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Abstract

Organelle genomics has become its own field of study. Much information can
be gleaned from the study of cell organelles. The differences in the genomes
of organelles, such as the mitochondrion and the chloroplast are amenable to
phylogenetic and cladistic studies. These differences include the genome se-
quence, GC%, genome length and gene order. The conserved nature of the
organelle genomes and the gene inventory of both mitochondrial and chlo-
roplast genomes also make this easier to accomplish. This paper includes a
review of existing organelle genome software. These include gene annotation
and genome visualization tools as well as organelle gene databases for both
mitochondrion and plastid. A new R tool, available on github, called “Orga-
nelle DNA Lineages”, or ODL, was written to compare and classify organelle
genomes based on their genome sequence and gene order. The software was
run on the mitochondrial genomes of a set of 51 cephalopod species, deli-
neating ten separate monophyletic groups, including argonauts, nautiluses,
octopuses, cuttlefish, and six squid groups. This new tool can help enrich and
expand the field of organelle genomics.

Keywords

Organelle, Genome, Mitochondrion, Plastid, Organelle DNA Lineage,
Chloroplast

1. Introduction

The DNA inside mitochondria and chloroplasts can very useful in analyzing
phylogenetic relationships between species. Several characteristics demonstrate
why organelle DNA is amenable to such analyses. But despite its small size, or-

ganelle DNA is easy to isolate and sequence. Many species which do not have
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their nuclear genomes available have mitochondrial and chloroplast genome se-
quences instead in the NCBI database. The Organelle Genome Database at NCBI
contains 19,320 organelle genome sequences as of July 28, 2021. The distribution
of these organelle genomes can be seen in Table 1. This paper will focus on the
mitochondrion and the plastid. Second, the mitochondrial DNA (mtDNA) over-
whelmingly follows maternal inheritance patterns, avoiding complex biparental
inheritance patterns.

Despite its rapid mutation rate, organelle DNA (oDNA) retains a very con-
served gene inventory, very similar gene order, genome sequence similarity, and
genome size between related species. Gene rearrangements include recombina-
tion, inversions, transpositions, inverse transpositions, and tandem duplication
genes losses, but are thought to be rare [1] [2]. The insertion of introns and mo-
bile elements are also thought to result in gene order rearrangement [3]. Plastid
DNA (pIDNA) may expand or contract due to the presence or absence of in-
verted repeats [4]. In general, genes, rRNAs and tRNAs are colinear with one
another between species in the same monophyletic group. This makes the iden-
tification and classification of newly sequenced and annotated 0DNA relatively
easy.

Mitochondrial genes, for example, take part in the production of adenosine
triphosphate (ATP), the energy molecule, as well as oxidative phosphorylation
(OXPHOS), the tricarboxylic acid cycle (TCA), the S-oxidation of fatty acids,
calcium handling, regulating apoptosis, and participation in the cell cycle. Be-
cause mtDNA lacks histones, it is more prone to molecular stress. Damaged
mtDNA lies behind a number of human diseases [5] [6] [7]. Other illnesses re-
lated to mitochondrial dysfunction include skeletal muscle dysfunction, lung in-
jury, acute renal failure, and immune function dysregulation [8].

An example of the classical mtDNA genome is that of human (NC_01290,
Figure 1), which is 16,569 bp long and has 37 genes, coding for 13 protein sub-
units, 14 tRNAs and 2 rRNAs [9]. The 13 protein subunits form the oxidative
phosphorylation complexes I, II, IV and V [7]. The mtDNA consists of two
strands, the heavy (H) strand and the light (L) strand, which are differentiated
based on their GC-content, the H-strand having a higher GC-percentage. This
correlates to the sense and antisense terminology. The codon usage of the
mtDNA also differs from that of the nuclear genome (see Table 2), and also has
a ten-fold higher mutation rate [10]. The thirteen protein subunits coded on the
mtDNA all take part in energy metabolism. A list of genes in the mitochondrial
genome can be seen in Table 3.

The mtDNA of different groups can also differ based on the presence or ab-
sence of specific genes. These genes serve as diagnostic markers of these groups.
For example, several algal lineages have a DnaB helicase encoded in the plastid
genome [11]. Opisthokonts (animals and fungi) use DNA polymerase y (Poly)
for the replication of the mtDNA [12]. The number and type of DNA polyme-
rase also varies across eukaryotes. For example, parasite apicomplexans have lost
them altogether [11].

DOI: 10.4236/ajmb.2021.114008

84 American Journal of Molecular Biology


https://doi.org/10.4236/ajmb.2021.114008

M. Cserhati

pe
Npg.

Homo sapiens
16569 bp
tRNASer

ATP8

g %
L

Figure 1. Graphical depiction of the human mitogenome, created using the GenomeVx
software. The human mitogenome accession number is NC_012920.1.

Table 1. List of different kinds of organelle genome sin the NCBI Organelle Browser as of
July 28, 2021.

Type of organelle Number of genomes in NCBI
Mitochondrium 12,528
Chloroplast 5660
Plastid 1064
Apicoplast 62
Kinetoplast 3
Chromatophore 2
Cyanelle 1

Table 2. Divergent nucleotides in the mtDNA compared to the nuclear genome.

Codon Universal genetic code Mitochondrial genetic code
UGA Stop Trp
AUA Ile Met
AGA Arg Stop
AGG Arg Stop
DOI: 10.4236/ajmb.2021.114008 85
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Table 3. The 37 genes encoded by the human mitochondrial genome.

Gene symbol Function Strand
RNR1 128 ribosomal RNA Heavy
RNR2 16S ribosomal RNA Heavy
ATP6 ATP synthase F0 subunit 6 Heavy
ATP8 ATP synthase FO subunit 8 Heavy

CYB cytochrome b Heavy
CO1 cytochrome c oxidase subunit I Heavy
CO2 cytochrome c oxidase subunit II Heavy
CO3 cytochrome c oxidase subunit III Heavy
ND1 NADH dehydrogenase subunit 1 Heavy
ND2 NADH dehydrogenase subunit 2 Heavy
ND3 NADH dehydrogenase subunit 3 Heavy
ND4 NADH dehydrogenase subunit 4 Heavy
ND4L NADH dehydrogenase subunit 4L Heavy
ND5 NADH dehydrogenase subunit 5 Heavy
ND6 NADH dehydrogenase subunit 6 Light
TA tRNA-Ala Light
TR tRNA-Arg Heavy
N tRNA-Asn Light
TD tRNA-Asp Heavy
TC tRNA-Cys Light
TE tRNA-GIn Light
TQ tRNA-Glu Light
TG tRNA-Gly Heavy
TH tRNA-His Heavy
TI tRNA-Ile Heavy
TL1 tRNA-Leu-UUR Heavy
TL2 tRNA-Leu-CUN Heavy
TK tRNA-Lys Heavy
™ tRNA-Met Heavy
TF tRNA-Phe Heavy
TP tRNA-Pro Light
TS1 tRNA-Ser-UCN Light
TS2 tRNA-Ser-AGY Heavy
TT tRNA-Thr Heavy
™ tRNA-Trp Heavy
TY tRNA-Tyr Light
vV tRNA-Val Heavy

DOI: 10.4236/ajmb.2021.114008 86 American Journal of Molecular Biology


https://doi.org/10.4236/ajmb.2021.114008

M. Cserhati

Besides genes, the presence or absence of certain DNA motifs can help classify
species into different groups because of their genome structure. They are abun-
dant, have a simple genomic structure, and are also conserved, and can be used
as genetic markers [13]. For example, Xi Wen ef al [14] found that 218 simple
sequence repeats (SSR) in the plastid genome of M. grandiflora correlate with
three other Magnoliaceae species. These SSRs range from mononucleotides to
hexanucleotides.

In contrast with the mtDNA, the pIDNA is much larger than the mtDNA, and
contains around 250 genes, including tRNAs and rRNAs, involved in photosyn-
thesis and plastid gene regulation. Xiao-Ming et al. [15] found that in a study of
126 pIDNA genes in 272 angiosperm species, 106 (84.1%) were found in 245
species (90.1%). Genome sizes range from 10 - 250 kbp in size, and can be
present inside the plastid between 100 to 1000 copies Kbp [16]. Some genes in
the plastid genome of some species also have introns, such as in Magnolia gran-
diflora [14]. Similar to the mtDNA, the p]DNA is inherited from one parent on-
ly, except for 20% of angiosperms, where plastids are inherited from both par-
ents. Plastid genes are also double in number and three-fold in silent substitu-
tion rates as compared to mitogenomes [17]. Plastid genomes are also conserved
in structure and are poor in repeat elements. There are several types of plastids,
which fulfil different roles in the plant. The well-known chloroplasts harvest
light energy during photosynthesis. Chromoplasts are colored chloroplasts
which store different pigments. Leucoplasts are colorless plastids, which store
proteins, fat, monoterpenes, tannins, polyphenols, and other secondary metabo-
lites [18].

In this paper, a new resource called the Organelle DNA Lineages (ODL) soft-
ware will be described and compared to existing organelle DNA resources.

2. Research Materials and Methods

2.1. Description of Software

The Organelle DNA Lineages (ODL) software was written R, version 4.0.3. It is
available at https://github.com/csmatyi/odl together with all supplementary files

and figures. The script is called odI5.R. As input, it takes a list with two columns:
the first column contains the Latin name of the species in the study. The second
column is the NCBI accession number of the 0 DNA sequence. Species and their
corresponding accession numbers can be downloaded at the Organelle Genome

Browser at https://www.ncbi.nlm.nih.gov/genome/browse#!/organelles/.

The software removes duplicate species entries. Using the “getAnnotations-
GenBank” function from the “ape” package, it downloads and stores the annota-
tion for each accession. Using the “read.GenBank” function, it retrieves the ge-
nome sequence for each accession. The software adds all of the organelle ge-
nome sequences into a DNAStringSet, and then calls the “msa” function to
create a multiple sequence alignment. Then, in an all-versus-all pairwise fashion,

the script calculates the sequence similarity between all possible pairs of genome
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sequences. The sequence similarity values are then stored in a symmetric square
sequence similarity matrix.

The gene, tRNA and rRNA elements are also written to an output file, which
is compatible with the input format of the CREx software [19]. The output can
be directly uploaded to the CREx website at
http://pacosy.informatik.uni-leipzig.de/crex. The GenBank records for all se-

quences are also written to a subdirectory as part of the output. These can be
used as input for the GenomeVx visualization software [20].

A gene order distance matrix is calculated for each species pair by comparing
the indexes of each gene/tRNA/rRNA between the two species using the follow-

ing equation:

d,, = Z:(:l‘mean(indexa (i))—mean index, (i))‘+unique(a)+ unique(b) (1)

In Equation (1), the difference between the mean index value of element 7
(meaning genes, tRNAs, and rRNAs) between species a and b is summed up for
all common elements between the two species. The sum also includes the unique
number of elements pertaining to species a and b, respectively.

Figure 2 depicts a simple example of calculating the gene order distance be-
tween three hypothetical species. For example, the distance between species 1
and species 31is 3 + 1 + 2.5 + 3 = 9.5. The distance in the index value for gene A
is4 - 1= 3. For gene Bitis 3 - 2 = 1. For gene C itis (4 + 3)/2 - 1 = 2.5. For
gene Ditis5-2=3.

It is possible that a certain gene/rRNA/tRNA is present in multiple copies. In this
instance, the average index value is taken for that particular gene/rRNA/tRNA.
The distance value between two species may be greater than 1, since we are

Example

species t _
species 2 _

species 3 _

Distance(species 1, species 2) =0+ 0+ 0.5+ 1 = 1.5 =>0.158 (normalized)
Distance(species 2, species 3) =3 +1+2 +2=9=>0.947
Distance(species 1, species 3) =3+ 1+2.5+3=9.5 =>1.000

Figure 2. Schematic diagram depicting how gene order similarity is calculated between
species. In a given study, the gene order distance between all possible species pairs is
calculated. Species within the same monophyletic group have a similar gene order (species
1 vs. species 2). Species from two different groups have different gene orders (species 1 vs.
species 3, and species 2 vs. species 3). The distances are calculated according to Equation
(1), and then normalized to get a number between 0 and 1.

DOI: 10.4236/ajmb.2021.114008

88 American Journal of Molecular Biology


https://doi.org/10.4236/ajmb.2021.114008
http://pacosy.informatik.uni-leipzig.de/crex

M. Cserhati

looking at indexes. The gene order distance matrix is then normalized by divid-
ing each element in the distance matrix by the maximum value of the matrix,
and then subtracted from 1 to derive a gene order similarity matrix.

The genome sequence similarity matrix and the gene order similarity matrix
are then visualized on a heatmap. Furthermore, these two matrixes are also
combined into a “combined” matrix, giving equal weight to both the genome
sequence similarity matrix and the gene order similarity matrix. The “heatmap”
function is called, using the “ward.D2” method to perform species clustering. A
Silhouette plot is also created by the software, which depict the average sil-
houette width for each possible number of clusters, showing the optimal number
of clusters with a dashed line, where the average silhouette width is highest. The
mean silhouette width shows how close the points in one cluster are to points in
another cluster.

Clustering is performed using the “ward.D2” method on the sequence similar-
ity matrix. Several statistics measures are written to an output file, such as the
Hopkins clustering statistic, which denotes how well the matrix forms clusters.
Other parameters are also recorded for each of the clusters (which correspond to
monophyletic groups), including the number of species in the cluster, the aver-
age oDNA length + one standard deviation, the minimum, mean, and maximum
similarity value, as well as the standard error of the mean (SEM), as well as the
p-value, which calculates statistical significance between similarity values be-
tween species within the cluster and between species within the cluster and out-
side the cluster. This p-value is a good measure of discontinuity between mono-
phyletic groups.

The main output of the software is a gene order map, showing the order of
genes/TRNAs/tRNAs along the organelle genome per species per cluster. A col-
or-coded legend helps the user identify a given gene/rRNA/tRNA along the or-
ganelle genome of a given species.

2.2. Other Software

GenomeVx was used to create the image of the human reference mitogenome in
Figure 1.

2.3. Used Sequences

The mitogenomes for 51 cephalopod species were downloaded from the Orga-
nelle Genome Browser, specified in the previous subsection. If a given species
occurred more than once, only one of its accession number was randomly se-
lected.

3. Results and Discussion
3.1. Review of Existing Organelle Software and Databases

There are a lot of different databases and programs which are tailored for storing

and visualizing genome and synteny. Some of these programs include software
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which are amenable for the visualization of organelle genomes and gene order.
In the following, some of these software and databases will be reviewed. A list of
the most commonly used mitogenome and plastid genome annotation tools are
listed in Table 4.

GenBank and RefSeq are the standard databases used for storing sequence da-
ta, including organelle genomes. Refseq offers curated and non-redundant data
for users. Several databases exist, which are built upon GenBank and RefSeq,
which store data derived from these databases and which have improved anno-
tation and data quality. Such databases include OGRe [21], MetAMIGA [22],
MitoZOA [23], Mamit-tRNA [24], MamMiBase [25], and tRNAdDb [26].

CREX is a software which calculates the hypothetical most parsimonious gene
order rearrangement between two organelle genomes, and then visualizes the
output. Possible rearrangements include transpositions, reverse transpositions,
reversals and tandem duplication random losses (TDRLs) [19].

Similar to CREx, EqualTDRL is a software which compares two input ge-
nomes (Ze. two mt genomes), calculates different series of tandem duplication
random losses (TDRL), which hypothetically transforms the gene order of one
genome into the other. It creates a diagonally symmetric map showing all the
possible series of TDRLs between the two genomes [27].

GenomeVx is a web-based software which allows the user to create editable,
colorful, publication-ready images of circular genomes, such as that of mito-
chondrial and plastid genomes as well as large plasmids. As input, it takes raw
feature positions or GenBank files, which the user can upload to the GenomeVx
website [20].

Table 4. Existing software amenable for comparative depiction of organelle genomes and gene order.

Software Description Website

CGAP Plastid genome collection, visualization, content comparison, and annotation tool http://www.herbbol.org:8080/chloroplast
CpGAVAS/  Integrated web server for annotating, visualizing, analyzing and submitting http://www.herbalgenomics.org/cpgavas;
CpGAVAS2 plastid genomes to GenBank http://47.96.249.172:16019/analyzer/home
CpGDB Database storing chloroplast genomes, gene sequences and annotation http://gndu.ac.in/CpGDB/

http://pacosy.informatik.uni-leipzig.de/crex;

CREx/CREx2  Visualizes most parsimonious gene order rearrangements between two species  http://pacosy.informatik.uni-leipzig.de/271-0-

DOGMA
genomes

GeS
e genomes

EqualTDRL Visualizes hypothetical series of gene order rearrangements between two species

Metazoan mitogenome gene annotation server for both mitogenomes and plastid

CREx2.html

https://dogma.ccbb.utexas.edu/

Fast, high-quality HMM-based organelle genome annotator, mainly for plastid  https://chlorobox.mpimp-golm.mpg.de/geseq.

html

http://pacosy.informatik.uni-leipzig.de/269-0-
EqualTdrl.html

GenomeVx Gene order visualization on small chromosomes and large plastids http://wolfe.ucd.ie/genomevx/
Mitofish/
) Annotation database and pipeline for fish mitogenomes http://mitofish.aori.u-tokyo.ac.jp/
Mitoannotator
MITOS Metazoan mitogenome gene annotation server http://mitos.bioinf.uni-leipzig.de/index.py
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Mitofish is a database of annotations and re-annotations for mitochondrial
genome for a large number of fish species. Its companion program, Mitoannotator
is an extremely rapid, high quality annotation pipeline for fish mitogenomes
[28].

The MITOchondrial genome annotation Server (MITOS) is a well-known,
high-quality mitochondrial genome annotation pipeline. MITOS uses standar-
dized gene names and gene boundary designations. It uses BLAST to compare
existing mitochondrial proteins to the raw genome sequence to annotate the lo-
cation of these genes. It also has a web server where users can upload their raw
genome sequences. After selecting a translation code, the server will calculate
and present results for the user. These results include tabular summary of anno-
tated genetic elements and visualization of genes within the uploaded genome
sequence. The results can then be downloaded by the user [29] [30]. DOGMA is
another web service, which uses BLAST against internal databases to detect pro-
tein-coding genes and also rRNAs, and use tRNAscan-SE to discover tRNAs,
however, according to Guyeux et al [31] it is outdated. DOGMA and MITOS
both use metazoan databases data [29] [32].

For plastid genomes, the Chloroplast Genome Database (CpGDB) stores plas-
tid genome and individual genes sequences, and also annotation records for
3823 species [33]. Plastid genome annotation tools include CpGAVAS (Chlo-
roplast Genome Annotation, Visualization, Analysis, and GenBank Submission)
and CpGAVAS2 [34] [35], CGAP (Chloroplast Genome Annotation Platform)
[36], and GeSeq [37].

The ChloroMitoSSRDB database is an open-source repository of perfect and
imperfect microsatellites, two to six nucleotides long. Information include the
position of repeats, size, motif and length polymorphisms. The repeat sequences
are hyperlinked to annotated gene regions at NCBI [38].

The current software differs from all the previous methods in that it clusters
the organelle genomes based on both gene order and sequence similarity. It then
depicts a linear organelle genome map for each cluster and species in the study
showing the position of each gene. The software also produces accompanying
statistics files and also heatmaps showing species relationships based on gene
order and sequence similarity. Other software calculates genome distance by the
number of rearrangements needed to transform the organelle genome of one
species into another [39]. The present software does this by calculating the dif-

ference between the index of the order of each gene.

3.2. Analysis of Cephalopod Mitogenomes

Since the main goal of this paper is to present a new bioinformatics tool, usage of
the ODL software will be showcased here in the mitochondrial mapping of ce-
phalopods. Cephalopods are a class of species in the phylum Mollusca (mollusks).
They have two subclasses, Nautiloidea (nautiluses) and Coleoidea, which is made up
of two superorders, Decapodiformes (squids and cuttlefish), and Octopodiformes

(octopuses and argonauts). The mitogenomes of 51 species as well as the outlier
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Danio rerio were analyzed to discover putative monophyletic groups.

After running the software, ten putative monophyletic groups were discov-
ered, besides Danio rerio, the outlier species. A list of species and accession
numbers can be found in Supplementary File 1. The statistics for each cluster
can be seen in Table 5. The matrixes, clusters, and statistics for the mitochon-
drial gene order, sequence similarity, and combined analyses can be found in
Supplementary Files 2 - 4. Here results for only the combined matrix are re-
ported. The mitogenome map can be seen in Figure 3, and the corresponding
combined heatmap can be seen in Figure 4. The Hopkins clustering statistic for
the combined matrix is 0.81, which denotes good clustering. Supplementary
Figures 1-3 show the Silhouette plot for clustering based on gene order similar-

ity, mitogenome sequence similarity, and combining both methods.

cluster 1

W 12S ribosomal RNA = NADH dehydrogenase subunit4 ~ ® tRNA-Gly
Allonautilus scrobiculatus ||-_i| ‘||-1em m 168 ribosomal RNA = NADH dehydrogenase subunit 4L ® tRNA-His
Argonauta hians. l—--l j. .15‘30 ® ATP synthase FO subun?( 6 ™ NADH dehydrogenase subun!t 5 ® tRNA-lle
oo noes .__m15201 ®  ATP synthase FO subunit 8 = NADH dehydrogenase subunit6 ® tRNA-Leu
= cytochrome b = STRNA = RNA-Lys
cluster 2 I cytochrome c oxidase subunit | = small subunit ribosomal RNA = tRNA-Met
Nautius macromphalus [ | O || e rese [ cytochrome ¢ oxidase subunitl = tRNA-Ala m tRNA-Phe
Nautilus pompii S I cytochrome c oxidase subunit Il = tRNA-~ = {RNA-Pro
pomeiis [ [ | S [ =i A B RNASor
SlgishS) I large subunit ribosomal RNA = tRNA-Asp = {RNA-Thr
Amphioctopus aegina 5545 = NADH dehydrogenase subunit 1 M tRNA-Cys = RNA-TIP
Amphioctopus fangsiao E_u5g7g = NADH dehydrogenase subunit2 M tRNA-GIn = tRNA-Tyr
= NADH dehydrogenase subunit3 ~® tRNA-Glu = {RNA-Val

Amphioctopus marginatus
Amphioctopus neglectus
Callstoctopus luteus
Callstoctopus minor
Cistopus taiwanicus
Hapalochiaena fasciata
Octopus bimaculatus
Octopus bimaculoides
Octopus conispadiceus
Octopus cyanea

Octopus mimus

Octopus sinensis
Octopus variabilis

Spirula spinula
Vampyroteuthis infemalis
cluster 4

Architeuthis dux | S
Sthenoteuthis oualaniensis | =
Todarodes pacificus
cluster 5

Bathyteuthis abyssicola
cluster 6

Ghiroteuthis pictet

llex argentinus

cluster 7

Doryteuthis opalescens
Heterololigo bleekeri
Loliolus beka

Loliolus japonicus
Loliolus uyi
Sepioteuthis lessoniana
Uroteuthis chinensis
Uroteuthis duvauceli

Uroteuthis edulis

cluster 8

Ommastrephes bartramii

Watasenia scintillans
cluster 9
scstepunprca BN I S <
cluster 10

Sepia aculeata 6219

| I S . |
(I .
I 1 &

6199

Sepia apama
Sepia esculenta
Sepia latimanus.
Sepia lycidas

Sepia officinalis
‘Sepia pharaonis
Sepiella inermis

Sepiella japonica

Sepiella maindroni |
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Danio rerio

Figure 3. Gene order map of 51 cephalopod species and Danio rerio as an outlier. There are ten cephalopod clusters, predicted by
combining the sequence similarity and gene order methods. Each cluster contains several species, showing the genome length and
also the order of the genes. A color legend is in the upper right.
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Figure 4. Heat map showing the relationships between the individual cephalopod monophyletic groups based on combining
clustering based on gene order and clustering based on sequence similarity. Both clustering schemes were given a 50% weight.
Each pixel in the heatmap shows how similar a pair of species is. The heat map is symmetrical, mirrored across the diagonal going
from bottom left to top right. Darker, redder colors denote species with high similarity to one another, while brighter, yellow
colors denote species which are less similar to one another. The heat map shows the same ten clusters shown in Figure 3.

Table 5. Clustering statistics for putative predicted cephalopod clusters with more than
one member based on mt genome sequence similarity and gene order similarity.

cluster  no. species Mean DNA length + sd Min mean max SEM p-value

1. Nautilus 3 16,027.667 +296.598 0.801 0.813 0.834 1.1E-02  0.000421
2. Argonauta 2 15,665.500 + 656.902  0.75 0.75 0.75 NA 1.42E-68
3. Octopus 17 15,794.824 +196.267 0.756 0.819 0.903  7E-03 1.33E-211
4. Squids I 4 20,303.75 + 34.798 0.629 0.68 0.725  0.023 0.000539
6. Squids II 2 20,564.500 +405.172  0.692 0.692 0.692 NA 3.97E-28
7. Squids III 9 17,244.889 + 255.089 0.729 0.821 0.899 1.6E-02  1.46E-31
8. Squids IV 2 20,200.500 £ 152.028 0.66 0.66  0.66 NA 3.22E-40
10. Sepia 10 16,197.500 + 26.488  0.801 0.846 0.918 9E-03 9.05E-66

3.3. The Ten Cephalopod Clusters

Argonauta and Nautilus form two separate clusters. Nautilus also has a significantly
large non-coding region between the tRNAs for glutamine (Q) and threonine (T)
[40]. Nautilus also has a mean GC% of 40% + 0.26%, whereas for Argonauta this
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value is 22.9% =+ 0.05%.

Octopodidae with 17 species is the largest and most significant monophyletic
group, with a unique morphology of eight legs. These species come from the ge-
nera Amphioctopus, Callistoctopus, Cistopus, Hapalochlaena, and Octopus. The
17 octopus species in this study have a very conserved gene order and genome
length between 15,479 bp and 16,084 bp. The octopus genomes have a mean
GC% of 24.5% + 0.88%. The enigmatic Vampyroteuthis infernalis [41] is classi-
fied as a member of this group.

Ten species of cuttlefish from the genera Sepia and Sepiella also form a mo-
nophyletic group. Their gene order is very conserved, but very different from all
other cephalopod groups. The genome length is also very conserved, between
16,163 to 16,244 bp. The GC% is 24.6% + 1.47%. Takumiya et al. [42] also found
significant differences between coleoid cephalopods based on mtDNA, separat-
ing cuttlefish from all other groups.

Following are several squid groups, including four monophyletic groups and
two species which don’t belong anywhere else. The first of the four groups is Lo-
liginidae (pencil squids), with species from the genera Doryteuthis, Heterololigo,
Loliolus, Sepioteuthis, and Uroteuthis. The species Sepioteuthis lessoniana is an
outlier due to the translocation of three tRNA sequences (for isoleucine, valine
and tryptophan) and l-rrna dn s-rrna in its mt genome. Yokobori et al [43] also
found that this squid group is monophyletic.

Four species, Architeuthis dux, Dosidicus gigas, Stenoteithis oualaniensis, and
Todarodes pacificus form a separate group. These four species have a mean
GC% of 29.8% * 1.4% and a genome length from 20,254 to 20,331 bp. Xu, et al.
[44] also separate them from all other squids.

Bathyteuthis abyssicola (the deepsea squid) belongs to its own family, Bathy-
teuthidae, in the suborder Oegopsina. It possibly even belongs to its own order,
according to Uribe and Zardoya [45]. Kawashima ef al [46] found that the mi-
togenome structure of Semmirossia patagonica (Patagonian bobtail squid), from
the family Sepiolidae is unique among decapods. For example, like Nautilus spe-
cies, the ATP6 and ATPS8 genes are not adjacent to one another. Ommastrephes
bartrami (the neon flying squid) and Watasenia scintillans (the firefly squid) and
Chiroteuthis picteti and Ilex argentinus cluster together into the same putative

groups.

4. Conclusion

Studying organelle genomes is a new and expanding field of genomics research.
Several tools have been devised to determine phylogeny based on gene order.
Several tools and databases exist to annotate and visualize organelle genomes
and to store organelle sequences. The present software, Organelle DNA Lineages
was designed to cluster species into monophyletic groups based on genome se-
quence similarity and gene order and visualize the results. The software was run
on a set of 51 cephalopod species and found ten clusters. This software can help

expand the field of organelle genomics.
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BLAST: Basic Local Alignment Software Tool
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CREx: Common interval Rearrangement Explorer
DOGMA: Dual Organellar GenoMe Annotator
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MITOS: MITOchondrial genome annotation Server
Msa: multiple sequence alignment

mt: mitochondrial

mtDNA: mitochondrial DNA

NCBI: National Center for Biotechnology Information
0DNA: organelle DNA

ODL: Organelle DNA Lineages

OGRe: Overlap Graph-based Read ClustEring
OXPHOS: oxidative phosphorylation

Pl: plastid

pIDNA: plastid DNA

rRNA: ribosomal RNA

SEM: standard error of the mean

SSR: simple sequence repeat

TCA: tricarboxylic acid

TDRL: tandem duplication random loss

tRNA: transfer RNA

tRNAdb: transfer RN A database
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