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Abstract

Spatial structure of chloroplast genes of photosynthetic systems I and II is considered. The
spatial structure is understood as the distribution of points corresponding to the frequency
dictionaries of genes in the space of triplets frequencies in this work. The photosystems I and
II genes are clustered according to their belonging to the forward and reverse strands. Points
corresponding to genes in the forward and reverse strands are located at a distance from the
main clusters. Any structure wasn't found for the distribution of the genes' GC—content values
in the frequency space.
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1. Introduction

The sun is the main source of energy on the Earth, and a number of organisms have adapted to use
this energy for their needs. Plants, algae and cyanobacteria grow due to their ability to use sunlight to
extract electrons from water. This is how photosynthesis and, accordingly, phototrophic nutrition
arose. Photosynthetic organisms include phototrophic bacteria and green plants. The study of the
structure and function of the photosynthetic system plays an important role, since plants are the main
suppliers of oxygen and food. In addition, oil reserves do not last forever, and the question arises
about alternative methods of obtaining hydrocarbons. Artificial photosynthesis, the production of
organic fuel from carbon dioxide using solar energy, stands apart from the list of these methods [3,
13, 14]. Therefore, a comprehensive study of the process of photosynthesis and photosynthetic
systems is very important.

The subcellular location of genes was determined for individual components of the photosynthetic
apparatus. The results obtained were presented in the form of contour maps of four energy—
transducing thylakoid membranes. Differences were found in the maps for terrestrial plants and red
and green algae in the protein subunits encoded in the nucleus from those encoded in the chloroplast
[1].

Photosystems I and II (PS I and PS II) were found to be separated in chloroplast membranes
(photosystems II in compressed granular membranes and photosystems I in uncompressed stromal
membranes) [2, 12].

Many studies are devoted to investigating various aspects of the structure of photosynthetic
systems I and II both by mathematical and biological methods. Statistical methods of analysis were
used to study the distribution of the complexes of photosystem II in stacked grana thylakoids and
formation of the structure of photosystem II in low—light conditions [6, 7].

When studying the structural and functional organization of chloroplasts in higher plants under
different lighting conditions, it was found that the structural formations of the grana contributed to the
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centralization and relative increase in the concentration of a specific group of PS II reaction centers
[9].

The analysis of the structure of the complexes of photosystems I, photosystems II, cytochrome b6f,
and F-ATPase provided the basis for studying the transfer of energy and electrons and the
evolutionary forces which formed the photosynthetic apparatus [10].

This study considers the spatial structure of chloroplast genes belonging to photosynthetic systems
I and II. Here, the structure is meant to be the distribution of points corresponding to the frequency
dictionaries of genes of photosynthetic systems in the 64—dimensional space of triplets. This approach
differs from that considering the structure of these genes from the biological point of view.

2. Material and methods

Let us introduce basic concepts. We consider the genes of the photosynthetic systems as symbol
sequences of various lengths, consisting of the alphabet symbols M ={4,C,G,T}. If the sequence

contains symbols differing from the alphabet symbols, then such characters are removed from the
sequence, and the number of such symbols reduces the length of the sequence. Each of these
sequences is associated with the frequency dictionary of thickness 3. The frequency dictionary W3 of

thickness 3 of the symbol sequence corresponding to DNA is a list of all the triplets vjvpv3 of

consecutive nucleotides with an indication of the frequencies of these triplets. There can be 64 triplets
in total. The frequency f,, is the ratio of the number of the given word copies n,, to the total number
of all the triplets N, where N is the sum of all n,:

n (1)
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A frequency dictionary maps a symbolic sequence into the 64—dimensional metric space. The
proximity of two genomes is set naturally as the proximity of two points in the Euclidean metric:

o)) % (A2

The preliminary processing is carried out to identify the structure in the set of genes. The given set
of the symbolic sequences corresponds to a set of points in the 64—dimensional space of triplets. Each
gene has its own point. Each point has a set of parameters: name of the gene, name of the species to
which the gene belongs, and whether this strand is forward or reverse. Freely distributed software
VidaExpert is used to visualize the distribution of the genes converted into the triplet frequency
dictionaries in the 64—dimensional space metric space. The distribution of the points corresponding to
the genes in the space of the principal components is studied. The projections on the plane of the
space of the first principal components are considered.

3. Results and discussion

The genes of photosynthetic system I and II were isolated from 570 chloroplast genomes currently
available in the EMBL—-bank. The following genes were found in the studied set of genomes: psaA,

psaB, psaC, psal, psaJ, psaM , psbA, psbB, psbC, psbD, psbE, psbF, psbG, psbH ,
psbl psbJ , psbK , psal , psbM , psbN , psbT , psbT .
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Figure 1: The plane projection of the first two principal components. The genes in the forward strand
are shown in red, and the genes in the reverse strand are shown in green
is a set of

A frequency dictionary W, was built for each gene. The frequency dictionary W,

3.3) 3.3)
triplet frequencies. The triplets in the gene were taken without crossing symbols. For the genes in the
reverse strand, the frequency dictionary was built taking into account that the symbolic sequence
related to such genes was inverted. A projection into the space of the first three principal components
was built to visualize the spatial structure formed by a set of these points. The set of the points was
found to form two large clusters, with one of them including the points related to the forward strand
genes, and the other containing the points related to the genes of the reverse strand (Figure 1). This
significantly distinguishes the spatial structure of the genes of photosynthetic systems I and II from
the spatial structure of the complete genomes of chloroplasts, mitochondria, and bacteria, where such
clustering is not observed [4, 8, 11].

a) b)
Figure 2: The genes psbF, psbJ, psbL and psbN a) in the plane of the first and second principal
components and b) in the plane of the second and third principal components

In addition, one can see that in the cluster related to the reverse strand, there are groups of points
which are quite far from the basic cluster. These groups of points correspond to the genes
psbF, psbJ, psbL. and psbN . In Figure 2., each group of points is highlighted with its own color.
The gene psbF corresponds to the points of turquoise color, the gene psbJ corresponds to crimson
color, the gene psbL corresponds to light green color and the gene psbN is denoted by purple color.
The rest of the points are colored according to their belonging to the strands and have a smaller size
for clarity. These genes are also present in the direct strand cluster, but there are quite a few of them.
The gene psbF in higher plants consists of approximately 38 amino acids, the B—subunit of



cytochrome b559. The gene psbJ is important for the assembly of PSII and regulates the electron
flow to the plastoquinone pool. The gene psbL is necessary for the operation of the Qa site, and it
prevents the return of an electron from the Qb site to Qa. The gene psbN participates in the assembly
of the reaction center of photosystem II.

Figure 3: The genes psal and psbl a) in the plane of the first and second principal components and
b) of the second and third principal components

Two groups of points can also be distinguished, which are far from the basic cluster in the cluster
related to the forward strand. These points related to the genes psal (turquoise color) and psbl

(crimson color) are shown in Figure 3. The rest of the points are colored as is done in Figure 2. These
genes are also present in the reverse strand cluster, but their number is small. The gene psal interacts

with the gene psaH , and binds to the light-harvesting complex of photosystem II. The gene psbl is

required for the assembly and functioning of photosystem II. Why exactly these genes are far enough
from the basic clusters requires additional study.

Figure 4: The spatial distribution of the GC—content values of the genes of the photosynthetic
systems a) in the plane of the first and second and b) second and third principal components

It should be note that the genes of the same type are very densely distributed, even if they are
located in large clusters belonging to the forward and reverse strands. They "adjoin" rather than
intersect with genes of other types. That is, clustering occurs precisely according to the type of genes,
rather than according to the phylogenetic characteristics of organisms to which they belong.

The GC—content is the ratio of the number of nucleotides C and G to the total number of
nucleotides in the gene. The spatial distribution of the values of the gene GC —content was considered.



The GC—content values were calculated for each gene. The points corresponding to the genes with
the GC—content value lower than the average one are indicated in Fig. 4 in green, the points
corresponding to the genes with the average GC —content value are marked in yellow, and the points
with the GC—content value greater than the average one are indicated in red. No order is observed in
the distribution of the GC—content value of the genes of the photosynthetic systems. This also
distinguishes the genes under consideration from the complete genomes of chloroplasts, mitochondria
and bacteria, which are characterized by two types of distribution: gradient and centrally symmetric.

4. Conclusion

The spatial structure of chloroplast genes of the photosynthetic systems in the space of triplet
frequencies is quite different from similar structures of the previously studied complete genomes of
chloroplasts, mitochondria, and bacteria. This concerns the relative position of the genes of the
forward and reverse strands and the spatial distribution of the value of the gene GC—content. In
addition, the points corresponding to the genes are found to be grouped in the space of the triplet
frequencies according to the type of genes rather than according to the type of the corresponding
organisms.
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