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Abstract

This paper is a review paper for the subsequent document on the Genus
Hemerocallis. This paper establishes the baseline facts as are currently
experimentally know and which are at the heart of understanding the genetics of
the Genus Hemerocallis. This paper develops models which will be used
elsewhere in the analysis and synthesis of color and patterning of the various
hybrids as well as establishing an understanding of the underlying sets of species
and their resulting hybrids.
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1 INTRODUCTION

The genetic structure of the genus Hemerocallis and its impact on the color and patterning
requires an understanding of a few essential facts from the now well understood operations of the
gene and the secondary pathways associated with them. This paper is a review of these
principles.

Specifically we review the following:

1. Gene structure and operation. This includes the basic Watson and Crick model as is currently
understood. The development that we use is a functional model and note one that would be more
familiar to the biologist. In all our analyses we will build models of functions and leave the basic
principles and their modifications to the bench scientist.

2. Secondary Pathways are introduced and the related gene controls are presented. The secondary
pathways which create the chemicals which in turn create colors are discussed in some detail.

This discussion should provide the basic principles to address the other issue we seek to develop.
2 PRELIMINARY CONCEPTS AND DEFINITIONS

We want first to develop some concepts and definitions. To fully understand the genus
Hemerocallis and to be able to employ the techniques of breeding, one must have a common
framework of concepts, the building blocks of the ideas we will develop and employ. This
chapter begins that process.

There are several concepts we can begin to define. They are:

Chromosomes and Genes: The essence of understanding and growing new types of Hemerocallis
is the understanding of the chromosome and gene. The Hemerocallis gene is somewhat simple
and akin to that of a human. We humans have 22 chromosomes plus a sex chromosome. For a
total of 23 chromosomes. The Hemerocallis has 11 chromosomes and no sex chromosome. Both
generally have chromosomes in pairs, the human has 23 pairs of 46 chromosomes and the
Hemerocallis has 22 pairs of 11 chromosomes?.

Genotype and Phenotype: We all know what a specific plant "looks" like if we see it. We know
its color, its size, its shape, and other characters or characteristics which we could then
communicate in a somewhat unambiguous fashion to others so that they could in turn say
whether they have found the same "type" of plant. In contrast, we can now ascertain the
genotype of a plant, at least on the small. We can look at certain gene loci and from them
determine what the plant is. In today's world we can use this genetic information perform various
analyses which in turn will allow us to "characterize" a specific plant. But we know that no two

2 See Kang and Chung (1997) p. 210, Journal of Plant Research, Japan. The authors state that they have independently verified
this number.
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plants have exactly all the same genes, some genes may not be expressed, so they may "look"
alike in all aspects, but hidden in sections of their DNA are segments which do not speak but are
different.

Species: Just what is a species and what does it mean for us as we proceed through this study.
This is the most critical question that we shall pose and we shall spend considerable time
discussing its meaning.

Breeding versus Hybridizing: Daylily people consider themselves hybridizers. Agricultural
botanists look at breeding, as do say people who raise dogs, horses and the like. What is the
difference between breeding and hybridizing and which applies or should apply in this area.

Pollination, Self and Cross: Obtaining variability in a plant means we must work with what is in
nature or has already been developed by others. The plant in the wild will pollinate itself or will
cross pollinate with others. What do we really mean by these terms and how does that influence
the concepts we are trying to develop.

2.1 Chromosomes and Genes

Let is start with the chromosome. We will return in some detail to this latter but at this point we
want to establish a few basic definitions. The plant has 11 pairs of chromosomes, for a total of
22 chromosomes®.

The Figure below is a graphic of a typical plant cell showing the nucleus and one of the
chromosome pairs. This graphic is not at all what one would see in reality but it is typical of the
generic elements.

® See Kang and Chung, 1997, Journal of Plant Research.
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2.1.1 Chromosome

The chromosomes are the collection of DNA which agglomerates together into separate units.
They bind together as pairs and it is these pairs which make up the chromosomes we see in the
nucleus of a mature cell.

The Figure below depicts the types of possible chromosome combinations we would see in a
typical Hemerocallis. This is called ploidy, haploid being one chromosome and diploids being

pairs of chromosomes.

Figure 1 Basic construct of a plant cell.
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Diploid Triploid Tetraploid

Figure 2 Plant ploidy
The types of ploidy are:

Haploid: The haploid is the single chromosome strand that one may be able to see in the sex cells
of a plant. Namely in the pollen or in the ovary cells. The haploid is a single stranded non-binded
collection of DNA.

Diploid: The diploid is the prototypical collection of DNA in the mature Hemerocallis as is
normally found in species and in many hybrids. The diploid is merely two, one from the male
and one from the female.

Triploid: This type of three way bonding is found in many Hemerocallis which do not produce
sexually such as the H. fulva Europa, the common garden variety orange daylily and the doubles
we see frequently the H fulva Kwanso and H fulva Flore Pleno. These triploids are not at all
readily used in crossing but it has been recorded that from time to time they do manage a cross.
The details of the crossing mechanism are not fully understood.

Tetraploid: Since the mid 20™ century, with the use of colchicine an alkaloid from the
Colchinum genus, also used for gout, the creation of tetraploids was possible. Tetraploids have
four chromosomes per grouping and thus the nucleus has a total of 44 chromosomes. This is
twice the DNA of the normal diploid and this doubling introduces many additional variations
which we shall show later.

2.1.2 DNA

Page 6



DNA, deoxyribonucleic acid is the heart of the gene. It is the basis of the code we can understand
to determine the relationship between genes and their phenotypic responses.

We briefly layout the ideas concerning DNA in this section. DNA is constructed in the following
manner. There are four base elements; Adenine (A), Glutamine (G), Tyrosine (T) and Cytosine
(C). They are shown below.

H2N =N 0 H
N\\_\ " AN
NH LNH
Adenine Glutamine

NH,

0
?/_(NH )
HN—<O H/J\O

Tyrosine Cytoseine
Figure 3 Bases of DNA elements

These Base elements can combine in only a specific manner, namely A with T and G with C.
These bonds are shown below. This was one of the seminal observations which drove Watson
and Crick towards their great discovery. The bonding also is the basis for how these Bases
combine in pairs, the Base Pairs, and then how these Base Pairs link up to form the now famous
DNA chain.
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Figure 4 CT Base elements and their bonding.
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Figure 5 A-T Base Pairing
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Now these Base Pairs are connected to sugar molecules, a cyclic ribose, to create a Nucleoside,
such as deoxyadenosine. Then the nucleosides are enhanced with a phosphate constellation, a
phosphorous molecules surrounded by oxygen and hydrogen. This combination of the nucleoside
and the phosphate is called a Nucleotide. It is these nucleotides which connect on a backbone on
the outside and in another backbone on the inside to form the DNA molecule. The following
Figure shows a Nucleotide connection, we do not show the base pair connections. The
Nucleotide has two defined ends; a 3' end which of the OH molecule and the 5" end which is the
phosphate. We show these in the following Figure. These ends will play an important part in the
generation of the products of DNA.

o]

CHz

H,C CH,

3"End 5'End
Figure 6 DNA Nucleotides and 3' and 5' Ends.

The nucleotides are then connected into the long DNA wrapped double helix which is generally
well known. This is shown below. Our interest will be in the genes themselves and we will look
at them in some detail. One of the key questions will be just what is a gene? That will be a
challenging question. It will go to the heart of hybridizing. It can be answered in many ways but
clearly the simple ideas of Mendel must be revisited.
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In the Figure below we set forth a paradigm of the opposite bases and they are lined up in a
stretched out set of nucleotides where we are looking solely at the base elements, the A, T, G and

C.

DNA Double Helix structure
decomposed into linear array of
connecting nucleotides in the pairs.

Figure 7 DNA double helix and Base Pair paradigm.

In the human the DNA is of moderate size, about 3,200 Mb, that is 3.3 billion G, T, A, or C.
However as shown below the DNA is broken down into many small elements. The actual
operating genes constitute a mere 48 million bases and this constitute about 20,000 genes. That is
an average of 2,400 bases per gene. As we shall see it takes three bases to create one chemical
compound on a protein, this there are a total of 800 per protein on average.

The main conclusion is that there is a great deal of what has been called junk DNA. That DNA is
useful for identifying people, namely that is used in DNA identification, and it may or may not
play great roles in protein generation and gene modulation.
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Ref: Watson et al, Molec. Bio Gene 5% Ed, p. 137

2.1.3 Gene

The gene is the fundamental building block of any living creature. It is not the single expressive
element to control a phenotype, it may contribute to that control but it is not the one to one
element in the process. Thus a red flower may be controlled by several genes and in addition
those genes may be affected by several epi-genetic factors ranging from the environment to other
genes.

The human is now thought to have about 20,488 genes*. Not a large number and greatly lower
than what literally all the experts thought before the human gene was fully analyzed. Many
experts had guessed that there were well above 300,000 genes in the human. The Human genome
is composed of slightly more than 3 Billion base pairs, combinations of G, T, C or A. The
Hemerocallis genome is approximately 4 Billion base pairs. The number of active genes in
Hemerocallis is at this time unknown. But it is close in size to the human genome.

The simple construct of a gene is shown below. It is a collection of DNA bases which combine
together in terms of the effect. We show in the Figure the Introns, namely the unused DNA
bases, and the exons, the used DNA bases. The exons are "combined" to effect what a gene does.

4

See Pennisi, Working the (Gene Count) Numbers: Finally, a Firm Answer? SCIENCE Vol 316 25 May 2007
http://www.sciencemag.org/cgi/content/full/316/5828/1113a?maxtoshow=&HITS=10&hits=10&RESUL TFORMAT=&fulltext=gene+count&sea
rchid=1&FIRSTINDEX=0&resourcetype=HWCIT
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Exon 1 Intron 1 Exon 2 Intron 2

Exonl Exon2 Exon3

Figure 8 Genes and Introns and Exons

What then is a gene? For our purposes and to be consistent with contemporary understanding we
define a gene as:

"A gene is a collection of DNA bases which when combined in a determinable manner can
express the combination of bases via the production of some effect upon the cell and potentially
its surrounding environment. A gene is an expressible collection of base pairs, when acting in
concert, in the internal environment of a cell."

Thus we understand a gene by its effects, not just by its structure. It effects may be complex. It
may produce some RNA, and in turn a protein, it may activate or suppress another gene, or it
may be the basis for creating a new gene in this construct. Based upon what we know and
understand today, a gene is not some well defined coherent set of contiguous DNA. Genes can
even be created on the fly within the cell based upon the environment that is if we define a gene
by what it creates and affects.

The classic paradigm for DNA influence is shown below. Namely that DNA generates RNA via
transcription and RNA generates proteins via translation. We will not get into further details
other than saying that this process has many sub elements which will be regarded in further detail
latter.
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Figure 9 Classic DNA Paradigm

The above understanding of the gene and its relationship to its environment states that there
exists a gene, a construct, which uniquely generate an RNA strand, which in turn uniquely
generates a protein. We now know that these are all subject to further analysis. For example, the
gene is not just a connected set of DNA bases, it is a set of exons, which may be combined in a
sequence, or may even be broken or reassembles. Thus the gene is determined by what it does,
not by any unique set of base pairs.

The protein that results from the above model is then related to some phenotypic response.
2.2  Genotype and Phenotype

Phenotypes are what we see, smell, hear, touch, taste; they are the interactions between some
creatures, in our case a plant, which we may use to identify the plant. In the genus Hemerocallis,
the phenotype may be the color, color patterns, size, time of bloom, odor, texture of the flower,
and other definable characteristics that we see when we observe the plant.

Genotype is what the gene has as specific content, its specific DNA. The production of a
phenotype is frequently driven by the expression of a gene. The gene "expresses" itself in a very
special manner. The DNA is wrapped in tight coils.

The model we will build upon appears as in the Figure below. This is the canonical model for
gene expression. We assume that there is some collection of secondary pathways, and that these
pathways result in chemical products that are directly related to a phenotype; a darker red flower,
a longer leaf, a taller scape. That these pathways are modulated in some manner by proteins
generated from within a cell. That the proteins are the result of some entity called a gene. That
the gene can be an assembly of bases and the gene may itself be modulated up or down by
activator or repressor proteins respectively generated by other genes or even the same gene. Thus
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we model the cell as a dynamic system and further we argue that this system has certain random
elements which we shall include latter.

Pathway A Pathway B
-
\—Activatori
. N\
Gene 2 Protein 2
]
’7Repressor
-
Phenotype Phenotype

A B

Figure 10 Canonical Model for Gene Expression

It is the output of this genetic process that we get the plant in its full temporal and spatial
existence.

The above model of the gene is one in which we see the beginnings of some form of feedback.
We see the activator and repressor genes as the basis for this element. However this may be
expanded even further, We show this below. Note we show that the Gene K can be influenced by
other Genes, as well as the products of the pathways as well as by the environment. The
Environment can modulate the pathway which by being fed back to another controlling gene can
then modulate the activating gene. This process is a complex process and exceeds what we
would have imagined from the simple Mendellian gene theory.
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Figure 11 Dynamic Gene Model

Gene N

Product

Now back one again to the Mendellian Gene model. Although Mendel and his model was not so
rigidly simple, for he did admit some other influences as well as variation, we will call the
simple Gene and Phenotype combination the Mendel Model. Namely in this model we assume
the existence of a Gene and then we further assume that there is some phenotypic characteristic
such as flower color which maps one to one onto this gene. One gene and one phenotypic
character. The phenotypic characters further have countable and discrete values. The flower is
red, yellow, and green. There are no blends and there are a limited numbers. Then there is a gene
for red, a gene for yellow and a gene for green. The gene is at the same place on the chromosome
and the gene just somehow changes to produce a different color. In addition the genes are
dominant in some order. That is if there is one red gene, of the two on the chromosome, then we
get red, if not a red but a yellow we get yellow, and we get green if and only if there are all green
genes, namely two.
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/ Chromosome \
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World View: T
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Red Flower v

Now there is a second model, based upon our understanding of DNA and the Watson Crick
world. However this model goes well beyond the simple Watson Crick model. Here we assume
we have long segments of DNA with many exons and many more introns. The gene as we know
it is the result of the cellular processes which assemble the exons into a block of DNA which
RNA will use to in turn generate a protein. In reality what happens is that the exons may be
recombined to generate RNA in a variety of fashions. The result of that process, as well as the
dynamic model we depicted above is that the phenotypic characteristic, say leaf length or width,
or date of first bloom, takes on the character of a random variable. It has a set of values whose
probability distribution may be of some form. We use as an example a standard Gaussian curve.
This is shown below.
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Exon 1 Exon 2 Intron 2
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Exon 2 Exon 1
Exon 1 Exon 3

Current World View;

The rate of gene expression can
Genes can be cut and v be modulated by other genes or
pasted and they can be external factors as well. The gene

controlled by other genes expression then controls the
phenotype along with all other

and the environment and ion el
the phenotype expression e ements.
guantitative value can
have a statistical
dIStrlbUtlon Bell-Shaped Curve

Phenotype Quantitative Characteristic

X

Figure 12 Current View of Genetic Control
For example we show in the following Table results from Hasegawa et al as modified:
Table 1. Morphological traits (mean and standard deviation) of Hemerocallis citrina

and Hemerocallis fulva, their F1 hybrids, and individuals in the hybrid population The
standard deviation is given in parentheses

H fulva H citrina F1
No. of scapes 72 74 55
Flower tube length (mm) 32.40 45.28 32.27
Petal length (mm) 92.51 81.13 78.60
Petal width (mm) 15.42 14.50 16.01
Stamen length (mm) 77.02 68.04 64.39
Pistil length (mm) 97.34 76.19 77.73

We now use the data from Hasegawa and present their curves shown the statistical distribution of
scape and dimension.
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Figure 13 From Hasegawa et al, Distribution of H fulva and H citrina

In a further step using Hasegawa and their study of H fulva and H citrina we can see the
distribution in flowering time of the two species as recorded by the authors. Clearly several
things can be observed. First, the time of bloom is clear bimodal and this form of separation will
enhance the separateness of the species. The pollinators further reinforce the separation. Second,
and in line with our above discussion, the blooming is spread out over a large period of time.
This gives a probability distribution, albeit not a Gaussian one,
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Figure 14 From Hasegawa et al, Flowering time of H fulva and H citrina

The views of gene impact are summarized in the following Figure. We shall use this model as a
way to better understand how one can better seek hybridizing opportunities.

#Single Gene and Single set of delimited phenotypic
characteristics

*Genes have some form of dominance and characteristics
reflect that

Mendel

v

eGenes are collections of DNA and DNA is transcribed to
RNA which is translated to a Protein.

eThere is a one to one relationship between a Gene and a
Protein.

Watson and Crick

v

*Genes are collections of exons, sometime even introns,

. and are glued together to be used to transcribe RNA and
Current View in turn DNA

*Genes can be modulated by various epigenetic processes.
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3 GENETICS

In this section we present an overview of the classic Mendellian analysis.> The Mendellian
analysis makes classic assumptions which prevailed until the advent of the Watson and Crick
model, and even slightly beyond. In fact many breeding programs build upon a Mendellian
approach. We argue that such an approach is partially correct but lacks most of the key elements
which must be considered.

In this section we briefly review the molecular genetics of a plant cell. We do not get into any
significant details but merely review the elements which we can use letter in developing the
mathematical models for plant regulation. As we have shown in the previous section, plant colors
are the result of the expression of three types of secondary plant cell products; anthocyanins,
flavones and carotenoids. We have focused mainly on the anthocyanins but have shown the
details on all three. What we focused on is that the production of any one of these is a result of a
specific pathway and that the production in that pathway is controlled by a set of enzymes. The
enzymes are proteins produced within the cell. The proteins are the result of the expression of a
set of genes.

In this section we now by reviewing the current understanding of plant cell micro genetics show
that the proteins are expressed by the normal process understood since Watson and Crick's
seminal work and that there are factors which and activate their production, indeed enhance their
production, or repress their production. These are the activators or repressor proteins. The
activator and repressor proteins are in effect other genes expressing themselves. We will
combine the last section with the results in this section to affect a dynamic system model for
plant color generation in the next section.

What will be critical to understand here is that we just want to place the process of activators and
repressors in context. We discuss in the next section what our overall design approach will be;
that of an engineering model development and not a detailed understanding at the cell level.
Frankly, we are not interested in the lower level detail, only gross modeling of cells, genes, and
their proteins. They will become the inputs, outputs and control mechanisms of our design
approach.

3.1 Plant Cells

Plant cells are a class of eukaryotic cells which are characterized primarily by have a rigid cell
wall. In almost all other ways they are similar to animal cells. Plants generate all of the amino
acids they need for protein generation unlike animal cells but other than that, for our purposes,
they function very much the same. Thus as we develop a model for plants the model has no
restrictions in its applications to animals as well.

The typical plant cell is shown below. The cell wall and the nucleus are depicted.

® See Griffiths. This is an excellent overview of genetic analysis.
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Plant Cell

e N

- //

When we look at a collection of plant cells they appear as below. They are aligned and
interconnect via various channels. Unlike animal cells plant cells have a much more rigid
structure due to the cell wall however the general intercell signaling is identical.

Plant Cell Matrix

s
@@Ii [=

—
N

Our interest will be to focus on both the intracell and intercell signaling and control of the
pathways.
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3.2 Plant DNA
Plant DNA processes are almost identical to those of animals. The graphic below summarizes the
view we shall take. Each cell has DNA and the DNA uses a mRNA to create proteins. The

proteins are then used in the management of the pathways to create the secondary products of the
cell, in our case the anthocyanins.

Plant Cell DNA Process

e 3

C02

RNA

Pro;;i%%) /
/

Anthocyanin

.

For a single cell the model is quite straight forward. Gene expression causes
RNA which causes Protein, which is enzyme in anthocyanin pathway
generating the anthocyanin.

We do however want to stress certain issues. There are two extreme views of cells:

Micro/Time View: The micro view looks at a cell at each instant of time and considers what is
happening. Is the cell generating a protein and a secondary and if so how and what is the
sequence in which this process occurs. It is a focus on a single cell over some time period and we
see many things happening.

Ensemble View: In this case we look at the cell on average. Namely we say a cell can “on
average” produce a protein and can then in turn produce a secondary.

These two views have analogs in mathematical analysis; they are the time averages versus the
ensemble average. In mathematical statistics we have the concept of looking at a single cell and
time averaging say the concentration of a certain secondary. We know how it is produced and
thus over some time window we can look at the average of say pelargonidin and we than
measure its average value. In contrast we can take a collection of similar cells and measure the
pelargonidin in each cell and take that average. The latter is called the ensemble average. The
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equivalence of the two is called the Ergodic Theorem and was developed by Norbert Wiener®.
The microbiologist typically focuses on the time view. We in this paper will focus on the
ensemble view. The latter view will allow us to model, predict and control large collections of
cells.

Now the figure below depicts a typical problem we want to understand. Consider an array of
cells. Consider that they are arranged in ascending order up the petal of the flower, from base to
outer edge. Consider now that at each vertical increase that the cells at the same level all have the
same color yet at each level they have a differing shade of color. This implies that the
anthocyanin concentrations are different at each level but identical at each cell within a level. We
will assume we can understand a single cell from our discussions in the last section, if we
understand the pathways and their enzyme controls. Now we ask how does one create a
mathematical system model which can “explain” the color patterns we see below. This will be a
critical question to answer.

Plant Cell Matrix Colors

&5 @D @5
S NS A\S NS
/ 4
How do the cells communicate? Why does one cell generate more anthocyanin
than other cells. Why is this not just random? What is the control mechanism?

e

(S

@5
@520

8 ©

Before we can answer this question we need to delve a bit deeper into the genetics of gene
expression.

3.3 Plant Gene Processes

The processes in plant genes are generally identical to those in animal and thus human genes.
The figure below shows a typical gene structure along with key sites. This structure shows the

® See McGarty, Stochastic Systems and State Estimation.
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gene activator site which is where activator proteins can bind to start or enhance the expression
of the gene. The operator sits and the overall promoter sequence are shown down from the
activator site.”

Operator:

G e n eS The DNA region at one end of

an operon that acts as the
binding site for repressor gene.

6Bl NOBI B

Activator
Binding
Site
N
—~
Promoter:

A site a short distance
from the end of the
gene which acts a
binding location for

RNA polymerase

Genes express themselves with the assistance of RNA polymerase. The RNA polymerase is key
in that it binds to the DNA and then opens it up to allow for the transcription creating the mMRNA
required for the translation process. In the figure below we show this process.

" This is detailed in Watson et al. Also see Griffiths et al.
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RNA Polymerase

Genes
90Dl NOBI B

Promoter

We will now focus on two actions which control the gene expression; activators and suppressors.
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3.4 Activators

Activators are proteins which when attached to the gene assist in the expression of the gene. An
activator is a protein resulting from another gene which can assist and facilitate the expression of
a gene. Remember we want to look at the ensemble view, not the time view. Thus we assume
that the RNA polymerase is continuously acting to produce proteins and that there is a
continuous flow at some level of the activators. The cell process from the time view is shown
below. An activator binds facilitates the RNA polymerase binding which in turn produces the
MRNA and then in turn the proteins via the translation process.

RNA Polymerase

Genes
o
OBl onl B

Promoter

If there is an activator then the gene can be readily expressed. The RNA polymerase then binds,
creates the mRNA and this in turn produces the related protein. Activators stimulate this process.
The Figure below depicts the location of the gene downstream from the activator and the
promoter.
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Genes

SEOBL NOBD b

Now it is important to understand the activator from a time perspective and then from the
ensemble perspective.

1. Activators are proteins generated by other genes in the cell.

2. Activators bind to the DNA and facilitate the production of the gene, which in turn
produces another protein.

3. Activators can bind, release and then rebind. Each time they do that they produce another
MRNA and that in turns produces another protein molecule.

4. From a time perspective, it is activator, produces gene reading, produces mRNA, and
produces protein.

5. From an ensemble perspective we have a concentration of activator proteins and then we
get a concentration of result proteins.

This then leads to a simple model:

P, = Output Protein Concentration
P, = Input Protein Concentration

Fo=AR

But there is also a dynamic model which we can state; to some degree this model is a hybrid of
the time and ensemble approach. The model states:
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dP,
E=fmmﬂm0

P,(0) = P!
P(0) =P

Now we must remember that this simple two protein, two gene model is just a simplification. In
reality we may have dozens of not hundreds of genes in this process. Now consider a simple
linear model for this two gene system:

(1) = P exp(—A1)

dP, (t
El) g R+ 4R 0
We can solve this differential equation. It is:

P (1) = k, P (0)| ZXREAL —exp(he of)

//LI - ko,o
where;
Ab,o = _ko,o
A\),i = +ko,i

We have solved this for a simple example using constants of 0.01 and 0.2 respectively.
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Output Protein Concentration as a Function of Time
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Output Protein = = Factor L == = Factor 2 ‘

Note that the output protein concentration reaches a peak and then decays as per the driving
protein. We will see this phenomenon again.

3.5 Repressors
In contrast to activators we also have genes which are suppressors. Three methods of suppressor
action are shown below. A suppressor does the opposite of an activator. It suppresses the

expression of a gene. The same logic will follow the repressor as was with activators. We again
also want to view this from an ensemble perspective.
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Repressors

t
oitsk X W

Competition: Activator is blocked Inhibition: Activator is blocked by a
by an overlapping Repressor binding Repressor

@ )/ 0
O

Direct Repression: Repressor blocks transcription

As we did with the activator, we see a repressor stops the generation of the protein. This it is
nothing more than a negative driver to protein generation.

3.6  Summary of Actions

We can now summarize what we have presented here:

Color is the result of anthocyanin production.

Anthocyanin production is a product of a specific pathway.

Pathways are mediated by enzymes, which are proteins generated by genes in the cell.
Proteins are generated by genes.

Gene activation is modulated by activator proteins and suppressor proteins.

Activator and suppressor proteins are generated by other genes.

N o o b~ w DN

One can model this overall process by a linked set of equations, both of a time varying
nature and an ensemble, average steady state, nature.

8. An overall state model can be developed for the genetic control of color in plants.

We can now take this set of conclusions and use it to construct the state model.

4 EXPRESSION ANALYSIS AND IMPLICATIONS
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In this section we develop a systems approach to the problem of color analysis and synthesis.
This work is based upon the recent work of Szallasi and others. However this also builds upon
the work in McGarty (1971) which focused a systems approach to the overall identification
problem.

4.1  Approach: Engineering versus Science

The approach we take in this paper is an engineering approach rather than a biological
approach.® Our interest is in developing a model or sets of models which allow us by a verifiable
means to show how the genes react and interact to produce the plant colors. We can compare this
to the engineering approach to circuit design of transistor circuits versus the science of
understanding the semiconductor from the point of view of detailed quantum mechanical models.

The biologist in our approach is akin to the physicists and engineers who approach the cell from
the bottom up, trying to understand all of the intricate processes and steps that lead at the micro
level to the developments we look at herein. In our approach it is akin to the engineer knowing
that there is some function inside the semiconductors which may clearly be important but the
engineer’s interest is in designing and analyzing the transistor as a circuit element.

Thus for an engineer, if we increase a current here we get a decrease or an increase at some other
point. The engineer creates a world view of a macro set of processes and models the details of
the biologists in our case with a few set of equations which show the results of increases and
decreases. This model must then be valid table and verifiable. One must be able to make
measurements to show that the processes predicted indeed occur, to a reasonable degree of
accuracy. Then one can analyze a genetic circuit and then in addition one can design a genetic
circuit. We then can understand where the colors come from and possibly engineer the genes to
develop and deliver on colors we desire.

4.2 A Control Paradigm

The basic control paradigm is contained in the following Figure. The expression regulator may
be an activator or suppressor. It may be a result of a gene expression in the cell itself or quite
possibly as we shall discuss fed through from another cell. There are many of these regulatory
cycles and they are all interconnected. This basic paradigm is one of hundreds or thousands of
such interconnected flows.

® There has been a significant set of development recently in analyzing genetic data from a systems perspective. In this paper
we have taken such an approach. The recent work by such authors as Perkins et al, Vohradsky, Hatzimanikatis et al, and the
recent book by Szallasi are seminal. However, there is an issue here also or world view and what does one really want from
the analysis. The bench scientist looks to understand all the details of the underlying processes. The engineer seeks to
understand enough to model the process and to do so with a reasonable degree of accuracy but the ultimate goal for the
engineer is control of the process and generation of new processes.
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Current Approach

Gene |

Protein

Expressmn Color Pathway
Regulator

In developing our models we will use this construct. However, we can frequently focus on
natural clusters of related genes. They may be a dozen or more such related genes in each cluster
and possibly hundred of such clusters. Although cells and their proteins may affect all other
cells, only a few of the genes regulated have a significant level of regulation. The low levels of
“regulation” we shall consider just as noise.

4.3  Cell Signaling: Intra and Inter Cell

We must also better understand the inter cell signaling. Although we include it in this paper we
have not as of yet produced a robust enough model for this set of processes. The Figure below
presents the essence of the problem.
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Plant Inter Cell Communications

>
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<

What do the cells use to communicate and how. What are the elements?
Proteins?

Key to intercell signaling will be the receptor elements which control the flow of the controlling
elements. This means that we must be able to introduce certain additional elements in the model
which at this time are not yet fully developed. The Figure below highlights the issues of concern

in this area.

Plant Cell Signalling /

/ P
. Gene
Activator
/

Ca Channel to Nucleus )
@ Protein

+—> .
K Kinase

Dey, Plant Biochemistry, p. 373, 1997 Academic
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Then we must be able to establish a full network view of the signally processes. There has been
considerable work looking at this from a meta perspective as some neural network. However the
approach does not yet provide an adequate refection of a gene by gene analysis.

Plant Inter Cell Communications

=
Ck—l, i
NS )
B N (7 > 7
Ck,j—l Ck]j . Cein
)\ )\
@ : : N
Ck+1,j
N\ )
What do the cells use to communicate and how. What are the elements?

Proteins?

5 FLOWER COLOR EXPRESSION

We have just shown that there are a wide variety of coloration in the daylily. In a little over a
hundred years we have taken the dozen or so species and intermixed them and as a result have
created a very complex set of flowers with characteristics which differ dramatically from the
species.® The species have managed to maintain their separate identities over thousands of years
but in a small fraction of time we have been able to introduce multiple forms and colors. To
understand this process we first have to understand where the colors come from. How do we get
purple from a plant which is red, yellow, orange and possibly even brown? How are the colors
made and how do we get from there to where we are today.

The first step in understanding that process is to understand the pathways that lead to color
production in a single cell. Then we can address the issue of multiple cells and finally how the
cells communicate. How do we get an eyezone for example. Why if a cell is whit do we go so
abruptly to a purple eyezone. What is the mechanism for this process? We begin the exploration
of this issue with a analysis of the underlying pathways.

® See Lensaw and Ghabrial for an excellent discussion of the tulip. In contrast to the daylily, the tulip craze of the seventeenth
century was a dramatic bubble, and the irony was that most of the color variations were induced by viruses.
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5.1  Pathways and Enzymes

Pathways are nothing more than a set of chemical reactions which get us from some primitive
chemical to a more complex but useful chemical structure.™® In fact the pathways may be just a
set of processes going from any one chemical structure to another independent of the nature of
the starting and starting chemical. Some pathways are linear going from a beginning to an end
and some are circular taking us from the beginning and back again; the Krebs cycle is an
example. What makes the pathway work? Just three elements are required: (i) the underlying
chemical constituents, (ii) some form of energy, (iii) generally some form of facilitation such a
catalyst and in our analyses this is an enzyme.

The general flow structure we look at is shown below. In our view, not the only such view but
one convenient for the development of our argument, we have the pathway but it facilitated by
an enzyme, a protein. The protein is generated by a gene. And the gene is activated by some
other element, generally another protein. In our case shown below the output is some
anthocyanin. The more of the enzyme, namely the more the gene expresses itself the more
anthocyanin we get. Thus if we can get the gene to express then we get more of that specific
anthocyanin, more pelargonidin for example. We defer to the next section how we get this gene
to express so strongly.

Pathways, Enzymes and

Expression
Enzymes control
pathways
Gene > Enzyme  |m=p| Pathway
Gene v
Expression Anthocyaninin
Control

Each anthocyanin creates a color
element. The more of that one type
the richer that element. Combining
them together creates a totally new
color.

Many factors control the
expression of the gene. Even
the cell which is next to the one
producing the enzyme.

0 see Taiz for an excellent overview. Dey is also a superb and current reference. The older references by Goodwin are useful
but they fail to account for the genetic effects.
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The opposite is also true. Namely if we can suppress the gene then we can get less and even
possibly no anthocyanin from the pathway. This is the first step in the development of an overall
system model.

5.2  Anthocyanins
Let us consider our first pathway. This is the pathway which creates anthocyanins.'* The
anthocyanin molecules is shown below. Note on the B ring we have six sites to which we can

attach differing molecular chains. This will be an important element when we see the different
configurations and their implications.

Anthocyanidin

3
2 X 4
o 1l
OH / \ /5
AIC 6
N = OH
OH

The anthocyanin or anthocyanidin molecules comes from two different pathways. In the figure
below we have taken the basic resulting molecule and have shown that there are two elements;
one is from the shikimic pathway and the other from the malonate pathway. This means that we
have to understand both pathways to understand the ultimate abundance of the product.

" See the papers by Mol and also by Winkel-Shirley. They are excellent in the characterization of the pathways. Also the
papers by Holton and the one by Jaakola are quite useful here as well.
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Anthocyanidin

Malonate Pathway

Before continuing we want to look at what the results would look like if we have different
substitutes on the B ring. In the Table below we show that the terminations on the 3, 4 or 5
elements yield different results. The results give pelargonadin, cyanidin, delphinidin, peonidin,
and petunidin. Each obviously named after their related flower and each resulting an anthocyanin

of a different color.

Shikimic Pathway

Colors
Anthocyanidin Substituents Color
Pelargonadin 4’-OH orange-red
Cyanidin 3’-OH, 4’-OH purplish red
Delphinidin 3’-OH, 4’-OH, 5’-OH bluish purple
Peonidin 3’-OCHjs, 4’-OH rosy red
Petunidin 3’-OCHjs, 4’-0H, 5’-OCH3; purple
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In the Table below we have shown the colors of each of these as well as the weighting of a red,
green and blue combination which best matches the color. Thus one can in an 8 bit color
schemes, as one would find in any PC color scheme, get the resulting anthocyanin colors by
blending the R, B, G elements to yield what we are seeking. This relating the colors back to RBG
is critical since it get reflected in the ultimate flower color.

Colors (R, G, B)

Pelargonadin (255, 102, 0)

Cyanidin (255, 0, 255)

Delphinidin (153, 102, 255)

Peonidin (255, 153, 204)

Petunidin (153, 0, 153)

Now if we assume we have only anthocyanins for color, and that we have the above
combinations available, we ask how do we combine these colors in a weighted manner to obtain
the desired color. This approach is critical to the overall understanding. First we show by a
weighted RBG we get the color we seek or the color which is presented. The we assume that if
we can then do the same for each anthocyanin, then we can create any desired color from a
weighted collection of anthocyanins. This means that we can then determine what the relative
percents of expression of any anthocyanin is and this lets us then go back to how strongly the
gene for that anthocyanin is expressed. The model we presented earlier will be a key element in
this overall process.

5.3 Other Color Elements

Anthocyanins are not the only elements which are secondary products which produce color.
There are three classes of chemicals which give rise to color; anthocyanins, flavones or
flavonols, and carotenoids. The Table below depicts the different elements and their colors. The
approach we took above for the anthocyanins can be take for the flavones and carotenoids as
well. It should be noted that there may not be a unique solution here but there are several
possible but they can be narrowed down by actual determination of one to three elements as
baseline.
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Class Agent Color*
Anthocyanidin
Pelargonidin orange-red
Cyanidin purplish-red
Delphinidin bluish-purple
Peonidin rosy red
Petunidin purple
Malvinidin
Flavonol
Kaempferol ivory cream
Quercetin cream
Myricetin cream
Isorhamnetin
Larycitrin
Syringetin
Luteolin yellowish
Aiiﬁenin Cream
Carotenoids
Carotene orange
Lycopene Orange-red

We now summarize the other element classes.

54 Carotenoids

Carotenoids are what is quite common in the carrot, the orange hew we see in that root. Its

molecular structure is sho

wn below, this is beta carotene.

/\)\/\)\\\\\‘\

2 See Taiz p. 334 for the anthocyanidin color and Bernhardt for the flavonol and carotene.
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55 Flavones

The flavonols, or flavones are quite similar to anthocyanin. Their structure is shown below. Note
that we have compared it to that of anthocyanin.

3
OH
2 AN
; |
OH / N = .
A ‘ C 6
\ / OH
OH
Anthocyanidin
3
OH
2 AN
H 0 1" °
0 = N = .
A l C 6
\ / OH
OH o)
Flavonol

We can also show how closely they relate in substitutions and colors. This is shown in the Table
below.
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Flavonol Anthocyanidin Substitution
Kaempferol Pelargonidin 3H EI_)-|
Quercetin Cyanidin OH H
Myricetin Delphinidin OH OH
Isorhamnetin Peonidin OCHjs H
Larycitrin Petunidin OCHjs OH
Syringetin Malvinidin OCHj3 OCHjs

56  Pathways

In this section we present the pathways for the three classes we have described above. We first
present an overview of the pathway and then we present the details of the pathway and the
enzymes used in each step. The key observation is that we must have enzymes to go from step to
step in the pathways and that if any one enzyme is missing we cannot proceed on that path, and
further the path with the small amount of enzyme becomes the limiting path. Thus, we do not
have a one to one map here. The production of any one anthocyanin, for example, if limited by
the lowest produced enzyme, and the other enzymes may be present in abundance.

The following is the overall pathway for all elements.

See P 321 Taiz & Zeiger, Plant

Physiology
Photosynthesis
Pathways e |
Pentose
phosphate Glycolysis
pathway
‘ Erythosde 4-phosphate ‘ 4{ Phospoenol pyrivic acid ‘
Shikimic acid ‘
pathway Acetyl co-enzyme A
4‘» Aromatic amino acids Aliphatic amino acids }—‘ Tricoxylic acid Mevalonic acid

‘ cycle pathway

Nitrogen
Containing
Secondaries

Phenolic Malonic acid
Compounds pathway
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The above shows how we start from CO2 and then go through a variety of other pathways. We
will review those pathways in some detail since it is the enzyme control in them which is key.

5.6.1 Anthocyanin Pathway

The anthocyanin pathway with the controlling enzymes is shown below. The enzymes are
presented in the arrows linking each step in this pathway. This pathways shows the start as a
sugar element and then goes to phenyanaline and then down through the chain to one of the four
indicated anthocyanins.

Sugars from Photosynthesis Phenylanaline

coumaroyl

1

tetrahydroxychalcone

Pathway

e}
=

Enzymes shown are from gene

segments which are activated. Narinigenin
Color of flower is sum of all ii
activated color elements. -

Dihydroxyamptirol
/:3,5,/7
wed g, O

Dihydroqueritin Dihyc?m/myrecetin

W3O
Y

Delphinidin
Dull Grey

Peonidin
Magenta Purple

Note that at each step there is an enzyme element. The genetic loci for cloned flavonoid enzymes
in Arabidopsis are shown in the following Table.*®

13 See Similar information for maize, petunia, and snapdragon is described by Holton and
Cornish (1995). Based on the AGI map, 11/12/00; numbers in parentheses refer to P1 or bacterial
artificial chromosome clones on which these sequences reside. Transposon- tagged mutant for
FLS1 (Wisman et al., 1998).
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Enzyme Locus Chromosome Map Position
CHS tt4 5 7,050 kb (MAC12)
CHI tt5 3 21,000 kb (T15C9)
F3H tt6 3 19,600 kb (F24M12)
F39H t7 5 4,400 kb (F13G24)
FLS flsl<Enc 5 FLS1: 4,700 kb

(MAH20)
FLS2-5;: 32,150 kb
(MBKS5)
FLS6: 24,350 kb
(MRH10)
DFR t3 5 23,800 kb (MJB21)
LDOX tt19 4 16,900 kb (F7H19)
LCR ban,ast d 1 26,800 kb (T13M11)

The pathway for the conversion of the sugar erythrose to penylanaline is shown in the reaction
below. This accounts for the upper part of the pathway which we have shown. It uses the
Shikimic pathways which we have shown in the initial discussion on the pathways.
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OH OH

O
O=HC—CH—HC CH //
20 P\ D Erythrose 4 phosphate
O OH
HOOC
Shikimic Acid
OH OH
OH
L
I "
CH, COOH CH
CJ'z COOH
Tyrosine
OH

The conversion details from pehnyanaline through chalcone to the anthocyanins is shown in the
reaction below. We have reiterated by transition the enzymes which facilitate each step in this
process.
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PAL, C4H, 4CL Enzymes

phenylalanine
from shikimic acid pathway

HOOC

CHS Enzyme

O chalcone

F3'5'H, DFR, ANS, 3GT
DFR, ANS, 3GT

F3'H, DFR, ANS, 3GT

Y

delphinidin
pelargonidin cyanidin

What these process point out can be summarized as follows:

1. There are common pathways which are operational in all plants for the generation of the
pigments.

2. Enzymes used as activators modulate the amount of production of the enzymes.

3. The products of these pathways, the anthocyanins, are driven by the concentration of the
facilitating enzymes.

Secondary products always have this type of production process. As we look at a cell, from a
system point of view we see facilitating proteins and secondary products. The concentration of
the secondaries are proportional, in some general way, to the concentration of the facilitating
proteins. However we see there are many facilitating proteins which may make this a more
complex analysis, however doable.
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5.6.2 Carotenoid Pathway

We have shown the carotenoids as above. The carotenoid pathway is shown below. We have
demonstrated this in general terms earlier but in this case below we see the specific details.

See P 321 Taiz & Zeiger, Plant

Physiology
Photosynthesis
Carbohydrates
Pentose
phosphate Glycolysis
pathway
Erythosde 4-phosphate ‘ 4{ Phospoenol pyrivic acid ‘
Shikimic acid
pathway ‘ Acetyl co-enzyme A ‘

Mevalonic acid
pathway

Carotenoids

We show below the pathways and the facilitating enzymes. In many ways it appears identical to
the anthocyanin pathway and the facilitating enzymes.

‘ Acetyl CoA ‘

‘ Mevalonis Acid Pathway (MVA) ‘

DMAPP

‘ Isopentyl pyrophosphate (IPP) ‘

IPP Isomerase

Geranyl garanyl pyrophosphate (GGPP)

GGPP Synthase

Phytoene

Phyloene Synthase

Carotene

Alpha Cyclase Carotene Synthase
Lycopene ‘ Beta Cyclase

‘ Alpha Carotene ‘ ‘ Beta Carotene ‘
Hydroxylase
Lutein
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5.6.3 Flavonol Pathway
The flavonol pathway is identical to that of the anthocyanin. See Winkel-Shirley.
6 CONCLUSIONS

The basic principles of genetics is essential to understanding the overall issues of species and
their related colors, patterns forms and growth. The principles that we believe are critical are
those related to activators and repressors and the interlinking of them in a dynamic system. As
we have stated herein, we look at this as an engineering and design problem and not as a
scientific assault on the unknown. As engineers we look and say; what can we achieve with what
we know, and if that does not work then go back and question the assumptions. The alternative is
to make what we don't know acts as "noise”. That is the engineering approach.

The issues of the secondary pathways will become essential when we look at the issues of how
genes control, the pathways and then how the pathways generate the color we see in flowers. We
have expanded upon this extensively in two areas; color and its control and patterns and their
control.

\‘
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