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Abstract

Dinucleotide relative abundance or frequency of dinucleotides in particular nucleotide sequence is reported as genomic
signature as it is specific across different DNA samples and able to identify the variance among different groups whereas
identical or similar for closely related organisms. Dinucleotide relative abundance value is identified to be overall constant
due to numerous factors as dinucleotide stacking energy and DNA helicity, mechanisms of replication, repair and context-
dependent mutation pressures and includes information about genome-wide processes. In this study, we analyzed
genome sequence of 41 cyanobacteria to gain an insight of dinucleotide bias in their genomes. Across different
dinucleotides, TA is broadly underrepresented followed by CG and then AC+GT whereas; AA+TT and GC occupied a
major portion of dinucleotide distribution across all cyanobacterial genomes. Underrepresentation of TA seems to be
influenced by GC-content of the members as it tends to decrease when there is an increase in GC content. Members with
similar GC content possess similar pattern of genomic signature. Habitats also seem to influence the dinucleotide relative
abundance values of the organisms because it is suggested that marine organisms.
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Due to these facts, dinucleotide relative abundance is depicted as genomic signatures that tend to be specific across
different DNA samples and were found efficient to explain the variance across the DNA sequences of prokaryotes and
eukaryotes including viruses and hosts and also provide information on their variation at codon sites [2-3]. Dinucleotide
relative abundance value is found to be consistent throughout the genome and involves contribution of genome-wide
processes such as replication, recombination and repair in it. Environmental factors such as ecology (e.g. energy sources
and systems), temperature extremes, g-radiation damage, osmolarity gradients along with transfer of genomic DNA
between organisms (either directly or indirectly) concurrently imposes impact on the genomic signature [1]. Dinucleotide
relative abundance differentiate specifically imitate structural features of DNA such as duplex curvature, supercoiling etc.
[4]. Dinucleotide relative abundance founds its root in dissimilarity measures calculated from dinucleotide counts and is
also utilized for assessing evolutionary distances between homologous sequences as an alignment-free approach
computation. Phylogenetic analysis on the basis of dinucleotide relative abundance distance (or "delta-distance") is
specifically useful for whole genomes and provides logically sound results [5-7].

Dinucleotide relative abundance profile is found to be very stable and consistent throughout the genome even when only
50 kb fragments are considered [2, 4]. This stability is a resultant of many factors like limitation on dinucleotide stacking
energy and DNA helicity, mechanisms of replication and repair and context-dependent mutation pressures [1, 4, 5, 8, 9].
The genome signature is also able to identify putative horizontally transferred DNA as it is typical for a given bacterial
genome. Due to its species-specific character, this genomic signature allows recognition of anomalous genomic regions
[10, 11, 12].

Special attention was provided towards studying prokaryotic genomes for analysis of biases in nucleotide composition and
organization along with short oligonucleotide combinations held there in [13-15]. Much emphasis is given towards
analyses of dinucleotide frequencies and codon usage [10, 16-19]. In archea and bacteria, usage of oligonucleotides are
related to multiple properties as DNA base-stacking energy, codon usage and DNA structural conformation. Further, it is
reported that prokaryotic DNA tends to be correlated in short range and information is encoded in short oligonucleotides.
As compared to AT-rich and host-associated genomes, oligonucleotide usage vary more in GC-rich and free-living
genomes [20].

Cyanobacteria (blue-green algae) represent one of the eleven major eubacterial phyla and extremely diverse group of
prokaryotes in terms of their physiological, morphological and developmental characteristics. They are ancient group of
photosynthetic prokaryote with a great distinction in term of their habitats, cellular differentiation strategies and
physiological capacities [21]. In the last decades, increased technological developments in DNA-sequencing have
facilitated sequencing of a number of cyanobacterial genomes comprising different physiological groups and species.
Complete genome sequences of group of microbes including cyanobacteria allow a close inspection of genomic features
and characteristics within and between different species.

This study was carried out to analyse dinucleotide frequencies and average absolute dinucleotide relative abundance
difference across different cyanobacterial genomes.

Materials and Methods:

Dataset:

Entire dataset contains 41 different group of cyanobacteria for whom complete genome sequence is available. Complete
genome sequences of 40 cyanobacteria were obtained from the NCBI ftp site (ftp://ftp.ncbi.nih.gov/genomes/Bacteria/).

For Arthrospira platensis NIES-39, entire genome sequence was downloaded from GenBank database while entire gene
sequences were downloaded from DOGAN database (http://www.bio.nite.go.jp/dogan/top). All 41 cyanobacteria belong to

5 different orders i.e. Chrococcales, Prochlorales, Nostacles, Oscillatoriales and Gloeobacterales. Chrococcales is largest
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order having 22 members sequenced, whereas next one is Prochlorales with 12 members. Order Nostacles,

Oscillatoriales and Gloeobacterales have 4, 2 and 1 member sequenced respectively (Table 1).

Calculation of dinucleotide relative abundance value

We determined the dinucleotide relative abundance value for each of the 41 cyanobacteria using the following equation:

P = fxr/ (fxfo)
where fxy denotes the frequency of dinucleotide XY and fx and fy denote the frequencies of X and Y, respectively.
Program Count Motifs (http:/kirillkryukov.com/study/tools/count-motifs/) was used to calculate the dinucleotide relative
abundance values. We followed refined criteria of discrimination, proposed in earlier studies [9, 22] i.e. overrepresentation
is indicated by + (1.23 < p'xy < 1.30), ++ (1.30 < p'xy < 1.50) and +++ (p'xy = 1.50), while underrepresentation is indicated
by — (0.70 < p'xy< 0.78), —— (0.50 < p'xy < 0.70) and — — — (p xy < 0.50).
Calculation of average absolute dinucleotide relative abundance difference

The dissimilarities in relative abundance of dinucleotides between two sequences (f and g) were calculated from Genome

signature comparisons (6*-differences) (webserver http://www.cmbl.uga.edu/software/delta-differences.html). This

webserver computes §*-differences using the following equation:

8 (f,9) =1/16%|p xv(f) - p'xv(9)| (Karlin et al, 1997)
Program first divides each genome to non-overlapping segments of ~50,000 bp, then calculates the 6* value for each pair
of segments from the two genomes, and gives the average of all comparisons between 50 kb segments multiplied by 1000
for convenience .

Statistical analysis

Statistical analysis i.e. calculation of mean, standard deviation and correlation analysis was carried out with SPSS 16.0
software.

Results

Comparison of dinucleotide relative abundance values across genomes

The distribution pattern of the frequencies of 16 dinucleotides i.e. symmetrized 10 dinucleotides of 41 species of
cyanobacteria is shown in Table 1. Our study indicated that TA is broadly underrepresented followed by CG and then
AC+GT as shown earlier [4, 23, 24]. Slight variation is observed in distribution pattern of CC+GG followed by TG+CA.
Particularly for these two set of dinucleotides, it iswas observed that they followed an average to overrepresented
distribution across all cyanobacteria (Table 1). CC+GG was found in higher occurrence in members of order Prochlorales
and across Cyanothece species. AA+TT and GC occupied a major portion of dinucleotide distribution across all members
of dataset. Underrepresentation of TA was observed to be influenced by GC-content of the members as it tended to
decrease when there is an increase in GC content. Members with low GC content showed underrepresentation of CG
(Table 1). Frequency range for TA was found to be highest followed by CG. Both of these dinucleotides show their
distribution in a wide range which was also evident from Table 1. Wide distribution range was also observed for CC+GG,
TG+CA and GC. Rest of the dinucleotides which generally involved combination of one strong nucleotide and one weak
nucleotide (AC+GT, AG+CT, TC+GA) with the exception of AA+TT and AT showed narrow range of frequency as
compared to rest of the dinucleotides (Figure 1).
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Figure 1. Distribution of dinucleotides across all the 41 cyanobacteria.
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Table 1. Distribution pattern of dinucleotide frequency in 41 cyanobacterial genomes. Colour coding varies in order red-yellow-green

asi 1:36 1 03 Overrepresentation is indicated by + (1.23 < p'xy < 1.30), ++ (1.30 < p'xy < 1.50) and +++ (p'xy 2 1.50), while underrepresentation
is indicated by — (0.70 < p xy< 0.78), ——(0.50 < p xy< 0.70) and — - — (p xvy < 0.50) (Karlin et al, 1997).
Abbreviation
used for AA + AC + AG + TC+ TG | CC+

Taxonomy Organism OrganismName | GC% | TT AT GT CT TA GA + CA GG CG GC
Acaryochloris marina ;
MBIC11017 Am_MBIC11017 | 46.99 | 1.14 1.04 0.79 1.01 0.73 1.03 1.11 1.11 | -0.76 1.09
Cyanothece sp. ATCC +
51142 Cs ATCC51142 | 37.97 | 1.19 0.92 0.84 0.98 0.82 1.01 0.97 1.29 0.8 0.95
Cyanothece sp. PCC +
7424 Cs PCC7424 385 1.21 0.93 0.79 0.98 0.82 1.04 0.9 1.28 0.9 0.98
Cyanothece sp. PCC -- :
7425 Cs_PCC7425 50.66 | 1.19 1.03 0.79 0.99 0.69 0.99 1.12 1.16 0.74 1.04
Cyanothece sp. PCC
7822 Cs_PCC7822 39.87 | 1.22 0.92 0.79 1 0.83 0.99 0.94 1.21 0.89 1.12
Cyanothece sp. PCC +
8801 Cs_PCC8801 39.8 1.21 0.94 0.81 0.96 0.81 1.03 0.94 1.27 0.88 0.98

Chroococcales
Cyanothece sp. PCC +
8802 Cs_PCC8802 39.8 1.21 0.94 0.81 0.96 0.81 1.03 0.94 1.27 0.88 0.98
- +

Synechococcus --
elongatus PCC 7942 Se_PCC7942 55.46 | 1.18 1.04 0.78 1.04 0.57 1.07 1.13 0.89 0.97 1.23
Synechococcus sp.
CC9311 Ss_CC9311 52.4 1.18 1.02 0.8 1.01 0.47 1.09 1.22 0.94 0.85 1.15
Synechococcus sp.
CC9605 Ss_CC9605 59.2 1.14 1.1 0.82 1.01 0.38 1.08 | +1.25 | 0.95 0.86 1.11
Synechococcus sp. JA- + : - i
3-3Ab Ss_JA33Ab 60.2 1.25 1 0.72 1.11 0.58 0.97 1.15 1.09 0.74 1.12
Synechococcus sp. PCC ++
7002 Ss_PCC7002 49.16 | 1.33 1.04 - 0.84 -- 0.97 1.04 1.21 0.92 1.05
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0.78 0.66
Synechococcus sp. i ++ *
RCC307 Ss_RCC307 60.8 12 11 0.75 1.05 0.36 0.94 1.34 0.93 0.82 1.27
Synechococcus sp. WH *
7803 Ss_ WH7803 60.2 111 1.13 0.82 1.02 0.3 1.12 1.27 0.93 0.88 1.11
Synechococcus sp. WH *
8102 Ss_WH8102 59.4 1.09 1.13 0.85 0.4 1.09 1.26 0.95 0.87 1.09
Synechocystis sp. PCC ++ : ++ i
6803 Sy PCC6803 47.35 1.32 1 0.79 0.85 0.75 0.86 1.05 1.36 0.75 1.02
Microcystis aeruginosa + i +
NIES-843 Ma_NIES843 42.3 1.24 0.96 0.78 0.95 0.82 1.03 0.9 1.25 0.96 1.01
Thermosynechococcus + -
elongatus BP-1 Te BP1 53.9 1.23 1.05 0.8 0.96 0.65 0.92 1.18 1.11 -0.76 1.13
Synechococcus sp.
CC9902 Ss_CC9902 54.2 1.22 1.06 0.83 0.93 0.44 1.08 1.2 0.96 0.92 1.11
- +
Synechococcus --
elongatus PCC 6301 Se_PCC6301 55.5 1.18 1.04 0.78 1.04 0.57 1.07 1.13 0.89 0.97 1.23
Synechococcus sp. JA- + : -- :
2-3B'a(2-13) Ss JA-2-3B 58.5 1.24 1.03 0.74 1.07 0.55 0.98 1.17 1.11 0.72 1.09
cyanobacterium -
UCYN-A C_UCYN_A 31.1 111 0.91 0.83 1.13 0.9 1.02 0.97 1.13 0.65 1.21
Gloeobacter violaceus + --
Gloeobacterales | PCC 7421 Gv_PCC7421 62 1.28 1.07 0.85 0.93 0.57 1.04 1.05 0.93 1.08 1.13
‘Nostoc azollae' 0708 Na 0708 38.33 1.13 0.92 0.89 1.03 0.84 0.95 1.09 1.17 0.64 1.08
Nostocales
. +
Nostoc punctiforme
PCC 73102 Np_PCC73102 41.34 1.17 0.92 0.86 1.02 0.81 0.94 1.08 1.05 0.81 1.24
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Nostoc sp. PCC 7120 Ns_PCC7120 41.22 1.15 0.93 0.89 0.99 0.84 0.92 1.08 1.11 0.78 1.16
Anabaena variabilis i
ATCC 29413 Av_ATCC29413 | 41.39 1.15 0.93 0.89 0.99 0.85 0.92 1.09 1.11 0.78 1.16
Arthrospira platensis + =

. . NIES-39 Te IMS101 34.1 1.14 0.89 0.85 1.1 0.88 0.97 1 1.24 0.58 1.12

Oscillatoriales -

Trichodesmium +
erythraeum IMS101 Ap_NIES39 44.3 1.16 1.02 0.84 0.93 0.86 0.98 0.99 1.27 0.84 0.97
Prochlorococcus i +
marinus str. AS9601 Pm_AS9601 31.3 1.18 0.91 0.72 1.08 0.77 1.08 1.02 1.26 | --0.51 1.18

Prochlorococcus

marinus subsp. marinus i - ’

str. CCMP1375 Pm_CCMP1375 | 36.4 1.15 0.92 0.73 1.14 0.78 1.06 1.07 1.1 0.52 1.27

Prochlorococcus ) _

marinus subsp. pastoris +

str. CCMP1986 Pm_CCMP1986 | 30.8 1.17 0.92 0.72 1.09 0.79 1.08 1 1.28 0.51 1.17
- -- +

Prochlorococcus
marinus str. MIT 9211 Pm_MIT9211 38 1.15 0.91 0.74 1.16 0.78 1.05 1.07 1.11 0.52 1.23

Prochlorales | prochlorococcus +
marinus str. MIT 9215 Pm_MIT9215 31.1 1.18 0.91 0.71 1.08 0.77 1.09 1.02 1.26 0.51 1.19

Prochlorococcus +
marinus str. MIT 9301 Pm_MIT9301 31.3 1.18 0.91 0.72 1.08 0.77 1.08 1.02 1.25 0.51 1.18

- - + -
Prochlorococcus

marinus str. MIT 9303 Pm_MIT9303 50 1.14 1.01 0.78 1.07 0.6 1.04 1.23 0.96 0.74 1.22

Prochlorococcus +
marinus str. MIT 9312 Pm_MIT9312 31.2 1.17 0.92 0.71 1.09 0.78 1.08 1.02 1.26 0.49 1.19

- +
Prochlorococcus

marinus str. MIT 9313 Pm_MIT9313 50.7 1.14 1 0.78 1.08 0.57 1.04 1.24 0.95 | -0.74 1.22
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Prochlorococcus a4
marinus str. MIT 9515 Pm_MIT9515 30.8 1.17 0.92 0.72 1.08 0.79 1.09 1.01 1.28 0.52 1.16

Prochlorococcus
marinus str. NATL1A Pm_NATL1A 35 1.16 0.92 0.74 1.11 0.76 1.09 1.05 1.13 0.57 1.17

Prochlorococcus
marinus str. NATL2A Pm_NATL2A 35.1 1.17 0.92 0.74 1.11 0.75 1.09 1.06 1.13 0.57 1.18
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Mean and standard deviation was computed for GC content of genomes and each type of the dinucleotide relative

abundance value for all of the 41 cyanobacteria under consideration (Table 2). From the table, it is evident that TA, CG,

AC + GT and AT are least occupied (Table 2) whereas rest of the dinucleotides occupied values which are quite similar to

their mean and also did not shows much deviation in their distribution pattern (Table 2).

We further carried out correlation analysis between GC content of each genome and all the possible dinucleotide

combination to assess the nature of relationship shared in between them (Table 2).

GC content was found to be

negatively correlated with TA, CC + GG, AG + CT suggesting that GC-rich organisms are devoid of these particular

nucleotides, whereas it is positively correlated with AT, TG+CA and CG, suggesting their dominance in organisms with
high GC-content (Table 3).

Table 2. Mean and standard deviation of GC-percentage and dinucleotide frequency in 41 cyanobacteria.

Feature Mean Std. Deviation

GC % 44 5766 10.24641
AA+TT 1.1837 .05147
AT .9800 .07029
AC + GT .7895 .05239
AG + CT 1.0256 .07389
TA .6944 .15981
TC + GA 1.0244 .06237
TG + CA 1.0822 .10846
CC + GG 1.1254 .13679
CG .7490 .16061
GC 1.1290 .08663

Table 3. Correlation between GC-percentage and each of the dinucleotides in 41 cyanobacteria (**Correlation is
significant at the 0.01 level (2-tailed), *Correlation is significant at the 0.05 level (2-tailed)).

GC% |AA+TT| AT |AC+GT|AG+CT| TA |TC+GA|TG+CA|CC+GG| CG GC
GC % 1 218 .919” 238 -3617| -.8397| -.128 7357 -7327| 696 | -.046
AA+TT 218 1 .106 -183| -5917| .003| -.383 -.240 .272|  .3437| -.360
AT 9197 .106 1 .181| -.4057| -.876" .040 .7407|  -6697| .6197| -.079
AC +GT 238 -183| .181 1| -.4907| .036| -.432" .064 -209| .536°| -.331
AG +CT -3617| -5917| -.4057| -.490" 1| .094| .4137 .089 -117| -.7037| .6707
TA -.839" .003| -.876" .036 .094 1| -280| -.859" 7757 -.4137| -.185
TC + GA -128|  -.383| .040| -.432" 4137 -.280 1 .041 -214| -.169| .215

273 | Page JULY 18, 2014




L&JA\ ISSN 2348-6201

TG + CA 735" -.240 .7407 .064 .089| -.859" .041 1| -.806°| .164| .406"
CC + GG 7327 272| -.669" -.209 -117| 7757 -.214]  -.806" 1| -.4337| -.501"
CG 696" 343 6197 5367| -.7037| -.4137| -.169 164  -.4337 1| -.389
GC -.046|  -.3607| -.079] -.331 .6707| -.185 215 4067  -5017| -.389 1

O* differences among cyanobacterial genome

If we consider &* differences among various members of cyanobacteria, it is evident that within species, similar result is
observed as compared to between species (Figure 2). In Order Chrococcales, all members of Cyanothece species
showed close similarity with each other but quite divergence was observed when Cyanothece species were compared
with members of Synechococcus species and Synechocystis and Thermosynechococcus. All the members of
Synechococcus showed differences with each other. However, Ss_RCC307, Ss WH7803, Ss_WH8102 showed
divergence not only with members of Cyanothece species but also with the other members of Synechococcus species and
reflected a divergence across the members of this particular taxonomic unit. Members of Nostocales showed similarity in

the pattern of &+ differences among them. Few members of Chrococcales i.e. C_UCYN_A, Te_BP1, Am_MBIC11017,

Cs_ATCC51142, Cs_PCC7425, Cs_PCC7822 showed similar pattern of &+ differences with members of order Nostocales
rather than with other members of order Chrococcales. Both the orders, Nostocales and Oscillatoriales showed similarity
with each other while Nostacales was quite divergent with the order Prochlorales. Uniformity was observed when Order
Prochlorales was considered with exception of Pm_MIT9303, Pm_MIT9313 which showed totally contrary pattern with rest
of the members.
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Figure 2. 8*- differences of 41 complete genomes (size ~1.4 Mb-9.0 Mb). Each genome was firstly divided into non-
overlapping segments of ~50,000 bp, and then 6* value was computed for each pair of segments from the two genomes,
and final result includes the average of all comparisons between the 50 kb segments multiplied by 1000 for convenience .
For clear visualization of the pattern of 3*-differences across cyanobacteria, a cluster tree based on the differences was
analyzed. This has resulted in different grouping across all the members. This tree clearly divides all the cyanobacteria in
two groups, one group including members of Synechococcus species, Synechocystis species, Gloeobacteria along with
two members of Order Prochlorales (Figure 3). These 11 members in the first clade are those that showed distinct pattern

of 6*-differences as compared to the rest members of dataset (Figure 2). Second clade include rest of the cyanobacterial

species and was further subdivided into diverse clades. First sub-division separates members of Chrococcales as a
separate group from the rest species. Second clade showed multiple branching patterns and included all the Prochlorales
species (exception Pm_MIT9303, Pm_MIT9313) with Te_IMS101, C_UCYN_A in one branch while rest species of this
clade that included members of Nostocles and Chrococcales were grouped as another branch. Among all the taxonomic
orders considered only members of the Order Nostocales and Prochlorales (exception Pm_MIT9303, Pm_MIT9313) were
present in a single branch while rest of the cyanobacteria were clustered in dispersed manner irrespective of their

taxonomy (Figure 3).
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A major feature observed in the grouping of cyanobacteria was their GC content. It was observed that members with
similar GC content showed similar pattern of genomic signature and grouped together as a single clade with other

members which although are from different taxonomic order but have similar GC content (Figure 3).

o*-differences

Sample size: S0000bp

Aon MOENC 2ldT
4'—' T BCCTR2S

We EE-1

I Sa NA-2-AEw

Sa NA-3-34kL

Aor ATOCIN413
4|—|: —

B FOC T S e

T T

I AT A

e IISLEFL

Fox ASDER

o Tl Tl

o Il F 0T

Fo ST ES

Fo WP ES

P O P RSEE

P CCWIFLIIS

o Il

o
] | Fe WATL 1A

FomNATLTA

Ca ATCICS 014

| Ca BT T2

I | T BCCES

T BT ESRY

Delin TENES-E45

T BT TR

Ap NEES F@
[ S [T Tl

Sy BOC 8583

i | Sa CiCRH1Y

Sa CiTwE

Sa DTS

Sa "WE TEOS

e

Sa WEH S1

[ S«POCdEm
Sa BOCT AT

t P FERE

Fo I 0T

Sa BCCIWT

G BCCaz

Figure 3. Clustering of cyanobacterial species on the basis of &*-differences.

276 |Page JULY 18, 2014



ILL JJ ISSN 2348-6201

Discussion

In our analysis, TA is broadly underrepresented followed by CG and then AC+GT, AA+TT and GC occupied a major
portion of dinucleotide distribution across all cyanobacterial genomes. Underrepresentation of TA seems to be influenced
by GC-content of the members as it tends to decrease when there is an increase in GC content. Furthermore, GC content
is negatively correlated with TA, CC + GG and AG + CT suggesting that GC-rich organisms are devoid of these particular
nucleotides. GC-content is positively correlated with AT, TG+CA and CG and thus suggests their dominance in organisms
with high GC-content. An interesting feature in this group of cyanobacteria is their GC content. Members with similar GC
content possess similar pattern of genomic signature and grouped together as a single clade with other species that
although come from different taxonomic orders, have similar GC content. Habitats also seem to influence the dinucleotide
relative abundance values of the organisms because it is suggested that marine organisms show almost similar pattern of
genome signature and group together as a single clade in cluster obtained on the basis of genomic signature difference.
Similar is the case with organisms exhibiting either freshwater, land or multiple habitats. Average dinucleotide relative
abundance distances are larger between genomes of different species in comparison to within genomes. This
discrimination clearly specifies that the compositional variation of any particular genome is governed by the factors that
are specific from genome to genome. Furthermore, all of the 16 dinucleotides or 10 symmetrised dinucleotides exhibit their
own DNA structural preferences [4]. The dinucleotide TA remains mostly underrepresented [4, 23, 24]. It is most likely due
to the lowest stacking energy of TA among all the dinucleotides which eventually allow necessary flexibility for unwinding
of the DNA double helix. TA is also a part of many regulatory sequences (e.g. TATA box, polyadenylation signals) and so
restricted TA usage may help to avoid improper binding of regulatory factors [1, 4]. Thus, universal under-representation of
TA is an expected outcome of the extraordinarily low stacking energy in cyanobacterial genomes.
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