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Segmentation Points by Using the GC Profile Method

Ren Zhang'*, Hong-Yu Ou?, Feng Gao’ and Hao Luo’

!Center for Molecular Medicine and Genetics, School of Medicine, Wayne State University, Detroit, MI, USA; State
Key Laboratory of Microbial Metabolism and School of Life Sciences & Biotechnology, Shanghai Jiaotong University,
Shanghai 200030, China; *Department of Physics, Tianjin University, Tianjin, 300072, China

Abstract: The nucleotide composition of genomes undergoes dramatic variations among all three kingdoms of life. GC
content, an important characteristic for a genome, is related to many important functions, and therefore GC content and its
distribution are routinely reported for sequenced genomes. Traditionally, GC content distribution is assessed by comput-
ing GC contents in windows that slide along the genome. Disadvantages of this routinely used window-based method in-
clude low resolution and low sensitivity. Additionally, different window sizes result in different GC content distribution
patterns within the same genome. We proposed a windowless method, the GC profile, for displaying GC content varia-
tions across the genome. Compared to the window-based method, the GC profile has the following advantages: 1) higher
sensitivity, because of variation-amplifying procedures; 2) higher resolution, because boundaries between domains can be
determined at one single base pair; 3) uniqueness, because the GC profile is unique for a given genome and 4) the capac-
ity to show both global and regional GC content distributions. These characteristics are useful in identifying horizontally-
transferred genomic islands and homogenous GC-content domains. Here, we review the applications of the GC profile in
identifying genomic islands and genome segmentation points, and in serving as a platform to integrate with other algo-
rithms for genome analysis. A web server generating GC profiles and implementing relevant genome segmentation algo-
rithms is available at: www.zcurve.net.
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1. INTRODUCTION

The nucleotide composition of genomes undergoes dra-
matic variations among all three kingdoms of life. GC con-
tent, an important characteristic for a genome, is related to
many important genome functions [1]. Therefore GC content
and its distribution along the genome are routinely reported
for sequenced genomes.

In prokaryotic genomes, assessing GC content change is
useful in identifying horizontally-transferred genes, which
usually have distinct GC content from the host genome. A
growing body of evidence suggests that horizontal gene
transfer is a universal event throughout bacterial evolution
[2-4]. Genomic islands comprise relatively large genomic
regions, e.g., 10-200 Kb, which are acquired by core ge-
nomes via horizontal gene transfer. Depending on their func-
tions, genomic islands can be classified as pathogenicity
islands, metabolic islands, secretion islands, resistance is-
lands and symbiosis islands [5-7]. For instance, pathogenic-
ity islands carry genes encoding one or more virulence fac-
tors including adhesins, toxins, invasins, capsule synthesis,
iron uptake and effectors secreted by the type III and IV se-
cretion apparatuses [5, 8].
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In eukaryotic genomes, GC content is related to isochore
structures, a phenomenon that the genome is organized into
mosaics of long domains of relatively homogenous GC con-
tent [9]. The isochore structure has been shown to correlate
with many genomic features, such as gene density [10, 11],
intron length [12], replication timing [13], recombination
frequency [14], methylation pattern [15], repeat elements
[16], and transposable elements [17]. Thus, determining the
underlying mechanism driving the evolution of isochores is
helpful in understanding the organization of genomes.

Traditionally, GC content distribution of a genome is
usually assessed by computing GC content in sliding win-
dows moving along the genome [11]. The disadvantage of
this routinely-used window-based method is that the resolu-
tion is low, e.g., the method is not sufficiently sensitive to
detect small changes in GC content. In addition, the distribu-
tion pattern of GC content obtained is largely dependent on
the window size, and therefore different window sizes lead
to different patterns.

We proposed a windowless method to calculate GC con-
tent, called the GC profile [18]. In contrast to the tradition-
ally used sliding-window based method, the GC profile is a
windowless method that has high resolution. Because no
window is used, the GC profile is unique for a given ge-
nome. Importantly, this method shows a global GC content
distribution. Therefore, the GC profile method has been suc-
cessfully used for identification of genomic islands and ge-
nome segmentation points, and in comparative genomics.
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2. THE GC PROFILE METHOD, A WINDOWLESS
METHOD IN CALCULATING GC CONTENT

Based on the Z-curve, any DNA sequence can be
uniquely described by three independent distributions, i.e.,
those of the bases of purine/pyrimidine (x,), amino/keto (v,),
and weak/strong hydrogen bonds (z,). In particular, z, dis-
plays the distribution of bases of GC/AT types along the
sequence, which is calculated as follows [19, 20].

z2,=(4,+T)-(C,+G,), n=0, 1, 2., N, x,, y,, z,€[-N, NI, (1)

where 4,, C,, G, and T, are the cumulative numbers of the
bases A, C, G and T, respectively, Based on z,, GC content
can be calculated using a windowless technique [18]. The
curve of z, ~ n is fitted by a straight line using the least
square technique, z = kn, where (z, n) is the coordinate of a
point on the fitted straight line and £ is its slope. Then we
have ;' =, _jn Let G+ Cdenote the average GC content

within a region An in a sequence, we find

Az,
An

G+C=1,_,_ La_r_w (2)
2(1 k ) 2(1 k-k"),

where ;' = Azl [ An is the average slope of the z’ curve within

the region An, which is a DNA segment, e.g., a genomic is-
land. The above method is called the windowless technique
for GC content computation [18], and the z’ curve is also
called the cumulative GC profile. In the z’ curve, a jump
counter-intuitively denotes a drop in GC content, and there-
fore, we define GC profile as negative z’. Strait lines of the
GC profile denote a region with relatively homogenous GC
content. An upward line indicates an abrupt increase in GC
content, whereas a drop indicates an abrupt decrease in GC
content.

3. IDENTIFICATION OF GENOMIC ISLANDS BY
THE GC PROFILE METHOD

3.1. Genomic Islands in Rhodopseudomonas Palustris

R. palustris, a purple photosynthetic bacterium, is ex-
tremely metabolically versatile, as it can use both light and
chemical inorganic compounds for energy, and can grow
with or without oxygen. Therefore it is a model to study how
organisms integrate metabolic modules in response to envi-
ronmental changes [21]. In the R. palustris genome, based on
the GC profile, we have identified three genomic islands,
which are associated with three abrupt drops in the GC pro-
file (Fig. 1A) [22], indicating that they have an abrupt de-
crease of GC content, while this is not illustrative based on
GC content distribution using 20 Kb windows (Fig. 1B). The
identified regions have many conserved features of genomic
islands. For instance, the averaged GC content of these ge-
nomics islands is 0.616, much lower than that of the genome,
0.652. RPAGI-1 is flanked by two directly repeated se-
quences. An integrase gene is located at a site following the
repeat at the 5” junction. RPAGI-2 is flanked by two t-RNA
genes and RPAGI-3 has a t-RNA gene at its 3’ junction.

These three genomic islands appear to play a role in fa-
cilitating this bacterium to adapt to versatile environmental
changes. For instance, the only 2 sets of type IV secretion
genes for conjugal transfer of DNA are all located in the
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genomic islands. Because each of the two gene sets has all
the 10 components required for a type IV secretion pathway,
and because these two type IV secretion systems are the only
such systems in the genome, they are very likely to be func-
tional. RPAGI-3 has 5 multidrug efflux transport related
genes and RPAGI-1 has two genes that encode an arsenate
reductase pump modifier and an arsenical pump membrane
protein. The presence of metal efflux transporters, multidrug
efflux pumps and type IV secretion systems in horizontally-
transferred genomic islands helps to explain why R. palustris
survives in a great variety of environments by acquiring nec-
essary nutrients while resisting toxic compounds [22].

3.2. Genomic Islands in Corynebacterium Efficiens

C. efficiens, a close relative of C. glutamicum, is widely
used for fermentative production of amino acids on an indus-
trial scale [23]. C. efficiens can still grow and produce glu-
tamate at 40°C or above, whereas C. glutamicum cannot. The
remarkable thermostability of C. efficiens is a useful trait
from an industrial viewpoint as it reduces the considerable
cost of cooling needed to dissipate the heat generated during
glutamate fermentation [24]. The complete genome sequence
of C. efficiens provides an opportunity to investigate the
mechanisms for the high thermostability of C. efficiens at the
sequence level.

Using the GC profile, we have identified 4 genomic is-
lands (Fig. 1C), which have multiple conserved genomic-
island specific features, such as low GC content, biased
codon usage, the presence of mobile genes, direct repeats
and tRNA loci at junctions [25]. Nishio ef al. [24] compared
the thermal stability of 13 orthologous enzymes of C. effi-
ciens and C. glutamicum. Although most of the tested en-
zymes from C. efficiens were more thermostable than their
orthologs of C. glutamicum, unexpectedly, however, an as-
partate kinase in C. efficiens was found to be comparatively
less stable than in C. glutamicum [24]. We found that the
gene encoding this enzyme from C. efficiens is located in
one of the identified genomic islands. Therefore, one expla-
nation for its reduced stability is that due to the recent hori-
zontal transfer of this gene, the adaptive mutations of the C.
efficiens genome have not yet been performed sufficiently to
increase thermal stability of this aspartate kinase, and indeed,
it lacks the biased amino acid substitutions that increase pro-
tein stability [25].

3.3. Genomic Islands in Corynebacterium Glutamicum

C. glutamicum is a Gram-positive soil bacterium that has
the ability to excrete large amounts of certain amino acids,
and therefore this bacterium is most widely used for fermen-
tative production of amino acids on an industrial scale [26].
We identified 2 genomic islands in the genome of C. glu-
tamicum, and its GC profile shows 2 drops that indicate an
abrupt decrease in GC content [27] (Fig. 1D). The CGGI-1
has a GC content of 0.49, whereas that of the genome is
0.55, and it is flanked by repeat elements of about 500 bp. It
is noteworthy that the 500 bp repeat elements surrounding a
genomic island are considered to be long. The tRNA gene
has been repeatedly found to be the integration site of ge-
nomic islands, and indeed, a cluster of 7 tRNA genes at the
5’ junction immediately follows the repeat element, and the
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Fig. (1). Identification of horizontally-transferred genomic islands by using GC profiles. A) GC profiles and B) the GC content distribution
based on 20Kb sliding windows for the genome of Rhodopseudomonas palustris. GC profiles of C) Corynebacterium efficiens, D) Coryne-
bacterium glutamicum and E) Vibrio vulnificus CMCP6. F) A typical structure of the genomic island. The schematic representation of CGGI-
1, a genomic island in C. glutamicum. Figure not drawn to scale. Segments of GC profiles for genomic island are shown in red, and those for

host gnomes are shown in green.

other repeat is preceded by an integrase gene [27]. Therefore
CGGI-1 has a typical structure of the genomic island (Fig.
1F).

3.4. Genomic Islands in Vibrio vulnificus CMCP6

V. vulnificus is a Gram-negative, curved rod-shaped bac-
terium that has been known to cause both foodborne and
wound infections throughout the world [28]. In the United
States, the diseases caused by this bacterium make it the

leading cause of seafood-associated fatalities [29]. These
diseases include invasive septicemia, with a mortality rate of
approximately 60% [29]. We have identified 3 genomic is-
lands VVGI-1, VVGI-2 and VVGI-3, which are associated
with an abrupt decrease in GC content (drops) in the GC
profile for V. vulnificus (Fig. 1E). VVGI-1 harbors two
genes encoding invasion-associated proteins (cell wall-
associated hydrolases), which can be involved in cellular
processes, such as cell-wall turnover, motility, protein secre-
tion and pathogenicity [30]. VVGI-2 harbors a gene encod-
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ing hemolysin, which denotes a class of toxins that have lytic
activity on red blood cells (RBC). Hemolysins, which can
form pores in the membranes of many types of cells, play a
role in colonization and multiplication in the shellfish by
breaking down the host tissues. Therefore, VVGI-2 is a po-
tential pathogenicity island. VVGI-3 has a gene coding for a
multidrug resistance efflux pump, which is a system that
enables the bacteria to expel a wide variety of antimicrobial
compounds, suggesting the VVGI-3 to be a resistance island
[27].

4. USE OF THE GC PROFILE ON ISOCHORE IDEN-
TIFICATION

Based on density gradient ultracentrifugation experi-
ments, more than 3 decades ago, Bernardi and coworkers
discovered that mammalian genomes are organized into mo-
saics with fairly constant average GC content over scales of
hundreds of kilobases and by relatively abrupt changes to
another fairly constant GC content region, referred to as the
isochore structure [31], and many important biological
properties, such as replication timing and recombination
rates, are linked to the isochore structure of the genome [9].

The GC profile method provides an effective way to re-
veal GC content organization, and is therefore useful in iden-
tifying isochore structures of the genome. (Fig. 2) shows GC
profiles for some typical isochores in human, horse, dog and
Finch genomes. By visual inspection, it can be seen that in
human chromosome 7, there are clearly low-GC content and
high-GC content regions that alternatively appear along the
genome (Fig. 2A). For example, the first 20 Mb region can
be divided into 2 regions with a 7 Mb GC-rich domain and a
13 Mb GC-poor domain, with GC contents being 0.50 and
0.36, respectively (Fig. 2A). Similar organization is also pre-
sent in dog genome (Fig. 2B), horse genome (Fig. 2C) and
Finch genome (Fig. 2D). For instance, the horse chromo-
some 2 can be roughly divided into 2 domains. The first GC
rich domain has an average GC content of 0.47, and the GC-
poor domain has an average GC content of 0.38, resulting in
a GC content difference of 0.9. Both domains are about 50
Mb in size. Likewise, the finch chromosome 14 can be di-
vided into 4 domains with 2 being GC-rich and the other 2
being GC-poor, and GC-rich and GC-poor domains appear
alternatively throughout the genome. Based on GC profile,
statistical methods can be used to examine homogeneity and
to identify genome segmentation points. It should be noted
that the GC profile is unique for a given genome, but isocho-
res are not, due to different definitions.

When the draft human genome sequence became avail-
able, it was hoped that human isochores could be determined
at the sequence level, unexpectedly, however, no isochore
was identified in the human genome [11]. Specifically, the
hypothesis of homogeneity was rejected in each 300-Kb
window in the human genome, resulting in a debate about
whether or not isochores exist [32]. We think the debate was
due to a misunderstanding of the isochore concept. The ho-
mogeneity of GC content should be considered to be relative,
rather than absolute. That is, homogeneity of the isochore
GC content should be considered by taking into account of
GC content variations of the entire chromosome, rather than
independently performing homogeneity tests within sliding
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windows of a fixed size, e.g., 300 Kb. The GC profile
method shows a global GC content distribution, in contrast
to window-based methods, and therefore it is useful in iden-
tifying isochore structure, and in identifying global GC con-
tent variations in the genome.

5. INTEGRATION WITH OTHER ALGORITHMS ON
THE PLATFORM OF THE GC PROFILE

5.1. Integration of the GC Profile into MobilomeFINDER

MobilomeFINDER is a useful bioinformatics server that
facilitates high-throughput in-silico and experimental dis-
covery of bacterial mobile regions [33]. The analysis tools
for tRNA/tmRNA gene contents and contexts (tRNAcc) ex-
ploit the Mauve aligner [34] to survey whether
tRNA/tmRNA gene sites across multiple genomes are occu-
pied by anomalous strain-specific DNA segments. The GC
profile method has been integrated into MobilomeFINDER
to locate putative genomic islands [33]. For instance, most
alien DNA fragments appear to map to a limited number of
species-specific insertion ‘hotspots’ in bacterial genomes,
with the most common hotspots being tRNA/tmRNA gene
sites [35]. Most insertion hotspots occur in drops (sudden
decrease in GC content) of GC profiles.

We used MobilomeFINDER to examine genome se-
quences of 6 Klebsiella pneumoniae strains (MGH 78578,
Kp342, NTUH-K2044, HS11286, KCTC2242 and Kp1084),
and identified 35 island-like regions that are inserted into 10
tRNA/tmRNA gene hotspots, which are located on drops of
GC profiles (Fig. 3). K. pneumoniae strain HS11286 is a
carbapenemase-producing clinical isolate obtained from the
sputum of a patient [36]. NTUH-K2044 was isolated from a
patient with liver abscess and meningitis, and KCTC 2242 is
the 2,3-Butanediol-producing strain. In the GC profile of
HS11286, two putative integrative conjugative elements
(ICEs) were identified [37]: an asn34 tRNA gene-associated,
ICEKpl-like element ICEKpnHS11286-1 (62 Kb in size,
52.5% GC content) and a phe55 tRNA gene-associated ele-
ment ICEKpn HS11286-2 (56 Kb, 50.2% GC content). For
the NTUH-K2044 strain, the experimentally reported 76-Kb
ICEKpl1 [38] was inserted into the asn36 tRNA gene sites
while a putative element ICEKpnK2044-2 (79 Kb, 51.4%
GC content) was found in the /eu82 tRNA gene locus.
Therefore, GC profile is useful as a tool that is used in con-
junction with other methods to identify horizontally-
transferred genes.

5.2. Integration of GC Profile with Genome Segmenta-
tion Algorithms

The genome order index S is defined as S = + ¢* + g* +
7, where a, c, g and ¢ denote the occurrence frequencies of
A, C, G and T, respectively, in a genome or a DNA se-
quence. The genome order index S, derived from the Z-curve
theory, is a useful statistical quantity to reflect the composi-
tional characteristics of a genome [39], which can serve as an
appropriate divergence measure to quantify the composi-
tional difference between two DNA sequences. Based on GC
profile and the genome order index S, a new segmentation
algorithm has been developed to partition a given genome or
DNA sequence into compositionally distinct domains [40].
Therefore, GC profile can be a platform on which other
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Fig. (2). Isochore structures revealed by GC profiles. GC profiles (upper panel) and GC content distribution based on 100 Kb sliding win-
dows (lower panel) for A) human chromosome 7, B) dog chromosome 22, C) horse chromosome 2 and D) finch chromosome 14.

algorisms are integrated for genome analysis, such as seg-
mentation.

6. USE OF THE GC PROFILE METHOD IN COM-
PARATIVE GENOMICS

Because the cumulative GC profile has high resolution in
displaying GC content changes, it is a useful tool for
comparative genomics. For instance, by comparing
cumulative GC profiles of the genomes of Bacillus cereus
and B. anthracis, 3 genomic islands were identified in the
former [41]. Likewise, by comparing cumulative GC profiles
of genomes of 2 strains of B. cereus, some genomic islands
were identified [42]. By comparing GC profiles of 3
pneumonia  pathogens,  Chlamydophila  pneumoniae,

gens, Chlamydophila pneumoniae, Mycoplasma pneumoniae
and Streptococcus pneumoniae, Guo and Wei identified 8
Gls, and 3 of which contain clusters of genes coding for
virulence factors [43].

The high sensitivity of GC profiles in detecting GC con-
tent change is exemplified by comparative analysis of the
GC profiles for genomes of B. cereus ATCC 10987 and B.
cereus ATCC 14579. Although GC profiles for both ge-
nomes indicate that their overall GC content distributions are
similar, each GC profile contains drops that are missing in
the other. Indeed, the 2 drops (sharp decreases in GC con-
tent) in the GC profile of the B. cereus ATCC 10987 genome
are identified as genomic islands, BCEGI-1 and BCEGI-2,
which have GC content of 0.31 and 0.32, respectively, much
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lower than that of the genome, 0.36. Due to low resolution
and low sensitivity, these genomic islands could not be iden-
tified using the window based method. By comparing the
genes and genomic sequences around the 2 genomic islands,
their integration sites were determined precisely at the single
nucleotide level [42].
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Fig. (3). GC profiles for genomes of the Klebsiella pneumoniae
strains A) HS11286, B) NTUH-K2044 and C) KCTC 2242. The
GC profile is integrated into MobilomeFINDER, which was used to
identify horizontally-transferred genes (red). The tRNA /tmRNA
genes are identified as insertion sites (blue stars).

Global as well as regional changes in GC content can be
easily grasped by comparing GC profiles. For instance, the
GC profile for human chromosome 21 clearly shows that the
chromosome is organized into 3 domains, with average GC
contents being 0.37, 0.43 and 0.50 (Fig. 4A). It is also appar-
ent that human chromosome 21, chimpanzee chromosome 22
and dog chromosome 31 are homologous to each other (Fig.
4A-C). The GC profile is unique for a chromosome, but the
window-based method, when different window sizes are
used, results in different GC content distributions. For hu-
man chromosome 21, for instance, a small window size (1
Kb) leads to large statistical fluctuation, while large window
sizes (200 Kb) average out detailed changes in GC content
(Fig. 4D-F).

7. WEB SERVER FOR GENERATING THE GC PRO-
FILE

To facilitate the use of the GC profile and the new ge-
nome segmentation algorithm, a web server has been con-
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structed, which is implemented on Apache server and the
web interface using Common Gateway Interface (CGI) Perl
scripts [44]. The segmentation algorithms are written in C++.
The output graphs are generated by gnuplot graphics routine.
GC-Profile has a user-friendly and intuitive input interface.
Users can choose to paste a sequence into the box or upload
the sequence (FASTA format) in a file. By default, GC-
Profile generates four files for each job: two tables and two
figures. The output web page shows the process of GC-
Profile, and provides links to the results of sequence segmen-
tation: (i) coordinates, sizes and G + C contents of the seg-
mented domains as an HTML table; (ii) number, coordinates,
segmentation strength, segmentation times and segmented
contig of the segmentation points as an HTML table; (iii) the
cumulative GC profile and (iv) GC content of the input se-
quence in PNG format. If upload options are chosen, the den-
sity distribution or coordinate points labeled to the GC profile
can also be obtained. This web server can be accessed at
http://tubic.tju.edu.cn/GC-Profile/, or http://www.zcurve.net
then click ‘Genome segmentation’.

8. CONCLUDING REMARKS

Below is a comparison between window-based and win-
dow-less methods for displaying GC content distribution.

1) The GC profile has higher sensitivity, because of the
special subtraction procedure, i.e. Equation (3), which
amplifies the variation of GC content. Therefore, even
an extremely small change in GC content can be de-
tected. This characteristic is especially useful if the dif-
ference between GC content of the horizontally-
transferred elements and that of the host genome is
small.

2) The GC profile has high resolution. GC content can be
calculated at single-base pair resolution. Because of its
high sensitivity, regions with GC content changes can
be detected, and the boundary can be identified accu-
rately.

3) The GC profile is unique for a genome, while the win-
dow-based method leads to different GC content distribu-
tion if the window size is changed.

4) The GC profile shows a global, as well as regional, GC
content change, while the window-based method shows
only a regional GC content. This characteristic is espe-
cially important for identifying isochores, which, we
suggest should be examined in the context of the entire
chromosome.

5) The GC profile is also intuitive in identifying homoge-
nous regions in GC content variation, and this is useful in
identifying isochores (Table 1). It is noteworthy that the
GC profile is not equal to the distribution curve of GC
content itself, but its derivative is proportional to GC
content.

Although the advantages of cumulative GC profiles are
highlighted above, we do not mean to replace the window-
based method with the GC profile. In contrast, in many
cases, the two methods are complementary and should be
used together to visualize GC content distribution along ge-
nomic sequences.
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Table 1. Comparison between the window-based method and the windowless method (GC profile) for displaying GC content dis-
tributions.
‘Window-based Method Window-less Method (GC Profile) Note

Method Overlapping or non-overlapping sliding Cumulative number of G and C along the The 2 methods are complementary

windows genome, the z’ component of Z-curve.

Sensitivity Low, because GC content variation is aver- | High, because of the special subtraction The high sensitivity is useful especially for

aged within a window procedure that amplifies GC content varia- detecting horizontally-transferred genomic
tion. islands.

Resolution Low High, because no window is used, the The high resolution proves valuable in
boundary between domains can be deter- identifying genome segmentation points.
mined at one single nucleotide.

Uniqueness Different window size leads to different Unique for a given genome The uniqueness is a useful feature for com-

results

parative genomics.

Regional or

Regional, GC content within a window

Global as well as regional, because cumu-

The global GC content distribution is a

global lative GC content is calculated. useful characteristic in identifying isocho-
res.

Examining Not intuitive Intuitive, because a straight line denotes a Examining homogeneity based on the GC

homogeneity homogenous region, as opposed to GC profile is helpful in identifying isochores.

content variations of the entire genome.
Homogeneity can be examined statistically
as well.
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