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Abstract 

The segmental duplication has long been known to be a major mechanism for genome growth and evolution. Beyond that, 

the large-scale genomic duplication is important in the evolution of species. Recent studies have spotted occurrence of 

whole-genome duplication provided great insight into many aspects of biology. In this work we investigate possible 

association of inverse symmetry with whole-genome inverse duplications on genomes. Our findings, through analyses of 

word-frequency nucleotides and distributions of homologous conserved regions on publicly available complete genomes of 

18 archaea and 139 bacteria, are positive. These findings suggest that, first, statistically significant inverse symmetry is 

found within some prokaryotic genomes. Second, there is inverse symmetry around the replication original and terminal sites 

on the prokaryotic genomes. The mechanism of generation of inverse symmetry involves whole-genome inverse 

duplications. Whole-genome inverse duplications have occurred in most prokaryotic chromosomes near original sites and 

terminal sites. Our research integrates the abundance of knowledge with evolution of genomes and creates a new approach 

for predicting loci of original sites and terminal sites in prokaryotic chromosomes. Whole-genome inverse duplication events 

probably are ancient, may have occurred not frequently but probably in more than one incident. Our findings suggest that 

whole-genome duplication is a great feature of prokaryotic genome evolution. 
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1. Introduction 

 

Chargaff’s first parity rule, stating that in a DNA 

molecule contents of adenine (A) and thymidine 

(T), and of cytosine (C) and guanine (G), are 

separately identical, was proposed in 1953 [1,2]. It 

was not only a crucial clue to Watson and Crick's 

discovery of the double helical structure of DNA 

[3], but also a basis for molecular biology. In 1968, 

Chargaff proposed Chargaff's second parity rule 

which states that at a lower level of accuracy the 

first rule also extends to a single strand of DNA 

[4]. Chargaff’s parity rule is a case of special 

symmetry. Symmetry exists in mathematics [5], 

physics [6], chemistry [7], evolution [8], human 

appearance [9], and psychology [10]. We consider 

the 3-mer ATC. Its reverse (r), complement (c), and 

inverse (i) conjugates are CTA, TAG, and GAT, 

respectively. According to the current research, 

Chargaff's second parity rule is a special case of 

inverse symmetry, not complement symmetry [11-

14].  

 

Recently we conducted a comprehensive study of 

symmetry, including inverse symmetry, in 

complete genomes [15]. In this study, we find that 

as a rule neither reverse nor complement symmetry 

exist in genomes, but a vast majority of genomes 

have close to maximum global inverse symmetry, 

while exhibiting starkly distinct patterns of local 

inverse symmetry. These genomes possess 

abundant inverse symmetry, but not contain reverse 

symmetry and complement symmetry. It suggests 

Chargaff's second parity rule is a special case of 

inverse symmetry. According to the current 

understanding, the segmental duplication is the 

force in chromosome growth and evolution [16-

21], and inverse segmental duplication events have 

occurred in chromosome evolution [22-24]. We 

believe that the mechanism of the inverse 

duplication contributes to inverse symmetry [15].  

 

2. Materials and Methods 

 

We call a k-base nucleic word a k-mer. Given a 

sequence, we count the frequency of occurrence fu 

of each k-mer type u using an overlapping sliding 

window of width k and slide one [42]. Given k, let 

Pρ be the set of distinct ρ-conjugate but non-self 

conjugate pairs of k-mers types, where ρ=r, c, and i 

denote reverse, complement, and inverse 

symmetry, respectively. The ρ-symmetry index, χρ, 

is defined as: 

 
Where u+ is the ρ-conjugation of u, σmu is the 

standard deviation of the frequencies of k-mers in 

the m-set to which both u and u+ belong, and Nρ is 

the number of ρ conjugate pairs in Pρ. By design χρ 

is expected to be close to unity in the absence of ρ 

symmetry. A χρ significantly less than unity 

indicates the presence of ρ-symmetry and χρ = 0 

implies exact ρ-symmetry. 

 

3. Results 

 

We intend to include in this study all the non-

redundant prokaryotic complete sequences in 

public databases. The 157 complete sequences of 

28 archaea chromosomes and 139 eubacteria 

chromosomes have been analyzed in this study. 

Those are downloaded from the National Center for 

Biotechnology Information (NCBI) chromosome 

database [25]. Individual chromosomes range in 

length from 490 kb to 9105 kb.  

 

The quantity χρ measures the segmental average of 

the ρ-symmetry index for a chromosome 

partitioned into segments of length (Methods). The 

smaller χρ means there is a better ρ-symmetry on 

the sequence. We compute the χρ for 157 

prokaryotic chromosomes downloaded from NCBI 

in Table S1, SI. Here we present the evidence for 

the ρ-symmetry index for four species of 

Clostridium acetobutylicum, Erwinia carotovora, 

Escherichia coli, and Synechocystis in Table 1. The 

Table 1 is not only a summary of the finding that 

reverse and complement symmetries are absent, but 

also a result showing that the inverse symmetry is 

strongly present. 

 
Table 1. There is neither reverse nor complement 

symmetry in C. acetobutylicum, E. carotovora, E. coli, 

and Synechocystis. The perfect inverse symmetry in 

these four species is shown in the table. 

 

 
 

The χi scanning plots for complete genomes of C. 

acetobutylicum, E. carotovora, E. coli, and 

Synechocystis are shown in Figure 1. There are 
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isolated sharp minima, prominent in C. 

acetobutylicum and E. carotovora and more 

numerous or less conspicuous in E. coli. but absent 

in Synechocystis. We believe that the weak inverse 

symmetry could be explained by gene loss that has 

been found on chromosomal or genome 

duplications [26-28]. Recently replication original 

and terminal sites have been found from analysis of 

GC cumulative skew method [29]. We find that 

original and terminal sites, already identified as 

break-points in inverse symmetry, are near centers 

of inverse symmetry reflection in Figure 1. 

Therefore, we could take χi as a feature to predict 

original and terminal sites of replication and 

illustrate the results. 

 

 

 

 

 
Figure 1. The χi scanning and the skew method 

plots for four representative organisms, C. 

acetobutylicum, E. carotovora, E. coli, and 

Synechocystis of Figure 1a, 1b, 1c, and 1d 

respectively. The upper part presents the whole-

genome χi scanning. The lower part presents the 

AT and GC cumulative skew on the genome. The 

GC cumulative skew is used to predict the 

replication original and terminal sites. The perfect 

inverse symmetry are found around original and 

terminal sites in C. acetobutylicum, E. carotovora, 

and E. coli. The weak or miss inverse symmetry 

near original and terminal sites in Synechocystis is 

also indistinct by using GC cumulative skew. 

 

4. Discussion 

 

Because inverse symmetry is decided by all the 

letters in a k-mer as a group, its prevalence cannot 
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be solely the result of point mutations or any 

mechanism that affects one nucleotide at a time. 

Ubiquitous genomic inverse symmetry must be the 

manifest of a certain mode of genome growth and 

evolution. We have proposed a hypothesis to 

explain why inverse symmetry exists in species. 

Consider a segment S in the positive strand of the 

chromosome and its complement Sc in the negative 

strand. Now suppose Sc is copied and inserted 

somewhere into the positive strand. Because of the 

backbone structure of a DNA strand, Sc must be 

reversed before the insertion. That is, the inverse of 

S, namely Si, is actually inserted in Figure 2. 

Inverse duplication generates inverse symmetry. 

We believe inverse symmetry variations in Figure 1 

are due to different numbers of inverse duplication 

events occurred in species. No other comparable 

mechanism exists that can generate either reverse 

or complement symmetry, and this may explain 

why they are not observed in genomes. 

 

 
Figure 2. A double-strands DNA sequence 

includes a positive strand from 5' to 3' and a 

negative strand from 3' to 5'. They are complement 

conjugation. We assume S, Sc, and Si as ATC, 

TAG, and GAT segment, respectively. 

 

The whole-genome duplication is an important 

mechanism for genome growth and evolution. It 

has been studied through comparative genetics 

research. Occurrence of the whole-genome 

duplication was suggested by analysis of yeast [30–

32], ray-finned fishes [33], and freshwater puffer 

fish [34]. The whole-genome inverse duplication 

was also been suggested for E. coli [35]. Recently 

it has been found from analysis of B. burgdorferi 

[36,37] that led to much better insight into the 

whole-genome inverse duplication. In our study, 

we find that the inverse symmetry in species was 

consistent with occurrence of the whole-genome 

inverse duplication that pivoted around original and 

terminal sites in Figure 1. This finding suggest that 

an inverse symmetry within species is the ancestral 

inverse duplication of the whole genome occurred 

near the original and terminal site. Inverse 

symmetry is also a new feature to predict loci of 

original and terminal sites. 

 

If the whole-genome inverse duplication has 

occurred around original and terminal sites, we 

could observe the positive strand sequence from the 

original site to the terminal site is similar to the 

negative strand sequence from the original site to 

the terminal site. To compare the conversed regions 

of C. acetobutylicum, we divide the complete 

sequence into two halves. The upper half is the 

sequence from the original site to the terminal site 

and the lower half is the sequence from the 

terminal site to the origin site. We analyze those 

two sequences of C. acetobutylicum by using 

Mauve [38]. Mauve is useful for browsing large 

scale genome with genomic rearrangements on the 

level of DNA. A whole-genome comparison of 

genome positions of conversed regions within C. 

acetobutylicum is shown in Figure 3a. Blocks 

above the center line mean the aligned regions are 

the upper half sequence in the positive strand. 

Blocks below the center line indicate the aligned 

regions are in the negative strand. The alignment of 

C. acetobutylicum consists of 10 locally collinear 

conversed blocks that cover an average of 91.7% of 

each genome as Figure 3a. Figure 3a also reveals a 

large-scale inverse symmetry between the upper 

and lower half sequences. In addition, the inverse 

symmetry is not limited to the C. acetobutylicum 

comparison. Inverse symmetry has also been found 

in Clostridium novyi in Figure 3b. These results 

present evidence that the whole-genome inverse 

duplication event has occurred around original and 

terminal sites. 

 

 
Figure 3. Conversed regions of C. acetobutylicum 

and C. novyi are prsesnted in Figure 3a and 3b. In 

both Figure 3a and 3b, the upper direct sequence is 

similar to the lower indirect sequence. These results 

show whole-genome inverse duplication events 

have existed in genome evolution. 
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Whole-Genome alignments could align genome 

sequences with duplications and rearrangements. 

To observe the duplication and rearrangement 

events of genome growth and evolution, we align 

the sequence of C. acetobutylicum with itself by 

zPicture [39], a sequence analysis tool using 

BLASTZ [40]. After generation of local alignments 

between the two sequences, we construct of a 

rough global map by chaining an ordered subset of 

the local alignments. The analysis reveals a 

significant 'X' shape alignment Figure 4a. If the 

whole-genome inverse duplication is a real 

evolutionary events in the lineage, we could expect 

not only the regions along one diagonal but also the 

regions along the other diagonal should be perfect 

homologous within species. In Figure 4a, there is a 

significant X-alignment within the genome of C. 

acetobutylicum. The X-alignment within the 

species of C. novyi is also shown that there is an 

ancestral inverse duplication around original and 

terminal site in Figure 4b. We believe that the weak 

anti-diagonal in Figure 4a and 4b are due to many 

rearrangement events in the different lineages [41] 

in Figure 4c. 

 

 

 
Figure 4. In the dot-plots, the reference sequence is 

laid across the X-axis, while the query sequence is 

on the Y-axis, and a point is plotted at every 

position where the two sequences show similarity. 

If the two sequences are perfectly identical, a 

diagonal would go from the bottom left to the top 

right. 

 

We think that original and terminal sites, already 

identified as break- points in inverse symmetry, are 

near centers of inverse-symmetry reflection. The 

correlation between type-classification and 

phylogeny is illustrated in Fig. 2 by using iTOL [43, 

44]. The colors of bars, blue, green, yellow, and red, 

are for types A, B, C, and D, respectively. There is 

a dominating type in each monophyletic category.  

 

5. Conclusion 

 

Ancient events in evolution intend to be obscured 

or masked by intervening mutation events, thus 

making analysis difficult. We present a novel 

observation regarding the genome growth and 

evolution on prokaryotic species. Our studies 

reveal that whole genome inverse duplication 

events are occurred around original and terminal 

site. The difference of inverse symmetry between 

species could be the different numbers of inverse 

duplication events. These results also suggest that 

the whole-genome inverse duplication is a common 

feature of prokaryotic evolution. We could also 

take the inverse symmetry index as a feature to 

predict the original and terminal site of replication 

in prokaryotic genomes. A public online tool for 

computing the inverse symmetry index and 

predicting the original and terminal sites of 

prokaryotic organisms will be developed. We will 

conduct a detailed study of the correlation between 

type-classification and phylogeny. We could 

estimate the time when whole genome inverse 
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duplication occurred by combining result on whole-

genome inverse duplication with phylogenetic 

information. Infer from the study a narrative of 

genome growth and evolution, and a biological 

interpretation of this narrative.  
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