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ABSTRACT 

The genes that comprise the multi-gene family encoding the small subunit of 

the C02 fixing enzyme ribulose-l,5-bisphosphate carboxylase/oxygenase (Rubisco) 

in the facultative Crassulacean Acid Metabolism (CAM) plant Mesembryanthemum 

crystallinum were isolated and nucleotide sequences were determined. The gene 

family is comprised of six genes of which four are expressed (rbcS-l, rbcS-2, rbcS-3 

and rbcS-4) based on the isolation of corresponding cDNAs and northern analysis. 

Sequence analysis of the genes reveals influences of gene duplication, gene 

conversion and selection pressure in the evolution of the gene family. Five of the 

genes are located in a tandem array within 20 kbp. Two are identical throughout the 

coding regions and intron sequences. The promoter regions of five of the genes lack 

regulatory sequence elements conserved in other dicot species. Gene specific probes 

were used to determine the expression properties of the rbcS-l, rbcS-2, rbcS-3 and 

rbcS-4 genes during environmental stress, development and the diurnal cycle. The 

four genes are differentially expressed and are co-regulated in response to stress and 

during development. Steady state rbcS mRNA amounts are down regulated by NaCI 

and cold stress. Comparison of changes in transcriptional activities relative to steady 

state mRNA amounts revealed that NaCI causes increased rbcS RNA turnover. RbcS 

expression is transcriptionally down regulated coincident with the developmental 

enablement of CAM induction by stress. The regulation of rbcS expression by 

changes in RNA turnover is itself developmentally regulated. The rbcS genes of M. 

crystallinum are transcriptionally regulated during development and are regulated at 

the level of RNA turnover by stress. 
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CHAPTER. 1. 

INTRODUCTION 

Ribulose-l,5-bisphosphate carboxylase/oxygenase (Rubisco) is arguably one 

of the most important proteins to life on Earth. As characters in science fiction novels 

and movies are fond of pointing out, this planet is populated by carbon-based life 

forms. One of the most fundamental chemical processes of life is the cycling of 

carbon back and forth between inorganic and organic states. The largest reservoirs of 

inorganic carbon of biological significance are atmospheric C02 and C02 dissolved 

in the oceans. There is a continuous flux of inorganic carbon in the form of C02 from 

these reservoirs into the biosphere. The majority of organic carbon is eventually 

returned to the atmosphere and oceans by the oxidation of carbon compounds back to 

C02 via a number of paths such as plant and animal respiration, bacterial 

decomposition of dead plant and animal material, or burning of fossil fuels. Virtually 

all C02 introduced into the biosphere is introduced by the enzyme Rubisco in a 

reaction known as C02 fixation. This enzyme is present in litho trophic autotrophic 

bacteria, photosynthetic bacteria, algae and higher plants. All animals, fungi and non

photosynthetic bacteria (with the possible exception of methanogenic bacteria) lack 

Rubisco but are utterly dependent on its activity as a source of carbon. While it is true 

that life as we know it could not exist without a number of other fundamental 

biochemical processes such as DNA, RNA or protein synthesis, these processes are 

themselves absolutely dependent upon the conversion of inorganic carbon to organic 
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carbon by the global carbon cycle. The first step of the biological half of this cycle is 

accomplished by Rubisco. 

The key role this enzyme plays in biology on a global scale alone makes it an 

interesting subject of study. Rubisco has been the object of scientific investigation for 

a number of other reasons as well. Because of its primary role in photosynthesis, it 

has been perceived as a good candidate for efforts to improve crop yields by 

genetically engineering the enzyme to improve its efficiency. In addition, Rubisco has 

proven to be a multi-faceted enzyme making it useful as a model for addressing a 

wide variety of fundamental biological questions. Because Rubisco is a complex 

made up of two different types of subunit proteins, it is being used to study how such 

protein complexes are assembled. In the cells of higher plants, the genes that encode 

the two types of subunits are located in different sub-cellular compartments, the 

chloroplast and the nucleus. Since the final assembled protein complex is located only 

inside the chloroplast, the subunit encoded by the nuclear gene (the small subunit) 

must be transported into the chloroplast to be assembled with the subunit encoded by 

the chloroplast gene (the large subunit). The transport of the small subunit is being 

studied in order to understand the mechanism by which this protein and other proteins 

can be moved through the chloroplast membranes and how proteins encoded by genes 

in the nucleus can be targeted to the chloroplast. The physical separation of the small 

subunit and large subunit genes in separate sub-cellular compartments presents the 

problem of how the expression of genes on separate genomes can be coordinated to 

ensure the production of functional holoenzyme. Rubisco has been studied in a wide 

variety of evolutionarily diverse species of bacteria, algae and plants and the large 

amount of data collected has made it possible to use Rubisco as a tool to study the 

evolution of genes and their encoded proteins. Genes encoding the Rubisco small 
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subunit were among the ftrst plant genes isolated. Fundamental molecular 

mechanisms by which gene expression is regulated are being deftned using the genes 

encoding the small subunit as a model for how gene expression is controlled in plants. 

In higher plants, the Rubisco small subunit is always found to be encoded by 

several copies of the small subunit gene. The occurrence of such a group of related 

genes, known collectively as a multi-gene family, is not limited to the Rubisco small 

subunit. Many other proteins in higher plants are the products of multi-gene families. 

Multi-gene families are not limited to higher plants, being common in animals and 

fungi as well. Functional advantages resulting from the evolution of multiple copies 

of a gene have been identifted for other genes but the functional advantage if any for 

encoding the small subunit as a mUlti-gene family has been something of a mystery. 

Multi-gene families 

Since the one gene-one enzyme hypothesis was proposed over ftfty years ago 

(Beadle and Tatum, 1941), it has undergone repeated modiftcation to accommodate 

new information. The ftnding that sickle cell anemia results from a single amino acid 

change in one of two different subunits of hemoglobin required a change from one 

gene-one enzyme to the one gene-one polypeptide hypothesis. This revision 

accommodated not only enzymes composed of subunits encoded by different genes 

but genes that encode proteins with no enzymatic activity as well. This revised 

hypothesis proved as well to be an over simpliftcation which did not account for 

genes encoding untranslated RNAs such as ribosomal RNAs and transfer RNAs. The 

hypothesis could be restated as one gene-one gene product however, it would still not 

account for those cases in which a gene product is encoded by more than one gene as 

is the case for multi-gene families. 
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Multi-gene families are common among eukaryotes and the majority of genes 

may be members of multi-gene families (for reviews see Hood et al. 1975; Maniatis et 

al. 1980; Karlsson & Nienhus, 1985). Gene families can exist in a number of 

configurations in the genome. They can be located in a tandem array of identical 

genes, a tandem array of closely related genes or a tandem array of related genes that 

is itself repeated many times. The members of a gene family can also be dispersed as 

single genes or tandem arrays over several different chromosomes. All multi-gene 

families have arIsen from an initial gene duplication event. Four types of mechanisms 

can give rise to the initial duplication. The first is random non-homologous breaks in 

two homologous chromosomes with one break located downstream of one homologue 

of a gene and the other break upstream of the other homologue followed by rejoining 

of the chromosomes such that both homologues end up on the same chromosome. 

Evidence for such an event in the evolution of a gene family has been presented for 

the human haptoglobin gene family (Bensi et al., 1985; Meada, 1985) and for the 

metallothionene gene in a cadmium resistant Drosophila strain (Otto et al., 1986). 

Duplication could also result from homologous recombination after out-of-register 

alignment of repeated sequences that flank the original gene. Evidence of such a 

duplication has been shown for the Gy and Ay human globin genes which are flanked 

upstream and downstream by a 120bp direct repeat sequence element which also 

appears between the two genes (Shen et al. 1979). This mechanism has also been 

proposed for the initial gene duplication that gave rise to the human growth hormone

human chorionic somatomammotropin gene family (Barsh et al. 1983). A third 

mechanism for the original duplication is the random insertion of DNA sequences 

produced by reverse transcription of mRNAs. The hallmark of such an event is a lack 

of introns and the presence of poly-A tracts downstream of the coding region. Since 



15 

such a mechanism inserts a sequence lacking regulatory elements, it is most likely to 

create pseudo genes unless the insertion happens to occur downstream of existing 

regulatory elements. This may have happened in the instance of a calmodulin-like 

gene in chicken (Stein et al. 1983). This mechanism also appears to have been at work 

in the human P tubulin gene family. Out of twelve tubulin genes, nine are 

pseudo genes and eight of these pseudo genes lack introns and have extended poly-A 

tracts at their 3' ends (Wilde et al. 1982). The fourth mechanism for duplication of 

genes is genome doubling either by whole genome duplication as in tetraploidization 

or by genome fusion as in allotetraploidization. These events are not uncommon in 

plants giving rise, for example, to wheat which is tetraploid or the species of tobacco 

Nicotiana tabacum which is likely to be the result of a fusion of Nicotiana sylvestris 

and Nicotiana tomentosiformis (Strobaek et al. 1976). This type of duplication 

however, can give rise only to dispersed multi-gene families. 

Once the initial duplication event has occurred, the gene family may expand 

further by non-reciprocal homologous recombination. This mechanism is essentially 

the same as the homologous recombination event described above for the initial gene 

duplication. The difference is that instead of out-of-register alignment of direct repeat 

sequence elements flanking a gene, the genes themselves act as the direct repeat 

sequences which align out of register. Since the recombination is non-reciprocal, the 

size of a gene family can also be reduced as a result. The operation of this mechanism 

on the human globin gene family is well documented and is the cause of a number of 

blood disorders called thalassemias. A non-reciprocal recombination in which 

crossover occurs within aligned 8 globin and p globin genes replaces the normal 8 

globin and p globin genes with a single gene that is a fusion of the 8 globin N

terminus with the p globin C-terminus causing a condition known as Hb-Lepore type 
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thalassemia (Baglioni, 1962; Weatherall and Clegg, 1979). The other half of this 

recombination event has also been identified in individuals and is known as Hb anti

Lepore (Kimura et al. 1984). It results from the addition of a gene between the normal 

8 globin and J3 globin genes that is a fusion of the J3 globin N-terminus and the 8 

globin C-terminus. A similar non-reciprocal recombination event has been identified 

that has reduced the normal number of a globin genes from two to one in some 

individuals (Embury et al. 1980) and increased the number to three in others 

(Goosens et al. 1980; Higgs et al. 1980). 

After an initial gene duplication has occurred, the sequences of the genes 

could reasonably be expected to diverge since selection pressure would be distributed 

over more than one gene. Mutations could occur in both copies as long as one of the 

two genes continues to function adequately. Contrary to this expectation, it has been 

widely observed that the sequences of genes in a gene family are highly conserved. 

Sequence comparisons of gene family members within species and between species 

reveals that there is much greater divergence between species than within the gene 

families. This phenomenon is known as concerted evolution (Zimmer at al. 1980). 

The high sequence similarity within gene families indicates the presence of a process 

that hinders divergence of the genes. This process is referred to as gene conversion. A 

mechanism for gene conversion was originally proposed (Holliday, 1964) to account 

for aberrant products of meiosis seen in tetrad analysis in yeast (Lindegren, 1953). 

Heterozygous loci that would be expected to segregate among tetrads in a 2:2 ratio, 

occasionally segregated in a 3: 1 ratio which indicated that one copy of one of the 

alleles at the locus had somehow been converted to the other allele. In the proposed 

mechanism, allelic regions of homologous chromosomes align with each other based 

on sequence similarity. This is followed by invasion of a single strand of one 
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chromosome into the double helix of the other chromosome. The invading strand base 

pairs with one of the strands of the other chromosome. One of the strands of this 

hybrid double stranded region is then used as a template to correct the sequence of the 

other strand. Although the biochemistry for such a mechanism is still unknown, 

evidence for the operation of such a mechanism in higher ekaryotes was found in the 

hemoglobin gene family (Slightom et al. 1980). The Gyand Ay globin genes from 

both chromosomes of a single individual were sequenced. A region of the Ay globin 

gene of the A chromosome (1.5kbp) was much more similar to the corresponding 

region of the Gy globin gene on the B chromosome than it was to the Ay globin gene 

on the B chromosome which indicatied that a large region of the Ay globin gene had 

been converted to Gy globin sequence. It is likely that some balance is maintained 

between the effects of divergence through mutation and sequence homogenization by 

gene conversion. Gene conversion may reduce the rate of pseudogene fonnation by 

decreasing the chance that a gene may accumulate mutations to the point of loss of 

function. At the same time, gene conversion events must occur infrequently enough 

so that some degree of divergence within a gene family is possible. Such a balance 

would allow the generation of new functions and specificities within gene families. 

The duplication of genes leading to the generation of multi-gene families may 

be the most important process in the evolution of new or more specific functions of 

gene products and in the evolution of new patterns of expression. It also allows the 

generation of gene families whose function is to provide a large synthesis capacity 

such as the ribosomal RNA and histone multi-gene families. It is likely however, that 

most multi-gene families provide new patterns of regulation or new functions. 

The functional importance of the individual genes of the globin gene family is 

indicated by the fact that deletion of any single globin gene can result in disease. The 
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human globin gene family provides a good example of the utility of encoding a 

protein by multiple genes. It is one of the most thoroughly studied gene families in 

terms of the genes that make up the family, the expression characteristics of the genes 

and the functional properties of the proteins encoded by the genes (for reviews see 

Maniatis et al. 1980; Karlsson and Nienhuis, 1985). The hemoglobin protein found in 

adult humans is a tetrameric complex composed of two a subunits and two ~ 

subunits. The globin gene family can be divided into two functionally distinct 

subsets: the a-like and ~-like globin genes. The ~ globin gene encodes a protein that 

can substitute for, but not assemble with, a-globin. The £, "( and 0 globin genes 

encode subunits that can substitute for ~ globin but not assemble with it. The 

expression properties of these genes are under developmental regulation resulting in 

synthesis of hemoglobin with different biochemical properties that accommodate 

different physiological conditions at different stages of development. Both ~ globin 

and a globin genes are expressed in red cells of the embryo but ~ globin expression is 

gradually shut down during the transition from embryonic to fetal development and 

replaced by a compensating increase in a globin expression which continues at high 

levels thereafter. Developmental expression of the £ globin and "( globin genes is 

similar with £ globin expression turned down and "( globin expression turned up 

during the embryo to fetus transition. Unlike a globin, which is expressed throughout 

fetal and adult development, "( globin expression is replaced by ~ globin expression 

around the time of birth. The expression of"( globin in the fetus and ~ globin in the 

adult is physiologically significant since Cl2''fl hemoglobin has a higher affinity for 

oxygen than a2~2 hemoglobin. The higher oxygen affinity of the fetal form of 

hemoglobin allows it to obtain oxygen from the maternal adult form. The decrease in 

hemoglobin oxygen affinity that results from the switch to the adult form increases 
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the efficiency of oxygen transfer from hemoglobin in the blood to myoglobin in the 

muscles by increasing the difference in oxygen affinities between hemoglobin and 

myoglobin. The encoding of globin by a multi-gene family has allowed the evolution 

of functionally distinct versions of the protein and allowed their synthesis to be 

differentially regulated. 

The Rubisco small subunit multi-gene family 

Even though the Rubisco small subunit (rbcS) multi-gene family has been 

extensively analyzed over the past twelve years (for reviews see Manzara & 

Gruissem, 1988; Dean et al. 1989), the functional advantage provided to plants by 

encoding the Rubisco small subunit by a gene family has not been clear. One possible 

explanation for rbcS gene families is that the small subunits encoded by the different 

genes are functionally distinct in a manner analogous to hemoglobin subunits. 

However, it has not been possible to determine whether particular small subunits 

differ in function since the exact function of individual small subunits in higher plants 

remains unknown. This has been a long standing problem in the biology of Rubisco 

because the definitive experiments for possibly solving this problem have not been 

possible. Reconstitution experiments which combine isolated large subunit with 

isolated small subunit would make it possible to test the effects of different small 

subunits on holoenzyme activity. The problem has been that the subunits can only be 

isolated under denaturing conditions which produce subunits that will not renature 

and reassemble to form holoenzyme (Rutner & Lane, 1967; Kawashima & Wildman, 

1971; Voordouw et al. 1984; Jordan & Chollet, 1985). It has been possible however, 

to do renaturation experiments with bacterial Rubisco large and small subunits 

isolated by near-isoelectric precipitation (Andrews & Ballment, 1983). These type of 
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experiments have shown that the small subunit is essential for full activity of 

cyanobacterial Rubisco. By extension, it is likely that the small subunit is also 

necessary for higher plant enzymatic activity, although this has not been directly 

tested. It is important to note that the crystallographic structure of the spinach 

Rubisco holoenzyme (Knight et al. 1990) demonstrates that the small subunit 

contributes no amino acids to the active site. It is likely that the effect of the small 

subunit on higher plant Rubisco activity is mediated through long range structural 

interactions that affect the conformation of the active site. Therefore, it is possible 

that the rbcS gene family provides different versions of the small subunit that alter 

Rubisco activity. 

If rbcS gene families do encode functionally distinct versions of the small 

subunit, then these differences should be reflected in differences in the amino acid 

sequences of the different small subunits. The sequencing of small subunits started in 

1979 with the peptide sequencing of small subunit from spinach (Martin, 1979). The 

molecular biology of rbcS genes started the following year with the publication of the 

first small subunit cDNA sequence (Bedbrook et al. 1980). Since then, rbcS cDNAs 

or genes have been sequenced from twenty four other higher plant species. For many 

of these species, more than one cDNA or gene has been sequenced. Gene family sizes 

have been estimated at ten genes in soybean (Berry-Lowe et al. 1982), at least ten 

genes in wheat (Broglie et al. 1983), thirteen genes in Lemna gibba (Wimpee et al. 

1983), four to five genes in maize (Sheen & Bogorad, 1986), five genes in potato 

(Wolter et al. 1988), three genes in Brassica napus (Nan tel et al. 1991) and at least 

three genes in Phaseolus VUlgaris (Knight & Jenkins, 1992). Nucleotide sequences of 

complete rbcS gene families have been published for the eight genes of petunia (Dean 

et al. 1987), the five genes of tomato (Sugita et al. 1987) and the four genes of 
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Arabidopsis thaliana (Krebbers et al. 1988). Amino acid sequences for small subunits 

encoded by six of the thirteen Lemna gibba rbcS genes have also been published 

(Stiekema et al. 1983). Comparisons of the sequences of rbcS genes from the same 

species reveals that in all cases, the encoded small subunit proteins are very highly 

conserved. In petunia, six of the eight genes encode identical proteins and all six of 

the genes that have been sequenced from Lemna gibba encode identical proteins. In 

those cases where rbcS genes within a species have a small number of differences, 

the amino acid changes are conservative replacements or are located in regions that 

are not highly conserved between species and are therefore unlikely to be of 

functional importance. It is difficult to reconcile the very high conservation of small 

subunit proteins within gene families with the idea that rbcS gene families might 

encode functionally distinct small subunit proteins. But because the function of the 

small subunit has not yet been determined and the small differences between small 

subunits have not been directly tested for effect on the holoenzyme, this idea cannot 

be completely ruled out. 

Other possible reasons for the presence of rbcS multi-gene families can be 

proposed at the level of gene expression. A trivial reason for multiple rbcS genes 

would be to provide a high overall level of small subunit synthesis. However, in the 

pea (Coruzzi et al. 1984; Fluhr et al. 1986), petunia (Dean et al. 1985; Dean et al. 

1987), tomato (Sugita & Gruissem, 1987; Wanner & Gruissem, 1991) and Lemna 

gibba (Silverthorne et al. 1990) gene families where the relative expression levels of 

individual genes have been determined, it has been found that individual genes are 

always expressed at significantly different levels within a gene family and the 

majority of rbcS mRNA is transcribed from one or, at most, two members of the gene 

family. 
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An alternative to mass production is differential regulation of the genes. 

Dispersal of regulatory mechanisms that control expression in response to various 

ques such as environment, development and tissue type over several rbcS genes could 

allow for fine tuning of total small subunit synthesis under different conditions. If the 

different rbcS genes do encode functionally distinct small subunit proteins, then 

differential regulation could allow the synthesis of Rubisco that is optimized in its 

activity for particular times in development, for particular plant tissues or organs, or 

for different environmental conditions by switching rbcS expression between 

different genes. Previous studies that would test this possible role for the rbcS gene 

family have been limited in number and have looked primarily for differential 

regulation in different tissue types (Coruzzi et al. 1984; Fluhr et al. 1986; Dean et al. 

1985; Dean et al. 1987; Sugita & Gruissem, 1987; Wanner & Gruissem, 1991; 

Silverthorne et al. 1990). The only case of a major redistribution of expression among 

the rbcS genes was seen in tomato when rbcS expression in leaves was compared to 

expression in fruit (Sugita & Gruissem, 1987). Three most highly expressed genes out 

of the five rbcS genes expressed in leaves were found not to be expressed at all in 

fruit The functional significance of this tissue specific differential expression is 

unknown. The lack of an assay for small subunit function combined with limited 

examples of differential regulation leaves the significance of rbcS multi-gene families 

unresolved. 

C02 assimilation in Mesembryanthemum crystallilzum 

When I began my dissertation project in January 1987, much of the 

information on rbcS gene families described in the previous section was not yet 

available. The petunia rbcS gene family was the only family for which all the genes 
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had been isolated and sequenced (Dean et al. 1985a). Therefore, it was also the only 

rbcS gene family for which expression characteristics of all the genes had been 

studied. Expression studies focused on looking for tissue specific changes in 

individual rbcS gene expression in leaves, sepals, stigmas/anthers, petals and stems. 

The conclusion from these experiments was that there was no significant differential 

regulation of the rbcS genes in different tissue types (Dean et al. 1985b). The same 

conclusion was reached for three pea rbcS genes (Fluhr et al. 1986b) in leaves, petals, 

pericarps, stems and seeds. Based on these studies, it appeared that if rbcS gene 

families allow differential regulation of rbcS expression, then it was not at the level of 

tissue specificity. However, the possibility of developmental and environmental 

regulation of different gene family members had not been studied in any plant. 

The plant Mesembryanthemum crystallinum (ice plant) offered the opportunity 

to examine differential regulation of the rbcS gene family from the perspective of 

environmental ques. This plant has the unusual ability to change the biochemical 

pathway by which it fixes C02 in response to environmental stress. The vast majority 

of plant species fix C02 by only one of three different pathways known as C3, C4 and 

Crassulacean acid metabolism (CAM). All three pathways use Rubisco to fix C02, 

but C3 and CAM plants add a number of enzymatic activities to the C3 pathway as 

part of strategies that have evolved in these plants to deal with conditions of low 

water availability. In C4 plants such as maize, C02 is fixed first in mesophyll cells of 

the leaf by the enzyme phosphoenol pyruvate (PEP) carboxylase to form which is 

converted to malate and transported to bundle sheath cells adjacent to the vascular 

elements of the leaves (Hatch & Osmond, 1976). The malate is decarboxylated and 

the released C02 is re-fixed by Rubisco in the standard C3 manner. The advantage to 

the plant of this rather more complex C02 fixation process comes from the higher 
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C02 fixation efficiency of PEPcarboxylase over Rubisco. Since PEPcarboxylase can 

scavenge a greater amount of C02 from a given amount of air, the amount of air 

exchanged in and out of the leaves through the stomates can be reduced thereby 

reducing water loss to the atmosphere. CAM plants carry out essentially the same 

biochemical process of C02 fixation as C4 plants but instead of physically separating 

the two fixation steps into different cell types, the two steps are separated in time (for 

reviews see Osmond & Holtum, 1981; Ting 1985). The stomates of CAM plants open 

at night when temperatures are lower allowing air exchange with lowered water loss. 

The C02 fixation by PEPcarboxylase occurs only at night and the malate produced is 

stored in the vacuole. During the day, malate is released from the vacuole and 

decarboxylated. The released C02 is then fixed by Rubisco in the standard C3 

manner. M. crystallinum has the ability to use C3 or CAM modes of C02 fixation 

depending on environmental conditions. This raises the possibility of a need for 

versions of Rubisco optimized for functioning in the two pathways and under the 

different cellular conditions resulting from environmental stress. Since the large 

subunit is encoded by a single chloroplast gene, the multiple small subunit genes 

might provide a means of making adaptive changes to the Rubisco holoenzyme. 

M. crystallinum has been well characterized at the physiological, biochemical 

and molecular levels (for review see Bohnert et al. 1988). It is a facultative halophyte 

native to southern Africa (von Wilert et aI. 1979) but also found in Australia (Kloot, 

1983), the Mediterranean coast (Winter et al. 1978), Baja California (Wiggens, 1980) 

and southern California (Vivrette & Muller, 1977). It is an annual plant that 

germinates during a wet season and completes its life cycle under dry conditions 

(Winter, 1979). The plant has a characteristic growth pattern in which alternating leaf 

pairs are added to the central axis up to six or seven pairs. Under our growth 
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conditions, this occurs at a rate of about one leaf pair per week. Around five weeks of 

age, axillary branches begin to appear from the bases of the lower primary leaves. 

These branches have smaller leaves with a morphology different from that of the 

primary leaves. Eventually, the primary leaf pairs senesce leaving only the side 

branches. The plant'S flowers develop on these side branches. This characteristic 

growth pattern provides a developmental yardstick by which to judge the 

developmental status of the plant. 

A number of environmental conditions have been shown to induce the switch 

from C3 to CAM including watering with solutions of NaCI, Na2S04, KCI, K2S04 

(Winter, 1973a) or polyethylene glycol (Bohnert et al. 1988), exposure to high light 

and low humidity (Winter, 1973b) or growth at low temperatures (Winter, 1974). An 

element common to these treatments is water stress. Drought also induces CAM 

(Bohnert et al. 1988). The induction of CAM involves the increased expression of 

genes encoding CAM enzymes (Ostrem et al. 1987; HOfner et al. 1987; Schmitt et al. 

1988; Cushman, 1992a; Cushman, 1992b) followed by increased activity of these 

enzymes (HoItum & Winter, 1982). The expression of PEPcarboxylase in response to 

stress has been extensively characterized as a marker for CAM induction. The 

PEPcarboxylase that is induced by stress is a CAM specific isozyme (Cushman et al. 

1989). A non- CAM PEPcarboxylase encoded by a second gene is expressed at low 

levels in the absence of stress and is not induced by stress. The induction of 

PEPcarboxylase gene expression is reversible upon removal of stress (Vernon et al. 

1988). Stress induction of PEPcarboxylase is itself under developmental control. The 

inducibility of the CAM specific isoform is dependent on the developmental state of 

the plant (Ostrem et al. 1987) and it has been proposed that this developmental 

program corresponds to climatic conditions of the plant's native habitat (Cushman et 
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al. 1990). While the inducibility of CAM related genes by stress is developmentally 

regulated, not all adaptive responses are under the control of this developmental 

program. A gene that encodes an enzyme involved in the synthesis of a sugar alcohol 

that likely confers osmotolerance during stress is inducible at all plant ages (Vernon 

& Bohnert, 1992a and 1992b). Once the plants have reached five weeks of age, the 

switch from C3 to CAM can be induced at will in a reproducible manner by simply 

stressing the plants with 500mM NaCI making this a good system from an 

experimental standpoint for studying the molecular events that occur during the C3 to 

CAM switch. 

Research goals 

To investigate the possibility of differential regulation of the rbcS genes of M. 

crystallinum, the overall strategy used in this research was to first identify and 

characterize at the nucleotide sequence level all the rbcS genes of the gene family. 

This information would then be used to design gene specific probes to examine the 

expression properties for each of the genes during the stress induced switch from C3 

to CAM. In order to gain information on the mechanistic nature of rbcS gene 

regulation, changes in both transcriptional activities and steady state mRNA amounts 

were determined in all experiments. RbcS expression during development and in 

response to stress at different stages in development was also characterized. Since 

each chapter corresponds to a manuscript to be submitted for pUblication, the results 

of these experiments are presented in Chapters 2 and 3 in the format of research 

papers. Appendix A contains a published paper presenting data from another project 

with important ramifications for the design of nuclear run-on transcription 

experiments used to determine changes in transcriptional activities of the rbcS genes. 
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The complete rbcS cDNA nucleotide sequences are presented in Appendix B. The 

complete rbcS genomic nucleotide sequences are presented in Appendix C. 



CHAPTER 2. 

CHARACTERIZATION OF THE M. CRYSTALLINUM RUBISCO 

SMALL SUBUNIT GENE FAMILY 

ABSTRACT 
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The entire multi-gene family encoding the Rubisco small subunit (rbcS) in 

Mesembryanthemum crystallinum (common ice plant) was cloned and the nucleotide 

sequences of the six genes were determined. Five of the genes are arranged in a 

tandem array of 20kb. The sixth gene is not closely linked to the tandem array. The 

mature small subunit coding regions are highly conserved and encode four distinct 

peptides of equal lengths with up to five differing amino acids. The transit peptide 

coding regions are more divergent both in sequence and length encoding five distinct 

peptide sequences that range from 55 to 61 amino acids in length. Each of the genes 

has two introns located at conserved sites within the mature peptide coding regions. 

The first introns are diverse in sequence and length ranging from 122bp to 1092bp. 

Five of the six second introns are highly conserved in sequence and length. Two 

genes, rbcS-4 and rbcS-5, are identical at the nucleotide level starting from 121bp 

upstream of the initiation ATG to 9bp downstream of the stop codon including the 

sequences of both introns. Essential regulatory elements identified in rbcS promoters 

of other species are absent from the upstream regions of all but one of the ice plant 

rbcS genes. The rbcS genes were shown to be differentially expressed in leaves. 

Evidence of recent gene duplication and gene conversion reveals a complex 

combination of evolutionary forces acting on this gene family. 
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INTRODUCTION 

Ribulose-l,5-bisphosphate carboxylase/oxygenase (Rubisco) is the primary 

enzyme responsible for C02 fixation in C3 plants and is the secondary C02 fixation 

enzyme in C4 and Crassulacean acid metabolism (CAM) plants. This chloroplast 

localized enzyme exists as a complex of eight large subunits encoded by the 

chloroplast genome and eight small subunits encoded by the nuclear genome. The 

small subunit protein is synthesized in the cytoplasm as a pre-protein and then 

transported into the chloroplast. During the process of transport into the chloroplast, 

the N-terminal transit peptide is cleaved from the pre-protein generating the mature 

small subunit which can then assemble with the large subunit to form the Rubisco 

holoenzyme. 

Rubisco small subunit genes (rbcS) have been extensively studied as models 

for developmental and environmental regulation of plant genes and for understanding 

mechanisms underlying transcriptional control of plant gene expression (for reviews 

see, Manzara and Gruissem, 1988; Dean et al. 1989; Gilmartin et al. 1990). In all 

higher plant species examined to date, the small subunit is encoded by a nuclear 

multi-gene family of a variety of sizes in different species. The gene family encoding 

the small subunit has been studied as a model for differential gene expression and for 

the evolution of plant gene families. Complete rbcS gene families have previously 

been isolated and sequenced from the dicot species petunia (Dean et al. 1987, Turner 

et al. 1986), tomato (Sugita et al. 1987) and Arabidopsis (Krebbers et al. 1988). 

Various combinations of rbcS genes and cDNAs representing portions of the rbcS 

gene family from other dicot species including pea (Fluhr et al. 1986), tobacco 

(Mazur and Chui, 1985; O'Neal et al. 1987; Poulsen et al. 1986; Pinck et al. 1986), 



30 

and soybean (Grandbastien et al. 1986) have been isolated and sequenced. Although 

no complete rbcS gene family has been characterized for a monocot species, genes 

and cDNAs for the rbcS gene families of Lemna gibba (Silverthorne et al. 1990), 

maize (Sheen and Bogorad 1986, Lebrun et al. 1987), and wheat (Smith et al. 1983, 

Broglie et al. 1983) have been isolated and sequenced. Information about the genomic 

organization of the rbcS gene family is known for petunia (Dean et al. 1987a), tomato 

(Sugita et al. 1987), Arabidopsis (Krebbers et al. 1988), and pea (Polans et al. 1985). 

We are studying the rbcS gene family of the facultative halophyte 

Mesembryanthemum crystallinum (ice plant) as part of a larger effort to understand 

the molecular events behind this plant's ability to switch from C3 to CAM C02 

fixation when subjected to salt stress or drought (Cushman et al. 1990b; Bohnert et al. 

1992). We have previously reported the isolation and sequences of four rbcS cDNAs 

from M. crystallinum (De Rocher et al. 1987; 1991). We have now obtained the 

complete rbcS gene family consisting of six genes and present the nucleotide 

sequences, genomic organization and relative expression levels for these genes. 

Important features of this gene family are compared with the rbcS gene families of 

petunia, tomato and Arabidopsis . The roles of selection, gene duplication and gene 

conversion in the evolution of this gene family are discussed. 
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MA TERIALS AND METHODS 

Plant material 

M. crystallinum plants were grown in growth chambers (Conviron) under 

incandescent and fluorescent lights with an intensity of 500-550 J..lEinsteins m-2s-1 

with a day/night cycle of twelve hours light, twelve hours dark and temperatures of 

230 C during the light and 180 C during the dark. Seeds were germinated in trays 

filled with soil and after seven days, seedlings of consistent size were transplanted to 

soil in 32 oz. styrofoam pots and watered with Mesembryanthemum nutrient solution 

(Ostrem et al. 1987). 

Isolation and sequencing of cDNA clones for gene specific probes 

A full length M. crystallinum rbcS cDNA clone (rbcS-l) was isolated using a 

pea rbcS cDNA clone (provided by Dr. Nam-Hai Chua) as a probe to screen a pUC 

cDNA library generated from M. crystallinum leaf mRNA. Restriction fragments of 

the insert contained in the isolated cDNA clone were subcloned into M13mpI8/19 

(Messing et al. 1977) and sequenced by the dideoxy chain termination method 

(Sanger et al. 1977). The rbcS-l clone was used to screen two Iv -ZAP (Stratagene) 

cDNA libraries constructed using RNA from unstressed and stressed M. crystallinum 

plants. Hybridizing clones were re-screened using a rbcS-l specific probe described 

in the following section to eliminate rbcS-l containing cDNA clones. Clones 

containing rbcS-2, rbcS-3 and rbcS-4 cDNAs were identified by a combination of 

sequencing in from the 5' and 3' ends of clones and screening for cross hybridization. 

Restriction fragments of full length rbcS-2, rbcS-3 and rbcS-4 cDNAs were 

subc10ned into Bluescript KS (Stratagene) and sequences of single stranded and 
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double stranded DNA templates were determined by the dideoxy chain termination 

method using a-[35S]-ATP and Sequenase (U.S. Biochemical) generally following 

the Sequenase protocol. The four rbcS cDNAs were used to generate the gene 

specific probes as described in the following section. The sequences of the four 

cDNAs are presented in Appendix B. Sequences have been submitted to EMBL. 

Access numbers:YOO390 (rbcS-l), M38316 (rbcS-2), M38317 (rbcS-3) and M38318 

(rbcS-4). 

Nucleic acid probes 

A general rbcS probe was generated by isolation of a rbcS-l coding region 

BglI restriction fragment from a 1 % low-melting agarose gel followed by labeling 

with a-[32P]-ATP and a-[32p]-CTP using the random primer method (Feinberg and 

Vogelstein, 1983). The high conservation of rbcS coding regions ensures that this 

probe hybridizes to all members of the rbcS gene family. The gene-specific probes 

for rbcS-l, rbcS-2, rbcS-3 and rbcS-4 were generated from the corresponding cDNAs 

by subcloning the 3' non-coding regions. No coding region sequence is present in any 

of these 3' non-coding region subclones. Probes were prepared by excising the 

subclone inserts with appropriate restriction digests, isolating the inserts from 1 % 

low-melting agarose gels and labeling by the random primer method. No cDNAs 

corresponding to the rbcS-5 and rbcS-6 genes were isolated. Because the transcribed 

regions of the rbcS-4 and rbcS-5 genes are 98% identical, no attempt to make a rbcS-

5 gene-specific probe was made. A gene-specific probe for rbcS-6 was generated by 

synthesizing a 17 base oligomer (5' GCCTGGCCCTAAAGTCC 3') complementary 

to part of the 3' non-coding region of the rbcS-6 genomic DNA sequence. End 

labeling reactions consisted of 2pmoles 5' ends, 5 units T4-kinase (Promega), l00J..lCi 
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y_[32p]-ATP (4SOO Cilmmole specific activity) and lOX poly-nucleotide kinase 

buffer containing O.SM Tris pH 7.6, O.IM MgCI2, SOmM DIT, ImM spermidine, 

and ImM EDTA in a reaction volume of 14.SJ..Ll. Reactions were carried out at 370 C 

for 30 min. followed by addition of S units T4 kinase, IJ..LllOX buffer and lOJ..LI H20 

and a second incubation at 370 C for 30 min. Reactions were stopped by heating at 

600 C for 10 min. Unincorporated nucleotides were removed by two precipitations 

using 0.2 volumes 10M NH4 OAc and 2.S volumes ethanol and 30 min. at -700 C. 

Labeled oligo was pelleted for 30 min. at 40 C and resuspended in SOJ..LI H20. 

Isolation and sequencing of genomic clones 

An M. crystallinum genomic library (Meyer et al. 1990) was screened three 

times by plaque hybridization (Benton and Davis, 1977), twice using the rbcS coding 

region probe described above and once using the rbcS-6 gene-specific oligo also 

described above. Approximately 160,000 plaques with an average insert size of IS kb 

were screened in each of the three screens representing a total of approximately 

eighteen times the M. crystallinum genome size of 390,000 kb (De Rocher et al. 

1990).Clones were carried through two rounds of plaque purification and examined 

by restriction and Southern analysis to eliminate duplicate clones. This yielded twelve 

distinct 'A clones which were used for sequencing. 

Restriction fragments of the isolated 'A clones were subcloned into 

M13mp18/19 (Messing et al. 1977) or Bluescript KS (Stratagene). Sequences of 

single stranded and double stranded DNA templates were determined by the dideoxy 

chain termination method using a-[3SS]-ATP and Sequenase (U.S. Biochemical) 

generally following the Sequenase protocol. Complete sequences have been 

submitted to EMBL. Accession numbers: 
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Genomic Southern analysis 

Six 4J..lg aliquots of total M. crystallinum DNA were digested with HindIII, 

electrophoresed in a 1 % agarose gel and transferred to a nitrocellulose filter using 

10X SSC. The filter was cut into strips corresponding to each lane of the gel and 

baked. The filter strips were individually probed with the rbcS coding region probe or 

the gene-specific probes described above. Filter strips were washed at high 

stringency, re-assembled and exposed to X-ray film. 

Alignments 

All sequence alignments and dendrograms were generated using the program 

CLUST AL (Higgins and Sharp, 1988) run on a personal computer. Default settings 

were used for all alignments with the exception that some adjustments were made to 

coding region nucleotide alignments in cases where gaps introduced by CLUSTAL 

resulted in split codons. 

Gene-specific probe normalization for determining relative rbcS expression 

levels 

The relative signal intensities and specificities of the gene-specific probes 

were determined by hybridization to equimolar amounts of rbcS-1, rbcS-2, rbcS-3 

rbcS-4 and rbcS-6 DNAs. Linearized and denatured rbcS DNAs were slot blotted to 

nitrocellulose in a ten fold dilution series of 10.0, 1.0 and O.lfmoles. Each gene

specific probe was hybridized to triplicate sets of a dilution series of all five genes. 

Mter washing at 550 C in O.1X SSC for the restriction fragment probes or 420 C in 

0.1X SSC for the oligo probe, hybridization signals were quantitated as cpm directly 

from the blots using a Betascope. The numbers obtained from each set of dilution 
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series were used to calculate the relative signal intensity for each gene-specific probe 

after subtracting out any signal due to cross hybridization. 

Northern analysis 

Total RNA was isolated from the leaves of four week old M. crystallinum 

plants and slot blotted (8J..lg/ slot) as previously described (Cushman et al., 1990a). 

Duplicate RNA blots were hybridized with each of the gene-specific probes together 

with the DNA blots described above. Hybridization signals were quantitated as cpm 

directly from the blots using a Betascope. Signals from the duplicate RNA blots were 

averaged and then multiplied by the gene-specific probe normalization factors 

determined as described above to give the relative steady state mRNA levels for each 

rbcS gene. 
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RESULTS 

Gene isolation 

A Mesembryanthemum crystallinum genomic library was screened for clones 

containing Rubisco small subunit sequences as described in materials and methods 

using a fragment of the M. crystallinum rbcS-l eDNA (De Rocher et al. 1991) as a 

probe. Thirteen hybridizing clones were obtained from two screens of the genomic 

library. Restriction mapping of these clones revealed that ten were unique and that 

they fell into two distinct sets of overlapping clones. Small subunit sequences were 

mapped to subfragments of these clones by southern analysis. Restriction fragments 

containing small subunit sequences were subcloned and sequenced. 

Nucleotide sequences of six rbcS genes and their flanking regions were 

determined. Four of the genes corresponded exactly to the four previously isolated 

and sequenced rbcS cDNAs from M. crystallinum (De Rocher et al. 1991). These four 

genes are given the names of their corresponding cDNAs: rbcS-l, rbcS-2, rbcS-3 and 

rbcS-4. The two genes for which no corresponding cDNAs were found were 

designated rbcS-5 and rbcS-6. The sequence of rbcS-6 revealed that the 5' portion of 

this gene was missing because the gene was located at the end of the insert in the 

original genomic clone. A third screen of the genomic library was performed using a 

rbcS-6-specific synthetic oligo complementary to part of the rbcS-6 3' non-coding 

region. Four clones were obtained after three rounds of screening. The full sequence 

of rbcS-6 and its upstream region was determined from two of these clones. 

To determine if the six genes sequenced represented the total number of rbcS 

genes, a genomic southern was done taking advantage of the sequence data and 

restriction maps of the original genomic clones to select a restriction enzyme 
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(HindID) for which sizes of rbcS hybridizing bands could be predicted. Each of the 

bands that hybridized with the rbcS coding region probe could be accounted for by 

the bands produced by each of the gene-specific probes (Figure 2.1). Hybridization of 

the rbcS-3 and rbcS-6 probes to the same -5.3kb band was as expected since both of 

these genes are known to be located on a common HindIII fragment. The two major 

bands produced by the rbcS-4 probe result from cross-hybridization to the rbcS-5 

gene 3' non-coding region as expected due to the near identity of the 3' non-coding 

regions of these two genes. From the sequence data and restriction maps, the lower 

band corresponds to rbcS-4 and the upper band to rbcS-5. A third weak band is 

visible at 5.3kb and is the result of cross-hybridization to the rbcS-3 3' non-coding 

region which is closely related to those of rbcS-4 and rbcS-5. Based on these data and 

the approximately eighteen genome equivalents screened in the genomic library, we 

conclude that these six genes comprise the entire rbcS gene family in M. 

crystallinum. 

Genomic organization 

Five of the rbcS genes are located in a tandem array within a span of 20kb 

(Figure 2.2). The rbcS-3 and rbcS-4 genes are located particularly close together with 

only 1563bp separating the stop codon of rbcS-3 from the start ATG of rbcS-4. The 

rbcS-l gene is not closely linked to the five genes in the tandem array. A screen of 

the genomic library for clones that would link rbcS-l to the array did not yield any 

such clones. If rbcS-l is located on the same chromosome as the other five genes, it is 

at least 15kb away. All six genes share similar structures with two introns interrupting 

the coding regions at sites that are conserved among these genes and other dicot 

species (Wolter et al. 1988; Dean et al. 1989). 
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Coding regions and proteins 

The aligned nucleotide sequences of the coding regions for the six rbcS genes 

along with their derived amino acid sequences are presented in Figure 2.3. The 

complete nucleotide and amino acid sequences of rbcS-6 are shown and only those 

nucleotides and amino acids at positions that differ from rbcS-6 are shown for the 

other five genes. The nucleotide sequences of the coding regions are highly conserved 

with sequence identities in pair-wise comparisons ranging from 85.3% to 100%. The 

three genes located in the middle of the tandem array are the most conserved. The 

rbcS-4 and rbcS-5 coding regions are 100% identical to each other and 97.3% 

identical to those of rbcS-3. Sequence divergence between the six genes is not 

distributed uniformly over the coding regions. The majority of nucleotide and amino 

acid differences between the genes are concentrated in the region of each gene 

encoding the transit peptide. The fifteen possible pairwise comparisons of the 

nucleotide sequences were made and are shown in Table 2.1. While the greatest 

divergence between nucleotide sequences encoding the mature small subunit is 7.7%, 

transit peptide coding regions diverge by up to 33.3%. This disparity is also present 

at the amino acid level as can be seen in the pahwise comparisons of amino acid 

sequences shown in Table 2.2. The greatest amino acid divergence between mature 

small subunits is 4.0% compared to 22.8% between transit peptides. 
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Figure 2.1 Genomic southern analysis of the M. crystallinum rbcS gene family. 

M. crystallinum genomic DNA isolated from leaves was digested to completion with 

HindIII, electrophoresed on a 1 % agarose gel and transferred to nitrocellulose as 

described in materials and methods. Strips of the nitrocellulose were individually 

probed with a general rbcS probe (rbcS coding) or with gene-specific probes as 

indicated. Size markers are indicated on the left. 
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Figure 2.2 Genomic organization of the M. crystallinum rbcS gene family. 

Schematic representation of the physical arrangement and gene structures of the rbcS 

genes. Exons are represented by black boxes, introns by open boxes. Arrows over 

each gene indicate the direction of transcription. The extent of sequenced regions are 

marked by dashed double arrows and regions of the tandem array covered by 

overlapping 1 clones are indicated by solid double alTOWS. 
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Figure 2.3 Aligned coding region nucleotide sequences and deduced amino acid 

sequences. The complete coding region nucleotide sequence and deduced amino 

acid sequence are shown for rbcS-6. Nuc1eotides of the other five genes are shown 

above the rbcS-6 nucleotide sequence at positions where there is variation from rbcS-

6. Amino acids are shown at those positions where there is variation from the rbcS-6 

amino acid sequence. Gaps introduced to maintain alignment are indicated by dashes. 

The sites of the first and second introns are identical in all six genes and are marked 

by the two downward pointing open arrows. The junction of the transit peptide with 

the mature small subunit is indicated by the upward pointing solid arrow. 
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Table 2.1 Pairwise comparisons of nucleotide sequence divergence. 

In e~ch comparison, the ratio of the number of nucleotide changes to the total number 

of nucleotides is presented along with the equivalent percentage. In each comparison, 

the top row (a) is the transit peptide coding region, the middle row (b) is the mature 

peptide coding region and the bottom row (c) is the complete rbcS coding region. 

Table 2.2 Pairwise comparisons of amino acid sequence divergence. 

In each comparison, the ratio of the number of amino acid changes to the total 

number of amino acids is presented along with the equivalent percentage. In each 

comparison, the top row (a) is the transit peptide, the middle row (b) is the mature 

peptide and the bottom row (c) is the complete rbcS pre-protein. 
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TAblg 2 1 

rbcS-2 rhcS-3 rbcS-4 rbcS-S rbcS-6 

50/171 (29.2\) 57/174 (32.Bt) 54/174 (31. 0\) 54/174 (31. 0\) 55/183 (30.1\) • 
rbcS-l 12/375 ( 3.2\) 13/375 ( 3.5\) 18/375 ( 4.8\) 18/375 ( 4.8\) 20/375 ( 5.3\) b 

62/546 (11.4\) 70/549 (12.Bt) 72/549 (13.1\) 72/549 (13.1\) 75/558 (13.4\) C 

48/174 (27.6\) 49/174 (28.2\) 49/174 (28.2\) 60/183 (32.8\) • 
rbcS-2 13/375 ( 3.5\) 23/375 ( 6.1\) 23/375 ( 6.1\) 29/375 ( 7.7\) b 

61/549 (11.1\) 72/549 (13.1\) 72/549 (13.1\) 89/558 (16.0\) c 

10/174 5.7\) 10/174 5.1\) 611183 (33.3U • 
rbcS-3 14/375 3.1\) 14/375 3.7\) 21/375 ( 5.6\) b 

24/549 4.4\) 24/549 4.4\) 82/558 (14.7\) c 

0/174 O.OU 58/183 (31.7\) a 
rbcS-4 0/375 0.0\) 24/375 ( 6.4\) b 

0/549 0.0\) 82/558 (14.7\) c 

58/183 (31.7\) • 
rbcS-5 24/375 ( 6.4\) b 

82/558 (14.7\) c 

Tpblo 2 2 

rbcS-2 rbcS-3 rbcS-4 rbCS-5 rbcS-6 

13/57 (22.8\) 17/58 (29.3\) 18/58 (31. 0\) 18/58 (31.0\) 20/61 (32.8\) a 
rbcS-1 1/125 ( 0.8\) 0/125 ( 0.0\> 4/125 ( 3.2\) 4/125 ( 3.2\) 2/125 ( 1.6\) b 

14/182 ( 7.1\) 17/183 ( 9.3\> 22/183 (12.0\) 22/183 (12.0\) 22/186 (11.8\) c 

17/58 (29.3\1 18/58 (J1. OU 18/58 (31.0\) 19/61 (31.1\) a 
rbcS-2 1/125 ( 0.8\1 5/125 ( 4.0\) 5/125 ( 4.0\) 3/125 ( 2.4\) b 

18/183 ( 9.8\1 23/183 (12.6\) 231183 (12.6\) 22/186 (11.8\) c 

1/58 1.1\) 1/58 1.1\) 19/61 (31.1\) a 
rbcS-3 41125 3.2\) 4/125 3.2\) 2/125 ( 1.6\) b 

5/183 2.7\) 5/183 2.7\) 21/186 (11.3U c 

0/58 0.0\) 20/61 (32.8\) a 
rbcS-4 0/125 0.0\) 2/125 ( 1.6\) b 

0/183 0.0\) 22/186 (11.8\) c 

20/61 (32.8\) • 
rbcS-5 2/125 ( 1. 6\) b 

22/186 (11. 8\) c 
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Five distinct transit peptides of four different lengths are encoded by this gene 

family. The transit pep tides ofrbcS-l, rbcS-2 and rbcS-6 are respectively 57,55 and 

61 amino acids in length. The transit peptides of rbcS-3, rbcS-4 and rbcS-5 are all 58 

amino acids long. Four different mature small subunit proteins, all 125 amino acids in 

length, are encoded by the six genes. The rbcS-l and rbcS-3 mature small subunits 

are identical as are those of rbcS-4 and rbcS-5. Unique mature small subunits are 

encoded by rbcS-2 and rbcS-6. 

Introns 

The boundaries for the two introns in each gene were identified by 

comparison of the rbcS-l, rbcS-2, rbcS-3 and rbcS-4 genomic sequences to the 

corresponding cDNA sequences (De Rocher et al. 1991). The introns of rbcS-5 and 

rbcS-6 were delineated by homology to the other four genes. Consensus 5'-GT and 3'

AG dinucleotides are present at the exon/intron boundaries for all the introns. The 

first intron begins at the end of the second codon of the mature protein coding region 

as has been seen in all other dicot plant rbcS genes. The second intron is also located 

at a site conserved in other species immediately after codon 47 of the mature protein 

coding region. 

Sequences, sizes and alignments of the introns are shown in Figure 2.4 and 

Figure 2.5. There is greater diversity of sequence and length among the first introns 

than among the second introns. The first introns of rbcS-l and rbcS-6 are much 

longer than those of the remaining genes at 852bp and 1092bp respectively and they 

show no significant sequence similarity to each other or the other four genes. The first 

introns of rbcS-2, rbcS-3, rbcS-4 and rbcS-5 are all between 122bp and 129bp in 

length. The sequences of the rbcS-4 and rbcS-5 first introns are identical and are 
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closely related to that of rbcS-3 (72.4% identical). The first intron of rbcS-2 is less 

closely related but is 51.2% identical to those of rbcS-4 and rbcS-5. 

While the first introns fall into three different groups, the second introns of all 

six genes share at least some sequence similarity with each other and are more 

homogeneous in length with the exception of rbcS-2 which is almost twice as long as 

the others. As with the sequences of the first introns of rbcS-4 and rbcS-5, the second 

introns of these two genes are identical. 

5' and 3' flanking regions 

The high sequence similarity seen between the coding regions and introns of 

rbcS-3, rbcS-4 and rbcS-5 also extends to the 5' flanking sequences of these genes. 

The upstream regions of rbcS-4 and rbcS-5 are exactly colinear 5' of the initiation 

ATG for 240bp with only seven nucleotide differences and they retain high sequence 

similarity for another 460bp with only a few short insertions or deletions. The 

upstream region of rbcS-3 has a greater number of nucleotide changes and 

insertions/deletions relative to rbcS-4 and rbcS-5 but still has clear homology for 

570bp 5' of the initiation ATG. The upstream sequences of rbcS-2 and rbcS-6 are 

unrelated to each other and to rbcS-3, rbcS-4 or rbcS-5 except for an approximately 

40bp region of homology indicated in Figure 2.6 that is also in common with rbcS-3, 

rbcS-4 and rbcS-5. The 5' flanking region of rbcS-1 shares no homology with the 5' 

regions of the other five genes. 

A number of sequence elements have been identified as regulatory elements in 

the promoters of rbcS genes from other species. The upstream sequences of all six 

genes were examined for the presence of G-box, H-box, I-box, L-box (Manzara & 

Gruissem, 1988), box-I, box-II, box-III (Green et al. 1987) or AT-l box (Datta & 
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Cashmore, 1989) elements. Only I-box, G-box and partial box-II elements were 

found and only in the upstream region of rbcS-1 (Figure 2.6). The other five M. 

crystallin urn rbcS genes lack these sequence elements. Regions containing possible 

T AT A and CAA T box elements are indicated in Figure 2.6. 

As with the 5' flanking regions, the 3' flanking regions of rbcS-3, rbcS-4 and 

rbcS-5 have high sequence similarity to each other (Figure 2.7). There is no sequence 

similarity between these three 3' regions and the 3' regions of the other three genes 

except for the first four nucleotides immediately following the stop codon. These four 

nucleotides are common to all six genes. The sequences of the rbcS-1 and rbcS-6 3' 

regions are conserved for the first 76 nucleotides after the stop codon but are 

divergent thereafter. The 3' flanking region of rbcS-2 has little in common with the 

other rbcS genes. 

Relative expression levels 

From our previous isolation of 156 M. crystallinurn rbcS cDNAs, the rbcS-1, 

rbcS-2, rbcS-3 and rbcS-4 genes were known to be expressed (De Rocher et al. 1991). 

No cDNAs corresponding to rbcS-5 or rbcS-6 were isolated. Because of the 

extremely high sequence identity of rbcS-5 and rbcS-4, it was not possible to design a 

probe to discern rbcS-5 from rbcS-4 and I could not determine if the rbcS-5 gene is 

expressed. An oligonucleotide with a sequence specific for the rbcS-6 3' non-coding 

region was synthesized to be used to determine if rbcS-6 is expressed. Relative 

expression levels of the members of this rbcS gene family were determined (with the 

exception of the inability to distinguish rbcS-5 expression from rbcS-4 expression) 

using the rbcS-6 oligo and restriction endonuclease generated DNA fragments 
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containing the 3' non-coding regions of rbcS-l, rbcS-2, rbcS-3 and rbcS-4 cDNAs as 

gene-specific probes. Specificity of these probes is demonstrated in Figure 2.8. 

To correct for different specific activities and probe lengths, probes were 

normalized on the basis of hybridization signals obtained after hybridizing each probe 

to equimolar amounts of DNA for each gene (see materials and methods). DNA for 

each gene was slot blotted in a dilution series (Figure 2.8) to ensure that hybridization 

signals obtained were from within the linear range of the binding capacity of the 

nitrocellulose. Hybridization signals were linear over the dilution range used. Each 

probe was hybridized to triplicate sets of blots, signals were quantitated directly from 

the blots with a Betascope and an average value (n=9) for hybridization signal cpm 

per mole of blotted DNA was calculated for each probe. These values were used as 

normalization factors for signals obtained from hybridization of each probe to 

duplicate total leaf RNA slot blots. The results from hybridization of the gene

specific probes to total RNA is shown at the bottom of Figure 2.8. RbcS-l transcripts 

make up 67.7 ± 7.2% of total rbcS transcripts, rbcS-2, 3.8 ± 0.2%, rbcS-3, 14.0 ± 

0.5%, and rbcS-4, 14.5 ± 0.5%. RbcS-6 transcripts were not detectable. 
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Figure 2.4 First intron sequences, sizes and alignments. Complete nucleotide 

sequences of all six first introns are presented. Alignments were performed as 

described in materials and methods. Gaps introduced in the alignment are indicated 

by dots. Vertical bars indicate sequence identity and asterisks below sequences 

indicate positions of identity common to all the sequences in the alignment. The first 

introns of rbcS-l and rbcS-6 are not included in the alignment of the other four first 

introns due to the lack of sequence similarity. 
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CTTATGTAAACAAGCCTCTGAAAAAGCAAACACCCAMCAAMCCTATGAACATAGCTCTCTAGCTTAAAGMTCTTACCATGTGGATGTGGGACAACTG 500 

ATTCACACATATAAACMGATATTCAATCCAMTATGTTCTTTGATCTTCATCCAAAATGCTACCCATTCTAATCTTCTATAAATTTAGAAATATTAAGA 600 

TGATGCGACTGTGTGACACACMTGACACMGGTGGTTAACATGAAMMACTMTATTTTCCCAGTTCCACAGCAATGMGATCCTCGMTGTMTCTT 700 

ACATGATIlCAAGGCTCATGGAAAGAGTATATIIGGATGATTCCTTTTAACTTGCMTTCCTMAIIGCATTGCACAATGTTATATCCCTCTTGCAAATCCAA 800 

AATGATTAAATGCTTTCCCAAACTTTGMMACAAATTAAATTTCTIIGAGAAAATAAMCGAGAGTACCTGCCTTGACAATTCGACAAAAGAGCCTGTGC 900 

AGAGAMGTTIICTGTTTGACAAIICATTGGGAGAACAAAAGTGTCAATAAGTTCAAGIITIIGATAATATAAGTAACTGCTTATGCATAATIICCATCGATTGC 1000 

TTTCGGTCCCTCTTACTTTCAGGGGATTCTTTTTGTCTAATCTCAAAAAGATATGCTTCAACIIGMCATTGAMCATTGAAAATTGTTGTIIG 1092 

GTAAACGCTTACCAGCTAAACTAGTTGACATCTGTATTTAAGAMTGCTCATTGATTATTGTGTATGTTTTAT .• GTTACTGAAATTAATGTTTGCTTAT 98 
III II II III II I I I I II II II I I I I II I III II I III I I I I 
GTA •••••• CIICTIIGTGAAA. TACATTAAGGCCATTTTGAMCTATACATIICACA ••• ATTCGTG. GGACTATTGATTGTTTCCCAGMTATGTT • TGTT 8S 
III . I III I I 11111 11111111 I 111111 I II III I 1111 III 11111111 11111 11111 I I 1111 
GTA .•.•••• ATCAGTTAGA.TIICATGAAGGCCATCT.AAAACTACATTTAAACACAAAAGCGTGTGGATTATTGATTATTTCCAAGMTCTTCTCTGTT 91 
III 1111111111 1111111111111111 11111111111111111111111111111111111111111111111111111111111111 
GTA •••••.. ATCAGTTAGA.TACATGMGGCCATCT.AAAACTACATTTAAACACAAAAGCGTGTGGATTATTGATTATTTCCAAGMTCTTCTCTGTT 91 

GTGTGAATATGTTGCGTATGTTG .•• CGTTGTAG 129 
I III III II III I 1111111 
GCTAAAATGTGTCGCTTATATGAAAATGTTGTAG 122 
I I 111111 1111 III 1111111 1111 
GATGAAATGT •• TGCTTGTATMMATGTCGTAG 123 
1111111111 1111111111111111111111 
GATGAAATGT •• TGCTTGTATMMATGTCGTAG 123 
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Figure 2.5 Second intron sequences, sizes and alignments. Complete nucleotide 

sequences of all six second introns are presented. Alignments were performed as 

described in materials and methods. Gaps introduced in the alignment are indicated 

by dots. Vertical bars indicate sequence identity and asterisks below sequences 

indicate positions of identity common to all the sequences in the alignment. 
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GTAAGTTCT ..... G ••• T •• TCT"'C ... CCCTTA ........ TTCTTTTCTTGGGT ... GGA ••••• TTAATGTGTTTG •••••••• GAGe ••••••••••• ATTAC 64 
11111 1111 I I III I II III II I I I I I II I II II II II 
GTAAGTTCTTCACCCTTAGGCTAAATTCTCTTCGCCATTAGTTCCCTACTTGGAAAGATTTTCACACATTCTTCCAAAATGAGeCAAATATTTGGGCTAA 100 
111111111 II I II I III III I I I I III III 1111 
GTAAGTTCTGCAA ••• TGeCCT ••• TCCTC • •••••••••• TTCTTGTACTAGGA •• , •• CT •• T. T ... TTTG •••••••• GAGT ••••••••••• GeTAT 56 
1111111111111 I III 1111 11111 111111 II I 111111 1111 I III 
GTAAGTTCTGCAA ••• TMCCTGAATCCTTT ••••• CTTAGTTCTTAGGCTAGGA ••••• CT •• T. TATTTG •••••••• GAGT ••••••••••• GTT ... T 65 
1111111111111 111111111111111 1111111111111111111 II I 111111 1111 11111 
GTAAGTTCTGCAA ••• TMCCTGAATCCTTT ••••• CTTAGTTCTTAGGCT ... GG ..... , •• CT •• T. T"'TTTG •••••••• GAGT ••••••••••• GTTAT 65 
111111111111 III 111111 II 111111 I I I II I II 
GTAAGTTCTGCA •••••• TCCTTC ... TCCTTC ••••• GTTTAGGCTT ... GGACTTCA ••••• TTTGG ... GAATT .......................... ATCAT 61 

M ••• TTGA •• AATGAGMTGAG ••••••••••••••••••••••••••••• AGAAATTA ..... CACGGT •••••••••• TTGCTTCTCTTTGATTGACCC 118 
II III III I III II 11111 I II I II II 11111111111111 

AMGTCTGAGCAATAAAAATCAGTTCAATTTT ... TTT ... GTTCAGTTTT ... TTCMGAAAACAGMCGGACTCTTAATATGCTTCATTTTCTTTGATTGACCC 200 
II III I I I III II II I II I II 1111111111 I II 
M ••• TTGA •• ACTGAGMTGAG ••••••••••••••••••••••••••••• AG •••• TA ..... CATTAT ••••• , •••• TTTATTTTCTTTGCTCGATT. 101 
II 1111 I 1111111111 II II III I I I 111111111 11111 
M ••• TTGA •• MTGAGMTGAG ................................ GAAATT ..... ACAGACT •••••••••• TATCTTTTCTTTGATCGATCC 111 
II 1111 111111111111 11111111 1111111 111111111111111111111 

M ••• TTG ..... MTG"'GMTGAG ••••••••••••••••••••••••••••• AG ......... TT ..... ACAGACT •••••••••• T ... TCTTTTCTTTG ... TCGATCC 111 
II III III 111111 I 1111111 III I I II III I 1111 III I 

M ••• CTGA •• MTMGMTGTG ................................ GAAATTG ..... CA ••• T •••••••••• TTTCCTTTTTGTG ... TTGAT ... C 110 

TCMTTTCAG 128 
II 111111 
TCGTTTTCAG 210 
II I III 
TCMTCCCAG 111 
11111 1111 
TCMTTCCAG 121 
1111111111 
TCMTTCCAG 121 
1111111111 
TCMTTCCAG 120 

.. ...... 
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Figure 2.6 Alignment of 5' flanking sequences for the six rbcS genes. 5' flanking 

sequences extending to 400bp upstream of the start ATG of each gene were aligned 

as described in materials and methods. Gaps introduced in the alignment are indicated 

by dots. Asterisks below sequences indicate positions of identity common to all the 

sequences in the alignment. Sequence elements of the rbcS-l promoter that are 

conserved with elements in the rbcS promoters of tomato and pea are underlined. A 

40bp region of sequence similarity common to rbcS-2, rbcS-3, rbcS-4, rbcS-5 and 

rbcS-6 is indicated by the shaded box. Possible TATA box elements are underlined 

(»»» and possible CAAT box elements are underlined (*****). 
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MGAMGATCCA •• MTA ••• TCTGMGAMGATAT. GGTCTGMMTTC •• CTAM •• A.MGACTAT ••• AGTA ••••••• CATGTATA. TCCCATAC 
• •••• ATATCTTTCACT. TM ••• GTT •••••• TGTCAAMTAM .AT ••• ACCAMTTA.AC •• TCACCGTACTTTTTTTTTTTT •••••• TTTTTCCT 
• •••• CCATTCATTMTATGAT •• GATCGMTATGTTGGATCAGATATTCMTC •••••••• AGATMT. GG •• T ••• AI ••••••••• CMTCC ••••• 
• ••••••••••• TTM. A •• AT •• GATCGMGATGTTGGATCACATATTCMTCGTCTIATMGATCATCG. AGTGAGATTTTCATGGACAGCCCTGCCC 
• ••••••••••• TCA •••••••••••••• MGATGTTGGMCACATATTCMICGMTTATMGAT. ATCGGAGIGAGATTTTCGTGMCAGCCCTGCCC 
• ••••••• ·tTC. TCA •• AGMTTTMCTGA. GA .... GGMIA.GTAT ••• AT .. MTTATA ••• TAMCAGACGMGA ••••••• AMGAGGACCACM 

ATTGACATATA •• TGGC ••• CCGCCTGCGGC .MCMMMACTAMGGATAGCTAGTTG. CTACTACMT •••••••• TCCCATA ••••• ACTCACCAC 
TTTTGCATC ••• TCATTGMTTTTTTTC •• C.MTAT • ACAGCTTGGTGGTA. CCA ••••• CTATGATAITTT ...... ICTCGTAT •• GCA ••• ACAAA 
CTTAGACTAGAGTTGCCGTACCGCTTTC •• CTMTGTMGAGTTMGTGG. A. AGAG •• GGCTGTCA •• TTTA •••••••••• MM •• AM ••• AAMA 
CTTAGMGAGAGTTGCCGTACCACTTCC •• CIA.TGTMTGGTGAMTGG.A.CGAG •• GGCTGTCA.ATTTA •••••••••• GAM •• G.A ••• AAMA 
TTTAGMGAGAGTTGATGTACCGCTTCC •• CTA.TGTTATGGTGAMTGG.A.CGAG •• GGCTGTCA.ATTTA •••••••••• GAM •• GGA ••• AAMA 
CTT.GTACAAAGT •••• G.A •••• TTAG •• CTAGAG •• MGATCMGAGGTGGAMGTTGATTATCATATCCAMGAGGTATGGGMTGGGATTGACAAA 

I-box G-box 
CATCACA ••••••• CATTCTTC ••••• C •••• AT! •••••• T ••• CAICC •• CCTTTIICT ••• TGGIITGA G/lTMGIIIAIGGGTICCIGCCACGIGG 
AMTAMIAC. T •••••••••• ATAIG. GTC •• ICTMGG •• GG ••••• CM •••• ATGCT ••••••••••• TGATGAG ••••••••••••• CCACTTGA 
AMGAMMMA •••••••••• MGAG.GMMTGGMM •• AGATAICCTACCIIGTGCTGIGTGTCTGGCTGATGIG.CA.AGGTCTCACCCACTTGA 
AMTA .................. CMG .GTA •• CCAM ••••••• TAICCTACCTTGTG ••••• IGTCIGGCIGATGTG. TA.AGGICTIACCCAC'!'TGA 
AMIAMMMI •••••••••• ACMG. GM •• ICAM ••••••• IATCCMCCTIGIG ..... TGTCTGGCIGATGTG. Til .AGGICTCACCCACTTGA 
MGTGTGGAGGTCICAITTCTCATAIGCATTMCTAGAGCCTAGA .AIT •• AC • TCAT • CTGAG. G •• IGGCIGCIMG. GATATGCCCCACCCATCTM 

partial Box II 
CACCATA •••• CCAIGG IIIG!! AACGATMGG.CTCT. TMT.C •• M •• MGTTIIAGG •• , •• TGTGA •• ATTTAGIITGAIGAGTTT •• TA.A 
TT... AIA •• GCMMCIACGIGATMGTTMTTATGACCATTGAMCAGA.GAGGTTG.TGCA 
TTIC .GGCCCAGAATTT.TCCM •• MCCATATCCC CCA •• TCTG •• CTA.GTG .... GCCATTCAT •• CT.TT •••••••••• AGGCIGCTG.A 
TTICG • GGCCMGMT'I'T • TCCM •• MCCAIATCTC CCA •• TCTG •• CTA. GTG •••• GCCATTCGT •• CT. TT •••••••••• AGGCTGCTG. A 
TTTTG • GGCCMGMITT • TeCM. ; MCCAGATCTC CCA •• TCTG •• CTA. GIG •••• GCCATCCGT •• CT • TT .......... AGGCTGCTG. A 
TT. • • GGCCMGMTTCCCCCAM;ATCCACACCTT CCMTTCCCMCTMTTTCTGACCC. TTTATI. CTA •• GM' .AGA •• AGATTG •••• A 

a.* •••••••••••• 
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-322 
-328 
-335 
-318 
-327 
-333 

-242 
-252 
-258 
-242 
-250 
-246 

-174 
-201 
-173 
-177 
-177 
-155 

-98 
-108 
-100 
-104 
-104 
-71 

GGTC •• CTTATTA. TATA ••• TAGG.A ....... AGGGGGT •• GCT •• AT •••• GGACCMCGTCCTCATCAAMGGG.MGTGTTITTTCICIM.CIA -23 
CCTTATCCI. TICCCATCCAIITT .CMIAIAI .AGA. CA ••• GC •• CAICICCAMCCACAMC. ICCCIGGAAMG.AGGIG ••••• TCIACMTCCA -25 
GCTCATTTCACTGCTATMMTGGACATTACTTTC •• ACATTTGCTTCAT. TCCAM. CMGGA •••• ACTMMCM.ACGGG ••••• I •• A •••••• G -23 
ACTCGTTTCACTGCTATMMTAGACATTACATTAGMCATTTGCTTCAT.TC.AM.CAAGM •••• ACCAAAMMCAGGGG ••••• T •• A •••••• G -25 
ACTCGTTTCACTGCTATMMTAGACATTACATIAGMCATTTGCTTCAT. TC .AM. CMGAA •••• ACCAAAMMCAGGGG ••••• T •• A •••••• G -25 
ACCTA ... CACTTCTATM •••••••••••••• TAGAG •••• TGC .. CAC ..... AGGCCT ••• C. TCACTGCA •• AGTAG ••••••••• CTA ••• TC. • -20 

»»»»»»»»»> 

TATTACTMGAGTACTMM •••• M 
CMGA •• MGAGMMGAGAGTAACA 
GMGA •• AAGAG •• AGGAMGAGAM 
GGAGA •• MGAGCMGGAMGAAAM 
GGAGA •• MGAGCMGGAMGAAMA 
••• GA •• MCA.CATA.AMGMMT 

-1 
-1 
-1 
-1 
-1 
-1 
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Figure 2.7 Alignment of 3' Ranking sequences for the six rbcS genes. 3' flanking 

sequences extending to 197bp downstream of the stop codon of each gene were 

aligned as described in materials and methods. Gaps introduced in the alignment 

process are indicated by dots. Asterisks below sequences indicate positions of identity 

common to all the sequences in the alignment. 197bp corresponds to the length of the 

longest 3' non-coding region identified in aM. crystallinum eDNA (rbeS-3). 
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rbcS-l TTTCATCAGTTTTAATATGTATTTGTTGTTCATGTGTAGTTAGGCTTTGTT.GTTTCTTTTTGGTTGGGAAGTGTCCTTCCCAATTTCTGTTTTTCAGTT 99 
III III I I III 1111 I I II 1111 II III I I III 1111111 11111 I III II II II II III 1111 I 11111 I II II II II II 

rbcS-6 TTTCATC'.AATTTTAATATGCATATGTTGTTCATGTGTAGTTAGGCTTTGT •• ATTTTTTTTGGGTTTGGAAGTG ••••• CCCAATTCCTATTTT • CAATT 92 
1111111111111 111111 I I II II I III I 11111 I II I I I I I I I I 

rbcS-3 TTTCATGAATTTT ••• ATGCATG.ACCAATTTCAGCTCTTTGGGTTCTGTTTGATATTTTTATACCTAAGTTTGTAATTGA.ACCTTTTGCTCTTCCAAT 95 
I II 11111 I III II 1111 I I II I 1111 I III 1111 II II II III 1111 II III 1111 I II II I 1111 I III III11 II I II I 

rbcS-4 TTTCATGAAATTT ••• ATGCATG.ATTAATTTCAGCTCATTGGATTGTGTTTGATATTTTAATACCTAAACTTGTAATTGA.ACCTTTTGCTCATCAATC 95 
11111111 111111 11111111111111 111111111111111111111 1111 11111111111 III 11111111111 I 1111 

rbcS-S TTTCATGA ••••••••• TGCATG .ATTAATTTCAGCTCTTTGGATTGTGTTTGATATTTTTATACATAAACTTGTAACTGA. ACCTTTTGCTCTTGAATC B 9 
1111 I II II I III II I II III I III I II I III 

rbcS-2 TTTCTTTGTATTTGTTAAATTTGTTTTCGGCATTTGTT.TTGAG ••• TGGT.AATTCTTTCTTGTT •••• AATGTTGTTTCTGAAACTTAATTG •• AATT B9 

rbcS-l TCTGC •• TTTTTCCGGATCTTTACTGGAATGG •• AATATTGAGATTATGTAATATTTGA .ATAATATATAACCTGTTC •• CCAACAATTTACACTTCT. T 191 
II I 1111111111 1111 II III 111111111 I I II II II I I III 1111 III II I III II II I 

rbcS-6 TCCACCTTTTTTCCGGAGATTTAATGAAATAA •• AATCTTGAGAAT.TATATTAATTAA.A.AATGATTAACACCTTCAGTCAGAAGGTTA.GCTACTAT IB6 
I III 1111 I II 1111 III I I I 1111 1111 I II I I II 

rbcS-3 TTTCTCTTCTTTCAACTTCCATGTATGTATGGCCCATCTCTGTAATTCCGGATCTTCAGTGT ••• ATTTAAGGCCTTATAGAGAGAAGTGTCCTTTCAAT 192 
II 1111 11111111111111 III I III 11111111111111 11111111 III 11111 11111111111111111111 11111 

rbcS-4 TTCTCCTTCATTCAACTTCCCTGTTTGTCTAGCCGATCTCTGTAATTCCTGATCTTCAATGT ••• ATTTATGGCCTTATAGAGAGAAGTGTTCTTTCCGA 192 
1111111111111111111111 111111 11111111111111111111111111111111 11111111111111111111111111 1111 I 

rbcS-5 TTCTCCTTCA TTCAACTTCCCT A TTTGTCCAGCCGATCTCTGT AATTCCTGATCTTCAA TGT ••• A TTTATGGCCTTATAGAGAGAAGTGTCCTTTTGAA 1 B 6 
I II I I I II I I I I 1111 I II II I I 1111 I I II II 

rbcS-2 ACCAT AAAGTTTTTG •• TTTTCAAAAGCA TTC •• AATTTTATGCACCAA TATCCAACAA TACCAAACA TAAGGTTGCAAA TCAAGAAA TA TT ATTGGAAA 1 B 5 . . 
rbcS-l ACCTAA •••••• 197 

I II 
rbcS-6 AGTTAGATCGC. 197 

I I I 
rbcS-3 AAAT.G •••••• 197 

1111 I 
rbcS-4 AAAT.G ...... 197 

1111 I 
rbcS-5 AAAT. GACCTTT 197 

III I 
rbcS-2 AAACCAGTAGTA 197 
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Figure 2.8 rbcS gene probe specificity and relative expression levels of the rbcS 

genes. All five rbcS gene-specific probes were hybridized to triplicate nitrocellulose 

filters each slot blotted with dilution series of all five rbcS DNAs and to duplicate 

filters slot blotted with tota11eaf RNA as described in materials and methods. The 

upper panel is a composite of one representative filter from each of the five gene

specific probe hybridizations. Slot blotted DNAs are indicated on the left of the panel 

and molar amounts of the DNAs are indicated on the right of the panel. The 

hybridization of the same probes to total RNA is shown in the lower panel. 

Hybridization signals were quantitated using a Betascope and used to calculate 

correction factors allowing normalization of probe signal intensities on a molar basis. 

The quantitated northern hybridization signals were multiplied by the correction 

factors to determine the relative steady state mRNA levels for each gene 

as described in the text. 
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DISCUSSION 

The entire complement of genes that comprise the multi-gene family 

encoding the Rubisco small subunit from M. crystallinum has been obtained. The 

physical arrangement of the six genes and their relative expression levels in leaves 

have been determined. Genes and cDNAs encoding the small subunit have been 

sequenced from a large number of higher plants, eukaryotic algae and cyanobacteria. 

However, isolation and sequencing of complete small subunit gene families has been 

previously reported only for three other higher plant species, all of which are dicots: 

petunia (Dean et aI. 1987a; Turner et al. 1986), tomato (Sugita et al. 1987) and 

Arabidopsis (Krebbers et aI. 1988). Petunia and tomato are closely related species 

both belonging to the family Solanaceae in the subclass Asteridae (Heywood, 1978). 

Arabidopsis belongs to the family Crucifereae in the subclass Dillenidae which is 

thought to have diverged from the line giving rise to petunia and tomato shortly after 

the time of the monocotJdicot divergence approximately 140 million years ago 

(Meagher et aI. 1989). The line which gave rise to M. crystallinum in the family 

Aizoaceae and subclass Caryophyllidae also diverged about this time. The data 

presented extend what is known about the small subunit gene family over a wider 

range of phylogenetic ally divergent species. 

I have shown that the M. crystallinum rbcS gene family consists of six 

members. This number falls in the middle of the range of known rbcS gene family 

sizes. Four rbcS genes are present in Arabidopsis (Krebbers et al. 1988), five in 

tomato (Sugita et aI. 1987) and eight in petunia (Dean et aI. 1987). Other species for 

which the gene family size has been determined or estimated are potato with five 

(Wolter et al. 1988), pea with five (Coruzzi et aI. 1984), soybean with at least six 

(Berry-Lowe et al. 1982), Lemna gibba with approximately thirteen (Wimpee et al. 
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1983) and wheat (hexaploid) with at least ten (Broglie et al. 1983). In M. 

crystallinum, five of the six rbcS genes are located in a tandem array and the 

remaining gene is not tightly linked to the array. I have not determined if this sixth 

gene is genetically linked to the other five genes, but it is removed from these by at 

least 15kb . Thus, the rbcS genes of M. crystallinum may be present as either one or 

two genetic loci. A similar situation exists for the Arabidopsis rbcS gene family in 

which one gene is also located at least one average size A insert away from the 

remaining genes which are present in a tight tandem array (Krebbers et al. 1988). The 

rbcS genes of other species are distributed among genetic loci in a variety of ways. 

The rbcS genes have been located in petunia to at least three loci (Dean et al. 1985) 

and in tomato to three sites on two chromosomes (Vallejos et al. 1986). All five pea 

rbcS genes have been mapped to a single locus (polans et al. 1985). The 

configuration of rbcS gene families in terms of gene number and chromosomal 

location is diverse in higher plants indicating different histories after an initial gene 

duplication or after an ancient genome duplication. 

The three genes located in the center of the tandem array, rbcS-3, rbcS-4 and 

rbcS-5 can be considered as a subfamily based on the particularly high nucleotide 

sequence similarity among them. I have chosen to not designate these genes ali a 

subfamily (e.g. rbcS-3A, rbcS-3B and rbcS-3C) as was done for a subfamily in 

tomato, because this designation indicates not only high sequence similarity but tight 

linkage and separation from genes of other subfamilies as well. In both petunia and 

tomato, the highly conserved genes in the subfamily are in a tandem array unlinked to 

the other members of the gene family. In M. crystallinum, these three genes are also 

clustered, but are closely linked to two other genes that are clearly not part of the 

subfamily due to sequence divergence. The utility of naming these three genes as a 
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subfamily would also be questionable considering that the mature peptide encoded by 

rbcS-3 is identical to that encoded by rbcS-l and differs from those encoded by rbcS-

4 and rbcS-5 by four amino acids even though rbcS-3 has much higher overall 

nucleotide and amino acid sequence similarity to rbcS-4 and rbcS-S. Clearly, the 

designation of subfamilies of the rbcS gene family might require a more stringent 

definition. 

The rbcS genes of M. crystallinum show the high conservation of mature 

small subunit peptide coding regions seen in other species. All six genes contain the 

sixteen amino acid sequence YYDGRYWTMWKLPMFG (amino acids 61 through 

76 in M. crystallinum) that is absolutely conserved in all other higher plant small 

subunits. The mature proteins differ by at most five amino acids. Non-conservative 

changes are present at three positions. Amino acid 9 is methionine in rbcS-4 and 

rbcS-5 and is lysine in the other four proteins. Amino acids 9 through 19 have been 

shown to form a portion of the large subunit/small subunit interface in the 

holoenzyme (Knight et al., 1990). This amino acid change is not likely to be of 

functional importance since both of these amino acids are present at this position in 

other species. All the small subunit proteins of petunia and Arabidopsis have lysine at 

this position (Dean et al. 1987, Krebbers et al. 1988) and methionine is present at this 

position in the small subunit proteins of tomato (Sugita et al. 1987). The second non

conservative amino acid substitution occurs at position 99 which is a threonine in 

rbcS-2 and an isoleucine in all five other proteins. This region of the small subunit 

peptide is known from the spinach Rubisco holoenzyme crystal structure (Knight et 

aI., 1990) to be located in the interior hydrophobic core of the small subunit protein 

close to a portion of the interface between the small and large subunits. Isoleucine is 

hydrophobic and threonine is less hydrophobic, but would probably not disrupt an 
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interface. This substitution is not likely to be functionally significant. The third non

conservative substitution is the penultimate amino acid which is a glycine in rbcS-4 

and rbcS-5 and an aspartic acid in the other four proteins. The carboxy terminal 

regions of small subunit proteins are not well conserved between species so this 

substitution is also not likely to be of functional importance. The homogeneity of the 

mature small subunit proteins described here is typical of the proteins encoded by the 

small subunit gene families of other species. The small subunit proteins of 

Arabidopsis differ by up to seven amino acids (Krebbers et al. 1988) however, all but 

one (valine in three proteins and serine in one protein at position #24 of the mature 

sequence) are conservative replacements. In petunia, six of the eight small subunits 

are identical (Dean et al. 1989) and the remaining changes are conservative 

replacements of residues that are most likely functionally unimportant. 

The M. crystallinum rbcS transit peptide coding regions have a greater 

diversity of sequence and lengths than is seen in other rbcS gene families. The transit 

peptide amino acid sequences diverge by as much as 32.8%. Transit pep tides of other 

rbcS gene families diverge at most by 14.6% in Arabidopsis , 21.0% in petunia and 

21.1 % in tomato (Krebbers et al. 1988, Dean et al. 1987, Pichersky et al. 1986). The 

lengths of M.crystallinum transit pep tides show a greater diversity than in other 

species with four different lengths ranging from 55 to 61 amino acids. All the transit 

peptides in the rbcS gene families of petunia and tomato are 57 amino acids long 

except one which is 58 amino acids. All four rbcS transit pep tides in Arabidopsis are 

55 amino acids in length. It is possible, although we consider it unlikely, that the 

different lengths of the transit peptides can confer different uptake rates under 

different environmental stress conditions or at different developmental stages. 
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The rbcS genes of M. crystallinum are interrupted by two introns at sites 

common to all six genes and conserved in all dicot rbcS genes that have been 

sequenced. The short and homogeneous lengths of the introns, with the exception of 

the long first introns of rbcS-l and rbcS-6 (Figure 2.4), are comparable to the lengths 

of rbcS introns from other species. Long first introns are also present in two rbcS 

genes of petunia (970bp and 570bp) (Dean et aI. 1987) and in one rbcS gene of 

tomato (999bp) (Sugita et aI. 1987). None of the M. crystallinum rbcS genes have 

three introns. One rbcS gene with a third intron at a conserved site has been isolated 

from each of the species petunia, tomato, potato and tobacco all of which are 

members of the family Solanaceae. None of the rbcS genes isolated from species 

outside the Solanaceae have been found to have this third intron. The M. crystallinum 

rbcS gene family is the second complete rbcS gene family to be characterized from a 

non-solanaceous species, the other being Arabidopsis. The lack of a three-intron rbcS 

gene in these two species which are phylogeneticaIly distant from each other and the 

Solanaceae lends support to the argument that the third intron is the result of a late 

insertiOl event (Sugita et aI. 1987, Dean et aI. 1989) in rbcS gene evolution. 

Comparison of the 5' flanking region sequences divides the M. crystallinum 

rbcS promoter regions into two distinct classes. The upstream sequence of the 

unlinked gene rbcS-1 shares no significant sequence similarity with the upstream 

sequences of the other five rbcS genes. An interesting consequence of this divergence 

is that sequence motifs present in the rbcS-l promoter (Figure 2.6) that have been 

identified as enhancers or involved in light regulation of rbcS genes in tomato and 

pea are absent from the promoters of rbcS-2, rbcS-3, rbcS-4 rbcS-5 and rbcS-6. The 

rbcS-l promoter contains an I-box element and a G-box element that match the 

tomato rbcS3A promoter I-box and G-box elements (Ueda et aI. 1989) thirteen out of 
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thirteen bases and nine out of ten bases respectively. Comparison of the physical 

arrangement of the I-box and G-box elements of the the M. crystallinum rbcS-l and 

the tomato rbcS3A promoters reveals that these elements are in the same order (I-box 

5') and a similar distance apart (lObp in rbcS-l and 12bp in rbcS3A). In addition, 

there is a region of sequence in both promoters located a short distance downstream 

of the G-box that has similarity to the box-II element identified in pea rbcS promoters 

that is bound by the GT-l factor (Green et al. 1987) and is involved in light 

regulation of pea rbcS genes (Lam and Chua, 1990). The lack of these elements in the 

promoters of the remaining five M. crystallinum rbcS genes does not hinder the 

expression of these genes as can be seen from Figure 2.8. In fact, rbcS-2 mRNA 

levels in leaves are significantly higher than those of rbcS-I. The near identity of the 

I-box and G-box elements in two distantly related species is indicative of strong 

selection pressure to maintain specific sequences and spacing of these elements. It is 

likely that these elements are involved in regulation of rbcS-l transcription. The other 

five M. crystallinum rbcS genes must have evolved a different set of regulatory 

elements and these may be located in the region of common homology indicated in 

Figure 2.6. Perhaps transcription from these two sets of rbcS promoters in M. 

crystallinum is differentially regulated in response to different developmental and/or 

environmental inputs. The presence of the tightly conserved I-box and G-box 

elements in the rbcS-l promoter indicates that this gene probably dates back to before 

the divergence of lines that gave rise to the M. crystallinum and tomato species. 

The evolution of the M. crystallinum rbcS gene family as a whole has been 

influenced by a combination of evolutionary processes that obscures the histories and 

relatedness of the individual gene family members. The mature small subunit protein 

amino acid sequences encoded by this gene family are much more conserved relative 
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to each other (96% to 100% identity) than to those from other species. This 

phenomenon of high intra-species conservation of the small subunit also holds true 

within the gene families of petunia, tomato, Arabidopsis, pea and Lemna gibba (Dean 

et al. 1987; Sugita et al. 1987; Krebbers et al. 1988; Fluhr et al. 1986; Silverthorne et 

al. 1990). Sequence identities of M. crystallinum rbcS genes with rbcS genes of other 

species range from 70% identity with maize small subunit to 79% identity with 

tobacco small subunit Concerted evolution of rbcS genes within species is certainly 

due, at least in part, to the fact that small subunit proteins encoded by the rbcS gene 

family must all interact with a large subunit protein encoded by a single chloroplast 

gene. The Rubisco holoenzyme can probably not accommodate much diversity in the 

small subunits and remain functional. Nucleotide sequences encoding the M. 

crystallinum mature small subunit are consistently more divergent than are the amino 

acid sequences (except rbcS-4/rbcS-5 which are identical) (Tables 2.1 and 2.2). The 

majority of divergence in the nucleotide sequences is due to silent nucleotide 

substitutions with ratios of silent to replacement substitutions ranging from 2.5: 1 to 

12: 1 in different genes. In the case of sequence divergence between rbcS-l and rbcS-

3, all thirteen substitutions are silent. A bias for accumulation of silent nucleotide 

substitutions indicates a selective pressure against replacement substitutions. Such 

evidence for selection as a factor in the concerted evolution of the rbcS gene family 

has been observed in tomato and petunia (Pichersky et al. 1986, Dean et al. 1987). 

However, selection alone cannot account for features of the M. crystallinum rbcS 

gene family such as the complete identity of the rbcS-4 and rbcS-5 genes including 

both introns or the extensive high sequence similarity of the 5' and 3' flanking regions 

of the rbcS-3, rbcS-4 and rbcS-5 genes. The high sequence similarity of the three 

central genes of the tandem array including extensive regions of non-coding sequence 



68 

could be the result of either gene duplication or gene conversion events, with rbcS-4 

and rbcS-S being the most recent products of such processes. The 100% identity of 

the rbcS-4 and rbcS-S genes from 121bp upstream of the start ATG, through both 

introns to 9bp downstream of the stop codon, however, cannot have resulted from 

gene duplication. It must be the result of a very recent gene conversion superimposed 

on the event that produced the long upstream and downstream sequence homologies 

of these two genes due to the fact that the S' and 3' flanking regions have accumulated 

a significant number of nucleotide substitutions and short deletions/insertions. The 

tomato rbcs-3A and rbcs-3C genes are also identical in their coding regions and 

introns and have been identified as an example of sequence conservation by gene 

conversion (Sugita et al. 1987). There is also evidence of limited gene conversion 

events in the M. crystallinum gene family that have homogenized short regions of the 

rbcS genes. For example, although the exon sequences encoding the rbcS-l mature 

small subunit are most closely related to those of rbcS-2 and rbcS-3 and least related 

to rbcS-6, the 3' non-coding region of rbcS-l has high sequence similarity to that of 

rbcS-6 and is completely unrelated to the 3' non-coding regions of rbcS-2 and rbcS-3 

(Figure 2.9). In addition, the second intron of rbcS-l is most similar to the identical 

second introns of rbcS-4 and rbcS-S. Beyond the identification of rbcS-l as a likely 

ancient member of this gene family by virtue of the conservation of promoter 

elements with tomato rbcS promoters, it appears futile to construct a likely 

evolutionary history for this gene family. This view has been expressed before. An 

extensive study of silent versus replacement substitutions in rbcS genes (Meagher et 

al. 1989) concluded that ancient lineages within rbcS gene families are masked by the 

effects of sequence homogenization due to gene conversion. The variety in rbcS gene 

family size and genomic organization in different species demonstrates that rbcS gene 
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family evolution has been shaped in part by gain and loss of gene loci and by gain 

and loss of genes. The current configuration of the M. crystallinum rbcS gene family 

was caused by a complex combination of selection, gene duplication and gene 

conversion. 
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Figure 2.9 Sequence relatedness of rbcS gene segments. Dendrograms generated 

by the program CLUST AL (see materials and methods) representing sequence 

relatedness of different regions of the rbcS genes. Heights of vertical bars indicate 

relative numbers of accumulated nucleotide changes. Vertical bars above branch 

points represent accumulated nucleotide changes common to all genes below the 

branch point not present in the remaining gene(s). These dendrograms represent only 

sequence relatedness and should not be interpreted as representing phylogenetic 

relationships. 
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CHAPTER 3. 

EXPRESSION PROPERTIES OF mE INDIVIDUAL RUBISCO SMALL 

SUBUNIT GENES OF M. CRYSTALLINUM 

ABSTRACT 

The rbcS gene family of the facultative Crassulacean acid metabolism (CAM) 

plant M. crystallinum (ice plant) consists of six members four of which have 

previously been shown to be differentially expressed. Individual expression properties 

were investigated for each of the four genes in response to environmental stress, 

during development and during the diurnal cycle. Transcripts from all four genes 

were detected in all conditions examined. The amounts of rbcS mRNA undergo large 

changes during development and in response to stress, but the relative contributions 

of each gene to total rbcS mRNA exhibit little change. Transcriptional and post

transcriptional components of expression were determined by nuclear run-on 

transcription assays and northern blot analysis. Comparison of the relative 

transcriptional activities and steady state mRNA amounts revealed that the stabilities 

of the four rbcS transcripts vary widely. Environmental stress in the form of either 

NaCI or cold stress results in decreased steady state mRNA levels for all four rbcS 

genes which is reversible upon removal of the stress. The decline in rbcS mRNA 

levels caused by NaCI stress results from increased RNA turnover rather than 

decreased transcription. The destabilization of rbcS transcripts is rbcS specific and not 

the result of generalized RNA turnover in response to NaCI stress since other genes 

are unaffected or induced by NaCI stress. In contrast, the decline in rbcS mRNA 

caused by cold stress is mediated primarily by decreased transcription. Expression of 
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the rbcS genes is sharply down regulated during development mediated by decreased 

transcription for rbcS-l and rbcS-2 and by both decreased transcription and increased 

RNA turnover for rbcS-3 and rbcS-4. The increased turnover of rbcS RNAs caused by 

NaCI stress is itself developmentally regulated showing a peak of sensitivity to NaCI 

that coincides with the developmental down regulation of rbcS expression and the 

developmental enablement of ice plant to respond to NaCI stress by switching from 

C3 to CAM photosynthesis. 
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INTRODUCTION 

The small subunit of the C02 fixing enzyme Rubisco is encoded by a nuclear 

multi-gene family in all higher plants so far examined (Dean et al. 1989). Small 

subunit proteins are synthesized as a preprotein in the cytoplasm and transported, 

after cleavage of the amino terminal transit peptide, into the chloroplast (Ellis, 1981). 

There they assemble with large subunit proteins encoded by the chloroplast genome 

to produce an enzymatically active holoenzyme consisting of eight small subunits and 

eight large subunits (Andrews & Lorimer, 1987). The exact function of the small 

subunit in the holoenzyme has not yet been determined however it has been shown to 

be essential for full activity of Rubisco. It is known that higher plant large subunits 

are insoluble in the absence of the small subunit indicating a possible role in protein 

complex assembly and stability. Although the small subunit does not contribute to the 

enzyme's active site, it may contribute to the activity of the enzyme through long 

range structural interactions that optimize the conformation of the active site. 

The nucleotide sequences and predicted amino acid sequences of multiple 

rbcS gene family members have been determined for several higher plant species 

(Manzara & Gruissem, 1988; Dean et al. 1989). The extremely high sequence 

conservation of small subunit proteins within gene families including synthesis of 

identical proteins from several genes of the gene family, makes it unlikely that rbcS 

gene families exist to provide functionally distinct small subunit proteins. It is also 

unlikely that they exist to provide a higher total synthesis capacity since in those 

species where the contributions of individual gene family members to total rbcS 

expression have been determined, it has been found that most expression is provided 

by only one or two members of the gene family. 
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Another possible reason for the encoding of the small subunit by multi-gene 

families is to distribute regulation of gene expression over several genes thereby 

allowing fine tuning of expression by integrating various inputs from developmental 

programs and the environment. Differential regulation of the rbcS gene family has 

been shown to occur in tomato where three of five rbcS genes expressed in leaves are 

shut down in fruit (Sugita and Gruissem, 1987) as a result of changes in transcription 

of specific members of the gene family (Wanner and Gruissem, 1991). The tomato 

rbcS genes have also been demonstrated to be differentially regulated by light. Only 

three of the five rbcS genes are expressed in etiolated seedlings and the remaining two 

genes are rapidly induced once the dark-grown seedlings are exposed to light 

(Wanner and Gruissem, 1991). Differential regulation has been shown between leaves 

and roots for six of the twelve rbcS genes of Lemna gibba. One of the most highly 

expressed rbcS genes in leaves has the lowest expression level in roots and this 

difference appears to result from post-transcriptional regulation (Silverthorne and 

Tobin, 1990). Most other previous studies on differential regulation of rbcS genes 

have focused on tissue specific differential regulation. Only subtle differences were 

seen in different tissues of petunia (Dean et al., 1985 and 1987) and pea (Corruzi et 

aI., 1985, Fluhr et aI., 1986). 

There have been no previous studies on differential regulation of the rbcS 

genes in response to environmental stress. The Bohnert laboratory is studying the 

molecular processes involved in the switch from C3 to Crassulacean acid metabolism 

(CAM) C02 fixation that occurs in the facultative halophyte Mesembryanthemum 

crystallinum (ice plant) during NaCl stress. NaCl stress is effectivei), a water stress 

and the induction of CAM serves as a water conservation strategy. Since this switch 

alters the biochemical pathway by which C02 is fixed, it is reasonable to expect that 
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expression of the rbcS gene family could be regulated in response to NaCI stress. 

NaCI stress was previously shown to cause a drop in the steady state mRNA of the M. 

crystallinum rbcS gene family as a whole (Michalowski et al. 1989). However, the 

contributions of the individual members of the rbcS gene family were not 

distinguished. The drop in steady state mRNA amount could result from a concerted 

decrease in the mRNAs of all rbcS genes. Alternatively, it could result from 

differential regulation of the members of the gene family to give a net decrease in 

total rbcS mRNA. NaCI stress was also previously shown to cause a slight increase in 

transcription of the rbcS gene family as a whole (Cushman 1989). Again, the 

contributions of the individual rbcS gene family members were not distinguished. The 

discrepancy between the changes in steady state mRNA amounts and transcriptional 

activities could be the result of decreased stability of transcripts from one or all of the 

rbcS genes or the result of decreased transcription of one or more rbcS genes along 

with transcriptional induction of another rbcS gene that produces a relatively unstable 

transcript. In order to determine the roles of the M. crystallinum rbcS gene family 

members in responding to NaCI stress, I have determined the expression 

characteristics of the individual genes during NaCI stress. Previous work had also 

shown that genes induced in the switch from C3 to CAM C02 fixation were under 

developmental regulation (Cushman et al., 1990a). Because of the role of Rubisco in 

both C3 and CAM, the expression properties of the rbcS gene family were also 

studied during development. The work presented here addresses differential 

regulation of the individual members of the rbcS gene family and the roles of 

transcriptional and post-transcriptional regulation in the expression of each of the 

rbcS genes during environmental stress, during development and during the diurnal 

cycle. 
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MA TERIALS AND METHODS 

Plant material 

M. crystallin 11m plants were grown in growth chambers (Conviron) under 

incandescent and fluorescent lights with an intensity of 500-550 JlEinsteins W2s-1 

with a day/night cycle of twelve hours and temperatures of 230 C during the light and 

180 C during the dark. During cold stress, plants were grown under the same lighting 

conditions but at a temperature of 40 C throughout the 24 hour day/night cycle. Seeds 

were germinated in trays filled with soil and after seven days, seedlings of constant 

size were transplanted to soil in 32 oz. styrofoam pots (one plant per pot) and watered 

with Mesembryanthemum nutrient solution (Ostrem et al. 1987). All plants were kept 

well watered throughout all experiments. Plants were NaCI stressed by watering with 

nutrient solution brought to 0.5M NaCl. Salt stress experiments were initiated by 

watering each plant with 1 liter of 0.5M NaCII nutrient solution between IPM and 

2PM of the first day of the experiment. Stressed plants were watered with 500 ml of 

0.5M NaClI nutrient solution between IPM and 2PM every other day thereafter. De

stress was accomplished by watering each NaCI stressed plant with 2 liters distilled 

water between IPM and 2PM of the first day of de-stress and with 500 ml nutrient 

solution every other day thereafter. Plant ages were counted from the day in which 

cotyledons first appeared which was usually the third day after placing seeds on soil. 

RNA and nuclei preparation 

To allow direct comparison of the results from northern analysis and nuclear 

run-on assays, total RNA and nuclei were isolated from the same set of plants for 

each time point in every experiment. Only leaves from the central axis were harvested 
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and only the topmost three leaf pairs were harvested from each plant. Multiple plants 

were used for all time points ranging from twelve plants per time point for 3 week old 

plants to four plants per time point for 7 week old plants. Leaves were harvested at 

2PM for all non-diurnal experiment time points to avoid any influence of diurnal 

cycling on gene expression. Tissue collected was divided into two portions: 20 g for 

RNA isolation and 40 g for nuclei isolation. Leaf tissue harvested for RNA isolation 

was frozen in liquid nitrogen and stored at -700 C until used (see Chapter 2 Materials 

and Methods). Leaf tissue harvested for nuclei isolation was not frozen, but used 

immediately after harvesting for nuclei isolations. 

Nuclei isolations were done in a cold room with all solutions, glassware, 

mortar and pestle, centrifuge tubes and centrifuge cold. The protocol used was a 

modified version of a previous ice plant nuclei isolation protocol (Cushman 1989). 

Leaf tissue was ground thoroughly 20 g at a time in 40 ml IX Nuclei Isolation Buffer 

(NIB) (lOmM Tris-HCI pH 7.2, 5mM MgCl2 , 34.2% sucrose and IOJ.LM 2-mercapto-

ethanol) using a mortar and pestle and then filtered through four layers of Miracloth 

into a beaker. The filtrate was brought to 0.5% Triton X-100 to lyse chloroplasts by 

slowly adding 10% Triton dropwise while swirling. The filtrate was distributed into 

four 30 ml Corex tubes and centrifuged for 10 mins. at 1000g and 40 C to pellet 

nuclei. Each nuclei pellet was gently resuspended using a paint brush in 20 ml IX 

NIB, 0.5% Triton, IOJ.LM 2 mercapto-ethanol, loaded onto a 80% percoll pad (100% 

percoll diluted to 80% using 2X NIB) in a 30 ml Corex tube and centrifuged for 20 

mins. at lOOOg at 40 C. Nuclei were removed from the tops of the percoll pads with a 

Pasteur pipette and transferred to two 30 ml Corex tubes and diluted in 20 ml IX 

NIB, 0.5% Triton X-1OO, IOJ.LM 2 mercapto-ethanol to remove percoll. Nuclei were 

pelleted for 15 mins. at lOoog at 40 C. After carefully aspirating off the supernatent, 
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nuclei from both tubes were resuspended in a total of 250 J..lI Nuclei Storage Buffer 

(NSB) (20mM Hepes pH 7.2, 500J..lM MgCl2 , 200J..lM DIT, 50% glycerol) using a 1 

ml Pipetman with tip of disposable tip cut off. Resuspended nuclei were distributed in 

50 J..lI aliquots into 1.5 ml Eppindorf tubes, frozen in liquid nitrogen and stored at -700 

C. 

Nucleic acid probes 

The double stranded DNA probes specific for rbcS-l, rbcS-2, rbcS-3 and 

rbcS-4 and the general rbcS probe used for northern analysis were the same as 

described in Chapter 2 Materials and Methods. Hybridization signals of the gene 

specific probes were normalized as described in Chapter 2. A soybean 18S ribosomal 

RNA clone (provided by Dr. R.B. Meagher), M. crystallinum genomic actin and 

tubulin clones (provided by C.B. Michalowski) and a previously characterized full 

length M. crystallinum chlorophyll alb binding protein (Cab) cDNA clone (pFab6) 

(De Rocher, unpublished) were also used as probes for northern analysis. Probes were 

prepared by excising inserts from the clones with appropriate restriction digests (Bam 

HIlEco RI for 18S rRNA, Eco RI for actin, Eco RI/Sal I for tubulin, Hind III for Cab), 

isolating the inserts from low-melting agarose gels and labeling by the random primer 

method (Feinberg and Vogel stein 1983). 

Northern analysis 

Total RNA for all time points of each experiment was slot blotted (8 J..lg per 

slot) in five duplicate sets. Each duplicate set was hybridized with one of the rbcS 

gene specific probes or the rbcS general probe. Each probe was hybridized (420 C, 

overnight) to RNA from all time points simultaneously to allow direct comparison of 
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hybridization signals between experiments. Mter washing at 550 C in O.IX sse, 

filters were exposed to x-ray film. Hybridization signals were quantitated as cpm 

directly from the filters using a Betascope. Averages of duplicate hybridization 

signals were used in generating graphs presented in the results. Four of the sets of 

duplicate filters were stripped and re-probed with I8S rRNA, actin, tubulin and Cab 

probes. The results presented here reproduce the results of two previous independent 

experiments for NaCI stress, development and combined NaCI stress and 

development experiments and one previous independent experiment for the cold 

stress experiment. The diurnal expression experiment was done once. 

Nuclear run-on transcription assays 

Run-on transcription assays were initiated by adding a 50111 aliquot of isolated 

nuclei immediately upon thawing to a 100 III assay solution containing 20 1l15X 

transcription salts (loomM Hepes pH 7.9, 50mM MgCI2, 500mM (NH4)2S04, 

DEPC treated and autoclaved), 10 III glycerol (DEPC treated and autoclaved), 1.0 J1l 

O.IM DIT, 1.5 1ll100mM ATP+GTP+CTP, 1.8 III of 40 D/ml RNasin, 5.7 ml dH20 

(DEPC treated and autoclaved), and 10 III 3000 Cilmmole a-[32P]-DTP (IooIlCi). 

Reactions were incubated 20 minutes at 300 C. At 20 minutes, 5 III of RNase-free 

DNase RQI (Promega) was added and incubated 5 minutes at 300 C to remove 

template. Reactions were stopped by adding 200 III stop solution (1 % SDS, 20mM 

EDTA, 100mM LiCI, lOmM ATA (aurin tricarboxylic acid» and 300 III 

phenol/chloroform and vortexing for 30 seconds. Reactions were centrifuged 10 

minutes at 40 C and supernatants transferred to fresh tubes with 75 III 10M NH4 OAc 

and 940 III ethanol. Labeled transcripts were precipitated 30 minutes at -700 e and 

centrifuged 30 minutes at 40 C. Pellets were resuspended in 500 III DEPC-treated 
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dH20 and diluted into 5ml hybridization solution. Incorporation was monitored by 

removing duplicate 2 J..ll samples at the start of each reaction and at 20 minutes and 

spotting onto DE-81 filters. Filters were washed five times for 5 minutes in 5 mllfilter 

of 5% Na2HP04 (dibasic) followed by two H20 rinses and two ethanol rinses. Filters 

were then air dried and Cherenkov counted. 

Plasmids containing the rbcS-l, rbcS-2, rbcS-3 and rbcS-4 3' non-coding 

regions, 18S rRNA, actin, tubulin and Cab were linearized, phenol extracted, 

precipitated, resuspended and quantitated using a spectrometer. The plasmids were 

then denatured and slot blotted to nitrocellulose (5 J..lg per slot). Plasmids containing 

six other M. crystallinum cDNAs or genomic clones, PEPcarboxylase-l, 

PEPcarboxylase-2, pyruvate orthophosphate dikinase, malate dehydrogenase, malic 

enzyme and glyceraldehyde phosphate dehydrogenase (provided by Dr. le. 

Cushman) and ferredoxin NADPH reductase and phosphoribulokinase (provided by 

C.B. Michalowski) were also slot blotted. Bluescript plasmid was also slot blotted as 

a control for cross-hybridization to vector sequences. No vector hybridization was 

detected. Lowest backgrounds were obtained by pre-hybridizing blots at 420 C for at 

least 24 hours. Hybridizations of labeled run-on transcripts were carried out at 420 C 

for at least 48 hours in a shaking water bath. Blots were washed 1 hour at room 

temperature in IX SSC and I hour at 550 C in O.lX SSC. Hybridization signals were 

quantitated directly from the blots using a Betascope. Run-on transcription assays 

were performed twice for the NaCI stress, development and combined NaCI 

stress/development experiments. Run-on transcription assays were performed once 

for the cold stress experiment. The values for the I8S rRNA hybridization signals, 

after subtracting background, were used to calculate normalization factors setting the 

I8S rRNA signals equal to each other. These normalization factors were used to 
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calculate the relative hybridization signals for the rbcS genes (minus background). 

Values obtained from duplicate sets of assays were averaged and used to generate 

graphs presented in the results section. The I8S rRNA normalization factors were 

also used to calculate exposure times to give normalized autoradiograms. Calculation 

of the relative rbcS hybridization signals from normalized actin or tubulin 

hybridization signals gave results very similar to those obtained using I8S rRNA as a 

basis for normalization. 
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RESULTS 

The construction of rbcS gene specific probes has made it possible to assess 

the contributions of individual M. crystallinum rbcS genes to total rbcS expression, to 

determine if the genes are differentially regulated and to establish the roles of 

transcriptional and post-transcriptional regulation in expression of each of the rbcS 

genes. Probes specific for rbcS-l, rbcS-2, rbcS-3 and rbcS-4 were used to determine 

the expression dynamics of the individual rbcS genes in response to environmental 

stress, during development and during the diurnal cycle. A probe for rbcS-6 is not 

included in these experiments because transcripts from the rbcS-6 gene could not be 

detected in total leaf RNA and no corresponding cDNA clone was found after an 

extensive search of cDNA libraries generated from both stressed and unstressed 

plants. A rbcS coding region probe that hybridizes to all rbcS transcripts was also 

used in all northern analyses to verify that changes in total rbcS mRNA amounts 

always reflected the changes seen using the four individual gene probes. The rbcS-S 

gene is nearly identical in sequence to the rbcS-4 gene so construction of probes that 

would distinguish between these two genes is not practical. No cDNA clones 

corresponding to rbcS-S were found in the two cDNA libraries indicating that rbcS-S 

is not expressed or is expressed at a very low level. Because the rbcS-4 probe would 

hybridize to any rbcS-S mRNA that might exist, hybridization signals obtained with 

this probe are referred to as rbcS-4/S. The results of northern analysis and nuclear 

run-on transcription assays can be directly compared in these experiments because 

RNA and nuclei were isolated from the same set of plants for every time point. 

The transcriptional activities of three constitutively expressed genes were used 

as internal standards in run-on transcription assays to provide a basis for determining 
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relative changes in rbcS transcription. Equal numbers of nuclei or equal amounts of 

total nuclear DNA could not be used as a basis for normalization because M. 

crystallinum nuclei are present in a range of ploidies. Individual cells in a leaf can 

have nuclei that are 2C, 4C, 8C, I6C, 32C or 64C in DNA content. In addition, the 

distribution of cells among these different ploidy states changes during leaf 

development (De Rocher et al. 1990). Therefore, equal numbers of nuclei can have 

very different total gene copy numbers and equal amounts of nuclear DNA can 

represent very different numbers of nuclei. Steady state mRNA amounts were 

determined for I8S rRNA, actin and tubulin in unstressed, NaCl stressed and cold 

stressed plants and in plants over the full range of development used in the 

experiments presented here (Figure 3.1). Expression of these three genes is quite 

constant with duplicate measurements of steady state mRNA amounts for each of 23 

time points giving standard deviations of ± 21.5% for I8S rRNA, ± 26.9% for actin 

and ± 27.4% for tubulin. It is assumed that if the steady state mRNA amounts are 

constant over a wide variety of conditions and developmental states, then 

transcriptional activity is also constant. For the figures presented here, transcriptional 

activities of the rbcS genes are given with respect to 18S rRNA transcription. 

Calculation of rbcS transcriptional activities with respect to actin or tubulin gives 

similar results. Cab transcriptional activity is also presented for all experiments as an 

example of a gene that, unlike actin or tubulin, is regulated by stress and development 

but in a manner that differs from that of the rbcS genes. This demonstrates that the 

observed changes in rbcS transcriptional activity are rbcS-specific. 
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Figure 3.1 Tubulin, actin and 18S rDNA mRNA amounts during stress and 

development. Hybridization signals obtained from replicate slot blots of total RNA 

isolated from M. crystallinum under the conditions and at the ages indicated and 

probed with tubulin, actin and 18S rRNA probes. 
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rbcS expression during NaCI stress 

M. crystallinum plants were NaCl stressed to detennine the effects of NaCl 

stress on the expression of individual rbcS genes. RNA and nuclei were isolated over 

a five day time course consisting of a zero day unstressed control, 1 day stress, 3 days 

stress, 5 days stress and a 5 day unstressed control. Northern analysis was done for all 

time points and is presented in Figure 3.2. A representative northern slot blot is 

shown in panel A of Figure 3.2. As was previously shown in Chapter 2, the four rbcS 

genes are expressed at different levels. All four genes show a drop in mRNA amounts 

within one day after the start of the NaCl stress. The mRNA amounts show no 

recovery during the five days of NaCl stress. To quantitate the changes seen in the 

northern blots, the relative mRNA amounts for each rbcS gene at each time point 

were determined by direct measurement of hybridization signals using a Betascope 

and are graphed (after normalization of probe intensities) in panels B and C of Figure 

3.2. Although all four genes respond to NaCl stress in a qualitatively similar manner, 

they are differentially regulated in the degree of response to NaCl stress. The amount 

of mRNA differs between the 0 day un,stressed control and the 1 day stressed plants 

by a factor of 4.7 for rbcS-I, 2.8 for rbcS-2, 13.5 for rbcS-3 and 12.3 for rbcS-4. The 

mRNA amounts for all four genes decline between the 0 day and 5 day unstressed 

control plants. This decline is the result of developmental regulation of rbcS 

expression over the five day time course and is addressed in a later section. 

The transcriptional activities of the rbcS genes were determined from nuclear 

run-on transcription assays using nuclei isolated from the plants at each time point in 

the NaCl stress time course and results are shown in Figure 3.3. A representative set 

of autoradiograms for the run-on assays in which exposure times have been 

normalized to I8S rRNA signals is shown in panel A of Figure 3.3. All four genes 
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show a drop in transcription during the first day of NaCI stress but during the third 

and fifth days, transcriptional activities return to pre-stress levels. This decline and 

recovery in transcription is specific for the rbcS genes as can be seen by comparison 

to Cab transcriptional activity which also drops in response to NaCI stress but does 

not recover during the 5 day time course. The transcriptional activities of the rbcS 

genes were quantitated from duplicate run-on assays using a Betascope and the values 

normalized to 18S rRNA transcription. The results are shown in panel B of Figure 

3.3. Transcriptional activity after 5 days stress has not only recovered to pre-stress 

levels but is higher than the transcriptional activities seen in the 5 day unstressed 

control plants. Although rbcS transcriptional activities recover over the five days of 

stress, mRNA amounts remain at a constant low level after the first day of stress. The 

lack of recovery of rbcS mRNA in the face of increased transcriptional activity 

indicates that rbcS mRNAs are destabilized by NaCI stress. As with the decline in 

rbcS mRNA amounts seen between the 0 day and 5 day unstressed controls, the drop 

in transcriptional activities seen between these same time points results from 

developmental regulation and is addressed in a later section. 

Plants that were NaCI stressed for five days were de-stressed as described in 

Materials and Methods to determine if the down regulation of rbcS expression by 

NaCI stress is reversible. Changes in mRNA amounts and transcription rates during 

de-stress are shown in Figures 3.4 and 3.5 respectively. The mRNA amounts of all 

four genes increase proportionally during five days of de-stress. During the same 

time, transcription of all four genes declines indicating that rbcS transcripts 

destabilized by NaCI stress can be re-stabilized by the removal of NaCI stress. The 
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Figure 3.2 Effect of NaCI stress on mRNA amounts of rbcS gene family 

members. Total RNA was isolated from control plants and plants stressed with 

NaCI for 1, 3 and 5 days starting when the plants were 5 weeks old. Steady state 

mRNA amounts were determined for individual rbcS genes and the gene family by 

northern analysis. Panel A: A representative autoradiogram of hybridization signals 

obtained after probing slot blotted total RNA with gene-specific and coding region 

radio-labeled rbcS probes. Panel B: Quantitation of hybridization signals for the rbcS 

gene-specific probes as determined by Betascope measurements. Columns represent 

the average of two hybridization and error bars indicate the range of values. Panel C: 

Vertical expansion of the data for rbcS-2, rbcS-3 and rbcS-4/5 shown in panel B. 
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Figure 3.3 Effect of NaCI stress on transcription of rbcS genes. Transcriptional 

activities as detennined by in vitro nuclear run-on transcription assays using nuclei 

isolated from control plants and plants NaCI stressed 1,3 and 5 days. Panel A: 

Representative autoradiogram of hybridization signals obtained after radio-labeled 

transcripts were synthesized in vitro and hybridized to DNA slot blotted to 

nitrocellulose. Exposures for each time point were nonnalized to the 18S rRNA 

signals quantitated by Betascope. Panel B: Quantitation of nuclear run-on 

transcription assay hybridization signals as detennined by Betascope measurements. 

Columns represent the average of two assays and error bars indicate the range of 

values. 
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Figure 3.4 rbcS mRNA amounts after de-stress. Total RNA was isolated from 

control plants, plants stressed with NaCI for 5 days starting when the plants were 5 

weeks old and plants de-stressed 1,3 and 5 days. Steady state mRNA amounts were 

determined for individual rbcS genes and the gene family by northern analysis. Panel 

A: Representative autoradiogram of hybridization signals obtained after probing slot 

blotted total RNA with gene-specific and coding region radio-labeled rbcS probes. 

Panel B: Quantitation of hybridization signals for the rbcS gene-specific probes as 

determined by Betascope measurements. Columns represent the average of two 

hybridizations and error bars indicate the range of values. Panel C: Vertical expansion 

of the data for rbcS-2, rbcS-3 and rbcS-4/5 shown in panel B. 
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Figure 3.5 rbcS transcriptional activities after de-stress. Transcriptional 

activities as detennined by in vitro nuclear run-on transcription assays using nuclei 

isolated from control plants, plants stressed with NaCI for 5 days starting when the 

plants were 5 weeks old and plants de-stressed 1, 3 and 5 days. Panel A: 

Representative autoradiogram of hybridization signals obtained after radio-labeled 

transcripts were synthesized in vitro and hybridized to DNA slot blotted to 

nitrocellulose. Exposures for each time point were nonnalized to the 18S rRNA 

signals quantitated by Betascope. Panel B: Quantitation of nuclear run-on 

transcription assay hybridization signals as detennined by Betascope measurements. 

Columns represent the average of two assays and error bars indicate the range of 

values. 
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Figure 3.6 Effect of cold stress on rbcS mRNA amounts. Total RNA was isolated 

from control plants, plants cold stressed for 1 and 3 days starting when the plants 

were 5 weeks old and plants de-stressed for 2 days. Steady state mRNA amounts were 

detennined for individual rbcS genes and the gene family by northern analysis. Panel 

A: Representative autoradiogram of hybridization signals obtained after probing slot 

blotted total RNA with gene-specific and coding region radio-labeled rbcS probes. 

Panel B: Quantitation of hybridization signals for the rbcS gene-specific probes as 

detennined by Betascope measurements. Columns represent the average of two 

hybridizations and error bars indicate the range of values. Panel C: Vertical expansion 

of the data for rbcS-2, rbcS-3 and rbcS-4/5 shown in panel B. 
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Figure 3.7 Effect of cold stress on rbcS transcriptional activities. Transcriptional 

activities as detennined by in vitro nuclear run-on transcription assays using nuclei 

isolated from control plants, plants cold stressed for 1 and 3 days starting when the 

plants were 5 weeks old and plants de-stressed for 2 days. Panel A: Representative 

autoradiogram of hybridization signals obtained after radio labeled transcripts were 

synthesized in vitro and hybridized to DNA slot blotted to nitrocellulose. Exposures 

for each time point were nonnalized to the 18S rRNA signals quantitated by 

Betascope. Panel B: Quantitation of nuclear run-on transcription assay hybridization 

signals as detennined by Betascope measurements. Columns represent the results of 

one run-on transcription assay. 
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mRNA amounts and transcriptional activities for the 10 day stress time point show 

that there is still no recovery to unstressed mRNA amounts after ten days of NaCI 

stress. 

rbcS expression during cold stress 

The down regulation of rbcS gene expression by NaCI stress could be a 

response specifically to NaCI or a response to lack of water caused by high amounts 

of NaCI in the soil. Cold is another environmental stress that is thought to act at least 

in part by impairing water uptake or transport within the plant. M. crystallinum plants 

were taken through a time course of cold stress followed by de-stress consisting of 0 

day unstressed control, 1 day cold, 3 days cold, 3 days cold followed by 2 days 

normal temperature and 5 day unstressed control time points. The results of northern 

analysis are shown in Figure 3.6. Like NaCI stress, cold stress causes a drop in the 

mRNA amounts of all four of the rbcS genes. The drop in mRNA amounts is less 

severe during the first day of cold stress than in the first day of NaCI stress. By the 

third day of either stress, mRNA amounts for all four genes have fallen to very 

similar levels. The down regulation of rbcS mRNAs by cold stress is differential as 

with NaCI stress. The amount of rbcS mRNA differs between the 0 day unstressed 

control and the 3 day cold time point by a factor of 8.1 for rbcS-l, 4.6 for rbcS-2, 11.5 

for rbcS-3 and 8.6 for rbcS-4. The rank order of the four genes for degree of down 

regulation is the same for both cold and NaCI stresses that is, rbcS-3 > rbcS-4 > rbcS-

1> rbcS-2. 

The results of run-on transcription assays for the cold stressed plants are 

shown in Figure 3.7. Cold stress results in decreased transcription of all four rbcS 

genes as is seen in the first day of NaCI stress but there is no rapid recovery of 
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transcriptional activity to near pre-stress levels by the third day as seen with NaCI 

stress. The down regulation of the rbcS genes by cold stress appears to be primarily 

under transcriptional control. 

Plants that were cold stressed for 3 days were returned to normal temperatures 

for two days to determine if the cold stress induced down regulation of rbcS 

expression is reversible. As can be seen in Figure 3.6, after two days de-stress, rbcS 

mRNA amounts for all four genes return to unstressed control levels. This appears to 

be accompanied by a small increase in transcription of all four genes to unstressed 

control levels (Figure 3.7). As in the NaCl stress experiment, a decline in mRNA 

amounts and transcriptional activities was also seen over the five day course of the 

cold stress experiment in the 0 day and 5 day control plants. 

rbcS expression during development 

As noted in the previous two sections, mRNA amounts and transcriptional 

activities of all four rbcS genes dropped in unstressed control plants over the 5 day 

NaCI and cold stress time courses indicating the possibility of developmental control 

over rbcS gene expression. In the NaCI and cold stress experiments, plants were 5 

weeks old at the start of the time courses. M. crystallinum goes through a major 

developmental change between five and six weeks of age which enables the induction 

of a switch from C3 to CAM photosynthesis in response to NaCI stress (Ostrem et al. 

1987). To test the possibility that rbcS expression undergoes a developmentally 

regulated change during this same period, RNA and nuclei were isolated from 

unstressed plants at 3, 4, 5, 6 and 7 weeks of age. Northern analysis of rbcS mRNA 

amounts during development are shown in Figure 3.8. There is a clear and sharp 

transition in the amounts of mRNA for all four rbcS genes that occurs between 5 and 
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6 weeks from high amounts in young plants to very low amounts in older plants. Just 

as was seen for the changes in rbcS mRNA amounts in response to NaCI and cold 

stress, the changes in rbcS mRNAs between 5 and 6 weeks are qualitatively the same 

but quantitatively different. The mRNA amounts differ between 5 weeks and 6 weeks 

by a factor of 9.6 for rbcS-l, 5.5 for rbcS-2, 19.8 for rbcS-3 and 19.1 for rbcS-4. This 

is the same rank order of change seen during NaCI and cold stresses. It can also be 

seen in Figure 3.8 that the kinetics with which the mRNA amounts decline fall into 

two groups. The amounts of rbcS-l and rbcS-2 mRNAs remain essentially constant at 

3,4 and 5 weeks and then drop sharply. The mRNA amounts of rbcS-3 and rbcS-4 

however, show a gradual decline from 3 to 5 weeks followed by a sharp drop to the 

amounts present at 6 weeks. 

The results of run-on transcription assays showing transcriptional activities of 

the rbcS genes are shown in Figure 3.9. There is also a sharp transition seen here 

between young and old plants. Transcriptional activities for the rbcS-l, rbcS-2 and 

rbcS-3 genes go through a transition from higher levels in young plants to low levels 

in old plants that precedes the transition in mRNA amounts by about one week. 

Transcriptional activity of rbcS-4 however, is low throughout development and may 

actually increase slightly with plant age. 

NaCI stress causes a decline in rbcS mRNA by increasing rbcS RNA turnover. 

On the other hand, the decline in rbcS mRNA amounts seen during development is 

mediated by decreased transcription of rbcS-2 and by a combination of decreased 

transcription and increased RNA turnover for rbcS-l, rbcS-3 and rbcS-4. Changes in 
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Figure 3.8 Changes in rbcS mRNA amounts during development. Total RNA 

was isolated from unstressed plants at 3, 4, 5, 6 and 7 weeks after germination. Steady 

state mRNA amounts were determined for individual rbcS genes and the gene family 

by northern analysis. Panel A: A representative autoradiogram of hybridization 

signals obtained after probing slot blotted total RNA with gene-specific and coding 

region radio-labeled rbcS probes. Panel B: Quantitation of hybridization signals for 

the rbcS gene-specific probes as determined by Betascope measurements. Columns 

represent the average of two hybridizations and error bars indicate the range of 

values. Panel C: Vertical expansion of the data for rbcS-2, rbcS-3 and rbcS-4/5 shown 

in panel B. 
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Figure 3.9 Changes in rbcS transcription during development. Transcriptional 

activities as detennined by in vitro nuclear run-on transcription assays using nuclei 

isolated from unstressed plants at 3, 4, 5, 6 and 7 weeks after gennination. Panel A: 

Representative autoradiogram of hybridization signals obtained after radio labeled 

transcripts were synthesized in vitro and hybridized to DNA slot blotted to 

nitrocellulose. Exposures for each time point were nonnalized to the I8S rRNA 

signals quantitated by Betascope. Panel B: Quantitation of nuclear run-on 

transcription assay hybridization signals as detennined by Betascope measurements. 

Columns represent the average of two assays and error bars indicate the range of 

values. 
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Table 3.1 Estimated changes in RNA turnover during development. 

ATr 

Tr Ag~2 
rbcS gene Tr Agel 

3 weeks vs. 4 weeks 1 0.87 

2 1.20 

3 1.12 

4/S 1.S6 

4 weeks vs. S weeks 1 0.79 

2 0.27 

3 0.37 

4/S 3.64 

S weeks vs. 6 weeks 1 0.37 

2 0.24 

3 0042 

4/S 0040 

6 weeks vs. 7 weeks 1 0.82 

2 0.86 

3 O.SI 

4/S 0.97 

Tr = relative transcriptional activity 

Agel = younger plants 

Age2 = older plants 

AmRNA 

mRNAAge2 A RNA 
mRNAAgel Turnover 

0.81 1.1 X 

0.77 1.6 X 

0.78 lAX 
0.90 1.7 X 

1.23 1.6X 

0.81 3.0X 

0.71 1.9 X 

0.67 SAX 

0.10 3.7X 

0.18 1.3 X 

O.OS 8AX 
O.OS 8.0X 

0.77 1.1 X 

0.73 1.2 X 

0.90 1.8 X 

0.78 1.2 X 
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Figure 3.10 Estimated changes in RNA turnover during development and NaCI 

stress. Columns represent estimated changes in rbcS RNA turnover calculated from 

discrepancies between changes in transcriptional activities and changes in steady state 

mRNA amounts during development (Panel A) and during NaCI stress (Panel B). 
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transcriptional activity and steady state mRNA amounts (Figures 3.8 and 3.9) were 

compared for each weekly interval during development from 3 weeks to 7 weeks. 

Differences between changes in transcription and changes in mRNA amounts were 

calculated and used to estimate changes in RNA turnover which would be necessary 

to account for any discrepancies. These are shown in Table 3.1 and graphed in panel 

A of Figure 3.10. For the 3 to 4 week and 6 to 7 week intervals, there are only small 

changes in mRNA amounts and transcriptional activities and all four genes show little 

difference between the changes in mRNA amounts and transcriptional activities. 

From 4 to 5 weeks, discrepancies appear for rbcS-2 and rbcS-4. To account for the 

discrepancy between rbcS-4 transcription and mRNA amounts, RNA turnover would 

have to increase 5.4 fold. For rbcS-2, the 3 fold difference could be interpreted as 

increased stability of the rbcS-2 transcripts between 4 and 5 weeks however, it is 

more likely that the amount of rbcS-2 mRNA had not yet reached a new steady state 

equilibrium and simply lagged behind the drop in transcription. The greatest changes 

in mRNA amounts occur between 5 and 6 weeks (Figure 3.8). The decrease in rbcS-2 

mRNA during this period is due to a drop in transcription. Decreased transcription 

makes a contribution to the decreased rbcS-l, rbcS-3 and rbcS-4 mRNA amounts but, 

the major contribution is made by increased RNA turnover. 

rbcS expression in response to NaCI stress during development 

Expression of the rbcS genes undergoes a major change that coincides with 

the period during which a developmental change occurs in control over CAM gene 

expression in response to NaCI stress. The inducibility of genes involved in CAM 

photosynthesis by NaCI stress is developmentally enabled between 5 and 6 weeks 

(Ostrem et al. 1987; Cushman et al. 1990). CAM cannot be induced by NaCI stress in 
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younger plants. Expression of rbcS is also responsive to NaCI stress during this same 

period in development. To test whether the responsiveness of rbcS expression to NaCI 

stress is, like genes involved in CAM, developmentally regulated, plants were NaCI 

stressed for 5 days starting at 3, 4, 5 and 6 weeks of age and RNA and nuclei were 

isolated from the stressed plants and from control plants. 

The results of northern analysis for the effect of NaCI stress at different ages 

are shown in Figure 3.11. A representative autoradiogram is shown in panel A of 

Figure 3.11. Quantitated northern hybridization data are shown in panels B and C of 

Figure 3.11. Overall, the qualitative changes in mRNA amounts of the four rbcS 

genes in response to NaCI stress during development are similar to each other. That 

is, the effect of NaCI stress on the mRNA amounts of each rbcS gene varies with 

development and all four genes show a window of responsiveness to NaCI stress that 

falls between 4 and 5 weeks of age. When plants are stressed for five days starting at 

6 weeks, the mRNA amounts for all four genes are unchanged. Three week old plants 

stressed for 5 days are also less responsive to NaCI stress than plants between 4 and 5 

weeks however, the behavior of the four genes breaks into two groups. The mRNA 

amounts for rbcS-1 and rbcS-2 show little if any decrease in response to NaCI stress. 

The mRNA amounts for rbcS-3 and rbcS-4 however, decrease by about 50%. This 

50% drop is still less than that seen after 5 days NaCI stress started at 4 weeks of age 

(Figure 3.11). At 4 weeks plus 5 days stress, all four genes show major drops in 

mRNA amounts in response to NaCI stress. During the 5 day stress started at 5 weeks 

of age, declines in mRNA amounts due to development can be seen in control plants. 

NaCI stress superimposes a further reduction in mRNA amounts. 

Nuclear run-on transcription assays were done for the developmental time 

points and the results are presented in Figure 3.12. As with changes in mRNA 
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amounts, the qualitative changes in transcriptional activities of each of the rbcS genes 

in response to NaCI stress during development are similar to each other. However, the 

changes in transcriptional activity do not correspond to the changes in mRNA 

amounts. Transcriptional activities do not show a developmental window of 

responsiveness to NaCI stress. Instead, NaCI stress results in increased transcription 

of all four genes after 5 days of stress started at 4, 5 or 6 weeks of age. Five days 

NaCI stress started when the plants are 3 weeks of age causes no significant change in 

the transcriptional activities of rbcS-l, rbcS-2 and rbcS-3 while that of rbcS-4 

increases. 

The rbcS genes are differentially regulated in response to NaCI stress in the 

youngest plants. Expression of rbcS-l and rbcS-2 is insensitive to NaCI stress but 

both rbcS-3 and rbcS-4 are down regulated. As shown in Figure 3.11, there are no 

significant changes in the mRNA amounts of rbcS-l and rbcS-2 due to NaCI stress 

started at 3 weeks of age. The approximately 50% decline in rbcS-3 mRNA however, 

occurs with no significant accompanying decline in transcriptional activity. The 

amount of rbcS-4 mRNA also declines about 50% but the transcriptional activity of 

rbcS-4 shows an increase. The down regulation of rbcS-3 and rbcS-4 in young plants 

is not due to a change in transcription but is the result of increased RNA turnover. 

Mter 4 weeks of age, the rbcS genes are no longer differentially regulated in response 

to NaCI stress. Five days NaCI stress started at 4 weeks or 5 weeks results in 

decreased mRNA amounts and increased transcriptional activities for all four genes 

indicating that the down regulation is achieved via increased RNA turnover. Mter 

five days stress started at 6 weeks, the mRNA amounts for all four genes do not 

change from the already lowered levels due to development. Transcriptional 



activities, however, are increased by NaCI stress indicating that there is 

destabilization of the rbcS transcripts in response to NaCl. 
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The observed changes in transcriptional activity and steady state mRNA 

amounts (Figures 3.12 and 3.11) were compared between plants stressed with NaCI 

starting at 3, 4, 5 and 6 weeks and the corresponding unstressed control plants. 

Differences between changes in transcription and changes in mRNA amounts were 

calculated and used to estimate changes in RNA turnover required to account for 

discrepancies. These are shown in Table 3.2 and graphed in panel B of Figure 3.10. 

For NaCI stress started at 3 weeks, only rbcS-4 shows a significant change in RNA 

turnover. NaCI stress started at 4 or 5 weeks results in substantial changes in RNA 

turnover for all four rbcS genes. In plants stressed starting at 6 weeks, there still is 

destabilization of all four rbcS transcripts by NaCI but to a substantially lower degree 

than in 4 and 5 week old plants. In fact, the increased RNA turnover almost exactly 

counteracts the NaCI caused increase in transcription such that no net change occurs 

in the mRNA amounts of the four rbcS genes. As can be seen in panel B of Figure 

3.10, the regulation of rbcS transcript levels by increased RNA turnover in response 

to NaCI stress is itself controlled during development. This developmental control of 

the response to NaCI stress varies somewhat between the rbcS genes. The peaks of 

increased RNA turnover for each gene are not exactly in phase with each other. 
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Figure 3.11 Effect of Nael stress on rbcS mRNA amounts at different points 

during development. Total RNA was isolated from control plants and plants 

stressed with NaCl starting at 3, 4, 5 and 6 weeks after germination. Steady state 

mRNA amounts were determined for individual rbcS genes and the gene family by 

northern analysis. Panel A: A representative autoradiogram of hybridization signals 

obtained after probing slot blotted total RNA with gene-specific and coding region 

radio-labeled rbcS probes. Panel B: Quantitation of hybridization signals for the rbcS 

gene-specific probes as determined by Betascope measurements. Columns represent 

the average of two hybridizations and error bars indicate the range of values. Panel C: 

Vertical expansion of the data for rbcS-2, rbcS-3 and rbcS-4/5 shown in panel B. 
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Figure 3.12 Effect of NaCI stress on rbcS transcriptional activities at different 

points during development. Transcriptional activities as determined by in vitro 

nuclear run-on transcription assays using nuclei isolated from control plants and 

plants stressed with NaCl starting at 3, 4, 5 and 6 weeks after germination. Panel A: 

Representative autoradiogram of hybridization signals obtained after radio labeled 

transcripts were synthesized in vitro and hybridized to DNA slot blotted to 

nitrocellulose. Exposures for each time point were normalized to the 18S rRNA 

signals quantitated by Betascope. Panel B: Quantitation of nuclear run-on 

transcription assay hybridization signals as determined by Betascope measurements. 

Columns represent the average of two assays and error bars indicate the range of 

values. 
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Table 3.2 Estimated changes in RNA turnover during NaCI stress 

ATr 

TrNilCI 
rbcS gene Trcontrol 

3 w + 5 days NaCI 1 0.87 

2 0.62 

3 0.8 

4/5 5.3 

4 w + 5 days NaCI 1 4.00 

2 2.37 

3 2.33 

4/5 2.11 

5 w + 5 days NaCI 1 1.87 

2 5.27 

3 3.04 

4/5 1.39 

6 w + 5 days NaCI 1 2.19 

2 3.95 

3 3.41 

4/5 2.84 

Tr = relative transcriptional activity 

NaCI = stressed plants 

control = unstressed plants 

AmRNA 

mRNA NilCI A RNA 
mRNA control Turnover 

0.81 1.1 X 

0.76 1.2 X 

0.5 1.6 X 

0.6 8.8X 

0.26 15.4 X 

0.34 7.0X 

0.14 16.6 X 

0.13 16.2 X 

0.27 6.8X 

0.38 13.9X 

0.25 12.2X 

0.25 5.7 X 

0.90 2.4 X 

1.03 3.8X 

0.93 3.7 X 

0.95 3.0 X 
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Net 
Change 

+ 

+ 
+ 

+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 
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rbcS expression during the diurnal cycle 

To test the possibility of differential regulation of the rbcS genes during the 

diurnal cycle and whether any such differential regulation would be affected by NaCI 

stress, leaves were harvested and nuclei isolated every four hours over a 36 hour 

period from plants stressed with NaCI for 5 days starting when the plants were 6 

weeks old and from unstressed plants of the same age. The first time point was 6 AM 

of the fifth day of stress and the last time point was 6 PM of the sixth day of stress. 

The results of northern analysis for diurnal cycle rbcS mRNA amounts in the 

unstressed plants are shown in Figure 3.13. The rbcS genes are not regulated 

differentially during the diurnal cycle and show the same pattern of relative 

expression seen in previous experiments with rbcS-l contributing the largest portion 

to total rbcS mRNA. Only rbcS -1 shows any cycling in mRNA amount and this is to 

only a modest extent. The lowest rbcS-l mRNA amount (6 AM of the first day) is 

only about 30% less than the highest (10 AM the first day). The results of northern 

analysis for diurnal rbcS expression in NaCI stressed plants are shown in Figure 3.14. 

Again there is no differential regulation of the rbcS genes and no clear pattern of 

diurnal cycling of mRNA amounts. Since there were no significant changes in mRNA 

amounts, nuclear run-on transcription assays were not done for diurnal expression. 
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Figure 3.13 rbcS mRNA amounts during the diurnal cycle in unstressed plants. 

Total RNA was isolated from unstressed 6 week old plants harvested every four hours 

starting at 6 AM over a 36 hour period. Steady state mRNA amounts were determined 

for individual rbcS genes and the gene family by northern analysis. Panel A: A 

representative autoradiogram of hybridization signals obtained after probing slot 

blotted total RNA with gene-specific and coding region radio-labeled rbcS probes. 

Light and dark periods are indicated by open and filled in bars at bottom of panel. 

Panel B: Quantitation of hybridization signals for the rbcS gene-specific probes as 

determined by Betascope measurements. Columns represent the average of two 

hybridizations and error bars indicate the range of values. Light and dark periods are 

indicated by open and filled in bars at bottom of panel. Panel C: Vertical expansion of 

the data for rbcS-2, rbcS-3 and rbcS-4/5 shown in panel B. Light and dark periods are 

indicated by open and filled in bars at bottom of panel. 
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Figure 3.14 rbcS mRNA amounts during the diurnal cycle in NaCI stressed 

plants. Total RNA was isolated from plants stressed for 5 days with NaCl starting 6 

weeks after germination harvested every four hours starting at 6 AM over a 36 hour 

period. Steady state mRNA amounts were determined for individual rbcS genes and 

the gene family by northern analysis. Panel A: A representative autoradiogram of 

hybridization signals obtained after probing slot blotted total RNA with gene-specific 

and coding region radio-labeled rbcS probes. Light and dark periods are indicated by 

open and filled in bars at bottom of panel. Panel B: Quantitation of hybridization 

signals for the rbcS gene-specific probes as determined by Betascope measurements. 

Columns represent the average of two hybridizations and error bars indicate the range 

of values. Light and dark periods are indicated by open and filled in bars at bottom of 

panel. Panel C: Vertical expansion of the data for rbcS-2, rbcS-3 and rbcS-415 shown 

in panel B. Light and dark periods are indicated by open and filled in bars at bottom 

of panel. 
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DISCUSSION 

I have determined the expression characteristics of individual rbcS genes of 

M. crystallinum during environmental stress and development. The rbcS genes are 

differentially expressed but show only subtle differences in regulation. By comparing 

changes in transcriptional activities to changes in steady state mRNA amounts, I have 

demonstrated that changes in both transcription and RNA turnover play important 

roles in determining rbcS gene expression. The relative contributions of transcription 

and RNA turnover to establishing steady state rbcS mRNA levels are dependent on 

the developmental state of the plants and environmental conditions and are specific to 

each rbcS gene. 

A comparison of the relative transcription rates of the rbcS genes and the 

relative accumulation of the transcripts reveals that the inherent stabilities of the four 

transcripts vary widely. In all instances, rbcS-1 transcripts are the most abundant by a 

substantial margin and rbcS-2 transcripts are consistently very low in amount, yet the 

transcriptional activity of rbcS-2 is always higher than that of rbcS-l. For example, in 

the 0 day unstressed control plants of the NaCl stress time course (Figure 3.2), rbcS-1 

mRNA amounts exceed those of rbcS-2 by a factor of 28 but the transcriptional 

activity of rbcS-1 is about half that of rbcS-2 (Figure 3.3). Transcripts of rbcS-1 are 

the most stable and those of rbcS-2 the least stable. The stabilities of rbcS-3 and rbcS-

4 transcripts are intermediate to the stabilities of rbcS-1 and rbcS-2 transcripts. The 

substantially different stabilities of the four rbcS transcripts and the regulation of 

these stabilities makes it interesting to consider what features of these transcripts 

might be involved in stability. Since the nucleotide sequences of the coding regions of 

the rbcS genes are highly conserved, it seems likely that sequences involved in 

determining the different stabilities would be located outside the coding regions in the 
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5' leaders or the 3' non-coding regions. As previously shown in Chapter 2, the 3' non

coding regions of rbcS-3 and rbcS-4 are nearly identical but share no sequence 

similarity to rbcS-l or rbcS-2 which in tum share very limited sequence identity with 

each other. This sequence diversity may allow for the differential stabilities. It is 

interesting to note that while all rbcS-l, rbcS-3 and rbcS-4 cDNA clones that were 

sequenced (Chapter 2) had poly-A tails, the thirteen rbcS-2 cDNA clones sequenced 

lacked a poly-A tail and the 3' non-coding regions were significantly shorter than 

those of transcripts from the other three genes. This could reflect the relative 

instability of the rbcS-2 transcripts and an RNA degradation mechanism that operates 

from the 3' end of the transcripts. 

A remarkable feature of the differential expression of the rbcS genes is that 

even though the relative transcript stabilities are widely different and mRNA amounts 

of the rbcS genes can change greatly during development and stress, the relative 

contribution of each gene to the total amount of rbcS mRNA is tightly maintained 

within a narrow range as shown in Table 3.3. The largest portion of rbcS mRNA is 

consistently made up of rbcS-l transcripts ranging from 68% to 86% of total rbcS 

mRNA. The remaining three genes contribute a total of 14% to 32% of transcripts. 

Although there are no major changes in relative expression of the rbcS genes, there 

are subtle trends that can be seen in Table 3.3. The amount of rbcS-l mRNA 

gradually increases from just under 70% in 3 week old plants to just over 84% in 7 

week old plants. There is also a gradual change in the distribution of transcripts of the 

other three genes during this time period. In 3 week old plants, rbcS-2 contributes 
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Table 3.3 Relative mRNA amounts for M. crystallinum rbcS genes. 

rbcS-l rbcS-2 rbcS-3 

rbcS-4/5 

3 weeks 69.8% 3.1% 14.3% 12.8% 

4 weeks 67.7% 3.8% 14.0% 14.5% 

5 weeks 78.6% 2.8% 9.4% 9.2% 

6 weeks 84.8% 5.3% 4.9% 5.0% 

7 weeks 84.2% 5.0% 5.8% 5.0% 

3 w + 5 days NaCI 80.8% 2.8% 8.4% 8.0% 

4 w + 5 days NaCI 81.9% 4.3% 7.3% 6.5% 

5 w + 5 days NaCl 85.7% 4.7% 4.7% 4.9% 

6 w + 5 days NaCI 83.5% 6.6% 4.6% 5.3% 

5 w + 3 days cold 85.1% 4.8% 5.5% 4.7% 
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about 4 fold less mRNA than rbcS-3 or rbcS-4. By 7 weeks, this has gradually shifted 

such that all three genes contribute nearly equally to the total amount of rbcS mRNA. 

An interesting effect of either NaCI stress or cold stress is to make the relative 

expression levels more like the relative expression levels seen in older plants. Mter 3 

week old plants have been NaCI stressed 5 days, the relative rbcS expression levels 

are most similar to those of unstressed 5 week old plants. Mter 4 week old plants 

have been stressed 5 days, expression levels are most like those that would be seen in 

unstressed plants between 5 and 6 weeks old. NaCI or cold stress of 5 week old plants 

results in expression levels like those seen in 6 or 7 week old plants. 

Another interesting aspect of the differential expression of these genes can be 

seen when comparing the expression characteristics of the rbcS genes with what is 

known about the nucleotide sequences of the 5' flanking regions of these genes. It was 

previously shown that the M. crystallinum rbcS promoter regions fall into two groups 

based on sequence similarity (Chapter 2). The promoter region of rbcS-l contains 

sequence motifs that have been identified as being involved in the regulation of rbcS 

genes in tomato and pea (Ueda et al. 1989; Lam and Chua, 1990). The other rbcS 

genes, which all share some sequence similarity with each other but none with rbcS-l, 

lack these elements. The rbcS-l sequence elements are very highly conserved in 

nucleotide sequence, 5' to 3' order and in spacing with elements found in the promoter 

of the tomato rbcS3A gene. The conservation of these elements between two such 

evolutionarily divergent species implies selection pressure to maintain these 

sequences. It is interesting to note then, that rbcS-l shows the lowest transcriptional 

activity of the M. crystallinum rbcS genes. It appears that the rbcS-2, rbcS-3 and 

rbcS-4 genes have evolved a different regulatory mechanism for controlling 

transcription initiation and that this mechanism is at least as effective as the one 
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controlling rbcS-l transcription. At the same time, all four genes are likely to have a 

common developmental regulatory mechanism controlling transcription initiation 

since the four genes show concerted changes in transcription during development. 

Quantitative data on differential expression of rbcS gene family members 

from other species have been published for tomato (Sugita and Gruissem, 1987; 

Wanner and Gruissem, 1991) and petunia (Dean et al. 1985; 1987) rbcS gene families 

and for three of the five pea rbcS genes (Corruzi et aI. 1984; Fluhr et al. 1986) and for 

six of the twelve Lemna gibba rbcS genes (Silverthorne et al. 1990). In all four 

species, the rbcS genes are differentially expressed but to varying degrees. The rbcS 

genes of petunia show the widest range of expression among individual genes (25 

fold in leaves) and more than 70% of total rbcS mRNA is contributed by just two of 

eight genes. In tomato, pea, and Lemna gibba the range of expression is much less 

variable (2.5, 1.5 and 5 fold respectively). In M. crystallinum, up to 86% of rbcS 

transcripts are contributed by one gene and the range of expression between genes is 

up to 18 fold. Just as there appears to be considerable evolutionary flexibility among 

plant species for the evolution of differently structured rbcS gene families, there 

appears to be comparable flexibility in how different species make use of the 

members of their respective rbcS gene families. 

I have shown here that the rbcS gene family of M. crystallinum shows no 

substantial differential regulation of its members during development or stress. Other 

expression studies of entire rbcS gene families looking for differential regulation of 

the gene family members have only been done in tomato and petunia. To date, the 

only observation of dramatic differential rbcS regulation where a switch occurs in 

expression from one subset of the gene family to another subset has been in tomato. 

All five tomato rbcS genes are expressed in leaves but three are shut down in fruit. 
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Two of the five tomato genes are not expressed in etiolated seedlings but are quickly 

induced when etiolated seedlings are exposed to light (Sugita and Gruissem, 1987). 

The relative expression levels of the petunia rbcS genes were determined for several 

tissue types (Dean et al. 1985 and 1987), and no significant differences were found. 

Expression levels for three of the five pea rbcS genes were determined in a number of 

tissue types and the same two genes were always found to be the most highly 

expressed (Corruzi et al. 1984, Fluhr et al. 1986). The expression levels of six of the 

twelve Lemna gibba rbcS genes were compared in leaves and roots (Lemna gibba is 

an aquatic plant the roots of which are exposed to light and contain chloroplasts) and 

mRNA for one of the six genes that was highly expressed in fronds was nearly 

undetectable in the roots. 

Although the M. crystallinum rbcS genes are not regulated differentially 

during development or stress, their mRNA amounts change dramatically both during 

development and stress. In the past, changes in mRNA amounts were often 

interpreted as evidence of a change in transcription of the gene. Such interpretations 

disregarded the fact that there are many steps between initiation of transcription and 

establishment of a new eqUilibrium population of cytoplasmic mRNA, and that any or 

all of these steps could be regulated independently of transcription. In recent years 

there has been a growing number of examples of changes in RNA levels that result in 

part or entirely from post-transcriptional regulation. I was interested in the regulatory 

mechanism by which changes in rbcS mRNA amounts are accomplished in M. 

crystallinum. For this reason, I used comparison of changes in transcriptional 

activities as determined by nuclear run-on transcription assays to changes in steady 

state mRNA amounts to evaluate the contributions of transcription and RNA turnover 

to rbcS expression. This approach assumes that if an observed change in the mRNA 
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amount of a gene is due solely to a change in transcription, then a corresponding 

change in transcriptional activity that is equal in magnitude and direction will be 

observed in nuclear run-on transcription assays. A discrepancy between the observed 

changes in mRNA amount and transcriptional activity would indicate the involvement 

of a post-transcriptional process in the change in mRNA amount Some discrepancies 

are better than others, however. A large change in mRNA amount with no 

accompanying change in transcription makes a good case for a change in RNA 

turnover. A change in mRNA amount accompanied by a change in transcription in the 

opposite direction also makes a good case for a change in RNA turnover. Small 

discrepancies between changes in transcription and mRNA amounts (for example, a 2 

fold discrepancy between a 4 fold increase in transcription and an 8 fold increase in 

mRNA) exceed the resolution of this approach and are not a strong basis for invoking 

post-transcriptional regulation. 

A comparison of the changes in rbcS steady state mRNA amounts and 

transcriptional activities measured over a 5 day time course of NaCI stress, (Figures 

3.2 and 3.3) demonstrates that the previously observed decrease in total rbcS mRNA 

concomitant with an increase in total rbcS transcriptional activity in response to NaCI 

stress (Michalowski et al. 1989; Cushman et al. 1989) recapitulates the responses of 

the individual rbcS genes to NaCI stress. All four rbcS genes show greatly reduced 

mRNA amounts at the same time that transcriptional activities increase over control 

levels. The net down regulation of all four rbcS genes is brought about by increased 

turnover of rbcS RNAs. 

The decline in rbcS mRNAs caused by NaCI stress is an active and reversible 

gene-specific process and not a pathological response to stress. While rbcS transcripts 

are turned over more rapidly due to NaCI stress, the mRNA levels of a number of 
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other genes are either unaffected or are induced by stress. The mRNA levels of 18S 

rRNA, actin and tubulin genes are unaffected by NaCl stress (Figure 3.1). Several M. 

crystallinum genes have been previously shown to be induced by NaCI stress 

including the ppcl gene encoding an isoform of PEPcarboxylase (Cushman et al. 

1989), glyceraldehyde (Ostrem), the imtl gene encoding a myo-inositol O-methyl 

transferase (Vernon & Bohnert, 1992), malic enzyme (Cushman, 1992a) and malate 

dehydrogenase (Cushman, 1992b). The increased turnover of rbcS RNA in response 

to NaCI stress stands in contrast to the primarily transcriptional down regulation 

effect of cold stress even though both types of stress have a water stress component 

Although high levels of NaCI cause water stress, it may be that the increased turnover 

of rbcS RNA is not caused by the water stress but is specific to NaCI exposure. 

The specific targeting of the rbcS genes for down regulation by NaCI stress 

means that the destabilization of the rbcS RNAs is not part of a general RNA 

degradation response to NaCI stress but is an rbcS-specific regulatory mechanism. 

This is further supported by the finding that the down regUlation of the rbcS genes by 

NaCI stress is itself dependent on the age of the plant. The mechanism that causes 

increased rbcS RNA turnover is inactive for the rbcS-l, rbcS-2 and rbcS-3 transcripts 

in plants less than 4 weeks old. The turnover mechanism is active for all four genes in 

plants that are 4 to 6 weeks old and is still active for all four genes after plants are 

more than 6 weeks old but at a much reduced level (Figure 3.10). 

It should be noted that the induction of the turnover mechanism is linked to 

whole plant development and not to leaf development specifically. M. crystallinum 

grows in a determinate pattern. A set of plants germinated together will produce a 

population of plants homogeneous in size and with equal numbers of leaf pairs along 

the central axis. Because new leaf pairs are added to the top of the central axis at a 
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constant rate, the uppermost three leaf pairs of a young plant cover essentially the 

same range of leaf development as the uppermost three leaf pairs of an older plant. 

This makes it possible to harvest leaf material that is developmentally very similar 

from plants of different ages. The developmental changes in rbcS expression 

described here are therefore linked to overall plant age or development and do not 

result from examining leaves that are at different stages in development. 

This link between regulation of rbcS expression and overall plant 

development or age is particularly interesting due to the existence of similar linkage 

of the expression of properties of genes involved in CAM photosynthesis to overall 

development of the plant. Inducibility of CAM related genes, like the down regulation 

of the rbcS genes, occurs only weakly if at all in young plants. When the plants reach 

five to six weeks of age under our growth conditions, induction of CAM genes in 

response to NaCI stress is enabled. It has been suggested that this developmental 

program is an adaptation to the plant's native habitat in which this annual plant 

germinates in a short rainy season but must then go through the rest of its life cycle 

under arid conditions (Cushman et al. 1990a). CAM is a water conservation strategy 

that allows survival under such conditions. Even plants that never experience water 

shortage exhibit a small increase in the expression of CAM genes that begins during 

the same period (fifth and sixth weeks) of development in which induction of CAM is 

enabled. As can be seen in Figure 3.15, the transcriptional up regulation of CAM 

genes in unstressed plants also begins during the same period that rbcS and ferredoxin 

NADPH reductase transcription is down regulated. There appears to be a coordinated 

shift in transcriptional activities of genes involved in C02 fixation during a particular 

period of ice plant development. This shift is specific for a class of genes since 
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transcriptional activities of Cab, actin, tubulin and I8S rRNA genes do not show 

similar behavior during development. 

Since the down regulation of the rbcS genes is a specific and active process 

and Rubisco plays an essential role in the plant's metabolism, it is interesting to 

consider the possible role this change in expression might have during development 

and in response to NaCI stress. During the fifth and sixth weeks of development, 

growth begins to switch from vegetative growth in the form of addition of new leaf 

pairs to the central axis to the growth of axillary branches which eventually produce 

flowers. The developmental down regulation may be an early step in senescence of 

the leaves of the central axis as part of a shift from vegetative to reproductive growth. 

Since the Rubisco protein is very stable and makes up the major portion of total leaf 

protein, the existing Rubisco protein may be sufficient to carry out C02 fixation until 

the leaves senesce. The down regulation of the rbcS genes by NaCI stress may reflect 

a speeding up of the developmental down regulation of rbcS expression as part of a 

more rapid switch to reproductive growth as a strategy for escaping environmental 

stress. An alternative possibility is that the amount of Rubisco needed for C02 

fixation may be less due to the induction of PEPcarboxylase by NaCI stress. The 

greater C02 fixation efficiency of PEPcarboxylase effectively concentrates C02 in 

the leaves for fixation by Rubisco and may thereby reduce the amount of Rubisco 

necessary to carry out the same overall C02 fixation. 

M. crystallinum is the first dicot species outside the Solanaceae for which the 

expression properties of the individual members of the rbcS gene family have been 

extensively characterized at the levels of transcriptional and post-transcriptional 

regulation. These are also the first rbcS expression studies done in a CAM plant. Most 

previous studies on regulation of rbcS gene expression have focused on processes 
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controlling initiation of transcription and little attention has been paid to the possible 

regulatory control points that come into play after initiation of transcription. I have 

shown that both regulation of transcription and RNA turnover play major roles in 

establishing steady state rbcS mRNA amounts in M. crystallinum. Involvement of 

RNA stability in the regulation of rbcS expression has also been reported for tomato 

(Wanner and Gruissem, 1991), soybean (Thompson and Meagher, 1990), potato 

(Fritz et al., 1991) and Lemna gibba.(Silverthorne and Tobin, 1990). It is becoming 

increasingly clear that a thorough understanding of the regulation of gene expression 

in higher plants will require understanding the roles of RNA processing, RNA 

stability, translation and protein turnover. 
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Figure 3.15 Transcriptional activities of sixteen M. crystallinum genes during 

development. Transcriptional activities as determined by in vitro nuclear run-on 

transcription assays using nuclei isolated from unstressed plants at 3, 4, 5, 6 and 7 

weeks after germination. Autoradiogram of hybridization signals obtained after radio 

labeled transcripts were synthesized in vitro and hybridized to DNA slot blotted to 

nitrocellulose. Exposures for each time point were nonnalized to the I8S rRNA 

signals quantitated by Betascope. 
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CHAPTER. 4. 

CONCLUSION 

This research project set out with the specific aims of determining the 

configuration of the rbcS gene family in M. crystallinum, nucleotide sequences of 

these genes and the expression properties of the individual genes during 

environmental stress. All of these aims were achieved as well as others added along 

the way such as characterizing expression properties of the rbcS genes during 

development and in response to stress at different times during the plant's 

development. These specific aims were directed toward the wider goal of attempting 

to gain insight into the possible function of encoding the Rubisco small subunit 

protein by multiple genes in M. crystallinum specifically and in higher plants in 

general. 

The M. crystallinum rbcS genes were shown to be differentially expressed. 

However, no significant differential regulation of the rbcS genes was observed in 

response to stress or during development. Expression of the genes was remarkably 

coordinated with the relative contributions of each gene to total rbcS mRNA amounts 

maintained within very tight limits. Does this mean that the potential opportunity for 

the evolution of new patterns of regulation provided by encoding the small subunit by 

multiple genes is not being taken advantage of! If the expression data and sequence 

data are considered together, it seems that there must be conditions under which the 

genes are differentially regulated. All four genes are transcribed both in unstressed 

and stressed plants at all ages yet the nucleotide sequences of the 5' flanking regions 
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fall into two mutually exclusive groups: rbcS-1 and all the others. The 5' flanking 

regions of the rbcS genes in other species are complex mosaics of different sequence 

elements often conserved between different genes that interact with a number of 

different DNA binding proteins to regulate expression in response to various inputs 

(Manzara et al. 1991). With essentially no sequence similarity between the rbcS-1 5' 

flanking region and the 5' flanking regions of the other three genes, it seems that the 

two sets of promoters cannot have many regulatory mechanisms in common. In fact, 

it is somewhat paradoxical that all four genes with such divergent promoter regions 

can be highly expressed in the same plant. Monocot and dicot rbcS promoters have 

little in common with each other and, as one might expect, are not functional in the 

opposite type of plant (Kieth & Chua, 1986; Schaffner & Sheen, 1991). It seems 

probable that the M. crystallinum rbcS genes have at least some differences in 

regulation and that they are responsive to ques other than NaCI stress or development. 

Another explanation for the lack of differential regulation of the rbcS genes in these 

experiments could be that differential regulation occurs at the level of different cell 

types rather than at the level of whole organs such as leaves. Cell type specific 

regulation might not be detected by analysis of changes in rbcS expression in whole 

leaves. A final explanation is that there is no differential regulation of the rbcS genes 

in this plant. The presence of six rbcS genes in M. crystallinum may serve no 

particular function and may be a quirk of evolution. The large range in rbcS gene 

family sizes in different species demonstrates a substantial degree of flexibility in the 

number of genes suggesting that the number of rbcS genes within a family in a 

species may not provide a selective advantage. 

Although the question concerning the role of multiple rbcS genes remains 

open, other aspects of rbcS expression in M. crystallinum that have resulted from this 
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study have proven interesting. One aspect is the regulation of expression controlled 

by increased RNA turnover in response to NaCI stress. The immobility of plants 

means that they must be prepared to deal with whatever environmental challenges 

they are faced with. Regulation of gene expression through alterations in RNA 

stability may allow for more rapid responses to changing environmental conditions 

than could be accomplished by changes in transcription alone. For example, the 

expression of a gene could be down regulated very rapidly by combining a stop in 

transcription with destabilization of existing transcripts. Combining an increase in 

transcription with stabilization of transcripts would allow a faster induction of 

expression. For this reason, regulation of plant genes at the level of RNA stability 

may prove to be common. 

There are several observations from the sequence and expression data that 

allow for speculation that the 3' ends of the transcripts are involved in regUlation of 

stability. None of the rbcS-2 cDNAs isolated had a poly A tail, the 3' non-coding 

region of the rbcS-2 transcripts were significantly shorter than those of the other three 

genes, and rbcS-2 transcripts are the most unstable of the four. These observations are 

in accord with the model that poly-A tails protect transcripts from 3' exonuclease 

activity and that lack of a poly-A tail destabilizes a transcript (Brawerman, 1981; 

Atwater et al. 1990). The transcripts most responsive to NaCI stress through increased 

RNA turnover (rbcS-3 and rbcS-4) have AUUUA sequences located in the 3' non

coding regions. This sequence motif has been implicated in the regulation of RNA 

stability in mammalian genes (Shaw & Kamen, 1986) and has been shown to 

destabilize transcripts when engineered into the 3' non-coding region of a gene 

expressed in plant cells. The ease with which the increased turnover of rbcS RNA in 

response to NaCI stress can be obtained reproducibly would make this an ideal system 
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in which to study the mechanism underlying regulated RNA stability. However, until 

transformation of M. crystallinum becomes possible, definitive experiments will not 

be possible. 

Another interesting aspect of rbcS expression is the developmental 

component. The development of M. crystallinum plays two interesting roles in rbcS 

expression. First, the developmental induction of RNA stability regulation in response 

to NaCI stress that coincides with the developmental enablement of CAM induction at 

five to six weeks of age. Second, is the transcriptional down regulation of the rbcS 

genes in unstressed plants that coincides with the enablement of CAM induction. As 

was shown in Figure 3.15, a number of other genes go through a change in expression 

at this time. Both types of developmental control over rbcS gene expression appear to 

be part of a coordinated developmental program affecting the expression of many 

genes. 

A comparison of rbcS expression to PEPcase expression during development 

and stress reveals an intriguing pattern. In plants less than four weeks old or more 

than six weeks old, the rbcS and PEPcase mRNA amounts are relatively insensitive to 

NaCI stress. During the fifth and sixth weeks, both genes respond dramatically to 

NaCI but in opposite directions with rbcS mRNA dropping and PEPcase mRNA 

accumulating. The drop in rbcS mRNAs is due to increased RNA turnover. The 

increase in PEPcase mRNA is due primarily to an increased transcription (Cushman 

et al. 1990a), but there also appears to be a transcript stabilization component since 

the increase in mRNA outpaces the increase in transcription. Taking these 

characteristics into consideration, a model for a simple mechanism that would co

regulate these two C02 fixing enzymes via regulation of RNA stability can be 

proposed. Suppose that a protein interacts with rbcS transcripts in such a way as to 
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stabilize them. Suppose also that this protein can also interact with PEPcase 

transcripts but with greater affinity. PEPcase transcripts could compete the protein 

away from rbcS transcripts thereby stabilizing PEPcase transcripts and destabilizing 

rbcS transcripts. Such a mechanism fits the observations described above. In plants 

less than four weeks old, rbcS mRNA amounts are high because PEPcase is 

transcribed only at a very low level and is not competing for the stabilizing protein. 

Since NaCI stress increases PEPcase transcription by only a small amount in young 

plants, rbcS mRNA amounts decline only slightly. Between four and six weeks, 

PEPcase transcription increases dramatically in response to NaCI stress and rbcS 

mRNA levels drop dramatically due to the loss of the stabilizing protein to PEPcase 

transcripts. There is no direct evidence for or against such a model but the expression 

properties of the rbcS and PEPcase genes indicates the possibility that regulation of 

these genes is linked. The regulation of rbcS transcript stability, the developmental 

induction of the stability regulatory mechanism and the developmental coordination 

of rbcS expression with PEPcase and other genes are the topics that result from this 

study that deserve to be pursued further. 
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Abstract 

Nuclei from Mesembryanthemum crystallinum (ice plant) exhibit multiple levels 

of ploidy in every tissue as revealed by flow microfluorometric analysis of isolated 

nuclei stained with mithramycin. Multiples of the haploid nuclear genome 

complement (IC) corresponding to 2C, 4C, 8C, 16C, 32C, and 64C were observed. 

The distribution of nuclei among the different ploidy levels is tissue specific and in 

leaves is characteristic of the stage of development. This type of genome organization 

has been identified in eight other succulent CAM (Crassulacean Acid Metabolism) 

plant species with small genomes. Multiploidy may be a common property of this 

type of plant. 
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Partial elimination, selective amplification, and multiplication of entire genomes 

are some of the alterations to a constant 2C DNA content (where IC is the haploid 

genome complement) seen in a variety of organisms (1). For plants, the most widely 

known form of genome variation is generative or germ line polyploidy in which 

haploid germ line cells contain more than a single complement of the genome as, for 

example, in tetraploid, hexaploid and octaploid varieties of wheat (2). Less widely 

known are the various forms of somatic polyploidy which are observed in plants, and 

can arise by polyteny, endomitosis, and other mechanisms (3). Most examples of 

somatic polyploidy have been restricted to highly specialized cell types such as 

vascular elements, embryo-associated cells, or storage cells of cotyledons (4). About 

90% of angiosperms are thought to be polyploid in at least some of their somatic cells 

(5). However, previous analytical studies of the DNA content of nuclei have been 

limited to studies of a single tissue for a given plant, the simple presence or absence 

of less or more than two genomic copies of DNA, or the quantitation of relatively 

small numbers of nuclei. Flow cytometry allows accurate determination of DNA 

contents of large numbers of nuclei from numerous tissues so that a study can be 

made of the proportion of cells in the different phases of the cell cycle (6) or the 

association of polyploidy with tissue type, developmental stage, or environmental 

factors. We now describe a systemic pattern of multiple ploidy in 

Mesembryanthemum crystallinum (ice plant). We refer to the simultaneous presence 

of three or more integer mUltiples of the diploid DNA complement in all the tissues of 

a plant as multiploidy. 
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Figure A.t. Representative ploidy distributions for nuclei isolated from tissues 

of M. crystallinllm. (A) Plot of numbers of nuclei as a function of fluorescence 

intensity (log scale) resulting from the flow cytometric analysis of nuclei isolated 

from a mature leaf. Fluorescence intensity increases with increasing channel number. 

Inset: vertical expansion of sixth peak. (B to F): Percentages of nuclei in each ploidy 

class for nuclei isolated from (B) anthers and petals, (C) young leaf, (D) mature leaf, 

(E) root tip, and (F) cotyledons. Nuclei were isolated and analyzed as described (6) 

from plants grown under greenhouse conditions in soil and hydroponics. Data were 

collected for at least 5000 nuclei for each distribution. The relative abundance of each 

ploidy class was calculated by means of the integration routine provided by the 

Coulter Electronic Analysis System. 
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Table A.I. Extent of endopolyploidy determined for 11 succulent species. Nuclei were isolated from 

leaves and analyzed by flow cytometry. The species arc grouped according to phylogenetic classification (14). 

The DNA content given is for the smallest nuclei class for each species. The M. crystaIlinllm value is 2C. 

Pollen was not available for the other species and therefore the values given have not bccn proven to be 2C. 

Sincc the genome size of Aloe juveana was too large to be on scale with the internal standard and thus could 

not be measured accurately, it is reported as being -42.00 pg. 

Order Family Species Ploidy Classes DNA 
(No. ) (pg) 

Caryophyllidae 
Aizoaceae Mesembryanthemum crystallinum 6 0.86 
Cactaceae Pereskia grandifolia 3 2.05 
cucurbiticeae Xerosicyos danguyi 4 1.24 
Passifloraceae Adenia sp. 5 1.71 

Rosidae 
Crassulaceae Crassula phyteris 4 1. 50 

Echeveria ramiletta 3 2.68 
Kalanchoe blosfeldiana 4 3.40 
Kalanchoe fedtshenkoi 3 1. 75 
Sedum adolphi nova 4 2.02 

Liliidae 
Liliaceae Aloe hyb. 2 32.10 

Aloe juveana 2 -42.00 
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Nuclei were isolated from M. crystallinum, stained with the fluorescent dye 

mithramycin, and analyzed for DNA content by flow cytometry (6). Nuclei from 

somatic tissue would be expected to fall into two distinct peaks of fluorescence 

corresponding to a 2C complement of DNA in GO and Gl phase cells, and a 4C 

complement for G2 and M (mitosis) phase cells. However, as many as six distinct 

peaks of fluorescence occurred in M. crystallinum nuclei isolated from single plants 

(Figure A.l Panel A). 

The average DNA content for each of the classes of nuclei was calculated from 

fluorescence measurements made from six separate isolations from leaves each with 

approximately 2,000 stained nuclei. Chicken red blood cells, with a DNA content of 

2.33 ± 0.22 pg (6), were included in the samples as an internal standard. The positions 

of peaks relative to the control were used to calculate the average DNA content of the 

nuclei in each peak. Each successive class of nuclei has twice the DNA of the 

preceding class (7). This pattern is not the result of aggregation of nuclei, which 

would result in classes that are related to the smallest class by multiples of two rather 

than by exponentials of two. 

Nuclei were isolated from mature anthers to determine whether the nuclei with 

the least DNA were 2C. For anthers rich in haploid pollen cells, a peak was observed 

corresponding to a DNA content of 0.38 pg. On the basis of the DNA content for the 

2C peak given in Table 1, we calculate a genome size of 391,400 ± 13,300 kb. This 

falls at the low end of the range of known plant genome sizes. It is 0.3 % of the 

Fritillaria assyriaca genome (115,974,000 kb) (2) and is approximately five times 

larger than the genome of Arabidopsis thaliana (70,000 kb) (8), the smallest known 

plant genome. Because the 0.86 pg peak corresponds to 2C nuclei and each 

successive class is greater than the previous one by a factor of two, the nuclei classes 
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are referred to as 2C, 4C, 8C, 16C, 32C, and 64C. M. crystallinum appears to become 

endopolyploid by repeated rounds of replication of its entire genome in the absence of 

mitosis. 

Nuclei isolated from specific tissues of M. crystallinum were analyzed for 

multiple ploidy (Figure A.I), which was subsequently observed in all tissue types 

examined. The most abundant nuclei found belonged to the classes greater than 2C. 

The distributions of nuclei among the ploidy classes varied, but were characteristic of 

each tissue. For root tips and young leaves, the distribution was skewed toward 2C, 

4C, and 8C nuclei. In mature leaves, cotyledons, and flowers (excluding the haploid 

pollen cells) 8C and 16C nuclei were prevalent These general patterns were observed 

in at least three independent isolations for each tissue type. 

To test the possibility that multiploidy was associated with the overall age of the 

plant, we isolated nuclei from the stems and cotyledons of 3-day-old seedlings, the 

cotyledons of 1.5-week-old plants and the leaves of plants that were 1.5,4,5,6, 7, 8, 

and 10 weeks old, covering a large part of the 14 to 16 week life span of this species. 

Multiploidy was observed in all cases although the exact distribution varied. Ploidy 

classes of 2C, 4C, and 8C were always present The stems and cotyledons of the 3-

day-old seedlings and the cotyledons of the 1.5-week-old plants had 2C, 4C, 8C, 16C, 

and 32C nuclei. In leaves, the presence of 16C, 32C, and 64C nuclei depended on leaf 

position. While the young, upper leaves had little or no 16C and 32C nuclei, the 

mature, lower leaves were always found to have 16C and 32C nuclei in addition to 

2C, 4C, and 8C nuclei. 
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Figure A.2. The change in ploidy distribution with leaf development. Average 

ploidy distributions for four sets of leaves from three plants are shown starting with 

(a) the topmost leaf pair through the (b) second, (c) third, and (d) fourth leaf pair 

down the central axis of the plant. Standard errors range from 0.6 to 6.0. 
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A developmental gradient is fonned by the series of leaves from the top to the 

bottom of the plant. To test whether changes in the relative abundance of each ploidy 

class correlated with leaf development, we detennined distributions for nuclei from 

three developmental series of leaves (Figure A.2). The percentage of nuclei that are 

8C is unifonn over the course of leaf development. However, the ploidy distribution 

shifts gradually from a bias towards low ploidy in the young, upper leaf to a bias 

toward higher ploidy in the mature lower leaf. In the youngest leaves, 57 ± 3.6% of 

the nuclei were 2C or 4C. This percentage declined to 33 ± 6.7% of the nuclei from 

the mature leaves. In dicotyledonous plants, most cell divisions are completed early in 

leaf development and enlargement to the fully expanded mature leaf is primarily the 

result of cell expansion. The higher proportion of low ploidy nuclei in young leaves 

may result from this developmental program. The high rate of cell division in early 

leaf development may delay the accumulation of cells with elevated genome copy 

numbers. 

When M. crystallinum is subjected to high NaCI or drought stress, it undergoes 

a major physiological and metabolic conversion from C3 to CAM (Crasulacean Acid 

Metabolism) C02 fixation (9) as a result of altered gene expression (10). This 

conversion is a water conservation strategy. Because differences in gene copy number 

could be one aspect of changes in gene expression in response to stress, ploidy 

distributions were detennined for nuclei from leaves and roots of non-stressed and 

NaCI-stressed plants (11). No significant differences in ploidy distribution in response 

to salt stress were observed in five independent experiments. Subtle changes that 

might be limited to a specific cell type within these tissues are not ruled out. 

Multiploidy was not observed in thirty nine plant species previously analyzed 

by flow cytometry (12). Since M. crystallinum differs from these other plants in that it 
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is a succulent CAM plant, we analyzed nuclei from the leaves of ten other succulent 

CAM species to test the possibility that multi ploidy is associated with succulence or 

CAM. We have identified eight species that exhibit multiple ploidy at least in their 

leaves and two species that do not (Table A.I). Like M. crystallinum, the eight 

multiple ploidy species have a small genome size, and 2C nuclei make up only a 

minor part of the total nuclei population. Two species of aloe, although succulent 

CAM plants, do not exhibit multiple classes of ploidy. These aloes are distinct from 

the other succulents in that they have very large genomes. This agrees with the 

observation that the tendency for somatic polyploidization in plants is inversely 

related to genome size and that somatic polyploidization in small genome plants and 

germ line polyploidization in large genome plants may be two strategies for 

accomplishing a similar result (13). Multiple ploidy is not exhibited by sixteen non

succulent species that have genome sizes similar to the multiploid succulents (Table 

A.2). Multiploidy may be a general property of succulents that have small genomes. 

The function of multiploidy in these plants is unknown. In mature M. crystallinum 

leaves, the presence of a range of ploidy, including 2C, indicates that not all cells are 

destined to become endopolyploid. The gradual shift in the bias of ploidy 

distributions toward higher levels seen during leaf development stops once the leaf is 

fully expanded. A ploidy distribution is then maintained that is typical of mature 

leaves. This pattern of differential endopolyploidization may be linked to the process 

of cellular differentiation that yields the different types of cells present in the mature 

leaf. Cells that could reasonably be expected to reach high levels of ploidy are large 

volume cells such as the water-storing mesophyll cells that give the leaves the 

property of succulence. The synthesis capacity of a small genome may insufficient for 

the large volume of these cells. For succulents, it may be that large genomes and 
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multiploidization of small genomes are alternative strategies for adaptation to arid 

environments. Correlation of ploidy with particular cell types would give clues as to 

the possible role of multiploidy in these plants. 



Table A.2. Sununary of 11 succulent and 39 non-succulent (11) plants Cor which the genome size and 

number of ploidy classes have been determined by flow cytomctry. Numbers given (*) under the three 

genome size mnges represent the numbers of species in each range for each of the taxonomic families (13) 

studied. 

Order Family Ploidy Classes Z!:: tlnrJ ern:: Ot:IA CQctent '~gl 
(No. ) 
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0.7 - 3.5 3.5 - 25.0 > 25.0 

Sw::cul ecta 
Caryophyllidae . 

Aizoaceae 6 1 
Cactaceae 3 1 
Cucurbiticeae 4 1 
Passifloraceae 5 1 

Rosidae 
Crassulaceae 3 2 

4 3 
Liliidae 

Liliaceae 2 2 

t::lQD-aw:~ul eats 
Asteridae 

Apocynaceae 2 1 
Compositae 2 1 2 
Convulvulaceae 2 
Gesneriaceae 2 
Labiatae 2 1 
Scrophulariaceae 2 1 
Solanaceae 2 2 10 

Caryophyllidae 
Caryophyllaceae 2 1 

Commelinidae 
Gramineae 2 3 6 

Dillenidae 
Cruciferae 2 1 

Rosidae 
Euphorbiaceae 2 
Geraniaceae 2 1 
Leguminosae 2 
Lythraceae 2 2 
Rosaceae 2 1 
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to in Table A.2 
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Family Species 2C Nuclear DNA content (pg) 

Apocynaceae Cat/Ulrantlzus roseus 4.84 
Compositae Crepis capillaris 3.55 

Heliantlzus annuus 3.57 
Solidago canadensis 3.13 

Convulvulaceae Jpol1wea purpurea 1.08 
Gesneriaceae Saintpaulia onantlza 1.35 
Labiatae Coleus blumei 3.43 
Scrophulariaceae Antirrlzinum majus 1.03 
Solanaceae Capiscum annuum 5.52 

Lycopersicon esculentum 1.48 
Nicotiana alata 4.57 
Nicotiana glauca 6.91 
Nicotiana glutinosa 4.08 
Nicotiana knig/zriana 6.04 
Nicotiana nesoplzila 10.13 
Nicotiana plumaginajolia 5.20 
Nicotiana stocktonii 9.45 
Nicotiana sylvestris 5.43 
Nicotiana tabacum 9.67 

Caryophyllaceae Dianthus caryoplzyl/us 5.05 

Gramineae Agropyron smithii 0.81 
Antiropogon gerardii 7.46 (2N=60) 
Antlropogon gerardii 8.49 (2N=70) 
Antlropogon gerardii 9.79 (2N=80) 
Bouteloua gracilis 39.38 
Elymus canadensis 21.60 
Panicum maximum 2.48 
Panicum thermale 2.12 
Pennisetum purpurewn 5.58 
Zea lIUlYS 5.99 

Cruciferac Brassica napus 1.14 

Euphorbiaccac Euphorbia pulcherrillUl 2.62 
Gcraniaceae Pelargonium x /lOtorum 4.33 
Lcguminosac Medicago sativa 1.42 

Pisum sativum 7.69 
Lylhraccae Cup/zea lanceolata 0.75 

Cuphea viscosissitna 0.73 
Rosaceae Fragaria xanassa 1.16 
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APPENDIXB. 

rbcS eDNA sequences 

-37. +1. • 20. • 40. • 
rbeS 1 TTTTTCTCTAACTATATTACTAAOAOTACTAAAAAAAATOOCTTCCTCAATOOTCTCATCooCCOCAOTOOCCACCOTTAACCOC---ACCCC 

~4. " ASS " v S S A A V A TV" R - T P 
rbeS2 CTACAATCCACAAOIIAAOIIOAAAAOAOAOTAACAATOOCOTCC---flTOATOTCOMCOCAOCTOTCOTD----OooAOOllCCACCCC 

-1~. " A S - " " S " A A V V - - 0 A T T P 
rbeS3 MAOAOOAAAOAOAAAATOOCTTCCAOCTTAATO--TCCAACOCTOCCACTACCATOOCTOCTOCCACCAC 

-lB. " ASS L " - S " A A T T " A A A T T 
rbeS4 AOIIOCRAOOAAAORAAAAATOOCTTCCAOCTTOATO--TCCAACOCCOCCACCACCATOOCTOCTOCCACCAC 

" ASS L " - S " A A T T " A A A T T 

~O. • BO. • 100. • 120. • 140. 
rbeS 1 D---OCTCAAOCCAOCATOOTOOCTCCATTCAATOOOTTOAAOTCAOTTOCTOCCTTCCCTOTCACCAAOAAOIlACAATOACATTACCTCCOT 

- A Q AS" V A P F " 0 L K S V A A F P V T K K " " D ITS V 
rbeS2 R---OCCCAAOCTAOCATOOTOOCTCCTTTCACTOOTTTOAAOTCTOTCTCTOCTTTCCCTOTTACCAAOAAOAOCAATOACATCACCTCTAT 

- A Q AS" V A P F T 0 L K S V S A F P V T K K S " D ITS I 
rbeS3 CACTOCTCAOOCTMCATOOTCOCTCCATTCAATOOCTTOAAATCCOTOTCAOCTTTCCCTOTTACCAooAnOAACAATOACATTACCTCTOT 

T A Q A " " V A P F T 0 L K S V S A F P V T A K S " D ITS V 
rbeS4 CACTOCTCAOOCTAACATOOTTOCTCCATTCMTOOCTTOAAATCCATCTCAOCATTCCCTOTTACCAooAAOIIACAATOACATTACCTCAOT 

T A Q A " " V A P F T 0 L K SIS A F P V T R K " " D ITS V 

• lro. • lBO. • 200. • 220. • 240. 
rbeS 1 TOCTACCAACOOTOOAAOAOTCCAOTOCflIlLCAOOTOTOOCCACCTCTAOOTRAOAAOAAOTTC0II0ACTCTATCTTACCTTCCCCCTCTATC 

AT" 0 0 A V Q C " Q V ~ P P L 0 KKK F E T L S V L P P L S 
rbeS2 TOCTAOCAATOOTOOCCOTOTTCAATOCflIlLCAOOTOTOOCCACCTCTAOOTAAOAAOAAOTTCOIIOACTCTOTCTTACCTTCCCCCTCTATC 

AS" 0 0 A V Q C " Q V ~ P P L 0 KKK F E T L S V L P P L S 
rbeS3 AOCTAOCAATOOTOOCAOAOTTCAATOCflIlLCAOOTOTOOCCnCCACTAOOTAAOAAOAAOTTCOIIOACTCTOTCTTACCTTCCCCCTCTATC 

AS" 0 0 R V Q C " Q V ~ P P L 0 KKK F E T L S V L P P L S 
rbeS4 TOCTAOCAATOOTOOCAOAOTACAATOCflIlLCAOOTOTOOCCACCACTAOOAATOAAOAAOTTT0II0ACTCTOTCTTACCTOCCCCCTCTATC 

AS" 0 0 A V Q C " Q V ~ P P L 0 " K K F E T L S V L P P L S 

• 2~0. • 2BO. • 300. • 320. • 
rbeS 1 COAAOIIOTCATTOIITOAAOOAOOTCCAATACCTTCTCAACAATOOllTOooTTCCCTOCTTooAATTCOROCCCACCCACOOllTTCOTATACCO 

E E S L " K E V Q V L L " " 0 ~ v P C L E F E P THO F V V R 
rbeS2 COAAOIIOTCATTOATOAAOOAOOTTCAOTACCTTCTTAACAATOOllTOooTTCCCTOCCTAOAATTCOAOCCCACCCACOOllTTCOTOTACCO 

E E S L " K E V Q V L L " " 0 ~ v P C L E F E P THO F V V A 
rbeS3 COAAOAOTCATTOATCAAOOAOOTCCAATACCTTCTTAACAATOOllTOooTTCCCTOCTTooAATTCOAOCCCACCCACOOllTTTOTOTACCO 

E E S L IKE V Q V L L " " 0 ~ v P C L E F E P THO F V V R 
rbeS4 COAAOIIOTCATTOTTOAAOOROOTCCAATACCTTCTCAACAATOOATOOOTTCCCTOCTTooAATTCOAOCCCACTCACOOllTTTOTOTACCO 

E E S L L K E V Q V L L " " 0 ~ v P C L E F E P THO F V V R 

340. • 300. • 300. • 400. • 420. 
rbeSl TOAOCACOOTAACACCCCAOOllTACTACOATOOllCOTTACTOOACAATOTOOAAOTTOCCCATOTTCOOTTOCACTOIICCCATCCCAOOTOOT 

E H 0 " T P 0 v V D 0 R V ~ T " ~ K L P " F 0 C TOP S Q V V 
rbeS2 TOAOCACOOCAACACCCCAOOllTACTATOIITOOllCOTTACTOOACAATOTOOAAOTTOCCCATOTTCOOTTOCACTOIICCCATCCCAOOTOOT 

E H 0 " T P 0 v Y D 0 R V ~ T " ~ K L P " F 0 C TOP S Q V V 
rbeS3 TOAOCACOOCAACACACCAOOATACTATOIICOOllCOTTACTOOACAATOTOOAAOTTOCCCATOTTCOOTTOCACTOIICCCATCCCAOOTTOT 

E H 0 " T P 0 v V 0 0 R V ~ T " ~ K L P " F 0 C T D P S Q V V 
rbeS4 TOAOCACOOllAACACACCAOOllTACTACOIITOOllCOTTACTOOACAATOTOORAOTTOCCCATOTTCOOTTOCACTOACCCATCCCAOOTTOT 

E H 0 " T P 0 v Y D 0 R V ~ T " ~ K L P " F 0 C TOP S Q V V 

• 440. • ~O. • 400. • 500. • 520. 
rbeS 1 COCTOIIOCTCOAooAOOCCAAOAAooCTTACCCTOAOOCCTTCATCCOTATCATCOOllTTCOACAACOTOCOTCAAOTACAOTOTATCAOTTT 

A E LEE A K K R V PEA FIR I I 0 F D " V R Q v Q CIS F 
rbeS2 TOCTOIIOCTCOAOOAOOCCnAOAAooCTTACCCTOAooCCTTCATCCOTATCATCOOllTTCOACAACOTOCOTCRAOTACAOTOCATCAOTTT 

A E LEE A K K A V PEA F I A I I 0 F 0 " V R Q V Q ciS F 
rbeS3 TOCTOAOCTCOAOOAOOCAAAOAAOOCTTACCCTOAOOCCTTCATCCOTATCATCOOllTTCOACAACOTOCOTCAAOTCCAOTOTATCROTTT 

A E LEE A K K R V PEA FIR I I 0 F D " V R Q v Q CIS F 
rbeS4 TOCTOIIOCTCOAOOAOOCCRIlOAAOOCTTACCCTOAOOCCTTCATCCOTRTCATAOOllTTCOACAACOTOCOTCf1AOTCCIlOTOTOTCIlOTTT 

R E LEE R K K A V PEA FIR I I 0 F D " V R Q V Q C v S F 

• 540. 5ro. 500.. ~OO. • 
rbeS 1 CATCOCCTACMACCCOCAf1OCTACOf1COCATRATTTCATCAOTTTTAATf1TOTATTTOTTOTTOIITOTOTAOTTAOOCTTTOTTOTTTCTTT 

I A V K PAS Y 0 A -
rbeS2 CATCOCCTACAAOCCCOCAAOCTFICOACOCATAATTTCTTTOTATTTOTTf1AATTTOTTTTCOOCATTTOTTTTOAOTOOTAATTCTTCTTOT 

I A V K PAS V D A -
rbeS3 CATCOCCTACAAOCCCOCAAOCTACOACOCTTAATTTCATOIIATTTTATOCATOACCAATTTCAOCTCTTTOOOTTCTOTTTOATATTTTTAT 

I A V K PAS Y 0 A -
rbeS4 CATCOCCTACAAOCCCOCAAOCTACOOCOCATflATTTCATOIIAATTTATOCATOATTAATTTCAOCTCATTOOllTTOTOTTTOATATTTTAAT 

I A V K PAS V 0 A -

~20. • ~40. • MO. . ~OO. • 700. 
rbeSl TOOTTOOOflAOTOTCCTTCCCAATTTCTOTTTTTCAOTTTCTOCTTTTTCCOOOATCTTTACTOfIATOOllATATTOIlOATTATOTMTATTTO 
rbeS2 TAATOTTOTTTCTOAAACTTAATTOAATTACCATAAIlOTTTTTO 
rbeS3 ACCTflAOTTTOTflATTOIIACCTTTTOCTCTTCCAATTTTCTCTTCTTTCAf1CTTCCATOTATOTATOOCCCATCTCTOTAATTCCOOATCTTC 
rbeS4 ACCTAAACTTOTAATTOIIACCTTTTOCTCATCAATCTTCTCCTTCATTCAACTTCCCTOTTTOTCTf10CCOATCTCTOTAATTCCTOATCTTC 

rbcSl 
rbcS2 
rbeS3 
rbeS4 

• 720. • 740. 
AATAATATATAACCTOCTCCCAAC 

IlOTOTATTTAAOOCCTTATAOIIOAOIIAOTOTCCTTTCAATAAAAO 
AATOTATTTATOOCCTTATAOIIOAO 

(7~2 /'IUeleotides) 
(OeD nuc:l.otldes) 

(7~5 nueleotldes) 
<747 nueleotldes) 

Figure D.l. Nudeollde and deduced amino acid sequences of eDNA! for four lranscribed 

genes 0( Rublsco rbcS from ke planL 1l,C flrsl codon of the maturc peptide is uooerlined in 

each sequence. Differences between the mature p'oIeins nre bold-faced. 
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APPENDIXC. 

rbcS GENOMIC DNA NUCLEOTIDE SEQUENCES 

The complete nucleotide sequences detennined for genomic DNA clones 

containing rbcS genes as described in Chapter 2 are presented. Coding regions are 

indicated by underlining. 

rbcS-l: Translation start - position 1019. Translation stop - position 

2546. 

GATCCTTGAA TATATTTGTG GCTAGTTTAT CTCTTTTCCA TGTCTAGTTT 50 

TCTATCTTTA TGAAAGCTAA AAGCTTCTTT CACTTCAAAA AAATACAAGA 100 

CAAATACATT TCTTTCTTAA TCATTAAGAA GAAACTTCGT ATCTCGGATG 150 

TAACTATTAA TGGTTACTTT TTTTTTTTTT AAAAAATAGA TATTTATGTA 200 

TGTAATTTCT TGTTAGGATT GTGTTACTCT AACTGTGAAG ATGTGACAAT 250 

AGTATATGTC GCTATTTAAA AAAAAAACTA AATGGCCATT GATACTTGCA 300 

AGGAGATCAC CTAATTCCCT AATTCTATAA TCTATGCAAT TCACAAACAC 350 

TTTAGCTAAT TCAAGAAGCC CAAAAAGACT AAGAGTGTGT ATATTCTAAC 400 

TGAAACGAGC TGAGCTGAAA TGGACCGAAA TGAAAAGAAG TATTAGTATG 450 

TGAGAGAAAA AAAGTAAGTT GCAGACTAAA ATGAATTGGA TTGCATTGAA 500 

TTAAGTTAAA CTGAATAGAA TGCAAAATTG GAACGTTGAA TTGAACACAT 550 

CCTAACAATA TACGGTAGAT AGAAAGAAAC CTAAGGATAA CAAAATGTAC 600 

ACACTTGACA GTGCACAGAA GAAAGATCCA AATATCTGAA GAAAGATATG 650 

GTCTGAAAAT TCCTAAAAAA GACTATAGTA CATGTATATC CCATACATTG 700 
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ACATATATGG CCCGCCTGCG GCAACAAAAA AACTAAAGGA TAGCTAGTTG 750 

CTACTACAAT TCCCATAACT CACCACCATC ACACATTCTT CCATTTCATC 800 

CCCTTTTTCT TGGATGAGAT AAGATATGGG TTCCTGCCAC GTGGCACCAT 850 

ACCATGGTTT GTTAACGATA AGGCTCTTAA TCAAAAGTTT TAGGTGTGAA 900 

TTTAGTTTGA TGAGTTTTAA GGTCCTTATT ATATATAGGA AGGGGGTGCT 950 

ATGGAGCAAG GTCCTCATCA AAAGGGAAGT GTTTTTTCTC TAACTATATT 1000 

ACTAAGAGTA CTAAAAAAAT GGCTTCCTCA ATGGTCTCAT CGGCCGCAGT 1050 

GGCCACCGTT AACCGCACCC CGGCTCAAGC CAGCATGGTG GCTCCATTCA 1100 

ATGGGTTGAA GTCAGTTGCT GCCTTCCCTG TCACCAAGAA GAACAATGAC 1150 

ATTACCTCCG TTGCTACCAA CGGTGGAAGA GTCCAGTGCA TGCAGGTACA 1200 

CTTTTTGAGT AACTATTACT CTTACTGTAC TTCTTCTGTT CGGATATAAT 1250 

AGTCATTGAC TAAGTTATGG .ATTCCCTCAT ACATATTTGT AGCATATTAC 1300 

TTTTCTTAAG AATATGAGTG ACTTTTCTTA AGAACATCGG ACACTTTTCT 1350 

AAAAAGAACA TAGATATTAG TAAAGTTTTC TTAATAACAA GAGTGGCTTC 1400 

TAATCAGGGA CAGATATAAA TAGATGTCTT TCTTCCATAA AAAATGTGTT 1450 

ACATTATCTG ACAATTTGTA TGAATGTCTT GATTCCACAC CATGGTCTAA 1500 

ATCCTTCTGA ATTGTTGTGA TAGTCATTTT ATCGGACAAT TTGAATGATT 1550 

TAGGATATTG GTAATTGCCT GCTAGGGTAT AATAGTTCAT TTTAGATCAA 1600 

ACAACCAATT AGATGTAGGT GAATTACACT TTTTTTTTTT TTGAAACAGA 1650 

GTAGTCTTGA GAAAGGAAAG AAGTTTCTAT GAATGGTATT GGGGAAGAAT 1700 

GGTAAATTAT GTGGTTGTTT TTGCTAATCT TTCCCACAAT AGTCCAATTT 1750 

TCGTAATTAA GTGGATGCTT TATATGGTTG TGAGTTGTGA CCACTGTAGA 1800 

AAGCTCTTGT TTAGTAAAAT TAGGGGAGAA CTAAAGTGAA TAAAAACTAA 1850 

ATTGACGACA AATGTAATTG ATTATGTATG ATACCCCATC CGTTCTATAT 1900 

TTATCACTTT GCCATATTTT TTCGTGAAAT AGCACTGTGC AATTGCAAAA 1950 
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CAACATTAGT TACTATAATT TCCGCGGATA TTTTGCCTGG TTATTTCAAA 2000 

CATACATGTG GTTCAATAAT GCTGATATAA TGAAAATGTT GCACAG~ 2050 

GGCCACCTCT AGGTAAGAAG AAGTTCGAGA CTCTATCTTA CCTTCCCCCT 2100 

CTATCCGAAG AGTCATTGAT GAAGGAGGTC CAATACCTTC TCAACAATGG 2150 

ATGGGTTCCC TGCTTGGAAT TCGAGCCCAC CGTAAGTTCT AGTTCTACAC 2200 

CCTTAATTCT TTTCTTGGGT AGGATTAATG TGTTTGGAGC ATTACAATTG 2250 

AAATGAGAAT GAGAGAAATT AACACGGTTT GCTTCTCTTT GATTGACCCT 2300 

CAATTTCAGC ACGGATTCGT ATACCGTGAG CACGGTAACA CCCCAGGATA 2350 

CTACGATGGA CGTTACTGGA CAATGTGGAA GTTGCCCATG TTCGGTTGCA 2400 

r,TGACCCATC CCAGGTGGTC GCTGAGCTCG AGGAGGCCAA GAAGGCTTAC 2450 

CCTGAGGCCT TCATCCGTAT CATCGGATTC GACAACGTGC GTCAAGTACA 2500 

GTGTATCAGT TTCATCGCCT ACAAGCCCGC AAGCTACGAC GCATAATTTC 2550 

ATCAGTTTTA ATATGTATTT GTTGTTCATG TGTAGTTAGG CTTTGTTGTT 2600 

TCTTTTTGGT TGGGAAGTGT CCTTCCCAAT TTCTGTTTTT CAGTTTCTGC 2650 

TTTTTCCGGA TCTTTACTGG AATGGAATAT TGAGATTATG TAATATTTGA 2700 

ATAATATATA ACCTGTTCCC AACAATTTAC ACTTCTTACC TAAGATGTTT 2750 

TACTTCCGTA CTTAGTTTCA ACCAAATATA TGTCATCAGA GTTTATATTG 2800 

GTCGAACAAA ATTGACATTA CATATAATGT CTACAATGTG CATCAGTTTT 2850 

GTAAGCAGAA CTTTGTAAGT AGTATGTTTC TGATTCTTTG ATACTCAAGT 2900 

GTACTATAAT CTCCTGGGAA ACAACACATG TACAGTATTC CTCAAAAAAG 2950 

GAAGGTGAAG GCAGGGTTGA AGATTCCCAA CACTTCTGAA GTGGCCCCAA 3000 

TCCATTACAT TGGATCTTAC AATCATTGGA TGGAAGTTGG AACTCAACTC 3050 

AAAGTTAAGT TTATGGTAGC TAGACTACTA AAGTAACACC CTGATCAGCC 3100 

AAGAACATCC AACACGAGCT GCAACGTTTA TCTTGTGTGT GTATGTGCGT 3150 

GTGTGTGTAT AGGTAGAGCA AAGGATGAAC CAGCGTCTTG GAAAAATAGG 3200 
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AAGCGAAAAC AGTGCTAGGA TTTTAGCAGA ATTTAACCCC AACACACAGG 3250 

AAATATTAAC TCACAAAGAT TTGAAATCAT CAAAGAGGGA GGCAATTCGA 3300 

GCCCACATTC TTCTTACACA TTGAAAGGCC AATTCTAAAC ACATTGTATA 3350 

GTGCCACATT GTGTCCGCTA ACCAAGAACA TTTGTTGTAA TGACTATCCC 3400 

TCCGACCACC TATTTAACCT TGAGATCCAG AGTTCAAGGC TTAAAGACAA 3450 

GAAAATATGA GTTTAGAGGC CAGTCTTTCA CCCAAGTAGT TCAGATTTGG 3500 

GGGCCTTTAA CCAACCAGCT TAGTCAAATC TAAGATGGGT CAGCTTGTCG 3550 

AC 3552 

rbcS-2: Translation start - position 1178. Translation stop - position 

2059. 

GATCTACTCC CTCCATCCCG GAATTAGCTT TCAAAAACTA GGAGGGAACA 50 

ATATTTTGGT GAGTGTTTTT AGACAAATTT ACCCTTGTAG TAATTGAAGG 100 

AATAAAAAAT AAAAGGGGAA TTTTATGTGA GAGATTAAAC GAATAGAGAG 150 

ATATTATTGT GAGAGAATAA AATAATAGAA AGAGTGAGAG TGATTGGAGA 200 

GAGATTGTGT GATTGGAGAG AGAGTGTATT CTTTTATTGT ATTTGTGAGT 250 

TAGTGGAGGG GTATAATAGA AAAGTTATGG GATTTTATGG GTTTTGAAAG 300 

CTAATTTTGG GACAAAAAAT ATGGTGTTTT TGAAAGCTAA TTACGGGACG 350 

GAGAGAGTAG TAGTTATCCA AATGTATGAT ATAACAATTT ACTAAATTAT 400 

TGTGTAACGG GATATAAGTG ACATCAAAAG TCTAATAACT TGCTTTAGAA 450 

GTCTTGTAAC TAATACTATT AGATTTTTGT AGGTGATTAT TAAGCTTCTA 500 

ATGTTGGAGT AATACGTTTT TGATGCAAGA TATTAGACAT TTGACATAGT 550 
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AGGCCCAAAA ACTTGAAATG ACATGGTTTT GATTTGTATT TCAAATTCTT 600 

CTAATTTCAA ACTTTAAGAA AACATTGTCT ATTTGAAACA AATTCAAATC 650 

CTGTTAATTC AATTATGCAA ATGCAGTAAG ACTTTGTCGT AGAGAATCAG 700 

ACCTAAATTA ATTTTTAATG AGATATTCAC ATTTAATTAA TTGTTACATT 750 

AAACTCTCAC AATCAATGAC CGAAAACATA TCTTTCACTT AAGTTTGTCA 800 

AAATAAAATA CCAAATTAAC TCACCGTACT TTTTTTTTTT TTTTTTCCTT 850 

TTTGCATCTC ATTGAATTTT TTTCCAATAT ACAGCTTGGT GGTACCACTA gOO 

TGATATTTTT CTCGTATGCA ACAAAAAATA AATACTATAT GGTCTCTAAG 950 

GGGCAAATGC TTGATGAGCC ACTTGATTCA ATGGTCAAGA ATTTGCCCAA 1000 

ATAACCATAT CTTGATAGCA AAACTACGTG ATAAGTTAAT TATGACCATT 1050 

GAAACAGAGA GGTTGTGCAC CTTATCCTTT CCCATCCATT TTCAATATAT 1100 

AGACAGCCAT CTCCAAAGCA CAAACTCGCT GGAAAAGAGG TGTCTACAAT 1150 

CCACAAGAAA GAGAAAAGAG AGTAACAATG GCGTCCATGA TGTCGAACGC 1200 

AGCTGTCGTG GGGAGGACCA CCCCAGCCCA AGCTAGCATG GTGGCTCCTT 1250 

TCACTGGTTT GAAGTCTGTC TCTGCTTTCC CTGTTACCAA GAAGAGCAAT 1300 

GACATCACCT CTATTGCTAG CAATGGTGGC CGTGTTCAAT GCATGCAGGT 1350 

AAACGCTTAC CAGCTAAACT AGTTGACATC TGTATTTAAG AAATGCTCAT 1400 

TGATTATTGT GTATGTTTTA TGTTACTGAA ATTAATGTTT GCTTATGTGT 1450 

GAATATGTTG CGTATGTTGC GTTGTAGGTG TGGCCACCTC TAGGTAAGAA 1500 

GAAGTTCGAG ACTCTGTCTT ACCTTCCCCC TCTATCCGAA GAGTCATTGA 1550 

TGAAGGAGGT TCAGTACCTT CTTAACAATG GATGGGTTCC CTGCCTAGAA 1600 

TTCGAGCCCA CCGTAAGTTC TTCACCCTTA GGCTAAATTC TCTTCGCCAT 1650 

TAGTTCCCTA CTTGGAAAGA TTTTCACACA TTCTTCCAAA ATGAGCCAAA 1700 

TATTTGGGCT AAAAAGTCTG AGCAATAAAA ATCAGTTCAA TTTTATTTAG 1750 

TTCAGTTTTA TTCAAGAAAA CAGAACGGAC TCTTAATATG CTTCATTTTC 1800 
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TTTGATTGAC CCTCGTTTTC AGCACGGATT CGTGTACCGT GAGCACGGCA 1850 

ACACCCCAGG ATACTATGAT GGACGTTACT GGACAATGTG GAAGTTGCCC 1900 

ATGTTCGGTT GCACTGACCC ATCCCAGGTG GTTGCTGAGC TCGAGGAGGC 1950 

CAAGAAGGCT TACCCTGAGG CCTTCACCCG TATCATCGGA TTCGACAACG 2000 

TGCGTCAAGT ACAGTGCATC AGTTTCATCG CCTACAAGCC CGCAAGCTAC 2050 

GACGCATAAT TTCTTTGTAT TTGTTAAATT TGTTTTCGGC ATTTGTTTTG 2100 

AGTGGTAATT CTTTCTTGTT AATGTTGTTT CTGAAACTTA ATTGAATTAC 2150 

CATAAAGTTT TTGTTTTCAA AAGCATTCAA TTTTATGCAC CAATATCCAA 2200 

CAATACCAAA CATAAGGTTG CAAATCAAGA AATATTATTG GAAAAAACCA 2250 

GTAGTACGTT TAGTGTATTT CACTTTAAAC GAATAGTGTA TTCGGGATAT 2300 

ACTCAACTTA AAACATACCA ATCAAAAAGG GAGGATATGA TGAGTATTTG 2350 

GAATATACTC AATACAAAAC ATATACCAAC AAAGTACGAA AAAAAGGAGG 2400 

ATATATCGAA GACGGCTAAA TCATCAAATT GTTTCTTCCC TCAAACGTAC 2450 

GAGTTTTAGG AGTTCAATTT GGGGAGGGTT GTGTTACTGA CTCGGACGCA 2500 

TTTAGATTAT GTGCAATAAT TTGTTGATTC GAACCACAAT TTCGCTCTAA 2550 

TTTTTTTGGG TTAGGATTAA TCTTGTTCGT ACCGAATTGA CTCACAAAAG 2600 

GGTGAAGTAA TTTGCACGCC ATTGACAATG GAAAGTGCAA CGCTTTTGTT 2650 

ATGAAACACA TTATTGTCGA C 2671 
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rbcS-3: Translation start - position 572. Translation stop - position 1360. 

rbcS-4: Translation start - position 2923. Translation stop - position 

3726. 

rbcS-5: Translation start - position 6905. Translation stop - position 

7708. 

AGACACATGA AAACCAAAAA CATGCAAAAC AAACCAAACA CCCACCAAAG 50 

TTCTATATTC CATATTAGTT GAATCCACAG AAGAAAACCA AAAATTAAAA 100 

CCGGTAAAAG CACACTTCTT GATTTTGAAT ATTTCAAATA TCCAAATTCG 150 

AAAAAATTTA AGATCCAAGT ACCATTCATT AATATGATGA TCGAATATGT 200 

TGGATCAGAT ATTCAATCAG ATAATGGTAT CAATCCCTTA GACTAGAGTT 250 

GCCGTACCGC TTTCCTAATG TAAGAGTTAA GTGGAAGAGG GCTGTCATTT 300 

AAAAAAAAAA AAAAAAGAAA AAAAAAAGAG GAAAATGGAA AAAGATATCC 350 

TACCTTGTGC TGTGTGTCTG GCTGATGTGC AAGGTCTCAC CCACTTGATT 400 

TCACAAGGCC CAGAATTTTC CAAAACCATA TCCCTCCATC TGCTAGTGGC 450 

CATTCATCTT TAGGCTGCTG AGCTCATTTC ACTGCTATAA AATGGACATT 500 

ACTTTCACAT TTGCTTCATT CCAAACAAGG AACTAAAACA AAGGGGTAGG 550 

AAGAAAGAGA GGAAAGAGAA AATGGCTTCC AGCTTAATGT CCAACGCTGC 600 

CACTACCATG GCTGCTGCCA CCACCACTGC TCAGGCTAAC ATGGTCGCTC 650 

CATTCAATGG CTTGAAATCC GTGTCAGCTT TCCCTGTTAC CAGGAAGAAC 700 

AATGACATTA CCTCTGTAGC TAGCAATGGT GGCAGAGTTC AATGCATGCA 750 

GGTACACTAG TGAAATACAT TAAGGCCATT TTGAAACTAT ACATACACAA 800 

TTCGTGGGAC TATTGATTGT TTCCCAGAAT ATGTTTGTTG CTAAAATGTG 850 

TCGCTTATAT GAAAATGTTG TAGGTGTGGC CACCACTAGG TAAGAAGAAG 900 

TTCGAGACTC TGTCTTACCT TCCCCCTCTA TCCGAAGAGT CATTGATGAA 950 
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GGAGGTCCAA TACCTTCTTA ACAATGGATG GGTTCCCTGC TTGGAATTCG 1000 

AGCCCACCGT AAGTTCTGCA ATGCCCTTCC TCTTCTTGTA CTAGGACTTT 1050 

ATTTGGAGTG CTATAATTGA ACTGAGAATG AGAGTAACAT TATTTTATTT 1100 

TCTTTGCTCG ATTTCAATCC CAGCACGGAT TTGTGTACCG TGAGCACGGC 1150 

AACACACCAG GATACTATGA CGGACGTTAC TGGACAATGT GGAAGTTGCC 1200 

CATGTTCGGT TGCACTGACC CATCCCAGGT TGTTGCTGAG CTCGAGGAGG 1250 

CCAAGAAGGC TTACCCTGAG GCCTTCATCC GTATCATCGG ATTCGACAAC 1300 

GTGCGTCAAG TCCAGTGTAT CAGTTTCATC GCCTACAAGC CCGCAAGCTA 1350 

CGACGCTTAA TTTCATGAAT TTTATGCATG ACCAATTTCA GCTCTTTGGG 1400 

TTCTGTTTGA TATTTTTATA CCTAAGTTTG TAATTGAACC TTTTGCTCTT 1450 

CCAATTTTCT CTTCTTTCAA CTTCCATGTA TGTATGGCCC ATCTCTGTAA 1500 

TTCCGGATCT TCAGTGTATT TAAGGCCTTA TAGAGAGAAG TGTCCTTTCA 1550 

ATAAATGACC TTTACTCTAA TCATCTTATC TCTCTCTTCT TCAATACAAA 1600 

TTCTCAACTT TGATACCTTA GATGAGCGTA TCCAAATGGC CTGCAAAAAG 1650 

CTTAAGAAAT TAAATGCAAG CATATTGCCA AGACGAAAAG TGTTCTTCAA 1700 

CAAACTATGT TTCAGGTCAA TGAAAACACG CACCACACAT GCTGTCACAT 1750 

GCCTGATACA ATACCATTAC TGTTGACGAG CATTCTTCTG CAGGATAGAT 1800 

GGATTGCCCA ATTTTCTCAG TATTCGAAGG CAAGTACATG TACATCAGTT 1850 

GATAAGAAAG TGGTAACCTA CAAATTAGAG TGAAATTAAT TTAATCAACA 1900 

TGACATGTCA CGATACTATT GGAGTATTGG ATGTAAAGTT GTAACAGAAC 1950 

AACTGAACTA GTACAAAAAC AAGAATTCAT CCTGTTGAAC ATTACTTGGC 2000 

CAAATCTCAT ATTCCTCAAA AACTTCAAGC TTCAGTGTTA CAAGACAAAA 2050 

TTTCCAATTT AACGCACTCA AAATTAAATA CACTTCTCAC AGAACCTAAT 2100 

ACCTGATTCA GATCATCAAA TCTACTATCC AATATAAAAT GCAAAATCAT 2150 

CAAGTATCCA ACTTAGTATA ACCAAAAACT TATATTTGGA CATCATATTC 2200 
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ATATATATTT TGATAAAAAT TATAAAACAA TTGTCCAAAT CTTAATTATT 2250 

TATTTATTTT TATTTTTACT TTCTTAATTT TTTTTCTTTG TTGGAACAGC 2300 

AATCCCATTC TTTCGTTATT ATAGAAAGCA ATAGGAAAAT AATTTCACAA 2350 

ACACAGAATG AAAACCAAAT ACATCGCAAG AACAACCAAA CACCCCCCTT 2400 

CCCAGATCTT ACCATCCACA TTGATTGAAT TCAAAGGGGA AAAAAAAGGC 2450 

GGTGAAGACC ACACTATCAA AATTATTCTG GATATCCAAA ATGAAAAAAA 2500 

TTTAAAAACT AGATACCATT CATTAAAATG ATCGAAGATG TTGGATCACA 2550 

TATTCAATCG TCTTATAAGA TCATCGAGTG AGATTTTCAT GGACAGCCCT 2600 

GCCCCTTAGA AGAGAGTTGC CGTACCACTT CCCTATGTAA TGGTGAAATG 2650 

GACGAGGGCT GTCAATTTAG AAAGAAAAAA AAATACAAGG TACCAAATAT 2700 

CCTACCTTGT GTGTCTGGCT GATGTGTAAG GTCTTACCCA CTTGATTTCG 2750 

CAAGGCCAAG AATTTTCCAA AACCATATCT CCCCATCTGC TAGTGGCCAT 2800 

TCGTCTTTAG GCTGCTGAAC TCGTTTCACT GCTATAAAAT AGACATTACA 2850 

TTAGAACATT TGCTTCATTC AAACAAGAAA CCAAAAAAAC AGGGGTAGGG 2900 

AGAAAGAGCA AGGAAAGAAA AAATGGCTTC CAGCTTGATG TCCAACGCCG 2950 

CCACCACCAT GGCTGCTGCC ACCACCACTG CTCAGGCTAA CATGGTTGCT 3000 

CCATTCAATG GCTTGAAATC CATCTCAGCA TTCCCTGTTA CCAGGAAGAA 3050 

CAATGACATT ACCTCAGTTG CTAGCAATGG TGGCAGAGTA CAATGCATGC 3100 

~GTAATCAG TTAGATACAT GAAGGCCATC TAAAACTACA TTTAAACACA 3150 

AAAGCGTGTG GATTATTGAT TATTTCCAAG AATCTTCTCT GTTGATGAAA 3200 

TGTTGCTTGT ATAAAAATGT CGTAGGTGTG GCCACCACTA GGAATGAAGA 3250 

AGTTTGAGAC TCTGTCTTAC CTGCCCCCTC TATCCGAAGA GTCATTGTTG 3300 

AAGGAGGTCC AATACCTTCT CAACAATGGA TGGGTTCCCT GCTTGGAATT 3350 

CGAGCCCACT GTAAGTTCTG CAATAACCTG AATCCTTTCT TAGTTCTTAG 3400 

GCTAGGACTT TATTTGGAGT GTTATAATTG AAATGAGAAT GAGAGAAATT 3450 
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AACAGACTTA TCTTTTCTTT GATCGATCCT CAATTCCAGC ACGGATTTGT 3500 

GTACCGTGAG CACGGAAACA CACCAGGATA CTACGATGGA CGTTACTGGA 3550 

CAATGTGGAA GTTGCCCATG TTCGGTTGCA CTGACCCATC CCAGGTTGTT 3600 

GCTGAGCTCG AGGAGGCCAA GAAGGCTTAC CCTGAGGCCT TCATCCGTAT 3650 

CATAGGATTC GACAACGTGC GTCAAGTCCA GTGTGTCAGT TTCATCGCCT 3700 

ACAAGCCCGC AAGCTACGGC GCATAATTTC ATGAAATTTA TGCATGATTA 3750 

ATTTCAGCTC ATTGGATTGT GTTTGATATT TTAATACCTA AACTTGTAAT 3800 

TGAACCTTTT GCTCATCAAT CTTCTCCTTC ATTCAACTTC CCTGTTTGTC 3850 

TAGCCGATCT CTGTAATTCC TGATCTTCAA TGTATTTATG GCCTTATAGA 3900 

GAGAAGTGTT CTTTCCGAAA ATGACCTTTA CTCCAATCAT CTTGCTCGTT 3950 

TTAATTCAGT CATCAAAATC ATCTTTGATA GCATATGATA TGCATATCGA 4000 

AAAGTACATC CTATTATTGA TAAGAAAGCG GTAAACTACA AACAAGGAGT 4050 

GAAATCAATT AAATCAACAA GACAAGTCAT GTACCTATTG GATGTGAAGG 4100 

TGTAATAGAA CAACTATGAT TCAACAATAC TTGGTCCAGA TTGGCCCAAA 4150 

CCACATCCAC TGGTTACCTC TCACCATTAG AACCACCTTA AGGCCAATTA 4200 

GACTCTTAGC TCTTTCACCA TCCCTACTTA ACAACATACA GATAGCTTCA 4250 

GAAATAGAAA TTAAACTACC ACCAATTTGT GTAGTGTGTG TATATATAGC 4300 

GGGAGAGAGA GAGAGATATA CTTACAGTTA GCTTGAATTr, TAGGTTGACA 4350 

AGCTCACTGT TGATTCATTG TTATTCCTCC GTTTCATTTA AATCTTTACG 4400 

CTTGACTTTT GCAAGCAAAA TAAGGAAATT TGTTTTGGTC CTTGATTACC 4450 

AAGAATGCCC TTGTATAGTG GAGGGCAAGT GGATTGAGGG AAATGATGAG 4500 

AGTGAGTGGA GAGGGGTAAT TAGGTAACTT GATTAAAATA ATCTTTCTAT 4550 

TTTAGGCATG TAAAGATTTA TATGAAACAT CCCAAAATAG AAATTGTAAA 4600 

GATTTAAAAG AAACGGAGGG AGTATTTAAC AGACTTTTGT GCTTTGTAAA 4650 

TCATCTTACT TAAATGGCTC AAGATCCAAT ATCTTCCATT CAATCCAATT 4700 
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CACTTCTGGA CGAAACATCC CAATAAACAC AATACTAGAA CAGTAAATGA 4750 

GAAGTGTGCG TCATTCCTGC ATTACACCAT CTAAAAGTCT CATATAGTTG 4800 

CCATTCCTGC AAAACAAAGG CTAGAAAATT AAAAATATAA ATAAATCATA 4850 

TACTGAAAAT ACAAATAATT ATGAGCTGTA TTTTGCACAG GAAAGGTATT 4900 

TGTTGCCCAA TTCTGTATCC TCCCAAGTAC TCTGTCAATG CAAATCTGAA 4950 

AAATAGCCTA GAAGTATCAA TGGTAGTCCT AATGGAAAAT TTCCCTCAGA 5000 

AAAGTACAAT TCCCCAAAAA TGTGCTCCCT TTGTCGCTCC ACTAACCCCT 5050 

TAAAAAAGCA TTATAAAGTT ACAATCTTGA TCTACAAACA TGTGTACAAA 5100 

CTACATTCTT GAACATATTG GAAGACTTCT CCTTATCCTT AAGACTCCAA 5150 

GCACCCTTGT CAAATGCTCC ATACAAAGAC CATATATGCA AACAAATGAG 5200 

TCTCCATACA AAGACTTTTC TCTAAGATAC CCCATTAGAA CATTATATTT 5250 

GTATAAAGTA AACATAGCAG TCAAAACACT AATCAACACC AACTGAACAA 5300 

ACTGACGTGG GAACCTAACG GTCTTTTAAC ACATATTCCA GAAAAGACCA 5350 

CTTGAAAAGA TCATATGCCT CACTTACATG GCCCTAGAAG AAATCTTAAG 5400 

CACTCACATA ATGCAGCTTG TTCTTTACTT CCTAATTTTC CAATCACAAA 5450 

ATTTTATAGT CAGTCTGCCT GATATATTAA ACGGATTGTA AGACTAGTAC 5500 

TGATAAATAT AACCTATAAA CTCGTACCGG TGTCCCCAAC TTGATACAAA 5550 

CTAGTTCTTT ACTGACCAAC AACCTCATAA TTCTCTGGCC AAGAACCAAG 5600 

TGTCTTGGTA ATTTTATGTA TGTCTGAGGA ACAAGCAATA AATCGAACAG 5650 

AATCTCTTTC AAGGAAATCA GCATTAGGAG CAATAGTATG AAGGTGTATA 5700 

TAATTAACTA CCTTAAGCAA TCTCCCCATG AGGAAGAAAT CTGATATATG 5750 

ATTGCAAAAT CTGCCCCAAC AGTTTCAGGT GAATGAAAAC TATGTTTCAG 5800 

GTGAATGAAA ACACACACCA CACATGCTGT CACATGCCTG ATACAATACC 5850 

ATTACTGTTG AAGAGCATTT TTCTGCAGGA TAGATGGATT GCCCAATTTT 5900 

CTCAGCATTC TAAGGCAAGT AATCAGTTAC TATTGGATGT AAAGGTGTAA 5950 
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CAGAACAAGT ACAAAAACAA AAACTCATCC TGTTAAACAT TACTTGGCCC 6000 

AAATCCATAT TCCTCAAAAA CTTCAAACTT CAGTGTCACA GGACAAAATT 6050 

TCCAAGTTAA TGCACTCAAA TCAAATACAC ATGTGATAAA GCCTAAAATC 6100 

TGATCCAGAT CATCAAATCT ACTATCCGAT ATACAAATGC AAAGTCATCA 6150 

AGTATCCATC TTAGTATAAC CAAAAGCTTC AGATTGGAGA TTTGGACATG 6200 

AGATTCATAT ATATTTTGAT AAAACAATTG TCCAATTATT ATTTTTTAAT 6250 

CTTTGTTGGC ACAGCAATCC AAATCTTTTG TTATTATACA AAGCAATAGG 6300 

AAAATATATT TTCACAAACA CAGAATGAAA ACCAAAAACA TCGCTAAAAC 6350 

AAACCAAACA TCCGCCCTCC CAGATCTTAC CATCCACATG GATTGAAATC 6400 

AAAGAAAAAA AGAAAAAAGA AAGGAGGTGA AAACTACTCT ATCTTAATTA 6450 

TTCTGGATGT CCAAAATGAA TTTTTTTAAA AACTAGATAC CATTCATTAA 6500 

ATGATCAAAG ATGTTGGAAC ACATATTCAA TCGAATTATA AGATATCGGA 6550 

GTGAGATTTT CGTGAACAGC CCTGCCCTTT AGAAGAGAGT TGATGTACCG 6600 

CTTCCCTATG TTATGGTGAA ATGGACGAGG GCTGTCAATT TAGAAAGGAA 6650 

AAAAAAATAA AAAAATACAA GGAATCAAAT ATCCAACCTT GTGTGTCTGG 6700 

CTGATGTGTA AGGTCTCACC CACTTGATTT TGCAAGGCCA AGAATTTTCC 6750 

AAAACCAGAT CTCCCCATCT GCTAGTGGCC ATCCGTCTTT AGGCTGCTGA 6800 

ACTCGTTTCA CTGCTATAAA ATAGACATTA CATTAGAACA TTTGCTTCAT 6850 

TCAAACAAGA AACCAAAAAA ACAGGGGTAG GGAGAAAGAG CAAGGAAAGA 6900 

AAAAATGGCT TCCAGCTTGA TGTCCAACGC CGCCACCACC ATGGCTGCTG 6950 

CCACCACCAC TGCTCAGGCT AACATGGTTG CTCCATTCAA TGGCTTGAAA 7000 

TCCATCTCAG CATTCCCTGT TACCAGGAAG AACAATGACA TTACCTCAGT 7050 

TGCTAGCAAT GGTGGCAGAG TACAATGCAT GCAGGTAATC AGTTAGATAC 7100 

ATGAAGGCCA TCTAAAACTA CATTTAAACA CAAAAGCGTG TGGATTATTG 7150 

ATTATTTCCA AGAATCTTCT CTGTTGATGA AATGTTGCTT GTATAAAAAT 7200 
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GTCGTAGGTG TGGCCACCAC TAGGAATGAA GAAGTTTGAG ACTCTGTCTT 7250 

ACCTGCCCCC TCTATCCGAA GAGTCATTGT TGAAGGAGGT CCAATACCTT 7300 

CTCAACAATG GATGGGTTCC CTGCTTGGAA TTCGAGCCCA CTGTAAGTTC 7350 

TGCAATAACC TGAATCCTTT CTTAGTTCTT AGGCTAGGAC TTTATTTGGA 7400 

GTGTTATAAT TGAAATGAGA ATGAGAGAAA TTAACAGACT TATCTTTTCT 7450 

TTGATCGATC CTCAATTCCA GCACGGATTT GTGTACCGTG AGCACGGAAA 7500 

CACACCAGGA TACTACGATG GACGTTACTG GACAATGTGG AAGTTGCCCA 7550 

TGTTCGGTTG CACTGACCCA TCCCAGGTTG TTGCTGAGCT CGAGGAGGCC 7600 

AAGAAGGCTT ACCCTGAGGC CTTCATCCGT ATCATAGGAT TCGACAACGT 7650 

GCGTCAAGTC CAGTGTGTCA GTTTCATCGC CTACAAGCCC GCAAGCTACG 7700 

GCGCATAATT TCATGATGCA TGATTAATTT CAGCTCTTTG GATTGTGTTT 7750 

GATATTTTTA TACATAAACT TGTAACTGAA CCTTTTGCTC TTGAATCTTC 7800 

TCCTTCATTC AACTTCCCTA TTTGTCCAGC CGATCTCTGT AATTCCTGAT 7850 

CTTCAATGTA TTTATGGCCT TATAGAGAGA AGTGTCCTTT TGAAAAATGA 7900 

CCTTTACTCC AATCATCTTA ACTCGTTTTA ATTCAGTCAT CAAAATCATC 7950 

CTTGATAGCA TATGATATGT ATATCGAAAA GTACATCTAT TGATAAGAAA 8000 

GCGGTAAACT ACAAATAAGA AGTGAAATCA ATTAAACCAA CAAGACAAGT 8050 

CATGTACCTA TTGGATGTGA AGGTGTAACA GAACAATTAC AATTCAACAA 8100 

TACTTGGCCC TGGTTGGGCC AAACCAAATC CACTGGTTAC CTCTCACCAT 8150 

TAGATCCACC CTAAGGCCAA TTAGACTCTT AGCACTTTCA CCATTCCTAC 8200 

TTAACAGAAT ACAGATAGCT TCAGAAATAG AATCTAAACT ACCACCAATT 8250 

TGTTTAGTTT GTGTTTATAT AGAGGGAGAA AGAATACTTA CAGTCAGCAT 8300 

AGAACTTTGT GTGTCTTAAC TTGTATAAGT TTTGCTTGAA CTGTAGGTTG 8350 

ACAAGCTCAC TGTTGTTTCA CTCTTATTTA AGAGACTTCT GTACTTTGTA 8400 

AATCATCTTA CTTAAATGGC TTAAGCTCCA ATATCTTCCA TTACATCCAA 8450 
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TTCACTTCTG GACGAAACAA GTAAATACAA TAGTAAAATA GTAAATGAGA 8500 

AGTGGGCGCC ATTCCCGCAT TACAACATCT AAAAGTCTCA TATAGTTGCC 8550 

ATTCCTGCAA AACAAACACT AAAAAATTAA AAATATAAAT AAATCATATG 8600 

CTGAAAACAC AAACAATTAT GAGCTGTATG TTTCCAGCAC AGGAAAGGAA 8650 

TTTGTTGCCC AATTCTGTAT CCTCCCAGTA CT 8682 

rbcS-6: Translation start - position 892. Translation stop - position 2666. 

GAATTCTTAG GTCCGGGTTT ATACTCTCTA ACACTTTACT AGGAATTGCC 50 

TCAAACTCCC TAGTATATGG CCATTCTAAT CCAAATGTAG CAAAAATGTA 100 

AAAAGAAAAG ACTTACAGAA GAAGATATGA GTAAATAAAT AAAATATATG 150 

GAGTATATTC TTTTGCTTCC TCATGTAAAT TTACTGTATG AGAATATGAC 200 

CAACGACAAA ATACTACTCA ATTGTAACTC TTAAGTTTGT CCAATTTTCA 250 

AAACTGCAAC TCTTAAGATT GGACCAGCGT TTTATGGCAA AAAGAGTGGT 300 

AATAATCCAG TAACAGAAAG AATTGCATGC ACCCTTTTGA ACACTACTAT 350 

TGTTACTACT ATGCAAATAT GCTACGGATA CTAATTGTTG TCGAAAGCAT 400 

AACAACTTAC ATCAACATTA TCACACTTTG ATGTCACTTA CGAGGCATTT 450 

GATATATAGA AATTTATCAC GCAACGGATT CACACAATAC TTTCTCAAGA 500 

ATTTAACTGA GAGGAATAGT ATATAATTAT ATAAACAGAC GAAGAAAAGA 550 

GGACCACAAC TTGTACAAAG TGATTAGCTA GAGAAGATCA AGAGGTGGAA 600 

AGTTGATTAT CATATCCAAA GAGGTATGGG AATGGGATTG ACAAAAAGTG 650 

TGGAGGTCTC ATTTCTCATA TGCATTAACT AGAGCCTAGA ATTACTCATC 700 

TGAGGTGGCT GCTAAGGATA TGCCCCACCC ATCTAATTCA AAGGCCAAGA 750 
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ATTCCCCCAA AATCCACACC TTACCAATTC CCAACTAATT TCTGACCCTT 800 

TATTCTAGAA AGAAGATTGA ACCTACACTT CTATAATAGA GTGCCACAGG 850 

CCTCTCACTG CAAGTAGCTA TCGAAACACA TAAAAGAAAA TATGGCTTCC 900 

TCTATGCTTT CCAATGCCGC AGTCGCCACC ACCGCAGCCA GCCGCAGTGC 950 

TGGGGCTCAA GCTAGCATGG TGGCACCCTT CACTGGGTTG AAGTCTGTCT 1000 

CAGCATTCCC AGTAACCAGG AAATCCAGCA ATGACCTCTC AACCGTCCCC 1050 

AGCAATGGTG GCAAAGTTCA ATGCATGCAG GTATACTTTA ACAGTTTAAT 1100 

TATATATCTC CATGATCTCT AAATACCCGA GACAATCAAG AGAGTTTTTC 1150 

ATTTTGGAGT GAACTTAAAT GTCTATAGTG AGAATTGAAT TTGGATGGGA 1200 

CAGAAATTCG ACCCAAGTTA TTACCACTAG GCTAGCAGTT AATAGCTGCC 1250 

CAAGGCCATA GTAAAATACT GTGATGTTCA AAAATTATTC ACAATCAGTC 1300 

AATAGCATTA AGGAGATCAC AGAAGAGGTT TGATAAAATC AACTGTTCAT 1350 

TAGTTGCTTT TAGTAGGTAA AATCCCAATA AGTCACTTCT TTCCCAACAA 1400 

AATAGCCCCT TTTGGTTTGG CATTTGTTTT TCCCTCAACA AGCTTAAGCC 1450 

AAAAAAGCTA CCACCAAGTG AAACAAGCTA CTTATGTAAA CAAGCCTCTG 1500 

AAAAAGCAAA CACCCAAACA AAACCTATGA ACATAGCTCT CTAGCTTAAA 1550 

GAATCTTACC ATGTGGATGT GGGACAACTG ATTCACACAT ATAAACAAGA 1600 

TATTCAATCC AAATATGTTC TTTGATCTTC ATCCAAAATG CTACCCATTC 1650 

TAATCTTCTA TAAATTTAGA AATATTAAGA TGATGCGACT GTGTGACACA 1700 

CAATGACACA AGGTGGTTAA CATGAAAAAA ACTAATATTT TCCCAGTTCC 1750 

ACAGCAATGA AGATCCTCGA ATGTAATCTT ACATGATACA AGGCTCATGG 1800 

AAAGAGTATA TAGGATGATT CCTTTTAACT TGCAATTCCT AAAAGCATTG 1850 

CACAATGTTA TATCCCTCTT GCAAATCCAA AATGATTAAA TGCTTTCCCA 1900 

AACTTTGAAA AACAAATTAA ATTTCTAGAG AAAATAAAAC GAGAGTACCT 1950 

GCCTTGACAA TTCGACAAAA GAGCCTGTGC AGAGAAAGTT ACTGTTTGAC 2000 
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AAACATTGGG AGAACAAAAG TGTCAATAAG TTCAAGATAG ATAATATAAG 2050 

TAACTGCTTA TGCATAATAC CATCGATTGC TTTCGGTCCC TCTTACTTTC 2100 

AGGGGATTCT TTTTGTCTAA TCTCAAAAAG ATATGCTTCA ACAGAACATT 2150 

GAAACATTGA AAATTGTTGT AGGTCTGGCC ACCACTAGGT AAGAAGAAGT 2200 

ICGAGACTTT ATCTTACCTT CCTCCTCTAT CAGAAGAGTC GCTGTTAAAG 2250 

GAGGTCCAAT ACCTTCTTAA CAATGGATGG GTTCCCTGCT TGGAATTCGA 2300 

GCCCACCGTA AGTTCTGCAT CCTTCATCCT TCGTTTAGGC TTAGGACTTC 2350 

ATTTGGAGAA TTAATCATAA CTGAAATAAG AATGTGAGAA ATTGACATTT 2400 

TCCTTTTTGT GATTGATACT CAATTCCAGC ACGGATTTGT CTACCGTGAG 2450 

CACGGCAACA CACCAGGATA CTACGATGGA CGTTACTGGA CAATGTGGAA 2500 

GTTGCCCATG TTCGGTTGCA CTGATCCATC CCAAGTTGTG GCTGAGCTCG 2550 

AAGAGGCCAA GAAGGCTTAC CCCGAGGCCT TCATCCGTAT CATCGGATTC 2600 

GACAACGTGC GTCAAGTGCA ATGTGTCAGT TTCATCGCCT ACAAGCCCGC 2650 

AAGCTACGAC GCATAATTTC ATGAATTTTA ATATGCATAT GTTGTTCATG 2700 

TGTAGTTAGG CTTTGTATTT TTTTTGGGTT TGGAAGTGCC CAATTCCTAT 2750 

TTTCAATTTC CACCTTTTTT CCGGAGATTT AATGAAATAA AATCTTGAGA 2800 

ATTATATTAA TTAAAAATGA TTAACACCTT CAGTCAGAAG GTTAGCTACT 2850 

ATAGTTAGAT CGCAAATTAC GAATTACGAA AAGGTAACTT AGATCGCAAC 2900 

ACAATCCTGT TGTCATAGCC TGGCCCTAAA GTCCTCTAAA GCACCAAACT 2950 

ATGCATAGGG TGTCATGTCA CATGTCGGAC ACATGGACAC GATATACCAC 3000 

TCTGACACGA CACATATCGG CCTT 3024 
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