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Sequence analysis is important to understand a genome, and a number of approaches such
as sequence alignments and hidden Markov models have been employed. In the field of

text mining, the purity measure is developed to detect unusual regions of a string without
any domain knowledge. It is reported in that work that only RNAs and transposons are
shown to have high purity values. In this work, the purity values of regions of various

bacterial genome sequences are computed, and those regions are analyzed extensively. It

is found that mobile elements and phages as well as RNAs and transposons have high
purity values. It is interesting that they are all classified into a group of horizontally

transferred genes. This means that the purity measure is useful to predict horizontally
transferred genes.
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1. Introduction

Sequence analysis is an established approach to elucidate the structure of genome

sequences and their functional regions. Sequence alignments and hidden Markov

models have been heavily used to analyze genome sequences5. These traditional

tools are very successful to identify functional regions.

In the field of text mining, the purity of a string is introduced by Yamada et

al.25 to find unusual regions of an input string. In that work, at first, the purity

measure is applied to Japanese blog texts, and it is shown to successfully detect

artificially copied and inserted parts of the texts. Secondly, the measure is also

applied to only two genome sequences of Escherichia coli and Bacillus subtilis,

and it is reported that the top 100 regions with high purity values are likely to

correspond to RNAs and transposons.

It should be noted here that these genes can be considered to be horizontally

transferred genes15, which are closely related to the evolution of microorganism

genomes. Horizontal gene transfer is considered as one of the primary reasons for

bacterial genetic diversity6 because transferring genes involves larger changes than

mutation. However, recall that in that work25 only the top 100 regions with high

purity values are evaluated. As a result, their implications are very limited. It is

interesting to examine what kind of functional regions are identified by the purity

measure.

In this paper, we have extensively investigated the effectiveness of the purity

measure to bacterial genome sequences. Although in the previous work25, only

RNAs and transposons are characterized by the purity measure, our result shows

that mobile elements and phages as well as RNAs and transposons have high pu-

rity values. Interestingly, those found genes can be considered to be horizontally

transferred genes11,26. Therefore, this fact means that the purity measure is useful

to predict horizontally transferred genes.

2. Related Work

Roughly speaking, to characterize genomic regions computationally, there are two

approaches: the one that is based on biological knowledge and the one that utilize

the compositional characteristics of a sequence. From the viewpoint, the purity

measure is considered to be a kind of a compositional measure and to belong to the

latter approach.

In the former approach, many methods are proposed based on different domain

knowledge such as homology of sequences8,16,19 and structures common to partic-

ular genes17,20. Though those methods are very effective to detect regions similar

to well-known regions, the power of those methods are limited because such do-

main knowledge are biased toward previously identified regions. Hence, it is hard

to discover novel functional regions compared to the latter approach.

On the other hand, in the latter approach, functional regions are characterized

by the variations of compositions of the regions. Previously, numerous kinds of com-
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positional features have been proposed nucleotide-level composition1, di-nucleotide

abundance21, probability13 and complexity14,24. The variations of such composi-

tional features are usually measured compared to a standard model such as an

average composition1 and a probabilistic model of a background sequence13.

This composition-based approach is also widely used for characterization of hori-

zontally transferred genes4,9,18,22. Basically, in those methods, only the compositions

of low-order nucleotide, i.e. mono-, di- and tri-nucleotide, are considered. Although,

relatively longer oligonucleotides have been employed18, only a restricted set of

nucleotide sequences are usually considered.

In contrast to them, the purity measure, which is also a compositional measure,

takes account of every part of a sequence regardless of the length of the part. Fur-

thermore, the measure doesn’t assume any models to measure the variation, and

it depends on a universally applicable assumption instead. Hence, it can be con-

sidered that the purity measure characterizes horizontally transferred genes better

and more robustly.

3. Methods

3.1. Purity Measure

The purity measure quantifies unusualness of substrings of a given string under

the reasonable assumption such that shorter substrings occur more frequently than

longer ones. With the assumption, given a string T and a substring x of T , we can

consider x to be unusual in T if most substrings of x appear the same number of

times as x. It is obvious because most substrings of x are much shorter than x,

and such substrings are considered to appear more frequently than x in T under

the assumption. To quantify how much x deviates from the assumption, in that

work25, three measures are proposed based on statistics called probability, entropy

and difference respectively. In this study, we use only the measure using probability

statistic because it was used in their experiments on genome sequences and trans-

posons were captured well. We call the measure just the purity measure in the rest

of this paper.

Formally the purity measure is defined as follows. Let N be the set of non-

negative integers. Let Σ be a finite set of characters. We call Σ an alphabet.

We denote a set of finite sequences of zero or more characters by Σ∗ and call

its element a string. The length of a string x ∈ Σ∗ is denoted by |x|. For a

string x = a1a2 . . . an ∈ Σ∗ of length n, the i-th character ai of x is denoted by x[i]

for a positive integer i, and a contiguous part ai . . . aj of x is denoted by x[i : j] for

positive integers i and j such that i ≤ j and called a substring of x.

For a string x ∈ Σ∗, sub(x) is defined as follows:

sub(x) =
{
〈i, j〉 ∈ N2 | 1 ≤ i ≤ j ≤ |x|

}
.

For a string T, x ∈ Σ∗, we define posT (x) as follows:

posT (x) =
{
〈i, j〉 ∈ sub(T ) | T [i : j] = x

}
.
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For a string T, x ∈ Σ∗, freqT (x) is defined as freqT (x) =
∣∣∣posT (x)

∣∣∣. Intuitively,

sub(x) represents a set of the all substrings of x, posT (x) is a set of occurrences of x

in T , and freqT (x) is the frequency of x in T .

Definition 1. Given an input string T and a substring x = T [i : j] of T , the purity

value of x on T is calculated as follows:

purityT (x) =

∣∣∣{〈k, l〉 ∈ sub(x) | freqT (x[k : l]) = freqT (x)
}∣∣∣

|sub(x)|
.

This definition of the purity value formulates the unusualness of x as the fraction

of the substrings of x that only appear within x in T .

We can compute the frequency freqT (x) of a substring x of T efficiently with

memory space and run time proportion to the length of T with the aid of an

appropriate data structure, such as suffix trees or suffix arrays10.

3.2. Target Substrings to Evaluate with the Purity Measure

Although we can simply apply the purity measure to all the substrings of the input

string to find substrings with highest purity values, it is practically impossible to

do so since there are O(n2) substrings for an input string of length n. Hence, we

focus only on repeated substrings as many methods for mobile elements do2,23.

Additionally, an equivalence relation is employed to reduce redundancy further

by grouping substrings and considering only representatives of resulting equivalence

classes. Here we consider an equivalence relation proposed by Blumer et al.3

Let x and y = αxβ be substrings of an input string T , where α, β ∈ Σ∗.

If freqT (x) 6= freqT (y), we can think there are distinct usages of x in T other than

being used as a part of y, and hence it would be better to distinguish x and y.

On the contrary, if freqT (x) = freqT (y), x is considered to be redundant because x

always occurs as a part of y with α and β as a prefix and suffix respectively. In this

example, x and y are grouped together by the equivalence relation.

There are at most O(n) equivalence classes for an input string T of length n.

The longest element of each equivalence class is chosen as a representative. In the

following sections, we call the representatives of the equivalence classes Blumer

strings.

4. Results and Discussion

In this section, experiments on eleven bacterial genome sequences are presented,

which were conducted to show what kind of functional regions are found by the

purity measure and how strongly such functional regions and purity values are

associated. Note that our experiment is not intended to precisely identify functional

regions of genome sequences. Instead, we aim to visually and quantitatively show

the power of the purity measure on various genome sequence without any complex

procedure other than the purity measure.
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Table 1. Bacterial genome sequences that are used in our experiments. For each sequence, an

accession number of GenBank, sequence length, G+C content and organism name are shown.

Popular sequences with various lengths and G+C contents were chosen.

Accession Length G+C (%) Organism

NC 000911.1 3,573,470 47.7 Synechocystis sp. PCC 6803
NC 000913.2 4,639,675 50.8 Escherichia coli str. K-12 substr. MG1655

NC 000964.3 4,215,606 43.5 Bacillus subtilis subsp. subtilis str. 168

NC 002695.1 5,498,450 50.5 Escherichia coli O157:H7 str. Sakai
NC 002946.2 2,153,922 52.7 Neisseria gonorrhoeae FA 1090

NC 003228.3 5,205,140 43.2 Bacteroides fragilis NCTC 9343

NC 007517.1 3,997,420 59.5 Geobacter metallireducens GS-15
NC 008261.1 3,256,683 28.4 Clostridium perfringens ATCC 13124

NC 010572.1 8,545,929 72.2 Streptomyces griseus subsp. griseus NBRC 13350
NC 012973.1 1,576,758 39.2 Helicobacter pylori B38

NC 015431.1 1,153,998 23.8 Mycoplasma mycoides subsp. capri LC str. 95010

Therefore, our experimental procedure is simply as follows: (1) enumerate all

Blumer strings of a sequence, (2) compute the purity value for each string of them,

(3) output the strings with purity values, and (4) analyze these strings together

with annotated regions of the input sequence. Table 1 describes the eleven bacterial

genomes briefly and also includes the accession numbers of GenBank files from

which we retrieve annotation information. As shown in the table, from popular

sequences, we chose the sequences so that sequences with various lengths and G+C

contents are included. In the following experiments, we only used a single strand of

a genome sequence which is included in a GenBank file of the sequence.

Figure 1 shows the number of substrings which have larger purity values than

a given threshold value for each genomes. The horizontal axes represent the purity

values of substrings. Note that the vertical axes represent the logarithmic numbers

of substrings. It is shown in the figure that there are around 106 Blumer strings.

However, as threshold value increases, the numbers of substrings decrease rapidly,

and only the small number of substrings have large purity values.

By reducing the redundancy of substrings dramatically, the equivalence relation

makes it possible for us to analyze those substrings comprehensively. Although the

restriction to Blumer strings might seem to be excessive, as one of the following

figures shows below, these strings still appear ubiquitously in sequences, and we

think it does not matter.

We conducted all the experiments on a single Linux machine composed of Intel

Core i7 3.4 GHz and 16 GB of memory. We implemented the procedure described

above in C++. Source code were all compiled with GCC 4.8.1.

4.1. Sequence Maps

We rendered regions that correspond to Blumer strings on sequence maps for each

of all examined genome sequences to visually and qualitatively understand the asso-

ciation between purity values and regions for biological functions. Figure 2 illustrate
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Fig. 1. The graphs show the number of substrings with purity values larger than a given threshold

as the threshold value increases. The horizontal axes represents the threshold values of purity, and
the vertical axes represents the logarithmic number of substrings which have larger purity values

than the threshold values.

how to see the maps, and Fig. 3, 4, 5 and 6 shows some sequence maps out of them.

A map shows a sequence, and each row consists of three tracks. The first track

provides annotation information written in a GenBank file. The all annotated re-

gions were classified into seven functional types by simply checking whether some

specific terms are included in feature qualifier values or not. For example, regions

whose annotations contain either qualifiers “function”, “product” or “note” with

qualifier values including a word “phage” are classified as phage. The detailed de-

scription of the complete rules are omitted here. Then, the annotated regions were

colored according to their types on a map. The seven types and their corresponding

colors are: mobile element (red), rearrangement hot spot element (Rhs7,12; orange),

phage (yellow), transposon and transposase (green), tRNA (light blue), rRNA (blue)

and others (transparent, i.e. not shown in maps). Those six types of functional re-

gions are considered to be horizontally transferred genes or related to insertion of

such genes.

The second track shows local G+C contents for each non-overlapping l-mers,

i.e. total ratios of “g” and “c” in the sequence of each l-mer, where l = 1000. Every

l-mer is colored according to their G+C contents: l-mer with highest G+C content

is colored in red, and l-mer with lowest G+C content is colored in green. This

coloring is also shown in the legend located at the bottom of a map. This track

is intended to provide a simple compositional information, which are often used to
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Fig. 2. How to see the sequence maps below. The diagram on the left hand side shows the part of

a sequence map and describes the structure. In the first track of a sequence map, some functional

regions are drawn with the colors as shown in right hand side of this figure.

characterize horizontally transferred genes9.

Finally, the third track shows Blumer strings. For each string, all corresponding

regions were located and colored according to the purity value of the string. Since

the purity values also ranges between from zero to one as with G+C content, they

are colored in the same way: a string with high purity value is colored in red, and

a string with low purity value is colored in green. Note that only Fig. 3 shows all

Blumer strings while other sequence maps doesn’t show Blumer strings with smaller

purity values than 0.5.

In the figures, it is shown that the purity measure captures RNAs, transposons

and Rhss very well. Though those substrings are usually not wide enough to entirely

cover every functional regions, short substrings covers those regions together. Also

phages seems to be captured by the purity measure although some part of the

regions are not covered.

It can also seen that purity and local G+C content are not closely related. While,

in any figures, the purity measure mostly gives higher values only to horizontally

transferred genes and the variation of the purity is very specific to those regions, the

G+C contents vary regardless of whether the regions are horizontally transferred

genes or not. Hence, it can be said that the local G+C content is not enough to

characterize horizontally transferred genes.

Since we combined Blumer strings and the purity measure, it may be considered

that the successful results are obtained mainly by Blumer strings instead of the

purity measure. Note that Blumer strings are interspersed all over the sequence in

Fig. 3 although most of them have lowest purity values, i.e. colored green. In the

figure, it is shown that Blumer strings are not so biased. Hence, Blumer strings are

not specific to regions of horizontally transferred genes, and we can conclude that

horizontally transferred genes are captured thanks to the purity measure.

4.2. Function-wise Analysis

We further examined the purity values to quantitatively show the association be-

tween functions of regions and them. First, for every region annotated in GenBank

files, the most optimal string that best covers only the single region was chosen from

all the Blumer strings of the genome sequence. Then, the selected strings were split

into groups according to their corresponding regions’ function types, and statistics
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Purity�/�Local�G+C�(%)

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00

0 30000 60000 90000 120000 150000 180000 210000 240000 270000

300000 330000 360000 390000 420000 450000 480000 510000 540000 570000

600000 630000 660000 690000 720000 750000 780000 810000 840000 870000

900000 930000 960000 990000 1020000 1050000 1080000 1110000 1140000 1170000

1200000 1230000 1260000 1290000 1320000 1350000 1380000 1410000 1440000 1470000

1500000 1530000 1560000 1590000 1620000 1650000 1680000 1710000 1740000 1770000

1800000 1830000 1860000 1890000 1920000 1950000 1980000 2010000 2040000 2070000

2100000 2130000 2160000 2190000 2220000 2250000 2280000 2310000 2340000 2370000

2400000 2430000 2460000 2490000 2520000 2550000 2580000 2610000 2640000 2670000

2700000 2730000 2760000 2790000 2820000 2850000 2880000 2910000 2940000 2970000

3000000 3030000 3060000 3090000 3120000 3150000 3180000 3210000 3240000 3270000

3300000 3330000 3360000 3390000 3420000 3450000 3480000 3510000 3540000 3570000

3600000 3630000 3660000 3690000 3720000 3750000 3780000 3810000 3840000 3870000

3900000 3930000 3960000 3990000 4020000

Fig. 5. Blumer strings whose purity values are greater than 0.5 on the sequence of Geobacter

metallireducens GS-15 [GenBank:NC 007517].

Purity�/�Local�G+C�(%)

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00

0 8000 16000 24000 32000 40000 48000 56000 64000 72000

80000 88000 96000 104000 112000 120000 128000 136000 144000 152000

160000 168000 176000 184000 192000 200000 208000 216000 224000 232000

240000 248000 256000 264000 272000 280000 288000 296000 304000 312000

320000 328000 336000 344000 352000 360000 368000 376000 384000 392000

400000 408000 416000 424000 432000 440000 448000 456000 464000 472000

480000 488000 496000 504000 512000 520000 528000 536000 544000 552000

560000 568000 576000 584000 592000 600000 608000 616000 624000 632000

640000 648000 656000 664000 672000 680000 688000 696000 704000 712000

720000 728000 736000 744000 752000 760000 768000 776000 784000 792000

800000 808000 816000 824000 832000 840000 848000 856000 864000 872000

880000 888000 896000 904000 912000 920000 928000 936000 944000 952000

960000 968000 976000 984000 992000 1000000 1008000 1016000 1024000 1032000

1040000 1048000 1056000 1064000 1072000 1080000 1088000 1096000 1104000 1112000

1120000 1128000 1136000 1144000 1152000 1160000

Fig. 6. Blumer strings whose purity values are greater than 0.5 on the sequence of Mycoplasma
mycoides subsp. capri LC str. 95010 [GenBank:NC 015431].

of the associations were analyzed. Here, the same seven types of functions described

above were used.

To evaluate the coverage of a string for an annotated region, the F-measure was

employed, which is a well-known measure and widely used in the field of Information

Retrieval. Given a genome sequence T ∈ Σ∗, a candidate substring x of T and a

functional region r = 〈i, j〉 ∈ sub(T ), we define the F-measure F (x, r) for x and r
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Fig. 7. For each functional type, here are the histograms of the F-measure values of all the pairs

of a region and its optimal Blumer’s string from all the genome sequences. The horizontal axes
represent F-measure values, and the vertical axes represent the total frequencies of F-measure

values within each “bin” of F-measure value.

as follows:

F (x, r) = max

{
H

(
overlap(〈i, j〉, 〈k, l〉)

j − i
,

overlap(〈i, j〉, 〈k, l〉)
l − k

) ∣∣∣∣ ∀〈k, l〉 ∈ posT (x)

}
,

where

H (p, q) =
2pq

p+ q
,

overlap(〈a, b〉, 〈c, d〉) =

{
min(b, d)− c+ 1 (a ≤ c ≤ b)
min(b, d)− a+ 1 (c ≤ a ≤ d).

Briefly speaking, the value of F-measure will be one if and only if a string x covers

the entire region r, and the value will be zero when x and r are not overlapped.

The distribution of the F-measure values for all the annotated regions is shown

in Fig. 7. It shows histograms of the F-measure values of all the pairs of a region

and its optimally corresponding Blumer’s string from all the genome sequences.

In a histogram, the horizontal axis express F-measure value, and the vertical axes

express the total frequency of F-measure values within each “bin” of F-measure

value. From the figure, it can be seen that there are still a lot of strings that poorly

cover annotated regions even though they are the optimally covering strings for the

regions. This means that most of the annotated regions, except for rRNAs, have

very different boundaries from those of Blumer strings. In contrast, interestingly,

half of rRNAs have corresponding Blumer strings with quite high F-measure values

greater than 0.87, and 84% of rRNAs have Blumer strings with F-measure values

higher than 0.5.
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Fig. 8. Purity value histograms for annotated regions with high F-measure values (≥ 0.5). A

distribution of purity values across all the genome sequences is shown for each function type. The
horizontal axes represents purity values, and the vertical axes represents the number of regions.
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Fig. 9. Purity value histograms for annotated regions with low F-measure values (< 0.5). A dis-

tribution of purity values across all the genome sequences is shown for each function type. The
horizontal axes represents purity values, and the vertical axes represents the number of regions.

It is considered that only strings with high F-measure values are subject to the

functions of their corresponding regions. Hence, we divided those optimal strings

into two groups of high F-measure values (≥ 0.5) and low F-measure values (< 0.5).

Figure 8 and 9 show the histograms of purity values for both the groups: the

former is for the group of high F-measure values and the latter is for the other group
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Table 2. The numbers of Blumer strings categorized according to

purity values and their corresponding functional types. Here only

strings with high F-measure values (≥ 0.5) are considered.

HTGs Others

Purity ≥ 0.5 734 1035

Purity < 0.5 286 2209

of low F-measure values. In the histograms, the horizontal axes express purity value,

and the vertical axes express the total frequency of purity values. In Fig. 8, it is

shown that most of the strings that matches horizontally transferred genes have

high purity values, and the other strings have low purity values. On the other hand,

in Fig. 9, the purity measure gives low evaluations to almost all substrings even if

the substring matches a horizontally transferred genes a little. Hence, it is likely that

the purity measure gives high purity values to substrings which covers horizontally

transferred genes well and low purity values to the other substrings.

This observation was tested statistically by being stated as follows: “F-measure

values and the purity values are positively-correlated in the case of horizontally

transferred genes and not correlated in the case of other genes”. We statistically

tested this hypothesis on these functional types except for “others”. Spearman’s

rank correlation of the F-measure values and the purity values were computed for

the both cases, and tested a null hypothesis “correlation is less than or equal to 0”

respectively. For horizontally transferred genes, a correlation coefficient of 0.58 and

a p-value less than 0.01 are obtained. Thus we can say there are correlation between

the F-measure values and the purity values under the choice of significance level

of 1%. On the other hand, for the other genes, a correlation coefficient of −0.18 and

p-value of 1 were obtained. Hence, we can not say F-measure values and the purity

values of regions other than horizontally transferred genes are positively-correlated.

It is also calculated that how many of the horizontally transferred genes have

purity values no less than 0.5, how many of the other genes have purity values

less than 0.5 and so on. Table 2 shows these numbers for the four cases. Note that

only the Blumer strings with F-measure values no less than 0.5 are considered here.

From the table, it can be seen that Blumer strings with high purity value are not

necessarily associated with horizontally transferred genes and the false discovery

rate of 0.59 is fairly high. On the other hand, it can also be said that 72% of

Blumer strings which correspond to horizontally transferred genes have high purity

values and 68% of them corresponding to the other genes have low purity values.

From these results, we conclude that the purity measure certainly characterizes

horizontally transferred genes collectively as unusual regions of genome sequences

while it is not sufficient to distinguish horizontally transferred genes from the others.
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5. Conclusions

We extensively investigated the usefulness of the purity measure for genome se-

quences. Interestingly, our sequence maps indicated visually the considerable asso-

ciation between the purity values of Blumer strings and several horizontally trans-

ferred genes. On the other hand, it also showed that G+C contents are not so

suggestive of these genes. Our quantitative examination on Blumer strings showed

that particularly rRNAs are likely to be covered well by these strings and there

is significant correlation between the functionality of horizontally transferred genes

and purity values of corresponding Blumer strings. Moreover, around 70% of anno-

tated regions with high F-measure values can be correctly classified into horizontally

transferred genes or other genes according to purity values of their corresponding

Blumer strings while the false discovery rate of 0.59 is not so low.

Our analysis suggests that the purity measure characterizes horizontally trans-

ferred genes collectively. Therefore, this fact means that the purity measure has

potential to be a useful tool to predict horizontally transferred genes.
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