and Weissbach,
1982), Marchantia polymorpha (Tanaka et al., 1984), and Petunia hybrida (de Haas et

al., 1987), with no further purification. DNA synthesis in crude extracts from maize



depended on exogenously added plasmid containing plastome inserts, but no site specific
initiation was observed. The same situation was observed in the crude chloroplast extracts
from Marchantia polymorpha. In the crude extracts from Petunia chloroplasts,
deoxynucleotide incorporation does not need exogenous DNA. In these systems,
prevalent endogenous DNA and nuclease may have inhibited DNA replication and site
specific initiation to some extent (Heinhorst and Cannon, 1993).

Recently, more refined in vitro replication systems of chloroplasts have been
established following additional purification steps (Gold et al. 1987; Meeker et al. 1988;
Carrilo and Bogorad, 1988; Heinhorst et al. 1989). Replication extracts having DNA
polymerase activity are prepared by passing triton-disrupted chloroplasts through a
diethyl-aminoethyl (DEAE) cellulose and a heparin column. Most endogenous cpDNA
and DNA nucleases are removed at this step. Further chromatography steps may be
performed in some cases for better purification.

A crude chloroplast replication system from Chlamydomonas reinhardtii was
developed by Wu et al. (1986). A high salt extract of the thylakoid membrane fraction
was isolated following the procedure developed by Orozoco et al (1985), to study site
specific transcription of spinach extracts in vitro. A soluble protein fraction essential for
cpDNA replication was added to the high salt extract to support this in vitro replication
system. With increasing amount of inhibitors (ddCTP) of cpDNA replication, Wu et al.
(1986) showed that cpDNA replication begins close to a site that was mapped by D-
looping as a replication origin (ori A). Similarly, Meeker et al. (1988) showed that the
partially purified pea chloroplast DNA polymerase initiated DNA replication at the

vicinity of Ori regions mapped through EM studies. In maize, the in vitro replication



system (Carrillo and Bogorad, 1988) pointed to a site-specific initiation from a preferred
template which did not match the D-loop sites observed by EM (Kolodner and Tewari,
1975 a & b). The inconsistency between the in vitro and in vivo studies was also observed
in studies of tobacco in which a single replication origin was mapped by electron
microscopy (Takeda et al. 1992) while an extra replication origin was mapped with both

the in vitro and in vivo tools in another study (Lu et al. 1996).

Plastome mutators : an overview

Plastome mutators are nuclear loci that greatly enhance the naturally low
spontaneous rate of plastome mutation.  According to the classification of Kirk and
Tilney-Bassett (1978), these nuclear mutants can be grouped into two classes, based on
the spectrum of mutant phenotypes induced. One example of the narrow-spectrum group
is iogjap of maize (Shumway and Weier 1967, Walbot and Coe 1979; Thompson et al.
1983, Han et al. 1992), in which affected leaves always have longitudinal white stripes of
the same phenotype. The wide-spectrum group is exemplified by chm of Arabidobsis
(Redei and Plurad, 1973; Mourad and White, 1992; Martinz-Zabater et al, 1992;
Sakamoto et al. 1996), cpm of barley (Prina, 1992, 1996), and the plastome mutator (pm)
of Oenothera (Epp 1973; Chiu et al. 1990; Johnson and Sears 1990a & 1990b; Johnson et
al. 1991; Sears and Sokalski 1991; Chang et al. 1996). Mutant phenotypes vary in these
plastome mutators, e.g. leaf deformation, and varying degree of pigmentation deficiencies
of leaves. In all cases, the mutator activity is due to a recessive nuclear allele, capable of
causing plastid defects only when it is homozygous. The mutations caused by the mutator

are transmitted independently of the nuclear background. Variable features of the various






mutators suggest that they are likely to affect genes of different functions. The iojap
locus has been cloned and sequenced (Han et al. 1992), but its function remains
unknown. The chm-locus of Arabidopsis has three alleles, and two reports correlate
mitochondrial DNA rearrangements with chm activity ( Martinez-Zapeter et al. 1992;
Sakamoto et al., 1996). Conceivably, the chm is a mutator of mitochondria conferring an
impact on both mitochondria and plastids (Mourad and White 1992; Sakamoto et al.
1996). Analysis of mutants induced by the cpm mutator of barley implied that it may
have been possibly involved in activation of transposable elements. However, no

molecular evidence was provided in that report (Prina, 1996).

The plastome mutator of Oenothera

The plastome mutator of Oenothera hookeri strain Johansen was isolated by Epp
(1973) through EMS mutagenesis. It has a lower penetrance than does chm, but it still
causes variegated sectors to appear in about 35% of all pm /pm plants (Epp 1973; Sears
1983; Epp et al. 1987; Sears and Sokalski 1991). Genetic analysis showed that the
plastome mutator is encoded by a recessive nuclear gene. This nuclear gene is capable of
elevating the frequency of plastome mutations 200-1000 times higher than the
spontaneous levels (Epp 1973; Sears and Sokalski 1991). Restriction fragment length
polymorphism (RFLP) analyses revealed the association of the plastome mutator activity
with cpDNA alterations in pm lines (Chiu et al. 1996). Sequence characterizations
indicated that all of these variable sites are A-T rich (about 80%) and are surrounded by

direct repeats (Chang et al. 1996). These pm-preferred targets are in all respects similar to
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the sites where replication slippage events tend to occur frequently in prokaryotes
(Levison and Gutman, 1988). A replication slippage model therefore has been proposed
to explain the mode of action of the plastome mutator (Chang et al. 1996). Although most
evidence collected in our laboratory points to a likely defect in a component of the
cpDNA replication machinery, the real role of the plastome mutator in DNA metabolism
remains elusive. In this research, molecular and biochemical approaches have been
undertaken to study the plastome mutator of Oenothera from different angles.

As reported in Chapter 2, to search for other mutations that would not be visible
as RFLPs, PCR-amplification products of several photosynthetic electron transfer related
genes were digested with restriction endonucleases, denatured, and examined for single
strand conformational polymorphisms (SSCPs). Variations thus identified were
sequenced.

As discussed in Chapter 3, all of the previous variants recovered from the
plastome mutator were in plants that carried plastome type I. To investigate whether the
plastome mutator impacts different plastome types differentially, PCR amplification was
performed with newly derived pm/pm-IV plants, to search for polymorphisms in
previously identified mutation sites.

Chapter 4 describes an in vitro replication system that was adapted to assess DNA
synthesis from segments of cloned Oenothera cpDNA. Additionally, a primed-template
replication strategy was designed to investigate the cpDNA replication machinery from
pm-plants. Plastome fragments containing previously identified pm-hot spots were cloned
into phagemids to produce ssDNA as templates for replication experiments. Additionally,

in order to observe in vitro site specific initiation in Oenothera chloroplasts, several
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clones containing the putative origins of replication that were identified in cpDNA from
Oenothera (Chiu and Sears, 1992) or other sources, (Meeker et al. 1988; Wu et al. 1986,
Gold et al. 1987; Hedrick et al. 1993 and Lu et al. 1996) were examined with this newly
developed in vitro system.

In Appendix A, a comparison of cpDNA content between the pm- and wild-type
plants was conducted to study the impact of the plastome mutator on efficiency of
cpDNA replication. The effect of the caylase treatment on the preparation of total DNA

from Oenothera is also discussed in that context.






Chapter 2

CHARACTERIZATION OF DNA LESIONS CAUSED BY THE
PLASTOME MUTATOR OF OENOTHERA

The main content of this chapter is from Chang et al. (1997)

Introduction

Initial studies of cpDNA in pm-induced mutants used restriction endonucleases that
cut cpDNA infrequently, and no RFLPs were observed (Epp et al. 1987). In contrast,
Chiu et al. (1990) used frequently cutting enzymes and showed that cpDNA
polymorphisms were found at a high frequency in the plastome mutator lines of
Oenothera. These RFLP sites consisted of deletions ranging from 50-500 bp.
Examination of these pm-hot spots in natural lines revealed little variability relative to
what was observed in pm-plants (Chiu et al. 1990). Sequence characterization of one
RFLP site in a collection of pm-plants showed that different copies of numbers of 24-bp
tandem repeats were deleted in two pm lines (Figure 2.1; Blasko et al. 1988), suggesting
a repeat-mediated mutagenesis mechanism for the plastome mutator. Chang et al. (1996)
examined the same fragment in another set of pm mutants, and all plants were found to
harbor deletions relative to the progenitor cpDNA. No duplications were observed at this
site. At another site where direct repeats exist in cpDNA, a deletion event eliminated one
copy of a 29 bp tandem repeat in the non-coding spacer of rps8-rpll14 in one member of

the pm collection (Figure 2.2A; Chang et al. 1996). The plants also included a variant
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Figure 2.1. Simplified sequence comparison of the hypervariable region of
orf2280 (Figure from Blasko et al. 1988) from the three Oenothera lines
(C1, C2 and D), with the similar region from Nicotiana tabacum (N.t.). The
first 16-bp of the 24-bp repeats are represented by black boxes, while the
stippled box indicates the remaining 8-bp. The bars within the repeat units
displays the only nucleotides difference between the near-repeat and the
tandem repeats.



Figure 2.2. Sequence comparisons of sites responsible for RFLPs (Chang et al.
1996). In the regions of variability, sequences of the wild-type Diisseldorf line
(wt) and mutant (pm) lines are aligned. Duplicated/deleted regions are framed by
boxes; dashes indicate the absence of a comparable sequence. Direct and
inverted repeats are indicated with arrows, dashed arrows indicate sequences of
G[A],T[A].- (A) The Cornell-2 pm-line has a deletion of one copy of a 29-bp
tandem repeat found in the wild-type between the rps8 and rpll4 genes (Wolfson
et al. 1991). (B) The Cornell-1 pm-isolate has a 15-bp exact duplication relative
to wild-type in the fourth largest BamHI fragment located between ¢rnG and trnR
genes.
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with a unique 15-bp tandem duplication in another intergenic spacer (Figure 2.2B). Both
inverted and direct repeats are found in the neighborhood of these indels, including 5- and
7- bp direct repeats at either end of the 15 base duplication. Larger deletions were
identified in the 16S rRNA-trnl spacer, and these also occurred between direct repeats
(Figure 2.3; Chang et al. 1996; Stoike 1997). Conceivably, these direct repeats mediated
the duplication through replication slippage as explained below.

The replication slippage model was proposed by Albertini et al. (1982) to explain
sites of deletion/duplication in prokaryotes (Figure 2.4). They pointed out that as DNA
is unwound at the replication fork, the unreplicated and unpaired DNA could physically
slip out of position. Slippage of the template strand during replication would result in
deletion, while slippage of the daughter strand would yield duplications. Short direct
repeats facilitate the mispairing of the template and daughter strands.  Secondary
structures were also likely to be involved in stabilizing the slipped strand. Preferred
substrates for replication slippage include regions where DNA tends to be single
stranded, sequences that are AT rich, and sites that have a simple alternating sequence
(Albertini et al. 1982; Levinson and Gutman 1987).

If replication slippage is occurring in the plastome mutator lines at elevated
frequencies, we predicted that we would see expansion/contraction of oligo-A tracks in
cpDNA. Therefore, the mutability of two poly A tracks in pm plants was checked.
Single adenine additions were observed in three of thirteen plants in a 13-bp track, but no
variation was found in a nearby 11-base poly-A track (Figure 2.5; Chang et al. 1996).
The differential susceptibility of the two oligo-A tracks to the plastome mutator-induced

slippage could be due to the requirement of a substrate > 11bp or differences in the
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I-D CAAGTCGGTAGG ATCCCCTTTTGGACGTCCCCATGCCCTTTCCGCGCGGGGTAGCATG TCCCCGCGCCCTTTCCGCGCT
Cl  CAAGTCGGTAGGATCCCCTTITGGAC

€2 CAAGTCGGTAGG(ATCCCCTTTTGGACGD
pms CAAGTCGGTAGG ATCCCCTTTTGOACST >-

-—

eescscssssssscsssccssaccccd ——— — —————

—_—
I-D  GGGGGGCATG GGGGCGMAAAAGGAAGGAGGGGGAGGGGGTIT CTCTCGCTTTTGACATAGCAGCGGGCCCCGG
Cl

pm8

—— e —— =30 DBW BB® BN BBD

> _———
I-D TGGGAGGCCCGCACGACGACGACGA‘ITAGCI‘CATI‘GGTAGGATCCCCI'I‘ITGGACGTCCCCATGCCCHTCCGCGCO

4 CCCCATGCCCTTTCCGCGCG

pm8 £ CCCCATGCCCTTTCCGCGCG

= _
I-D GGGT. AGCATGGGGGCGAAAAAAGGAAGTAAAATAAGGAGGCI'IT GACATAGCAGCGGGCCCCGGTGGGAG GCCCGC
Cl GGGT. AGCAT?ﬁGGGCGAAAAAAGGAAGTAAAATAAGGA GGCTTTGACATAGCAGCGGGCCCCGGTGGGAG GCCCGC

pm8 GGGT, AGCAT?ﬁGGGCGAAAAAAGGAAGTAAAATAAGGAGGCTIT GACATAGCAGCGGGCCCCGGTGGGAG GCCCGC

»» > »»» »»» D »u» we» -—GP
1-D ACGACACGACGATI'AGATI'AGCTCATTGGTAGGACGACGATI‘AGCI‘CATI‘GGTAGGACGACGA‘ITAGCT CATTGGTAGG
€l ACGACACGACGATTAGATTAGCTCATTGGTAGGACGACGATTAGCTCATTGGTAGGACGACGATTAGCTCATTGGTAGG>

pm8 ACGACACGACGATTAGATTAGCTCATTGGTAGGACGACGATTAGCTCATTGGTAGGACGACGATTAGCTCATTGGTAGG

22 2R D 2 ) > ————————

I-D  ACGACG ATTAGCTCGTTGGTATTGGTAGGATCCCCTTTTGGACGTTGACATAG GAGCGG ATGACAT AGGAGCGGGCCCC

pm8 ACGACG ATTAGCTCGTTGGTATTGGTAGGATCCCCTTTTGGACGTTGACATAG GAGCGG ATGACAT AGGAGCGGGCCCC

——————— > PE® PR» »¥» BRR NN BN PN®

>
I-D AGCGGGAGTCCCGCACGACGACGACACGACGACGACGATTAGCTC GTTGGTATTGGTA GGATCCCCTTTTGGACGTT

Q < }
pm8 AGCGGGAGTCCCGCACGACGACGACACGACGACGACGATTAGCTC GTTGGTATTGGTA GGATCCCCTTTTGGACGTT

Ot b mp Smmmnmind e ve e e e e e e e S v S NRN NR® BN BHN BHB PP PPW
I-D GGGAGCGGATGACATAGGAGCGGGCC CCAGCGGGAGT CCCGC ACGACGACGACACGACG ACGACGATTAGCTCATTGG
Cl <

C2 GGGAGCGGATGACATAGGAGCGGGCC CCAGCGGGAGTCCCGC ACGACGACGACACGACG ACGACGATTAGCTCATTGG
pm8 GGGAGCGGATGACATAGGAGCGGGCC CCAGCGGGAGTCCCGC ACGACGACGACACGACG ACGACGATTAGCTCATTGG

—D waw wu»
I-D TAGG ACGACG ATI'AGCTCATTGGTAGG ATTAGCTCAGTGTTAGAGTTAGAG CGGGCCCCAGTGGGAGGCCCGCACAAC
3 ATTAGCTCAGTGTTAGAGTTAGAG CGGGCCCCAGTGGGAGGCCCGCACAAC
Q TAGG ACGACG ATTAGCTCATTGGTAGG ATTAGCTCAGTGTTAGAGTTAGAG CGGGCCCCAGTGGGAGGCCCGCACAAC
pm8 TAGGO ACGACG ATTAGCTCATTGGTAGG ATTAGCTCAGTGTTAGAGTTAGAG CGGGCCCCAGTGGGAGGCCCGCACAAC

Figure 2.3 Sequence comparisons of the intergenic spacer of 16S rRNA-trnl from pm-
induced mutants (Stoike, 1998; Chang et al. 1996). I-D: wild type Diisseldorf line. pm-
variants: CI (Cornell-1), C2 (Cornell-2), pm8. Different families of repeat units are
represented by various arrowheads. The borders of the deletions are framed by boxes.



Figure 2.4 Model of replication slippage. Boxes represent direct repeats and the direction
of replication is indicated by arrowheads. A.) Slippage occurs during replication due to
misalignment between repeat units of template and nascent DNA. B.) After another round
of replication, deletion is recovered from slippage of template strand while duplication is
obtained from slippage of nascent strand.
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context of the oligo-A stretches. For example, in the analyses conducted thus far, one
short repeat sequence G[A], T[A],, has been located in or near most of the pm-target sites
(marked with dashed line and arrowhead in Figures 2.2 and 2.5).

Although we believe our evidence supports the interpretation that direct repeat-
mediated replication slippage occurs at an elevated frequency in plants carrying the
Oenothera plastome mutator, unequal inter- or intramolecular recombination could be an
alternative explanation for the insertion and deletion events in  pm-derived plants as
postulated for some examples of repeat-mediated evolutionary change in cpDNA (Lin et
al. 1984, Wallis et al. 1989, Palmer 1991).

During this analysis, we realized that it was possible that the plastome mutator
causes more types of mutations than we had thus far recognized. Since our initial work
focused on RFLPs, small indels or base substitution would have been overlooked.
Analysis of SSCPs provides great sensitivity for revealing single base substitutions. Thus,
it is the technique of use to screen for mutations in the present study. New variegated
mutations were selected and a subset of plastome genes required for photosynthetic

electron transfer were assayed for single strand conformational polymorphisms (SSCPs).

Materials and methods

Plant material. The plastome mutator seeds were obtained originally from Prof. W.
Stubbe (University of Diisseldorf), who had perpetuated the line by self pollination of
progeny descended directly from the original E-15-7 mutant of Oenothera hookeri strain

Johansen (Epp 1973).
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As explained by Chiu et al. (1990), plants of the strain Johansen are all descended
from a single rosette collected in 1927 (Cleland 1935). The line that was mutagenized
by Epp during his work at Cornell University, and from which Epp isolated the pm
allele, is referred to as the Cornell line. Except for mutations caused by the EMS
treatment, it should be identical to the wild-type Diisseldorf line of strain Johansen. The
Cornell-1 and Cornell-2 lines contain photosynthetically-competent plastids, with a wild-
type phenotype, although they contain cpDNA RFLPs relative to each other and relative
to the Diisseldorfline (Chiu et al. 1990).

The pm7 and pm7ss mutations were isolated from the same plant, and have been
included in previous investigations (Johnson and Sears 1990a,b, Johnson et al. 1991;
Chiu et al. 1990). These plastome I mutants have been maintained in leaftip culture in
the Sears laboratory since 1983; they have an A/C, pm/pm* nuclear background. The
pm/pm?7 line was obtained by self pollination of the original pm?7 plant; within this line,
the = pm?7 plastids have been kept for seven years in a pm/pm background, in
vegatatively-propagated leaf tip cultures. These three lines were compared because the
plastomes should be identical except for mutations caused by pme-activity. The 1993
field plants that were tested for new mutations were obtained by self-pollination of a
single pm/pm plant from our 1992 field. These plants carried the Cornell-1 type
plastids, and are descended directly from sibs of the plants analyzed by Epp et al. (1987).
New mutations induced by the plastome mutator were recognized as light green or white
sectors in young pm/pm seedlings; these plants were selected and transplanted to the field.
During the growing season, leaves were sampled for DNA extraction from 18 different

plants containing pigment deficient sectors.
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Preparation of nucleic acids. Plant total DNA extractions were performed as

described by Fang et al. (1992).

Primer design, PCR amplification, restriction digestion, and SSCP analysis.
Primers were designed based on sequence conservation of coding regions between
tobacco and rice plastomes (Table 2.1). Oligonucleotides were synthesized at the
Macromolecular Structure Facility at Michigan State University (East Lansing). PCR
was performed with a Tempcycler II model 1105 (Coy Corporation, Grass Lake, Mich.)
or a MiniCycler Model PTC-150-16 (MJ Research, Inc. Watertown, MA), using
nucleotides from Perkin Elmer Cetus Corp. (Norwalk, CT), and Taq DNA polymerase
from Boehringer Mannheim Biochemicals (Germany). PCR reactions were done in a
100ul total volume and overlaid with mineral oil. The amplification conditions consisted
of 3 min at 94°C followed by 30 cycles of 1 min at 94°C and 1.5 min at 40°C and 2 min
at 72°C, with a final extension for 10 min at 72°C, followed by prolonged incubation at
4°C. Amplification products were transferred to fresh tubes, precipitated and washed
with ethanol, and dissolved in water. = The amplification products were digested
individually with restriction enzyme Alu I (rbcL), Haelll (psaAd), Taq 1 (psaB), Sau3A
(psbB), Mspl (psbD). The psbE+ F product is only 350 bp in size, and therefore it does
not require restriction digestion. Visualization of single strand conformational
polymorphisms (SSCPs) through MDE (JT Baker) gels and silver staining were

performed as described by Morell et al (1993).
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Table 2.1 Primers for PCR and sequencing

CpDNA region Name* Sequence

rbcL rbcLF 5’-GTCACCACAAACAGA-3’
rbcLR 5’-CTCCATTTGCAAGC-3’

psaA psaAF 5’-CATTTCTCAAGAAC-3’
psaAR 5’-CCTACTGCAATAATTC-3’

PsaB psaBF 5’-GGTTTAGCCAAGGC-3’
psaBR 5’-GAAAAGTGAGCTAA-3’

psbB psbBF 5’-CCTTGGTATCGTGT-3’
psbBR 5’-GTAGTTGGATCTCC-3’

psbB3F 5’-GAATTAGATCGCGC-3’

psbD psbDF 5’-GACTGGTTACG-3’
psbDR 5’-CAAATCCTGCTGCA-3’
psbE+psbF psbE+psbFF  5°-ATGTCTGGAAGCAC-3’

psbE+psbFR 5-TTATCGTTGGATGAAC-3’

N.A. universalF  5-GTAAAACGACGGCCAGT-3’

*The direction noted for PCR primers F-forward (5°), R-reverse (3”) corresponds to
gene transcription for psbB gene and orf2280; all others correspond to the
directionality of data entry from the tobacco chloroplast genome (Shinozaki et al.
1986). The direction of the universal primer was defined by the manufacturer
(Gibco BRL).
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Cloning and sequencing. The amplification product of the entire psbB gene, and
the third largest fragment resulting from Sau3A digestion of the PCR product, were
obtained from wild-type and mutant nucleic acids. The products were run on a 1.5%
agarose gel to separate them from primers and other fragments, extracted from the gel
with Qiaex (Qiagen Inc., Chatsworth, Calif.), cloned by conventional methods (Sambrook
et al. 1989) in plasmid pUC18 (Norrander et al. 1983) in E. coli strain DHSa.. Plasmids
were purified using the Wizard mini prep kit (Promega Co., WI). Sequence data were
obtained using **S-labeled dATP from New England Nuclear/Dupont (Wilmington, DE).
The preparation of double strand DNA and dideoxy sequencing (Sanger et al. 1977) with
Sequenase, were performed as outlined in the U. S. Biochemical (Clevand, Ohio)

instruction manual. Primers are indicated in Table 2.1.

Results

Tile psbB gene is a site of pm-induced mutation in two albino isolates from 1993
field

DNAs from 18 new albino pm-mutants and the pm7, pm7ss, and pmpm?7 lines were
amplified with primers specific for the psbB, rbcL, psaA, psaB, psbD and psbE+ psbF
genes (Table 2.1). As indicated in the materials and methods section, all but the latter
amplification products were digested with a restriction enzyme before denaturation and
electrophoresis on an MDE gel. Most of the samples were a mixture of wild-type and

mutant chloroplast DNA because nucleic acids were extracted from variegated leaves that
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carried newly arisen mutations. In principle, any mutation in the segment of DNA being
amplified, should be visualized as an extra band preceding or following the normal band
(Morell et al. 1993). A mutant that has completely sorted out will give single rather than
multiple bands, but the mobility will differ from the wild-type band. Since each band on
the gel is composed of single stranded DNA, a mutational change will be reflected in two
bands of DNA simultaneously. As shown in Figure 2.6, SSCPs were found at the psbB
gene from an albino mutant “93-b45” and the leaftip culture line “pmpm7”.

The PCR amplification products of the psbB gene were sequenced directly using
internal primer psbB3F, but a frame-shift in mutant 93-545 rendered the sequencing gel
unreadable at the site of mutation because the sample contained a mixture of wild type
and mutant DNA. Consequently, the PCR products from wild-type and mutant tissues
were cloned and the plasmid insert was sequenced. As shown in Figure 2.7, a 4-bp
insertion (TTTC) was found in mutant 93-b45 at position 84-87 of the Oenothera
sequence. This mutation causes a frame-shift in psbB at a position equivalent to the
455th codon of the 501 codon tobacco gene, and thus is likely to be the reason for the
albino phenotype. Through direct sequencing of the PCR product from pm/pm?7, a
single base transition (C/G — T/A) was found at position 150 of the Oenothera
sequence in Figure 2.3. The observation that the mutation has sorted out and the wild-
type sequence is lost is probably due to a founder’s effect during subculturing and

maintenance of the leaftip culture line.






Figure 2.6. SSCP analysis of psbB gene (Chang et al. 1996). PCR products were
digested with Sau3A, denatured and separated on an MDE gel.  Lanes contain the
following samples: 1. pm7ss, 2. pmpm7, 3. pm7, 4. 93-b45, 5. 93-a3l, 6. 93-a28, M
1kb marker (Gibco). - Arrowheads point to bands of altered mobility.
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Figure 2.7. DNA sequence of psbB gene segments (Chang et al. 1996). Sequences from
Oenothera wild-type (OEN), 93-b45 (B45) and pm/pm7 (pp7) were aligned with the
homologous region from cpDNA of Nicotiana tabacum (NIT). The numbering at the top
left above the sequences refers to the location of the tobacco cpDNA sequence (Shinozaki
et al. 1986); the wild-type Oenothera plastome I sequence numbers are shown
underneath the sequence data. Dashes indicate the absence of a comparable sequence.
In the tobacco sequence, bases that differ between the wild-type Oenothera sequence
and tobacco are underlined. The 4-bp insertion and the base substitution are framed by
boxes. The position of a stop codon created due to the frameshift in mutant 93-455b is

marked by the diamonds. Direct repeats are indicated with arrows.
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76256

CTTTG AAATC CGATG GTGTT TTTCG TAGCA GTCCA AGGGG ITGGT
CTTTG AAATC GGATG GTGTT TTTCG TAGCA ATCCG AGAGG CTGGT
CTTTG AAATC GGATG GTGTT TTTCG TAGCA ATCCG AGAGG CTGGT
CTTTG AAATC GGATG GTGTT TTTCG TAGCA ATCCG AGAGG CTGGT
— 45

7630T — —> S>>

TTACT TTTGG GCATG CTTCG TTTGC TITGC TCTTCTTC- - - - - TTCTTC
TTACT TTTGG GCATG CTTCG TTTGC TCTGC TCTTCTTC- - - - - TTCTTC
TTACT TTTGG GCATG CTTCG TTTGC TCTGC TCTTCTTC[TTTC|TTCTTC
TTACT TTTGG GCATG CTTCG TTTGC TCTGC TCTTCTTC- - - - - TTCTTC
89

76342 —_

GGACA CATTT GGCAT GGTGC TAGAA CCITG TTCAG AGATG TTTTT
GGGCA CATTT GGCAC GGTGC TAGAA CCCTC TTCAG AGATG TTTTT
GGGCA CATTT GGCAC GGTGC TAGAA CCCTC TTCAG AGATG TTTTT
GGGCA CATTT GGCAC GGTGC TAGAA CCCTC TTCAG AGATG TTTTT

_ 134

76387 S

GCTGG TATTG ACCC A GATTT AGATG CTCAA GTCGA ATTTG GAGCA
GCTGG TATTG ACCC G GATTT GGATA CGCAA GTGGA ATTTG GAGCA
GCTGG TATTG ACCC G GATTT GGATA CGCAA GTGGA ATTTG GAGCA
GCTGG TATTG ACCJAJGATTT GGATA CGCAA GTGGA ATTTG GAGCA

—_ — 134

76432 —

TTCCA AA AAC TTGGA GATC

TTCCA AA AAC TTGGA GATC

TTCCA AA AAC TTGGA GATC

TTCCA AA AAC TTGGA GATC
198

Fig. 2.7
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Discussion

RFLP analysis has been used to detect mutations induced by the plastome mutator in
previous studies (Chiu et al. 1990). Due to its limited resolution, only DNA alterations
that range from 50-500 bp were detectable. In order to carefully assess the spectrum of
mutations caused by the plastome mutator, I sought to utilize a method which is sensitive
enough to reveal changes as subtle as a single base. To accomplish this, the SSCP
technique was exploited to observe variation of PCR amplification products from
photosynthetic electron transfer related genes. Restriction endonucleases digestion were
used to digest the products of PCR reactions before gel electrophoresis, in order to
increase the resolution of the SSCP analysis.

Using this procedure to assess PCR amplification products from 18 new albino
mutants and three older lines that had all been derived from the same plant, one insertion
mutation (B45) among a series of direct repeats, and a point mutation (PP7) were
obtained in the psbB gene, as shown in Figure 2.7. The four-base insertion of TTTC
occurred in the midst of a series of TTC tandem repeats. This 4-bp insertion causes a
frameshift mutation, beginning with the 455th codon which is altered to specify Leu
instead of Gly. Due to the frameshift, a truncated protein should result, which would be
19 amino acids shorter than the wild-type polypeptide, and which would also contain 28
missense amino acids at its carboxy end. Unfortunately, the B45 plastome mutation was
not recovered from the field, so this prediction cannot be tested. The TTTC insertion can
be explained if slippage of the daughter strand occurred during replication, and resulted in

an imprecise duplication. = The second mutation identified in the psbB gene was
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recovered in a pm-homozygous line, pm/pm7. This base substitution is not present in
the original pm7 mutant (lane 3 of Fig. 2.6), and would not alter the amino acid
sequence. Thus, it is not responsible for the albino phenotype of the leaftip culture.
Most likely, many other mutations have happened during the seven years of vegetative
propagation of the pmpm?7 line. Although the base substitution in pmpm7 did not
involve any direct repeats, its recovery is consistent with our previous finding that NMU,
a mutagen that causes point mutations, has a synergistic effect with the plastome mutator
(Sears and Sokalski 1991). The recovery of this point mutation in the plastome mutator
line indicates that pm-induced mutations are more variable than we had previously
realized. At this time, the frequency of occurrence of point mutations relative to indels
(insertion/deletion) is unclear, but further SSCP analysis of albino mutants should clarify
the likelihood of occurrence of different types of mutations.

The involvement of the direct repeat motif in deletion/insertion mutations strongly
points to replication slippage as being a major mutation mechanism in the plastome
mutator line. In the plastome, likely examples of replication slippage have been
documented in evolutionary comparisons (Treier et al. 1989, Wolfson et al. 1991, Madsen
et al. 1993, and Sears et al. 1995), but in pm/pm plants, the frequency of replication-
slippage must be greatly elevated.

Several lines of evidence have linked DNA arrangements among tandem repeats to
replication errors. Frequencies of deletion formed between tandem direct repeats are
increased to as much as 100 times in yeast with a temperature-sensitive DNA polymerase
delta and the spectrum of mutations induced are also different than in the wild-type strain

(Tran et al. 1995). The alpha-catalytic subunit of E. coli DNA polymerase III elevated
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frameshift mutations dramatically when exonuclease was removed to eliminate proof-
readiné activities (Mo and Schaaper, 1996). Additionally, it has been shown that the
mutation frequencies of regions containing short direct repeats depend on the orientation
of replication (Rosche et al. 1995; Trinh and Sinden, 1991). In these studies, inserts
containing asymmetric palindrome sequences with respect to the flanking direct repeats
were designed, such that different misaligned intermediates could form on the leading
and lagging strands during replication. Evidence obtained from these studies has
suggested that deletions occur preferentially on the lagging strand during replication-
associated events, although data from others led to a different conclusion (Westo-Hafer
and Berg, 1991). The misaligned replication intermediate of the replication slippage
model -has been demonstrated in E.coli by Lovett and Feshenko (1996). A dysfunctional
methyl-directed mismatch repair (MMR) pathway increases deletion frequency of 101-
bp tandem repeats that differ from each other slightly (mismatches at four bases).
Normally, such repeats would be removed by the MMR pathway during or soon after
replication, because replication slippage would result in a misaligned-heterduplex
intermediate that would be recognized by the MMR machinery.

Mismatch repair is known to repair mutations caused by replication slippage in both
prokaryotic and eukaryotic systems (Radman and Wagner, 1986; Strand et al. 1993;
Karren and Bignami, 1994; Kinzler and Vogelstein, 1996; Lovett and Feschenko, 1996).
Conceivably, plastome mutator activity could be due to a defect in MMR. However, the
MMR pathway rarely repairs mismatches longer than 8 bp (Radman and Wagner, 1986),
and the repeat units of most of the pm-target sites are much longer. (Chiu et al. 1990;

Chang et al. 1996) Thus, it is unlikely that the plastome mutator is deficient in mismatch
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repair. Rather, it is likely that some protein involved in the replication/or recombination/
repair machinery is impaired.

A defect in cpDNA replication or repair has long been considered to be the likely
cause of the high frequency of non-Mendelian mutation due to the plastome mutator
(Epp 1973; Sears 1983; Chiu et al. 1990, Sears and Sokalski 1991). The completely
recessive nature of the pm-allele indicates that it is probably a null allele, since a
defecti've, but present polypeptide would probably increase the mutation level in the
heterozygote. Thus, we deduce that the pm-homozygote probably lacks a polypeptide
that participates in cpDNA metabolism. DNA helicase, which unwinds the helix, is a
possible candidate for the pm gene product (Lahaye et al. 1991), as is the single-stranded
DNA-binding protein (SSB), which stabilizes single stranded DNA during replication and
repair (Van Dyck et al. 1992). Increased stalling of the replication complex due to
absence of a helicase or SSB protein could increase the frequency of slippage and /or
affect the proofreading function of the DNA polymerase. = Absence of the 3’— 5’
exonuclease subunit of DNA polymerase would also result in many types of mutations
since proofreading would be eliminated (Johnson et al. 1995).

Given the genetic traits and our deductions about possible functions of the pm-gene
product, in vitro assays of cpDNA replication and other aspects of cpDNA metabolism

are needed to discriminate among these possibilities.






Chapter 3

ANALYSIS OF THE PLASTOME MUTATOR PREFERRED
TARGETS IN A SECOND TYPE OF PLASTOME

Introduction

According to Stubbe’s genome categorization (1959), the Johansen strain from
which the pm -allele was isolated contains genome type A and plastome type I. In
addition to its native plastome type, the AA nuclear background is compatible to varying
degrees with plastomes type II, III and IV (Kutzelnigg and Stubbe, 1974). Differences in
inheritance patterns (Chiu et al. 1988) and photosynthetic rates (Glick and Sears, 1993)
among various plastome types in a constant nuclear background were observed in our
laboratory. It has been reported by Sears and Sokalski (1991) that albino sectors arose in
pm -plants with plastome IV at a lower frequency than in pm-plants with plastome I. In
order to study more carefully the impact of the plastome mutator on different plastome
types, 'several previously identified pm -hot spots from plastome I were reexamined in
our newly developed collections of pm-induced mutants from plastomes I and IV. The
investigation of pm -I plants was performed by Lara Stoike, and is described elsewhere.
The observation of the impact of the plastome mutator on plastome IV is presented and

discussed below.
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Materials and Methods

Plant Materials The wild type Johansen strain that carries plastome type IV was
constructed by Prof. Stubbe who transferred the chloroplasts from O. atrovirens into the
AA-Johansen nuclear background (Chiu et al. 1988). This line was maintained by self-
pollination, and the source of seeds was field accession Nr. 95-4. To obtain seeds with a
newly restored pm/pm genotype, plants with an albicans/percurvans genotype with
plastome IV were used as the recipient for pollen from a Johansen line that was
homozygous for the pm allele. Because the albicans-percurvans chromosomes form a
circle of 14 in meiosis, only two types of meiotic product are produced (Cleland, 1972).
Furthermore, because the albicans genome carries a pollen-lethal factor, and the
percurvans genome carries an egg-lethal allele, the progeny of this cross are all of the
genotype albicans-Johansen™, a heterozygote with plastome type IV. In the F1, a circle
also forms at meiosis. Due to the pollen-lethal allele carried by the albicans strain and
predominance of the Johansen genome during megaspore competition (Cleland, 1972),
99% of the F2 progeny are homozygous for the Johansen genome and hence the pm
allele (accession Nr. 96-23). Nineteen pm /pm plants from the 96 field were identified as

having mutant sectors, and were screened for DNA alterations.

Preparation of nucleic acids. It has been a problem to obtain good quality of
templates for PCR amplification from Oenothera due to the excess amount of
polysaccharide existing in the nucleic acid preparation (See Appendix B). Therefore,
extraction of total nucleic acid was performed by the conventional protocol described by

Fang et al. (1992), and was further purified by caylase digestion to remove the remaining
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starch, as outlined by Rether et al.(1993). Nucleic acid samples were dissolved in a
solution containing 50mM KoAc, 10mM EDTA, 5 g/ml RNAse and 0.5 mg/ml Caylase
M3, then subjected to incubation at 37°C for overnight. After the caylase digestion, the
pH of the samples was increased by adding 1M Tris-HCI (pH 8) to the final concentration
of 50mM, followed by the conventional procedure of phenol/chloroform extraction and
alcohol precipitation. Ethanol was replaced by ethoxyethanol to remove the digested

polysaccharide more efficiently.

Other procedures. SSCP analysis, agarose gel electrophoresis, PCR
amplification, programming and chemicals were described in detail in Chapter 2.
Restriction digestions were performed following the manufacturer’s instructions. Primers

for PCR amplification are listed in Table 3.1.

Results:

No variation in the intergenic spacer region of 16S rRNA-trnl was observed

The intergenic spacer region of 16SrRNA-trnl genes was previously identified as
a hypervariable region among the wild type plastomes (Sears et al. 1996). In the Sears
pm-collection, all mutants had deletions at this site (Table 3.2; Chang et al. 1996). Due to
inverted repeats in this region, strong secondary structures are capable of forming and
appear to be highly susceptible to the plastome mutator in plastome I (Stoike, 1997): The
mutability of this region in plastome IV to the plastome mutator was examined in the

present study. The intergenic spacer region was amplified from DNA isolated from plants
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TABLE 3.1. Primers for PCR and sequencing

CpDNA region Name* Sequence
psbB psbBF See Table 2.1
psbBR See Table 2.1
psbB3F 5’-GAATTAGATCGCGC-3’
Bam3b cpB3F 5’-GAATGGATTCAAAGAG-3’
cpB3R 5’-AATTTGCGTCCAATAGG-3’
rpl14-rps8 cpRPL14F 5’-TTCTCGAGCCCCACT-3’
cpRPLI6R 5’-AAATGCCTATACGAATCAA-3’
cpRPS8F S’-TCTATTCATGTCAACATTTC-3’
orf2280 cpB12F 5’-CAACCTCTTTCAGAT-3’
cpB12R 5’-ATTCCAGTTTGAGAG-3’
16S rRNA-trnl Cprl6F’ S’-TCGTAACAAGGTAGCCGTAC-3’
trnlA’ 5’-CGACGCAATTATCAGGGGC-3’
N.A. universalF  5’-GTAAAACGACGGCCAGT-3’

*The direction noted for PCR primers F-forward (5°), R-reverse (3’) corresponds to
gene transcription for psbB gene and orf2280; all others correspond to the
directionality of data entry from the tobacco chloroplast genome (Shinozaki et al.
1986). The direction of the universal primer was defined by the manufacturor
(Gibco BRL).
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of the pm /pm IV-collection by primers Cpr16F’and trnlA’ (Table 3.1), which flank the
polymorphic region. The PCR amplification products are about 1 kb in size. Despite the
many repeat units found in this area in plastome IV, no polymorphism was observed
(Figure 3.1), which is in contrast to the highly variable phenotypes of the same region in

plastome I.

orf2280 did not show variability in the pm -1V derived lines of Oenothera

Two variable regions in orf2280 of the pm -IV mutant collection were surveyed
for variation. In one region (orf2280A) of other closely related Oenothera species,
extensive stretches of 21 and 24 bp related repeats alternate with each other (Nimzyk et
al. 1993). Region B is located downstream from region A. High frequencies of deletions
have been observed in that region from our old pm -I stocks (Table 3.2), although an
exact sequence composition remains to be determined (D. Jarrell, unpublished data). The
PCR amplification products produced by primers OF3 and OR2 are about 600 bp in size
for thé wild type Diisseldorf line and 350 bp to 600 bp in our pm -I collection due to loss
of several copies of repeat units. With the same pair of primers, region A of orf2280 was
screened across the new pm -IV collection by PCR amplification. Their product sizes
were estimated on a 2% agarose gel (Figure 3.2A). Region A of orf2280 in plastome IV is
about 450 bp in size which is smaller than that of plastome I. However, no alterations
were observed among all of the samples examined.

Region B of orf2280 contains a set of eight tandem 24-bp repeats in plastome I-D
(Blasko et al. 1988). Deletion of three to five copies of the repeat units in this region had

occurred in all members of the pm-I mutant collection (Table 3.2; Chang et al. 1996).
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Figure 3. 1. A) and B) PCR analysis of the intergenic spacer region of

168 rRNA-trnl on the 1.5% agarose gels. The primers cpr16F” and trnIA’
amplified a segment of this hypervariable region from the following O
enothera plastomes: A) pm-IV mutants: 95-1 (1), 95-2 (2), 95-3 (3), 95-4
(4), 95-5 (5), 95-6 (6), 95-7 (7), 95-8 (8), 95-9 (9), 95-10 (10); Wild type D
iisseldorfline (W), Cornell-1 (C1). B) pm-IV mutant 95-14 (14), 95-11
(11), 95-12 (12), 95-13 (13),), 95-15 (15), 95-16 (16), 95-17 (17), 95-18
(18), 95-19 (19), Wild type Diisseldorfline (D). The size markers (M)
(From Gibco 1kb DNA ladder) in gel A are 1018 bp and 517 bp r
espectively, in gel B are 1636-, 1018-, 517- and 396 bp respectively.



41

Figure 3. 2. A), B), C) and D) PCR analysis of orf2280 on the 1.5% agarose gels.

A) and B) The primers OF3 and OR2 amplified the variable region A of orf2280 (David
Jarrell, unpublished data) from the following Oenothera plastomes: A) pm-IV mutants:
95-1(1), 95-2 (2), 95-3 (3), 95-4 (4), 95-5 (5), 95-6 (6), 95-7 (7), 95-8 (8), 95-9 (9), 95-10
(10); Wild type Diisseldorf line (W), Cornell-1 (C1 from 93-field), Cornell-2 (C2). B)
pm-1V mutants: 95-11 (11), 95-12 (12), 95-13 (13),), 95-14 (14), 95-15 (15), 95-16 (16),
95-17 (17), 95-18 (18), 95-19 (19), Wild type Diisseldorf line (D), Cornell-1 (C1 from
93-field), Cornell-2 (C2). The size markers (M) (Gibco 1kb DNA ladder) are 517-, 396-,
344-, 298-bp respectively. C) and D) The primers cpB12F and cpB12R amplified the
variable region B of orf2280 (Blasko et al. 1988) from the following Oenothera
plastomes: C) pm-IV mutants: 95-1 (1), 95-2 (2), 95-3 (3), 95-4 (4), 95-5 (5), 95-6 (6),
95-7 (7), 95-8 (8), 95-9 (9), 95-10 (10); Wild type Diisseldorf line (D), Cornell-1 (C1
from 93-field), Cornell-2 (C2). D) pm-1V mutants: 95-11 (11), 95-12 (12), 95-13 (13),),
95-14 (14), 95-15 (15), 95-16 (16), 95-17 (17), 95-18 (18), 95-19 (19), Wild type
Diisseldorf line (D), Cornell-1 (C1 from 93-field), Cornell-2 (C2). The size markers (M)
(Gibco 1kb DNA ladder) are 517-, 396-, 344-, 298-bp respectively.
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Using primers cpB12F and cpB12R listed in Table 3.1, the PCR amplification products
of the wild type Diisseldorfline and pm-I plants were between 260 - 330 bp (Chang et al.
1996, Table 3.2). To assess the mutability of this region in pm-IV plants, PCR
ampliﬁcations were performed with the same primers and products sizes were examined
by agarose gel electrophoresis. Including the wild type control, all of the PCR products
were about 350 bp, migrating slower than those of the wild-type Diisseldorf line (Figure
3.2B). This is consistent with previous observations that plastome IV contains more
copies of the 24-bp repeats (Sears et al. 1995). No variability was observed across our

pm-1V collection.

The plastome mutator did not induce polymorphisms in the variable Hinfl
segment of the fourth largest BamHI fragment

The fourth largest BamHI fragment (Bam 3b) had been observed as an RFLP in
comparisons of pm -lines (Sears 1983; Chiu et al. 1990), and had been found to have two
polymorphic regions (Kaplan 1987). One of these was examined by subcloning and
sequencing a variable Hinfl fragment from Bam clones of the plastome I lines:
Diisseldorf, Cornell-1, and Cornell-2 lines. Subsequently, primers cpB3F and cpB3R
were designed for amplification and direct sequencing of all of the members of our pm-I
collection. One line (the original Cornell-1 isolate) showed a 15 bp exact duplication in a
non-coding region corresponding to the spacer between the trnG and #rnR genes on the
tobacco cpDNA map (Fig. 2.2B; Table 3.2; Chang et al. 1996). PCR amplification was
performed to investigate variability of this region in the pm-IV mutant collection. As

shown in Figure 3.3, the amplification products were about 500 bp in size. No mobility
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Figure 3.3. A) and B) PCR analysis of the HinfI fragment of

Bam 3b on the 1.5% agarose gels The primers cpB3F and cpB3R
amplified this HinfI variable segment (Chang et al. 1996) from
the following Oenothera plastomes: A) pm-IV mutants: 95-1 (1),
95-2(2), 95-3 (3), 95-4 (4), 95-5 (5), 95-6 (6), 95-7 (7), 95-8 (8),
95-9(9), 95-10 (10) 95-11 (11), 95-12 (12), 95-13 (13), 95-14
(14); Wild type Diisseldorfline (W), Cornell-1 (C1), Cornell-2
(C2). B) pm-IV mutants: 95-15 (15), 95-16 (16), 95-17 (17),
95-18 (18), 95-19 (19), Wild type Diisseldorf line (W), Cornell-1
(C1), Cornell-2 (C2). The size markers (M) (From Gibco 1kb
DNA ladder) are 517-, 396-, 344-bp, respectively.
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differences of PCR amplification products were found in this region in the pm-IV

collection.

The intergenic spacer region of the rpl16-rpl14-rps8 genes remains the same
in pm lines

The rpll16-rpl14-rps8 region was previously identified as a pm -target in pm -I
plants (Chang et al. 1996): one of two 29-bp repeats was deleted (Fig. 2.2A; Table 3.2).
Plastome types II, III, and IV contain only one copy of this 29-bp segment. Presumably, a
29-bp duplication occurred in the plastome I progenitor after its evolutionary divergence
(Wolfson et al., 1991). Because the plastome mutator is able to induce both insertions and
amplifications in pm-plants (Chang et al. 1996), I sought to determine if the one copy
29-bp fragment in plastome IV was amplified to two copies due to the effect of the
plastome mutator. The whole intergenic spacer region was amplified with primers
cpRPL16R and cpRPS8F (Table 3.1), and examined with agarose gel electrophoresis
(Figure 3.4A). PCR amplification products from pm-IV plants were about 900 bp in size,
migrating slightly faster than the products from the plastome-I plants due to their intrinsic
difference in sequence (Wolfson et al. 1991). No other variation was observed across the
pm-IV samples when they were compared with the wild type control. To better visualize
the migration pattern of these products, samples were digested with the BclI restriction
enzyme. The Bcll enzyme restricted this intergenic spacer region into three fragments
with approximate sizes of 450-, 300-, and 150- bp (See Figure 3.4B; Wolfson et al.
1991). The largest fragment of plastome IV is shorter than that of plastome I because it

lacks the 29-bp duplication. The middle fragment from type IV samples ran slower than
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Figure 3.4 PCR (A, B) and restriction digestion (C, D) analyses of the intergenic spacer
region of the rpll6-rpll4-rps8 genes on the 1.5% agarose gels The primers cpRPL16R
and cpPRS8F amplified this variable intergenic region (Wolfson et al. 1991) from the
following Oenothera plastomes: A) pm-IV mutants: 95-1 (1), 95-2 (2), 95-3 (3), 95-4 (4),
95-5 (5), 95-6 (6), 95-7 (7), 95-8 (8), 95-9 (9), 95-10 (10), Wild type Diisseldorfline (W),
Cornell-1 (C1). B)pm-IV mutant: 95-11 (11), 95-12 (12), 95-13 (13), 95-14 (14), 95-15
(15), 95-16 (16), 95-17 (17), 95-18 (18), 95-19 (19), Wild type Diisseldorf line (D),
Cornell-1 (C1). The size marker (M) (Gibco 1kb DNA ladder) is 1018-bp. In gels C and
D, the products of PCR amplification from gels A and B were digested with endonuclease
Bcll. The sample order in gels C and D correspond to that in gels A and B respectively.
The size markers (M) are 517-, 396-, 344-, 298-, 220-75- bp respectively. Fragments a, b,
¢ are approximately 450, 300 and 150-bp in size respectively.
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type I samples due to a 1-bp insertion in a 13-bp poly-A stretch and the expansion of an
11-bp poly-A track to 19 bp in type IV plastome. Other previously identified base
substitutions in this region between the two plastome types would not have been resolved

on an agarose gel.

The hypervariable region of the psbB gene remains intact in pm-IV isolates

SSCPs were found at the psbB gene of plastome I from an albino mutant “93-545"
and the leaftip culture line “pmpm?7” (Figures 2.3; Chang et al. 1996). The polymorphic
region of the psbB gene was then cloned and sequenced. Based on the sequence data,
primer psbB4F was designed to be used with primer psbBR to amplify the surrounding
156 bp of the variable region (Table 3.1). PCR amplification was performed with these
two primers to screen the pm-IV collection. The product sizes were assessed on an
agarose gel and further examined by SSCP analysis. As presented in Figure 3.5A and

3.5B, no variation was observed among the samples.

Discussion

Several pm -hot spots were mapped previously by RFLP analysis (Chiu et al.
1990) and characterized by sequencing (Blasko et al. 1988; Chang et al. 1996). All of
them occurred in regions surrounded by inverted or direct repeats. These pm-induced
mutations probably resulted from misalignment of repeat units during recombination or
replication. Several observations have led us to favor replication slippage as an
explanation for the pm-mutations (See Chapter 2). Sequence analysis of one 13-bp oligo-

A stretch revealed a one-bp insertion in several pm-I isolates, indicating that replication
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Figure 3. 5. SSCP analysis of the psbB gene on the MDE gel. This
variable region (Chang et al. 1996) was amplified from plastomes of
pm-1V plants with primers psbB4F and psbBR. The products of PCR
amplification were denatured before sample loading. Samples order is
as follow: pm-IV mutants: 95-1 (1), 95-2 (2), 95-3 (3), 95-4 (4),
95-5(5), 95-6 (6), 95-7 (7), 95-8 (8), 95-9 (9), 95-10 (10) 95-11 (11),
95-12 (1