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Abstract

Many cellular reactions occur in linear metabolic pathways where gene products act
sequentially to produce needed compounds. The interrelationships between the products of these
loci raises the question of whether they evolve in concert or independently. Previous research
addressing this question indicated that in the anthocyanin pathway, which produces important
secondary metabolites in plants, the genes encoding downstream enzymes show an accelerated
rate of evolution when compared to upstream loci. The hypothesized cause of these differences
has been attributed to relaxed selective constraint. This pattern and process has not, however,
been tested in other systems. The carotenoid biosynthetic pathway, which also produces
important colored secondary metabolites in plants, presents an appropriate system for an
additional test. To produce a dataset suitable for this test, known mRNA sequences from four
carotenoid biosynthetic enzymes of Solanum lycopersicum (tomato) were used to identify
homologous sequences in taxa representing a broad range of angiosperms. Comparisons
between Phytoene desaturase, Zeta-carotene desaturase, Lycopene beta-cyclase and Zeaxanthin
epoxidase show that the downstream enzymes in the pathway have greater nucleotide diversity,
nonsynonymous substitution rates and synonymous substitution rates. Evidence for selective
constraint and an increase in the proportion of nucleotide sites under selective constraint has also

been observed.



Introduction

Evolutionary rates vary among species, organisms, and proteins (Nei 1987). Understanding
protein evolution and the forces behind it is a fundamental concept of molecular evolution.
Studying protein evolution helps us better understand the relative importance of selection and
genetic drift, as well as the types of forces that cause protein evolution to occur. Protein
evolution requires two events: mutation of the nucleotides encoding amino acids and the fixation
of these changes within the population (Pal et al., 2006). Mutations are random events that occur
frequently in nature, but are typically corrected before they manifest themselves in the next
generation. Fixation is dependent on the fitness effects of the mutation (neutral, deleterious, or
advantageous).

The Neutral Theory of Molecular Evolution has been the foundation for molecular evolution
research for nearly four decades (Hahn 2008), providing the basis for statistical models which
help researchers distinguish natural selection from random genetic drift (Nielsen 2001; Hahn
2007). Despite the fact that recent research has challenged two major assumptions of the Neutral
Theory, it is still used to understand molecular evolution. The first principle, direct selection,
claims that most of the polymorphisms within species and the fixed differences between species
do not affect the fitness of the individual, consequently they are neutral. The concept that
synonymous changes are neutral is a small expansion on this idea. However, many people argue
the neutrality of mutations that can cause phenotypic changes. Whereas the nucleotide mutation
might not result in amino acid change, a disparity in matching tRNAs and codons could cause a
change in translational efficacy. Lethal or harmful mutations rarely accumulate and are therefore

not observed. Similarly, adaptive mutations are fixed relatively quickly therefore are not



observed while they are still polymorphic (Hahn 2008). DNA can be constrained or
unconstrained under direct selection as long as observed changes are neutral. Several studies,
including the results from Begun et al. (2007), have found evidence for direct selection on
regulatory and coding mutations, which manifest themselves as divergence and excessive
polymorphism in different species. While recent studies acknowledge that neutral mutations still
do occur, they may represent the minority of changes, which is against the direct selection claim
(Hahn 2008).

The second principle of the Neutral Theory is linked selection. This concept states that
linked selection does not affect most loci, therefore variation can be attributed to neutral models
of molecular evolution. Variation at these linked loci will be seen as neutral polymorphisms
(Hahn 2008). The level of variation will decrease and alter the mutations rates observed relative
to expectations within the neutral model. It is also assumed that genetic diversity will have a
positive, linear relationship to population size. However, differences in nucleotide diversity
between prokaryotes and vertebrates consistently averages to approximately two orders of
magnitude, yet these populations vary over many more orders of magnitude (Lynch 2006).
Recent models of linked selection predict either no relationship or a weak relationship with
diversity and population size (Gillespie 2001; Charlesworth et al., 1993). Negative relationships
between polymorphism and divergence have even been found (Hahn 2008).

Because of the conflicting evidence in regards to the Neutral Model, selection models of
molecular evolution have been investigated. These models correctly predict the negative
correlation between polymorphism and divergence described above. If a mutation is
advantageous, this mutation will become fixed and polymorphism will decrease as the effect of

the advantageous mutation becomes more evident. Increased rates of nonsynonymous



substitutions show decreased polymorphism (Hahn 2008). Even though there seems to be
mounting evidence against Neutral Models, they are still by far preferred over the newly
developed selection theories. The Neutral Theory is the most overarching model that we have to
date. If one assumes that mutations are neutral, then the implications of selection can be ignored.
The mathematics involved in the neutral model is more tractable, giving testable hypotheses and
making models easier to work with.

One way by which molecular evolution can be observed and measured under the Neutral
Theory is by the presence of elevated nonsynonymous to synonymous substitution rate ratios

known as dn/ds, or ® (Purugganan and Wessler, 1994; Purugganan et al., 1995). The rates

represented by dy and ds are defined as the number of nonsynonymous and synonymous
substitutions per amino acid site, respectively (Yang 2007). Omega is a good indicator of

protein-level selection, where ® = 1 indicates neutral evolution, ® < 1 indicates purifying
selection, and ® > 1 indicates positive, diversifying selection (Yang 2007). Where > 1, one

assumes that nonsynonymous substitutions result in increased fitness of the organism and have a
greater likelihood to remain intact than synonymous substitutions (Yang et al., 2000; Yang
2000). Because the ratio is averaged over the entire protein sequence, and since adaptations

cause changes in very few amino acids, ® will rarely be over 1 for the whole protein (Yang

2007). Most proteins have a ratio of less than one and are therefore considered to be under
purifying selection, but often specific domains have ratios approaching 1, while other regions of
the same protein are highly conserved (Li, 1997; Lu and Rausher, 2003). Measuring
evolutionary rates using the above methods is the standard in molecular evolution; however,
these methods are not without their problems. There is evidence for selection on synonymous

sites, therefore the rate of evolution at synonymous sites is not a fully accurate measure of



mutation rate. In order to solve this problem, mutation rates across an organism’s genome would
have to be measured experimentally, which is beyond the capabilities of modern biology within a
reasonable time frame for most organisms. Therefore calculations of synonymous and
nonsynonymous substitutions are our best measures to date (Pal et al., 2006).

Codon usage bias is important in molecular evolution because it is an example of weak
selection at the molecular level (Novembre 2002) therefore it is often used as a measure of
selective constraint. The link between codon bias and selection is important in development of
alternatives to the Neutral Theory (Ohta and Gillespie, 1996). Due to the redundancy of the
genetic code, there is variation at synonymous sites in the possible combinations of nucleotide
sequences that can code for the same amino acid sequence. The only exceptions are the start
codon, AUG, the stop codons, UAA, UAG and UGA, and tryptophan, UGG. Not all 61 codons
are found in equal amounts, and different organisms express different preferences for certain
codons. Codon bias is often attributed to a result of mutation bias, translational optimization, GC
composition and replication strand bias (Suzuki et al., 2007). Optimal codons allow for higher
translational rates and greater translational accuracy, therefore highly expressed genes are often
assumed to have greater codon bias. This theory is based on the concept that highly expressed
genes are typically more critical to an organism’s functions, and thus would be under greater
selective constraint (Lu and Rausher, 2003). There are two classes of statistics that measure the
codon usage across all amino acids. The first summarizes preferred codon usage, which requires
prior knowledge of preferred codons. The second compares codon usage to a null distribution,
or uniform usage (Novembre 2002). Effective number of codons, ENC, is the best summary
statistic that does not require awareness of preferred codons (Novembre 2002). ENC is inversely

proportional to nonuniform codon usage. Third position GC content (GC3) composition is one



way to measure mutational bias, as the nucleotides cytosine and guanine are preferred at the third
codon position for translational efficacy.

At present, there is not a definitive answer as to whether increased rates of nonsynonymous
substitutions are due to positive selection or relaxed selective constraint. Positive selection has
been found to contribute to 20-45% of all amino-acid substitutions (Fay et al., 2002).
Experiments testing the two theories have shown that typically it is relaxed selective constraint
that causes increased rates of evolution. Upon further insight, support for this theory is largely
based on subjective deductions instead of quantifiable data. Proteins associated with
reproduction often undergo positive selection pressures that cause increased rates of protein
evolution (Swanson and Vacquier, 2002).

Despite the debate between positive selection and relaxed selective constraint, there are
several factors that are acknowledged as contributing to protein evolution. These include, but are
not limited to, mutation rate, gene dispensability, expression level and number of protein
interactions (Pal et al, 2006). Mutation rate is inherent in protein evolution; the higher the
mutation rate, the higher the rate of evolution. This is the fundamental idea of molecular
evolution as explained at the outset.

Gene dispensability is the measure of the relative importance of a gene within a genome. It
is thought that high gene dispensability results in higher rates of protein evolution. One of the
first theories that has been proposed is that a protein’s genomic sequence will evolve in relation
to the proportion of sites within the sequence involved in specific functions. This hypothesis is
known as functional density, a concept particularly applicable to enzymes (Zuckerkandl 1976).
The change in fitness is scaled to relate to the importance of the protein within cellular functions

(Pal et al., 2006). This theory can be problematic given the fact that it is not only the primary



amino acid sequence, but the secondary and tertiary structures of proteins that have a large
influence on function, a concept that is often unpredictable or extremely difficult to analyze.
Mutation rate and efficiency of selection varies systematically, indicating a component of
evolutionary rate that is not associated with the individual protein’s function (Pal et al., 2006).
As well, it is assumed that fitness effects are additive, but this assumption is not always true. A
compensatory mutation might occur that prevents the original mutation from being deleterious.
The probability of a second substitution which interacts with the initial substitution has up to a
five times higher chance of fixation than the initial substitution (Shim Choi et al., 2005). It is
also thought that the greater the functional importance, the greater the cost of mutations will be if
they decrease the fitness of the organism. However, only ~5% or less of the evolutionary rate
variation has been quantified by this theory (Drummond et al., 2005), as determined by
analyzing the squared correlation coefficient of this relationship. Also, our measures of fitness
are not in perfect correlation with natural conditions, especially since fitness is often measured
with gene knockouts, which rarely occur in nature.

It has been found that highly expressed proteins evolve more slowly, accounting for ~34% of
the evolutionary rate variation in yeast (Pal et al., 2001). If these substitution rates are favorable,

repeated positive selection could be the cause for the elevated m at specific domains, and

therefore phenotypic diversification (Streisfeld and Rausher, 2007). If the substitutions provide
no positive adaptive significance, the regulatory genes’ high rates of evolution have no
contribution to morphological divergence.

Lastly, protein evolution is affected by protein interactions. The greater the number of
interactions a protein has with other proteins, in general the lower the rate of protein evolution.

Residues of proteins found at the interface of complexes tend to evolve more slowly in



comparison to other residues (Mintseris and Weng, 2005). However, most research does not
indicate protein interactions are a strong evolutionary force (Pal et al., 2006).

The reason why there is such little conclusive evidence regarding evolutionary rate variation
could be due to the fact that individual proteins that are unrelated in function are the primary
source of data for most of these experiments (Rausher et al., 1999). While protein evolution has
been studied intensely using the above concepts, variation in evolutionary rates in biochemical
pathways is not very well understood. Investigation of proteins that directly affect other
protein’s functions can shed more light onto this subject. This idea suggests that the study of
enzymes in biochemical pathways may help us better understand protein evolution. The proteins
involved in these pathways have large, direct influences on one another, and many are also
hypothesized to function in close proximity to decrease diffusion differences of products from
one enzyme to the next in the pathway. An enzyme’s affect on one product in the pathway
inevitably influences other enzymes’ abilities to function, either positively or negatively.

The concept of evolutionary rate variation within biochemical pathways has been
investigated using the anthocyanin biosynthetic pathway, a series of six enzyme-catalyzed steps
which produce the blue and violet anthocyanin plant pigments found in all plant cells.
Anthocyanins serve an important role in photoinhibition and as antioxidants, and expression of
these pigments is often amplified under high-light stress conditions. It has been shown that the
downstream enzymes in the anthocyanin biosynthetic pathway are subject to a higher
evolutionary rate than those found earlier in the pathway due to greater specificity in substrates
in the later enzymes, and therefore fewer mutation restrictions, or reduced selective constraint
(Lu and Rausher, 2003). However this analysis was limited to the [pomoea genus. The enzymes

later in pathways have more limited effects than those upstream. The broad scale effects of

10



upstream enzymes has caused researchers to hypothesize that these enzymes are under greater
selective constraint, as changes in these enzymes could change the fitness of the organism more
than mutations farther down the pathway (Lu and Rausher, 2003).

Testing this hypothesis in another plant pigment pathway could determine if this is an
isolated finding or has the potential to be a wide spread phenomenon. In addition to the
anthocyanins, plants produce carotenoids, pigments which are also synthesized in a biochemical
pathway, presenting an appropriate model system for such a test. Carotenoids are naturally
occurring pigments ranging in color from pale yellow to dark red and are found in plants, some
algae, fungi and bacteria. They are typically 40-carbon isoprenoids with up to 15 conjugated
double bonds within the polyene chains (Figure 1). All are derived from phytoene (Howitt and
Pogson, 2006). The two subgroups of carotenoids are carotenes, which are deoxygenated, and
xanthophylls, which are oxygenated. They are an essential physiological component of

photosynthesis when found in chloroplasts. In higher plants, B-carotene binds to both

photosystem I and II through the reaction center subunits. Xanthophylls serve as accessory
pigments and as structural elements to light-harvesting complexes. Light-harvesting complex II,
the major component in photosystem II, binds to lutein, violaxanthin and neoxanthin, as do the
minor complexes. Only zeaxanthin is bound in times of excessive light stress to the minor
complexes. Genetic manipulations of photosystem protein biosynthesis results in plasticity of
the photosynthetic membrane to preserve the structure and function of PSII-LHCII, including
varying levels of carotenoids essential for photosynthesis (Ruban et al., 2006). Xanthophylls act

in concert with B-carotene as chromophores, possessing the unique ability to absorb a more

extensive range of blue and ultraviolet light than chlorophyll to then transfer the energy for

photosynthetic electron transport. It appears as though xanthophylls are highly conserved in
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plant species due to the fact that they possess very similar spectral properties (Dall’Osto et al.,
2007). Xanthophylls also serve as photoprotectants and possess antioxidant properties important
to plant cells (Howitt and Pogson, 2006). They prevent membrane damage by quenching
reactive oxygen species (ROS) and triplet chlorophyll, both caused by excessive exposure to
light energy. Specifically, lutein quenches triplet chlorophyll by binding at the L1 site,
preventing ROS formation (Dall’Osto et al., 2006). Substitution of lutein with violaxanthin
decreases triplet chlorophyll quenching and results in greater amounts of ROS in cells. Lutein
mutants use zeaxanthin in photoprotection, but zeaxanthin is less effective (Dall’Osto et al.,
2006).

Carotenoids color flowers and fruits through accumulation in all types of plastids
including chromoplasts, amyloplasts, elaioplasts, leucoplasts and etioplasts, with the exception of
proplastids (Figure 2) (Howitt and Pogson, 2006). Carotenoids are localized in plastoglobuli or
as crystalline structures during the transition from chloroplasts to chromoplasts (Tevini and
Steinmuller, 1985). While the enzymes in the carotenoid biosynthetic pathway do not interact
directly, it is thought that these enzymes are located in close proximity to one another in order
shuttle products from one enzymatic reaction to another rapidly. The coloration that they
provide attracts animals and insects to aid in pollination and seed dispersal. Different plants
accumulate different varieties and concentrations of plastids. The leaves and stems of plants also
contain carotenoids, but the color is masked by chlorophyll. Carotenoids found in chromoplasts
are considered to be secondary metabolites and are precursors for abscisic acid (ABA) synthesis
(Hirschberg 2001) and many scents (Howitt and Pogson, 2006). ABA is a plant hormone
primarily responsible for abscission, embryo development, seed dormancy, and stomatic

regulation. The significance of ABA in plant processes is another indication of the importance

12



of carotenoid biosynthesis. In addition to their role in plants, recent studies on lycopene and
lutein, two common carotenoids, have indicated their potential benefits to human health,

including powerful anticancer properties. B-carotene is a precursor for vitamin A synthesis in

the human body and is thus an essential molecule. Lutein and zeaxanthin also have been found
to prevent macular damage with age (Howitt and Pogson, 2006).

The carotenoid biosynthetic pathway is the series of 11 enzyme-catalyzed steps which
synthesize the approximately 700 known carotenoids (Figure 1) (Britton 1998). The first
recognized step in carotenoid biosynthesis is the condensation reaction of two dimethylallyl
pyrophosphates, a 10-carbon compound, to produce geranylgeranyl pyrophosphate (GGPP), a
20-carbon compound, by catalysis of Geranylgeranyl pyrophosphate synthase. A condensation
reaction of two molecules of GGPP forms 15-cis-phytoene, a 40-carbon compound, and the first
carotenoid produced in the pathway, via the enzyme Phytoene synthase (PSY). Duplicate copies
of this enzyme have been identified in a variety of species. Phytoene rarely accumulates in plant
tissues. Phytoene desaturase (PDS) catalyzes two symmetrical desaturation reactions to produce
di-cis-{-carotene. {-carotene desaturase (ZDS) catalyzes another two symmetrical desaturation
reactions, which produces tetra-cis-lycopene. The next reactions use enzymes that preferentially
bind all-frans-lycopene. Formation of all-trans-lycopene requires the catalysis of the enzyme
Carotenoid isomerase (CRTISO). CRTISO is a relatively newly discovered enzyme. Its function
is not entirely known; some researchers theorize that it is required in conjunction with the ZDS
and PDS for carotenoid desaturation (Park et al., 2002).

From here, there is a split in the pathway and cyclization of the lycopene derivatives.

The B, branch produces -carotene, while the 3,€ produces a-carotene along with the respective

derivatives. Both branches include the use of Lycopene-B-cyclase (BLCY) to form [ rings on
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both ends of lycopene, producing B-carotene in the 3, branch, and with the additional catalysis
of Lycopene-¢e-cyclase (eLCY), the B,e branch produces o-carotene. o and 3 -carotene are
modified by B-hydroxylase (BOH) to produce the xanthophylls. The addition of a hydroxyl
group on the C3 of each o~ and B-carotene molecule’s B ring produces zeinoxanthin and 3-
cryptoxanthin, respectively. SOH works on B-cryptoxanthin again to hydroxylate the other 3
ring, producing zeaxanthin, while &-hydroxylase (¢OH) hydroxylates the € ring of zeinoxanthin
to produce then end product of the pathway, lutein. €OH is a little understood P450 cytochrome
monooxygenase, whereas BOH is well-studied and categorized as a non-haeme diiron
monooxygenase (Tian et al., 2004).

Zeaxanthin in the B, branch undergoes epoxidation by Zeaxanthin epoxidase (ZEP). In

high light intensity conditions, Violaxanthin de-epoxidse (VDE) reverses this reaction to revert
back to zeaxanthin. Neoxanthin synthase (NXS) converts 9-cis-violaxanthin to 9-cis-neoxanthin,

the last carotenoid of the 3,3 branch. Both violaxanthin and neoxanthin can be cleaved by 9-cis-

epoxycarotenoid dioxygenase (NCED) to ultimately produce abscisic acid (ABA).

There are some minor variations in the carotenoid biosynthetic pathway among species.
Yellow-flesh tomatoes have a loss-of-function mutation within the PSY/ gene (Ronen et al.,
2000). Duplicates of PSY have also been found in numerous plant species including wheat, rice
and maize (Gallagher et al., 2004), but only the PSY transcript accurately correlates with
carotenoid content.

The present study uses the same principles from the studies on the anthocyanin
biosynthetic pathway evolutionary rate variation and applies them to the carotenoid biosynthetic

pathway. The genes for the enzymes in the carotenoid biosynthetic pathway are evolutionarily
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and functionally conserved. There are several notable differences between the anthocyanin and
carotenoid biosynthetic pathways. The carotenoid biosynthetic pathway has more intermediates
and more enzymes than the anthocyanin biosynthetic pathway. Carotenoids serve a direct
physiological function within photosystems, therefore their synthesis directly affects
photosynthesis, unlike the anthocyanins. Carotenoids are not modified by glycosylation like
anthocyanins are. The differences between the anthocyanin and carotenoid biosynthetic
pathways should be noted because while the same principles from the study of anthocyanin
evolutionary rates will be applied to the carotenoid biosynthetic pathway, the methods and the
interpretation of the results may differ slightly. By creating sequence alignments for a
representative sample of both plant species and enzymes within pathway, one can perform a
variety of statistical tests to examine the cause and types of evolutionary rate variation. These
methods could be applied to other biosynthetic pathways in future research. Evidence to support
the hypothesis would be cause to propose this evolutionary observation as a trend, rather than an

isolated phenomenon.
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Materials and Methods

Sequences and Alignments
The genes used for this analysis were selected based on their location in the pathway, and

were those enzymes without evidence of duplication, with the exception of SLCY. Four genes

were chosen for analysis: one gene can be considered to be upstream (PDS), two are midstream

(ZDS and BLCY), and one is downstream (ZEP) in the carotenoid biosynthetic pathway (Figure

1). Solanum lycopersicum (tomato) was chosen to be the representative species based on
previous research, and complementary DNA (cDNA) sequences of each of the enzymes listed
above were obtained from GenBank. A BLAST search was performed against all plants in the
TIGR Gene Indices (Quackenbush et al., 2001), PlantGDB (Dong et al., 2004) and GenBank
databases. Sequences were determined to be homologous based on percent identities and the
length of the match sequence.

The selected sequences were initially trimmed down to coding sequences and then translated
using BioEdit 7.0.9.0 (Hall 1999). Edited peptide sequences were imputed into ClustalX 2.0.5
(Larkin et al., 2007; Thompson et al., 1997) to create multiple sequence alignments. Predicted
chloroplast leader sequences were identified using Chloropl.1 Server (Emanuelsson et al., 1999)
and subjective analysis was used to identify the portion of the alignment that appeared to
represent the predicted leader sequences from the peptide alignment. The DNA sequences
corresponding to the predicted leader sequences were then removed from the DNA alignment.
Manual adjustment of aligned DNA sequences was then performed as necessary. A
concatenated sequence for each species was also created using each enzyme’s DNA sequence

alignment.
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Phylogenetic Tree Construction
The maximum likelihood phylogeny of the seven species analyzed was constructed using the
concatenated DNA sequences and the program dnaml, a part of the PHYLIP package

(Felsenstein, 2005). The phylogeny was then tested by 1000 bootstrap replicates.

Genetic Distance and Nucleotide Diversity
Genetic distances were calculated from the concatenated gene sequence alignment using the

branch lengths from the phylogenetic tree. Nucleotide diversity, ©t, was calculated by DnaSP

4.50.1 (Rozas et al., 2003) using the methods of Nei (1987) and Jukes and Cantor (1969).

Comparing Site Models To Determine Selective Constraint and Calculation of dy and ds
Two models of molecular evolution were fit to the data for each gene using PAML 4.0 (Yang
2007) to test for evidence of selective constraint. The MO model assumes all positions across a

given set of sequences have the same value for m and estimates this value. The M1a model uses
two sites classes: Class 1 is a proportion of sites with 0 < @ < 1, and the remainder of codons
form the other class with fixed ® = 1. Model M1a estimates both the proportion and ® of Class

1 sites. The fits of these two models for each genes were compared using likelihood ratio tests.

Pairwise dy and ds values were calculated for each gene using PAML.

Codon Bias Estimation
The effective number of codons (ENC) was calculated using DnaSP implementing the
methods of Wright (1990). Because codon bias is often associated with GC content at the third

position in a codon (GC3 content), a graphical comparison of ENC versus GC3 content was used

17



to control for possible mutation bias. The observed values of ENC versus GC3 content were
plotted using the Nc-plot technique of Wright (1990). Expected values were calculated using the

methods of Novembre (2002).
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Results

Sequences and Alignments

A large number of sequences for each enzyme analyzed were found across a diverse set of
taxa. The analysis required, however, that each alignment included the same set of species, so a
final sample of only 6 species was used in this study. The species analyzed include the
following: Solanum lycopersicum, Capsicum annuum, Gentiana lutea, Chrysanthemum x
morifolium, Citrus spp., and Daucus carota (Table 1). Sequences for Oryza sativa were also
obtained and used as an outgroup for phylogenetic tree construction. The Chlorop 1.1 Server is
only able to approximate the length of the chloroplast leader sequence for each sequence
obtained, so subjectivity was used in determining where sequences alignments were trimmed.
For some sequences, that meant that some of the sequence not predicted to be in the chloroplast
leader region was removed for analysis purposes. The chloroplast leader sequence region
depicted in Appendix 1 is representative of how a typical leader sequence appeared. Also,
because the alignments have to contain the same number of base pairs for each sequence, all
sequences were trimmed at the same point in the alignment on the 5° and 3’ ends. Accession
numbers and base pair ranges of the sequences used are given in Table 1. A minimum of 73% of
the Solanum lycopersicum coding sequence was used for analysis, with values up to 89% (Table
1). Both the DNA and protein multiple sequence alignments showed strong conservation among

the plant species. The DNA alignments used for analysis are located in Appendices 2 - 5.
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Phylogenetic Tree Construction

The phylogeny constructed from the concatenated sequence alignment (Figure 2) shows
evolutionary relationships between the selected species that are in accordance with known
phylogenetic data (Soltis and Soltis, 2004). Bootstrap analysis revealed strong support for this

tree.

Nucleotide Diversity

Nucleotide diversity (1) increased noticeably for downstream enzymes in the pathway

(Figure 3). The Jukes and Cantor (1969) method produced an overall higher value of nucleotide
diversity for each enzyme, but with the same positive relationship observed using the methods of
Nei (1987). These data are consistent with the hypothesis that that the downstream enzymes are

evolving at a higher rate than the upstream enzymes.

Comparing Site Models To Determine Selective Constraint and Calculation of dy and ds

The % test to determine the fit of Models M0 and M1a for each gene rejected MO, indicating

Model M1a was a better fit across all the data (p <0.005). The graph of enzyme position in the

carotenoid biosynthetic pathway versus ® values generated by Models M0 and M1a, as well as
the graph of percent codons with 0 < ® < from model M1a are shown in Figure 4. If the ®
calculated using MO are used as a general guide, it can be seen that PDS, ZDS and SLCY have
similar m values, but ZEP shows a large increase in ® over the other genes. Using Model M1a,
o is relatively stable across the enzymes. In considering the parameters from Model M1a, the

fraction of sites subject to purifying selection appears to be relatively stable across PDS, ZDS

and BLCY, but smaller for ZEP. Therefore, it can be concluded that the strength of selective
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constraint is constant across the sites in these enzymes subject to constraint, but the proportion of
sites subject to selective constraint is noticeably reduced for ZEP.

While it is recognized that the complete set of pairwise comparisons of dy and ds are not
statistically independent, graphs of dy and ds versus genetic distance can be used to infer general
trends. Linear regression showed a positive relationship across all four enzymes between dy and
the overall genetic distance calculated from the branch lengths of the phylogenetic tree (p <

0.005). The rate of dy increase with genetic distance was similar for ZDS, PDS and BLCY, and

highest for ZEP (Table 2; Figure 5), again showing the rate of dy versus genetic distance values
increased from upstream to downstream in the carotenoid biosynthetic pathway. Interestingly,
the linear fits of dy versus genetic distance were also variable, as measured by the squared
regression coefficient, with comparisons more downstream in the carotenoid biosynthetic
pathway, showing greater heterogeneity (PDS r*= 0.873; ZDS r* = 0.766; BLCY 1*= 0.586; ZEP
r*=0.528).

The relationships of dsversus genetic distance were similar to the pattern seen in the dy
versus genetic distance analysis (Table 2; Figure 6). There was a positive, linear relationship
between dsand genetic distance (p < 0.005) and the rate of increase of dsversus genetic distance
increased the farther downstream the enzyme is located in the carotenoid biosynthetic pathway.
The rate of ds increase with genetic distance was lowest for PDS and ZDS, intermediate for ZEP,

and highest for BLCY (Figure 6). The regression correlations were higher for each gene in

comparison to the dyanalysis, and overall individual species values were less variable than in the

dsversus genetic distance analysis. (PDS r*=0.904; ZDS r* = 0.804; BLCY *=0.760; ZEP r* =

0.767).
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Codon Use Bias

ENC measures the extent to which codon usage deviates from the possible use of the 61
sense codons in the universal genetic code. Values range from 20, where codon bias is at a
maximum and only one codon is used for each amino acid, to 61, where there is no codon bias

and all codons are used. Codon bias was found to be relatively uniform for PDS, ZDS, SLCY
and ZEP, but BLCY did have slightly lower values (Table 3). This may be due to the fact that
BLCY is under greater selection for codon use bias as compared to the other three genes.

Alternatively, this difference could be attributed to other reasons, such as mutation bias. In
order to distinguish between these possible explanations, Figure 7 depicts expected ENC as a
function of third position GC content (Wright 1990). All of the enzymes for each species lie
either at or only slightly below their expected values, with the exception of the ZDS gene for
Capsicum annuum. These data therefore indicate that the four enzymes analyzed in the
carotenoid biosynthetic pathway are under at most only mild selective constraint, including

BLCY. The general lack of variation amongst species and between genes implies that codon bias

has been relatively stable during evolution in the carotenoid biosynthetic pathway.
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Discussion

The present research parallels the results from the Rausher, Miller and Tiffin (1999) and Lu
and Rausher (2003) studies. Rausher, Miller and Tiffin (1999) looked at anthocyanin
biosynthetic pathway genes by comparing monocots and dicots and found that regulatory genes
were found to evolve more rapidly, identified by the reduction in nonsynonymous substitution
rates of upstream genes, than the structural genes that they regulate. Lu and Rausher’s (2003)
study found the same nonsynonymous substitution rate pattern to be consistent within the
Ipomoea genus between upstream and downstream genes, indicating that the genes for the
upstream enzymes evolve more slowly than the genes for downstream enzymes. This difference
was attributed to greater selective constraint on upstream enzymes. We approached the same
scientific problem with a more restricted taxonomic range than the Rausher, Miller and Tiffin
(1999) study, but more broad than Lu and Rausher’s (2003) study. Our research indicates that
the upstream enzymes in the carotenoid biosynthetic pathway studied across a wide range of
angiosperms have overall evolved more slowly than the downstream enzymes. Reduced rates of
nonsynonymous substitutions were also observed, giving indication for selective constraint, but
the variance in selection constraint amongst the enzymes differed between this research and
previous studies.

Nucleotide diversity can serve as a general indicator to determine whether or not there is an
overall difference in diversity between genes. In this sample of genes, nucleotide diversity
increases as you go farther downstream in the carotenoid biosynthetic pathway. While the
standard error values are relatively high, the pattern of increasing nucleotide diversity is still

conspicuous and is strong enough to discount high variability in data as a reason for the

23



differences seen. The high standard error values could be attributed to the fact that Solanum
lycopersicum and Capsicum annuum are much more closely related in comparison to the other
species therefore their nucleotide diversity values are much more similar than the other species.
Two models were fit to the data to determine the types of evolutionary pressures causing the
observed increase in nucleotide diversity downstream in the carotenoid biosynthetic pathway.

Model MO, which assumes a constant m across all sites, did not fit the data as well as model
Mla, indicating that ® was variable across sites. The fits of model M1a showed the fraction of
sites subject to purifying selection, as measured by 0 < m < 1, is relatively stable across PDS,
ZDS and BLCY, with a clear decrease for ZEP. For those sites under selective constraint, the
estimated values of ® were similar across all four genes. These results indicate that this pattern

may be attributable to the fact that fewer codons within the ZEP gene are under selective
constraint, rather than a decrease in the strength of selective constraint acting across the whole
gene. ZEP could also just be an outlier; additional research investigating more of the enzymes in
the carotenoid biosynthetic pathway could confirm whether the downstream enzymes overall
show a decrease in the proportion of sites under selective constraint. It is important to note that
the presence of positive selection is not ruled out by this analysis, and additional site models
could also be tested to determine if these genes are under positive selection.

7 does not take into account synonymous or nonsynonymous positions within the genetic

code when measuring DNA polymorphism, therefore the specific location within a codon that
these nucleotide differences occurred was measured through the analysis of nonsynonymous and
synonymous substitution rates. Nonsynonymous substitution rates increased the farther
downstream an enzyme is in the carotenoid biosynthetic pathway (Table 2; Figure 5). The dy

value for PDS is higher than for ZDS, despite PDS’s most upstream position in the pathway
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studied, however, the values are very similar, and the standard error estimates overlap. Because
these enzymes function one immediately after the other in the pathway, the dy values for these
enzymes are expected to be very similar. Also, the Solanum lycopersicum and Capsicum
annuum comparison is an outlier as shown by the points to the extreme left in Figure 6. This
comparison could have reduced, or possibly increased, the differences in dyversus genetic
distance values for each enzyme. The outliers could have caused the large increase in the dy
versus genetic distance regression for ZEP. The other enzymes analyzed are not positioned one
after the other in the pathway, therefore there is greater variance in their dy values. Further
research could use data from more species from a variety of angiosperms to increase the size of
the sample used. This could reduce the effect of the outlier pairwise comparison and could
provide more conclusive data. By analyzing more enzymes within the pathway, it is possible to
determine if this trend holds for the complete carotenoid biosynthetic pathway, or if ZEP is
indeed an outlier. Variability in individual species values also increased the farther downstream
in the pathway an enzyme was located, as measured by standard error values of squared
regression coefficients. This observation is consistent with the idea that less selective constraint
is acting on downstream enzymes. Reduced selective constraint would theoretically allow genes
to vary more, especially concerning nonsynonymous substitution rates.

Synonymous substitutions were shown to have higher rates than nonsynonymous
substitutions, which is expected due to the fact that nonsynonymous substitutions directly cause
amino acid changes within a given sequence, whereas synonymous substitutions do not.
Synonymous substitutions also generally increased the farther down the enzyme was found in the

carotenoid biosynthetic pathway, with the exception of SLCY (Table 2; Figure 6). BLCY had the

highest rate of synonymous substitutions as compared to genetic distance, but it was not the most
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downstream enzyme analyzed. The squared regression coefficient for BLCY is low at a value of

0.586, therefore the individual species values for this enzyme were highly variable. SLCY also

had the largest standard error value of the squared regression coefficient, which also indicates a
high degree of variability between individual species. The low regression coefficient value could
account for this discrepancy. In addition, standard error rates for these squared regression
coefficients increased the farther downstream an enzyme was located in the carotenoid
biosynthetic pathway, similar to nonsynonymous substitution rates. The differences in dsversus
genetic distance values were more evenly separated across enzymes in comparison to the dy
values. It is expected that ds values will be relatively uniform across enzymes due to their
reduced effect on protein changes in comparison to nonsynonymous substitutions. Because the
ds and dy graphs as a function of genetic distance are not statistically independent for each
enzyme, there is not a statistical test that can be used to quantitatively measure the differences
between enzymes. We did not find that the most upstream enzyme analyzed had the highest rate
of synonymous substitutions, unlike Lu and Rausher’s (2003) observations. Lu and Rausher
(2003) ruled out elevated mutation rates as a cause for higher rates of amino-acid substitutions in
downstream genes because they found the most upstream gene analyzed had the highest
synonymous substitution rates. We therefore did not rule out higher mutation rates as causing
higher substitution rates in downstream genes.

The estimates of ® from M0 and M1a were both well under 1, indicating that positive
selection does not appear to be occurring on any of the genes (Table 2). This observation leads
to the idea that it is reduced selective constraint that is allowing for elevated differences rates in
the downstream genes. This observation is also consistent with the differences in the degree of

codon bias observed amongst the genes analyzed.
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It is assumed that genes under greater selective constraint will exhibit greater codon bias.
There was no observable trend in effective number of codons in comparison to the position of the
gene in the carotenoid biosynthetic pathway (Table 3; Figure 7). GC3 content was also similar

amongst the genes, with the exception of the slightly lower value for SLCY (Table 3; Figure 7).

All of the mean effective number of codon values were very similar, with standard errors

providing considerable overlap between genes with the exception of SLCY. The gene with the
apparent highest codon bias, SLCY, had the highest rate of synonymous substitutions, as well as

the second highest nonsynonymous substitution rates. A high synonymous substitution rate in
the presence of high codon bias is not a typical result. It is expected that at codon-bias
equilibrium, greater selection for codon bias would cause a decrease in synonymous substitution
rates. However, Lu and Rausher (2003) observed the same apparent anomaly in their study of
anthocyanin biosynthetic enzymes. They found that the most upstream gene had the greatest
codon bias and the highest rate of synonymous substitutions. This concept assumes that all
genes analyzed have a similar underlying synonymous mutation rate, regardless of selection

pressures. If this assumption is not true and the underlying mutation rate is higher for SLCY than

the other enzymes, the synonymous substitution rate will be relatively higher, but the equilibrium
codon bias should not be affected by this variation in substitution rates. Therefore, it is feasible

that SLCY is under high selective constraint, but its baseline mutation rate is higher, which could

account for the apparent discrepancy in the data.

One possible reason for the differences in evolutionary rate in upstream and downstream
enzymes is that the enzymes downstream directly produce the molecules that serve as structural
components in photosystem II. Lutein, violaxanthin, neoxanthin and zeaxanthin all bind to PSII-

LHCII. PSII is the newly evolved photosystem found only in chloroplasts and non-sulfur purple
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bacteria. Therefore the latter half of the carotenoid biosynthetic pathway, which can be
characterized as from the cyclization reaction and downwards, has more recent functions within

photosynthesis. Since BLCY is responsible for this important branch point in the pathway, it is
plausible that the discrepancies within the SLCY data could be attributed to this fact. Perhaps its

expression varies depending on its location within a plant, which could cause greater variation in

its evolution. Some research has indicated that SLCY and €LCY evolved from a common

ancestor in bacteria due to a duplication event (Krubasik and Sandmann, 2000; Tao et al., 2004).
It is known that duplicated genes often show greater mutation rates and diversity, which could

also account for the discrepencies in the BLCY data. Further analysis of BLCY could show

similar evolutionary trends with this enzyme as well, which could indicate that the differences in
evolutionary rate for these two enzymes are due to their position at the split in the carotenoid
biosynthetic pathway.

It is also important to note that photosystem I evolved much earlier than photosystem II
(Amunts and Nelson, 2008). Therefore it is plausible that the enzymes that produce molecules

directly involved with photosystem I, such as the molecule -carotene, may have reached an

evolutionary standpoint. Photosystem II could be more variable, and thus allow for more
variation in the evolution of the carotenoids in the lower half of the pathway.

Overall, it appears that these data confirm the hypothesis that the downstream enzymes
evolve more quickly than the upstream enzymes in the carotenoid biosynthetic pathway due to
relaxed selective constraint. However, evidence of positive selection has not been fully
examined, therefore it cannot be eliminated as a possible reason for variation in evolutionary
rates of the studied enzymes. In the future, codon substitution models could be used to detect

evidence for positive selection or not. A more detailed analysis of the pathway, including the ,e
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branch and the rest of the enzymes in the 3, branch could give further insight into the

evolutionary rate trends. Anomalies found in the analysis could be further investigated to

determine the reasoning for these differences. Conversely, these irregularities could instead be

proven to be trends within the pathway.
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Figure 1. The carotenoid biosynthetic pathway with the carotenoid structures. The enzymes
used in this analysis are boxed [Hirschberg (2001)].
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Figure 5. dy versus genetic distance for each enzyme. Genetic distances were determined using
the branch lengths from the maximum-likelihood phylogeny seen in Figure 1. Each point
represents one of 15 comparisons between species pairs from the six species analyzed.
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represents one of 15 comparisons between species pairs from the six species analyzed.
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Table 2. Synonymous and nonsynonymous substitution rates.

Slope PDS ZDS BLCY

ZEP

dy vs. genetic distance  0.188(0.020) 0.162(0.025) 0.231(0.054)
ds vs. genetic distance ~ 4.721(0.426) 5.371(0.735) 8.863(1.380)

0.304(0.0780)
6.151(0.936)

First two rows are regression coefficients of dyy and ds versus genetic distance.
Standard errors are in parentheses.
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Table 3. Mean Effective Number of Codons (ENC) and GC percentage at the
third codon position values.

PDS ZDS BLCY ZEP
ENC 53.8(1.36) 53.9(1.23) 47.9(1.22) 51.8(1.76)
GC3 0.352(0.14) 0.348(0.11) 0.310(0.17) 0.333(0.19)

Standard errors are in parentheses. Points that lie on or above the expected curve fall within the null
Model prediction. Points below the expected curve predict deviation from the null model of no codon
preferences (Novembre 2002).
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