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Abstract Possessing three circular chromosomes is a distinct
genomic characteristic of Burkholderia cenocepacia AU
1054, a clinically important pathogen in cystic fibrosis. In this
study, base composition, codon usage and functional role
category were analyzed in the B. cenocepacia AU 1054
genome. Although no bias in the base and codon usage was
detected between any two chromosomes, function differences
did exist in the genes of each chromosome. Similar base
composition and differential functional role categories indi-
cated that genes on these three chromosomes were relatively
stable and that a proper division of labor was established.
Based on variations in the base or codon usage, four small
gene clusters were observed in all of the genes. Multivariate

analysis revealed that protein hydrophobicity played a pre-
dominant role in shaping base usage bias, while horizontal
gene transfer and the gene expression level were the two most
important factors that affected the codon usage bias. Interest-
ingly, we also found that these gene clusters were correlated
with different biological functions: (i) 45 pyrimidine-leading-
codon preferred genes were predominantly involved in regu-
latory function; (ii) most drug resistance-related genes in-
volved in 826 genes that coding for hydrophobic proteins;
(iii) most of the 111 horizontal transfer genes were responsible
for genomic plasticity; and (iv) 73 highly expressed genes
(predicted by their codon adaptation index values) showed
environmental adaptation to cystic fibrosis. Our results
showed that genes with base or codon usage bias were affect-
ed by mutational pressure and natural selection, and their
functions could contribute to drug assistance and transmissi-
ble activity in B. cenocepacia .
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Introduction

Burkholderia cepacia complex (BCC) is considered to be an
important pathogen that causes lung infections in patients with
cystic fibrosis (CF), and it has a long evolutionary history
(Mahenthiralingam et al. 2005). The BCC comprises at least
17 closely related species of the β-proteobacteria, which have
developed diverse niches from a natural environment to
humans (Fang et al. 2011; Sousa et al. 2011). Burkholderia
cenocepacia is one of the two most common pathogens to
cause infection (sometimes death effects) on patients with CF,
accounting for 50 % to 80 % of the infection cases
(Mahenthiralingam et al. 2005). Strong antibiotic resistance
and motility are the two most important mechanisms that help
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this species to transmit infections among CF patients and that
also make it difficult for clinical prognosis and cures (Holden
et al. 2009; Ortega et al. 2005). It is known that most of the
bacterial genomes are composed of a single typical chromo-
some. However, 12 members in the genus Burkholderia have
a distinct genomic character, with three chromosomes. Unlike
other species in the Burkholderia genus, B. cenocepacia AU
1054 is a multihost pathogen with virulence to various species
spanning from nematodes to onions (Somvanshi et al. 2010).
Adapting diverse niches usually resulted in having differential
genomic characters in this species. Thus, it is of interest to
analyze the variations in the genomic characters and protein
functions among the three chromosomes of B. cenocepacia
AU 1054.

Currently, genomic characters have been deeply investigat-
ed in various domains including the analysis of base compo-
sition, codon usage, amino acid composition and functional
diversity (Chen et al. 2012; Tan et al. 2004; Wald et al. 2012;
Whittle et al. 2012). A base usage pattern has been determined
across species and is observed to share several common
characteristics in different genomes (Alvarez et al. 1994; de
Proce et al. 2012; Hughes and Langley 2007; Tan et al. 2004).
The Z curve is one of the most popular approaches for base
composition analysis, and it has been performed to detect base
usage bias for several species (Wang and Zhang 2001; Zhang
and Chou 1993, 1994). Usually, base usage bias can be caused
by multiple factors including strand-specific mutational bias,
replicational selection and transcriptional/translational selec-
tion (Guo and Yu 2007).

Mostly, codon usage has been analyzed by the CodonW
system (http://codonw.sourceforge.net/) (Grocock and Sharp
2002). In the CodonW system, a value of Nc, the effective
number of condons, is used to determine the effective num-
bers of codons, which fluctuates from 20 to 61. Nc=61
indicates that all sense codons are used randomly, while
Nc=20 means that there is a strong bias in codon usage in
that only one synonymous codon is used for each amino acid
(Guo and Yuan 2009; Wright 1990). The plot of Nc against
GC3s, the frequency of G+C at the synonymous third codon
position, can be used to detect whether the genes on the
genome suffered selective or mutational pressure (Guo and
Yuan 2009). The general average hydropathicity (GRAVY)
value was used to evaluate protein hydrophobicity (Kyte and
Doolittle 1982). Natural selection and mutational pressure are
the two main resources for the maintenance of codon usage
bias (Grocock and Sharp 2002; Tomich et al. 2002). Natural
selection for the use of preferred codons accounts for the
enhanced translational efficiency and accuracy, while muta-
tional pressure is the most important cause of codon usage
bias among species or between different regions of the ge-
nome (Stoletzki and Eyre-Walker 2007).

In this study, we performed a comprehensive analysis of
base composition, codon usage and gene functional category

in B. cenocepacia AU 1054 and compared with other
Burkholderia species. Our results revealed that four clusters
of genes showed a significant bias in the base or codon usage.
Further analyses are implemented on detecting factors that are
responsible for the base or codon usage bias.

Materials and methods

Data resources

The complete genome sequence and annotation information
of B. cenocepacia AU 1054 was downloaded from the FTP
site of GenBank (ftp://ftp.ncbi.nih.gov). The genes annotated
as “putative protein” or “hypothetical protein” were removed
as unknown function genes. The remaining 5,136 genes on
three chromosomes (2,387, 1,904 and 845) were subjected to
further analysis. The gene functional role category
information was downloaded from the J. Craig Venter
Institute (JCVI) website (http://cmr.jcvi.org/). According to
the functional role category in the JCVI database, all of the
genes were classified into 17 functional role categories for
further analysis. Besides B. cenocepacia AU 1054, we also
downloaded the gene sets of the other species from the
Burkholderia genus: B. cenocepacia J2315 (PRJNA57953),
B. cenocepacia HI2424 (PRJNA58369), Burkholderia sp.
383 (PRJNA58073), Burkholderia ambifaria AMMD
(PRJNA58303), Burkholderia vietnamiensis G4
(PRJNA58075), Burkholderia mallei ATCC 23344
(PRJNA57725), Burkholderia multivorans ATCC 17616
(PRJNA58697), Burkholderia phytofirmans PsJN
(PRJNA58729) and Burkholderia glumae BGR1
(PRJNA59397).

Z curve algorithm

The Z curve algorithm has been introduced in detail in
previous studies (Guo and Yu 2007; Zhang and Chou
1994; Zhang and Zhang 1991); it is presented here only
briefly as follows:

X i ¼ Ai þ Gið Þ− Ti þ Cið Þ;
Y i ¼ Ai þ Cið Þ− Ti þ Gið Þ;
Zi ¼ Ai þ Tið Þ− Ci þ Gið Þ;

8
<

:
i ¼ 1; 2; 3ð Þ

The bases at the three codon positions are denoted by Ai,
Ti, Gi, Ci, where i =1, 2, 3. On the basis of the Z curve
algorithm, all of the genes can be represented as points in a
three-dimentional space (Xi, Yi, Zi). The distribution pattern
of the points of the genes is showed on the plot ofXi against Yi

and Yi against Zi.
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Codon usage analysis

A multivariate analysis of the codon usage pattern was imple-
mented using the CodonW system (Ingvarsson 2008;
McInerney 1998). In the CodonW system, Nc and GC3s were
calculated among the total genes, and amino acid usage was
calculated to determine the amino acid composition
characters.

K-mean clustering algorithm

To distinguish the large and small gene clusters in the codon
usage analysis, the K-means clustering algorithm was adopted
to obtain the quantitative resemblance or distinguishing points
of different parts on the plot (Guo and Yu 2007). K-mean
clustering is a statistical method that partitions a given data set
into a specific number of clusters in which each data belongs
to the cluster with the nearest mean. For a more detailed
algorithm, refer to (Hartigan and Wong 1979).

Statistical analysis

To find out whether there were significant differences in the
codon usage between the genes in the two clusters, statistical
analyses were performed using a Chi-square test and 2×2
contingency tables with Yates' correction. Significance was
evaluated for the 59 sense codons (except that two encodeMet
and Ser, and three stop codons) for which there were synon-
ymous alternatives. A Hotelling test was used to check the
variation in the base composition among the three chromo-
somes (Wang and Zhang 2001). For both the Chi-square test
and the Hotelling test, significance was examined at the 5 %
level.

Results

Base composition is similar in the Burkholderia genus

Besides Burkholderia cenocepacia AU1054, we analyzed the
base and codon usage for two other subspecies, B.
cenocepacia J2315 and B. cenocepacia HI2424, and four
species within the same genus: Burkholderia sp. 383, B.
ambifaria AMMD, B. vietnamiensis G4 and B. mallei ATCC
23344. We found that the three subspecies in B. cenocepacia
have similar genomic composition, and expectedly, the distri-
bution pattern of the base and codon usage was similar (Sup-
plementary Fig. S1). Moreover, there were more than 75 %
orthologous genes identified among these three B.
cenocepacia species, and they showed a syntenic relationship
among the three chromosomes, which directly determined the
similar genomic characters among them (Holden et al. 2009).
Furthermore, it was surprising to observe that the distribution

pattern of the other four species within the same genus also
showed similarity to one other, even at the base composition
of the third codon position (Supplementary Fig. S1). Like
many other species of BCC whose GC content varies from
61 % to 68 %, B. cenocepacia AU 1054 is a species that has
intermediate GC content as well (67 %; Higareda et al. 2012;
Holden et al. 2009). The similar base usage pattern among
these species was reasonable because genomes with a close
GC content lean toward similar base composition patterns
(Chen and Zhang 2003). In addition, the nearest neighbor
spacing distribution and detrended distance distributions ap-
pear to be similar for species in the same genus, and this
similarity can be attributed to similar base and codon usage
among the Burkholderia species (Higareda et al. 2012; Zhang
and Chou 1994). Considering the diverse niches and high
infectivity (Mahenthiralingam et al. 2005; Somvanshi et al.
2010), B. cenocepacia AU 1054 was selected to be a repre-
sentative member of BCC to analyze the characters of base
composition in detail.

Pyrimidine-leading codons showed base usage bias at the first
codon position

The results of base composition analysis for the first codon
position indicated that G1>(A1, C1)>T1 for the largest num-
ber of points, which suggests that the purines were more
abundant than the pyrimidines (Supplementary Fig. S2). Al-
though a large number of genes showed a preferential use of
purine-leading codons, there were still 45 genes whose X1<0
tend to use pyrimidine-leading codons. A total of 22.22 % of
the genes were involved in the functional role category of
regulatory. A transferring and binding function was predom-
inant in all 5,136 genes, but it was almost absent in these 45
genes (Table 1, Fig. 1)

Protein hydrophobicity shaping base composition
at the second codon position

The base usage distribution pattern of genes at the second
codon position shows that most of the genes lie above the line
X2-Y2=0, which indicates that C2>G2 (Fig. 2). As shown in
Fig. 2, it was evident that all of the points could be divided
approximately into two parts. Using the K-mean clustering
algorithm, two clusters were sorted out, a small cluster and a
large cluster. These genes in the two clusters could also be
approximately divided by the line: X2+Y2+0.3=0. For genes
that were below the line in the small cluster, the content of the
bases A and T satisfied the constraint T2>A2+0.15. A Chi-
square test on codon counts indicated that there was a signif-
icant bias between these two gene clusters (Table 2). Among
the 34 codons with significant bias, the genes in the large
cluster tended to use TC-ending codons, while the genes in the
small cluster tended to use AG-ending codons, except for
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UUC, UUG, UAC, AUC and GCA. In addition, in the most-
often preferred codons for each amino acid, the genes in the
small cluster tended to encode hydrophobic amino acids such
as UUC for Phe, CUG for Leu, AUC for Ile, GUG for Val,

CCG for Pro and GCG for Ala. Furthermore, the cumulative
amino acid usage was calculated by CodonW system and also
proved that the frequency of hydrophobic amino acid usage in
the small gene cluster showed significant improvement (Chi-
square test, p <0.01). The GRAVY statistical results of the
small cluster 826 genes indicated that most genes (80.39 %)
had a high GRAVY value (664 genes with GRAVY>0.5),
which is significantly abundant in the large gene cluster (11

Table 1 Summary of three gene
clusters in the 17 functional role
categoriesa

a The first cluster comprises the
genes for which X1<0 in the base
composition analysis at the first
codon position; the second cluster
comprises the genes of the small
cluster in Fig. 2; the third cluster
is the predicted 111 HTGs at the
end of Axis 1

Functional role category Number of genes

X1<0 T2>A2+0.15 Axis 1<−0.8

1 Amino acid biosynthesis 1 1 1

2 Biosynthesis of cofactors, prosthetic groups, and carriers 2 11 0

3 Cell envelope 6 90 3

4 Cellular processes 0 44 5

5 Central intermediary metabolism 1 8 1

6 DNA metabolism 1 2 3

7 Energy metabolism 8 47 2

8 Fatty acid and phospholipid metabolism 2 13 0

9 Mobile and extrachromosomal element functions 0 1 10

10 Protein fate 2 21 2

11 Protein synthesis 1 0 0

12 Purines, pyrimidines, nucleosides, and nucleotides 2 0 0

13 Regulatory functions 10 18 8

14 Signal transduction 0 0 0

15 Transcription 0 0 0

16 Transport and binding proteins 3 486 7

17 Unknown 6 84 69

Total 45 826 111

Fr
eq
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nc

y

*

*

* *

*

*

*

*

*

Functional role category

Fig. 1 Plot of the frequencies of each functional role category for each
chromosome. Functional role categories: (1) Amino acid biosynthesis;
(2) Biosynthesis of cofactors, prosthetic groups, and carriers; (3) Cell
envelope; (4) Cellular processes; (5) Central intermediary metabolism;
(6) DNA metabolism; (7) Energy metabolism; (8) Fatty acid and phos-
pholipid metabolism; (9) Mobile and extrachromosomal element func-
tions; (10) Protein fate; (11) Protein synthesis; (12) Purines, pyrimidines,
nucleosides, and nucleotides; (13) Regulatory functions; (14) Signal
transduction; (15) Transcription; (16) Transport and binding proteins;
and (17) Unknown Function. * indicates a significant bias in the func-
tional role category distribution among three chromosomes

Fig. 2 Distribution of all the 5,136 genes in the X2–Y2 plane of base
composition analysis at the second codon position. The straight line X2+
Y2-0.3=0 is used to classify two clusters of genes
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genes with GRAVY>0.5, Chi-square test, p <0.01). There-
fore, the genes in the small cluster were predicted to encode
hydrophobic proteins.

Over all of the 5,136 genes, all the 69 genes encoded
inner membrane components from binding-protein-
dependent transport systems, 98.5 % of the 131 genes
encoded a major facilitator superfamily (MFS), 95.5 %
of the 22 genes encoded ABC transporter permease and
92.9 % of the 28 genes encoded inner-membrane

translocator, belong to the small cluster. Interestingly, all
of these genes were correlated with transport and binding
ability. As shown in Table 1, the function of transport and
binding proteins was predominant in the small cluster
(486/826 and 615/4,309 in the small cluster and in the
other genes, respectively, with a Chi-square test of p <0.01).
Therefore, in general, genes in the small cluster were not only
highly hydrophobic but also specifically correlated with trans-
port and binding function.

Table 2 RSCU of large and small clusters of genes for the base composition at the second codon positiona

AA Codon Large P Small AA Codon Large P Small

N RSCU N RSCU N RSCU N RSCU

Phe UUU 4,915 0.19 >> 1,204 0.16 Ser UCU 907 0.07 172 0.06

UUC 46,280 1.81 << 14,232 1.84 UCC 9,468 0.73 1,955 0.71

Leu UUA 394 0.02 >> 73 0.01 UCA 1,438 0.11 > 259 0.09

UUG 9,133 0.37 >> 2,010 0.3 UCG 40,734 3.14 << 9,180 3.34

Tyr UAU 10,484 0.57 << 2,161 0.63 Cys UGU 1,321 0.19 228 0.2

UAC 26,124 1.43 >> 4,677 1.37 UGC 12,616 1.81 2,057 1.8

Ter UAA 927 0 128 0 ter UGA 3,005 0 618 0

Ter UAG 397 0 78 0 Trp UGG 18,953 1 5,911 1

Leu CUU 3,994 0.16 >> 812 0.12 Pro CCU 2,144 0.11 > 338 0.09

CUC 54,493 2.22 >> 14,171 2.13 CCC 15,697 0.78 >> 2,522 0.7

CUA 1,026 0.04 >> 224 0.03 CCA 1,848 0.09 294 0.08

CUG 78,159 3.19 << 22,592 3.4 CCG 61,196 3.03 << 11,253 3.12

His CAU 12,558 0.67 1,693 0.69 Arg CGU 11,596 0.6 >> 1,422 0.5

CAC 25,146 1.33 3,245 1.31 CGC 75,596 3.89 10,930 3.86

Gln CAA 8,092 0.3 1,079 0.3 CGA 3,864 0.2 525 0.19

CAG 45,332 1.7 6,116 1.7 CGG 23,216 1.2 << 3,777 1.33

Ile AUU 6,538 0.3 >> 1,400 0.25 Thr ACU 1,730 0.08 >> 261 0.06

AUC 58,800 2.67 << 15,413 2.72 ACC 28,296 1.36 >> 5,283 1.3

AUA 659 0.03 167 0.03 ACA 2,016 0.1 391 0.1

Met AUG 31,899 1 8,625 1 ACG 51,266 2.46 << 10,318 2.54

Asn AAU 6,972 0.34 981 0.33 Ser AGU 2,194 0.17 443 0.16

AAC 33,678 1.66 4,877 1.67 AGC 23,235 1.79 >> 4,488 1.63

Lys AAA 6,192 0.27 696 0.28 Arg AGA 789 0.04 93 0.03

AAG 39,478 1.73 4,286 1.72 AGG 1,484 0.08 231 0.08

Val GUU 3,877 0.13 >> 694 0.1 Ala GCU 4,906 0.1 >> 732 0.07

GUC 51,643 1.78 >> 12,096 1.71 GCC 59,699 1.17 >> 11,626 1.07

GUA 3,287 0.11 746 0.11 GCA 14,450 0.28 >> 2,699 0.25

GUG 56,989 1.97 << 14,770 2.09 GCG 125,900 2.46 << 28,467 2.62

Asp GAU 24,730 0.52 << 2,435 0.54 Gly GGU 9,815 0.31 2,110 0.3

GAC 71,202 1.48 >> 6,516 1.46 GGC 95,542 3.06 >> 20,784 2.97

Glu GAA 36,636 0.95 3,435 0.94 GGA 3,682 0.12 774 0.11

GAG 40,377 1.05 3,875 1.06 GGG 15,784 0.51 << 4,337 0.62

a Chi-square tests on a 2×2 contingency table were conducted for each codon across small cluster versus large cluster genes. Chi-square tests were
adjusted for continuity using Yates's correction.N indicates the number of codons in each cluster of genes, and P indicates the significance of Chi-square
tests. >>indicates that the large gene cluster using this codon is more extremely frequent than the small gene cluster; << indicates that the small gene
cluster using this codon is more extremely frequent than the large gene cluster; significance is examined at the level of 1 %. > indicates that the large gene
cluster using this codon is more frequent than the small gene cluster; here, significance is examined at the level of 5 %
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Base composition at the third codon position displays equal
usage of A3 and T3

The base composition at the third codon position is usually
species-dependent (Wang and Zhang 2001; Zhang and Chou
1993). The distribution of these points is arranged along the
line X3+Y3=0 (r =−0.7802, p <0.0001), to show how the
third codon position exhibits special characteristics of base
composition for A3=T3 (Supplementary Fig. S3). The GC
content at the third codon position [80 %, 95 %] is signifi-
cantly higher than the total GC content (66 %), which indi-
cates that B. cenocepacia tend to use GC-ending codons
under mutational pressure (Cao et al. 2011). Therefore, al-
though GC-ending codon usage was biased toward a subset of
preferred codons, these genes also had a base usage bias in the
low-frequency codons that end in the bases A or T. Because
directional mutation pressure can be explained by the large
heterogeneity in the GC3s among genomes (Sueoka and
Kawanishi 2000), there is a strong directional mutational
pressure in B. cenocepacia .

HGT was the predominant factor for codon usage bias

The first two main axes were determined using the correspon-
dence analysis (COA) of the relative synonymous codon
usage (RSCU, Supplementary Fig. S4). All of the points are
scattered around the origin of the coordinates, which suggests
that strand-specific mutational biases have little impact on
codon usage bias (Grocock and Sharp 2002; Guo and Yuan
2009). When analyzing the first trend, it was found that there
was a strong positive correlation between Axis 1 and GC3s
(r =0.8963, p <0.0001, Supplementary Fig. S5). At the left
end of Axis 1, 111 genes (Axis 1<−0.8) were found to have
unusually low GC3s values. In most cases, horizontal transfer
genes (HTGs) with GC3s-poor content have been noted in AT-
rich species (Gupta et al. 2005; Wright 1990). Nc and GC3s
values were employed to identify gene transfer events
(Daubin et al. 2003; Grocock and Sharp 2002; Guo and
Yuan 2009). The plot of Nc against GC3s showed that the
111 genes at the end of Axis 1 were located far from the others
and had unusually high Nc values and low GC3s (Fig. 3).
Therefore, these 111 genes that display a biased pattern of
codon usage might be HTGs. Most of them (62 %) were
identified as proteins with unknown function or mobile and
extrachromosomal element function, and these genes tend to
be physically clustered along the chromosomes (Supplemen-
tary Table S1), which indicates its alien gene origin. In addi-
tion, based on the BLASTP searches, we compared these 111
genes with the gene sets of other Burkholderia species, in-
cluding Burkholderia sp. 383 , B. ambifaria , B. mallei , B.
multivorans , B. phytofirmans and B. glumae . We found that
85 % (94/111) of these 111 genes did not show orthologous
relationships (at least 80% coverage and 80% similarity) with

any other species, which suggests its horizontal transfer origin
in B. cenocepacia . Above all, it was proven that horizontal
gene transfer (HGT) was the first major factor to cause codon
usage differences between genes from B. cenocepacia .

Gene expression levels account for the second trend for codon
usage bias

When analyzing the second trend, it was surprising to notice
that Axis 2 was strong positively correlated with the codon
adaptation index (CAI, r =0.60396, p <0.0001, Fig. 4). Con-
sidering that genes with high CAI values usually have high
expression (Guo and Yuan 2009; Sharp and Li 1987), 73
genes with high CAI values at the right side of Axis 2 (Axis
2>0.45) were predicted to be potential highly expressed genes
(henceforth called shortly highly expressed genes; Das et al.
2005; Guo and Yuan 2009; Roymondal et al. 2009).
Roymondal et al. (2009) suggested that genes encoding ribo-
somal proteins, translation/transcription processing factors, or
chaperons/degradation proteins are mostly highly expressed
genes. Expectedly, there are 49 (67.12%) types of such highly
expressed genes that evolved in these 73 genes, which is more
frequent than in other genes (0.83 %, Chi-square test, p <
0.01). Therefore, the second factor that influenced codon
usage variation was the gene expression level.

According to the results above, one common character of
base and codon usage is that the distribution pattern of the
three types of points (the genes on the three chromosomes)
was similar. Thus, the Hotelling test on the three chromo-
somes indicated that there was no significant bias between
any two chromosomes (Hotelling test, p >0.05) in the base
composition distribution pattern of the three codon positions
(Fig. 2, Supplementary Fig. S1 and Fig. S2) or in the point
distribution pattern at the two main axes of the codon usage
(Supplementary Fig. S4). Therefore, the patterns of base and

Fig. 3 Plot of Nc against GC3s. The green filled circles indicate genes
that have unusual GC content, which are predicted as HTGs
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codon usage are similar between the genes of any two
chromosomes.

The findings can be expanded to other B. cenocepacia strains

Above all, four small clusters of genes were observed in all of
the genes: 45 pyrimidine-leading-codon preferred genes, 826
genes coding for hydrophobic proteins, 111 HTGs and 73
highly expressed genes. It was found that these gene clusters
were correlated with different biological functions. Because B.
cenocepacia AU 1054 was selected as a representative mem-
ber of BCC to analyze genomic characters, it is of interest to
detect whether these findings can be expanded to other B.
cenocepacia strains. Similar genomic characters have been
found between B. cenocepacia AU1054 and B. cenocepacia
J2315 or B. cenocepacia HI2424, in which the distribution
pattern of base and codon usage was extremely similar (Sup-
plementary Fig. S1). Through using the methods described
above and using the same critical value, four gene clusters of
B. cenocepacia J2315 and B. cenocepacia HI2424 were also
extracted and analyzed in detail (Supplementary Table S2). It
was found that the numbers of genes in each cluster among the
three subspecies are significantly similar (Chi-square test, p <
0.01). Interestingly, when compared with B. cenocepacia
J2315 and B. cenocepacia HI2424, most genes of B.
cenocepacia AU1054 in each gene cluster were orthologous
(pairwise best hits by BLASTP searches) to those of B.
cenocepacia J2315 and B. cenocepacia HI2424 (Supplemen-
tary Table S2). More than 90 % of the hydrophobic protein
coding genes and highly expressed genes in B. cenocepacia
AU1054 were shown to be orthologous with those of B.
cenocepacia J2315 and B. cenocepacia HI2424. The only
exception was the HTGs between B. cenocepacia AU1054
and B. cenocepacia J2315 (13.51 %). Phylogenetic analysis
of B. cepacia complex strains indicated that the species from
B. cenocepacia were all phylogenetically distinct (Payne et al.
2005). According to previous phylogenetic trees of the

Burkholderia species (Estrada-de los Santos et al. 2013), B.
cenocepacia J2315 is phylogenetically distinct with B.
cenocepacia AU1054 and B. cenocepacia HI2424, and B.
cenocepacia J2315 even grouped with B. vietnamiensis . It
appears that there is a relatively long evolutionary history
between B. cenocepacia J2315 and B. cenocepacia
AU1054, which supports the ability of B. cenocepacia
AU1054 to adapt to new special environmental niches and
accept some differential HTGs. Thus, the gene clusters of
HTGs showed some bias between B. cenocepacia J2315
and B. cenocepacia AU1054, reflecting the nature of intro-
gression dynamics of HTGs. Above all, the four gene clusters
are widely distributed among the Burkholderia species, and
phylogenetic-closed species could share the same orthologous
nature in each gene cluster.

Analysis of the functional role category

Bacteria optimize their genomic composition to adapt to en-
vironmental changes over a long-term evolution (Yu et al.
2011). With similar base and codon usage, the genes in the
three chromosomes could have similar functions. All of the
5,136 function-known genes are classified into the 17 func-
tional role categories (Fig. 1). The distribution pattern of genes
in each functional role category was similar among the three
chromosomes. Most of the proteins were related to
transporting and binding, regulatory functions, energy metab-
olism and cell envelope. However, there are nine function
categories that showed significant bias among the three chro-
mosomes (Chi-square test, p <0.05). When compared with
each other, preferred proteins with protein synthesis and tran-
scription function were found on chromosome 1, while only a
few proteins that possess regulatory functions were deter-
mined to be on it; proteins on chromosome 2 were thought
to possess central intermediary metabolism function; chromo-
some 3 proteins were thought to possess the function of
transport and binding proteins; and a smaller number of genes
were present in the function category of mobile and extrachro-
mosomal element functions.

Discussion

Genes in the three chromosomes of B. cenocepacia
are relatively stable

The base and codon usage in the three chromosomes are
similar even at the third codon position, which suggests that
the three chromosomes have co-evolved for a long evolution-
ary time. Three reasons could be responsible for this phenom-
enon. First, there was a definite shift from a soil saprophyte to
a host-associated pathogen lifestyle in B. cenocepacia
(Holden et al. 2009), which indicates that this species

Fig. 4 Plot of Axis 2 against CAI in the codon usage analysis. The points
at the positive end of Axis 2 (Axis 2>0.45) are the 76 highly expressed
genes
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experienced a dramatic environmental change in the evolu-
tionary history. Essential genes and survival-associated genes
are widely spread among the chromosomes, which suggests
that a multi-chromosome structure of the BCC is essential for
their fitness in a given environment (Mahenthiralingam et al.
2005). If one or two chromosomes are newly emerged, then
the essential genes and survival-associated genes cannot be
evenly distributed among the three chromosomes, and thus,
the base and codon usage pattern among the three chromo-
somes cannot be similar. Hence, this reasoning would further
support the view that these chromosomes have co-evolved to
adapt to a transitional environment over a long evolutionary
time period. Second, B. cenocepacia is a species that causes
transmissible infections in patients with CF, which indicates
that this species has presumably co-evolved with its host
(Ortega et al. 2005). HGT is considered to be a potent evolu-
tionary force in prokaryotes (Garcia-Vallvé et al. 2000). In B.
cenocepacia , HGT cannot lead to codon usage bias between
any two chromosomes, although it is one of the two most
important factors that affect codon usage. HTGs acquired
from other bacteria or from the host have substantially con-
tributed to genomic plasticity in B. cenocepacia (Holden et al.
2009; Mahenthiralingam et al. 2005). Additionally, B.
cenocepacia is a species that is successful at balancing the
stability and plasticity of the genome organization (Mohn and
Schübeler 2009). Therefore, HGT can facilitate sustaining the
stability of the genes on three chromosomes (Mohn and
Schübeler 2009; Wachsmuth et al. 2008). Finally, poor outer
membrane permeability, which prevents exogenous elements
from integrating into the intracellular environment, has been
found in B. cenocepacia . Thus, this characteristic guarantees
that the three chromosomes are well protected in a protective
environment (Aronoff 1988). Above all, it is reasonable to
recognize that the genes among the three chromosomes are
stable for a long evolutionary period of time.

Protein hydrophobicity plays a role in shaping the base usage
bias and drug resistance

In the present study, the genes in the four small clusters
exhibited a biased pattern of base or codon usage that was
distinct from the majority of the whole set of genes. Most
importantly, the small cluster genes all tended to encode
proteins that had a distinct biological function. In B.
cenocepacia , base usage bias was only obviously detected at
the second codon position, and protein hydrophobicity was
one of the main factors that caused the base composition
variation. Usually, hydrophobic interactions have been detect-
ed to occur between amino acids that have a polar side-chain.
These amino acids mostly have T and C at their second codon
position (such as Phe, Leu, Ile, Val, Pro and Ala; García 2005),
which corresponds to the base composition pattern of B.
cenocepacia . Furthermore, protein hydrophobicity has ever

been considered to be associated with the transport and bind-
ing function, such as bidirectional cholesterol transfer
(Cheruku et al. 2006), anchoring to membranes (Ferrante
and Gorski 2007) and controlling the stop-transfer function
(Barré et al. 2005). Our results indicated that the 826 genes in
small clusters with base usage bias exhibited a preference for
encoding hydrophobic proteins that had a transport and bind-
ing function. Most of the transport and binding proteins are
hydrophobic due to the characteristic hydrophobic motifs in
the transmembrane and binding regions of these proteins (Al-
Shahib et al. 2007). For example, an ABC transporter is a
major member of the transport and binding proteins, and a
conserved hydrophobic region in this type of hydrophobic
membrane protein is important for the high-affinity uptake
of nutrients (Mourez et al. 1997). Thus, the function of trans-
port and binding proteins was tightly associated with their
hydrophobicity.

Previously, six families of multiple transport systems in B.
cenocepacia have been detected as being correlated with drug
resistance: MFS, ATP binding cassette (ABC), resistance nod-
ulation division (RND), multidrug and toxic compound ex-
trusion (MATE), small multidrug resistance (SMR) and
fusaric acid resistance family proteins (Holden et al. 2009).
In all of the 5,136 genes ofB. cenocepacia , all of the 129MFS
genes, the 3 MATE genes, the 3 SMR genes and the 1 fusaric
acid resistance gene belong to the small cluster; additionally,
41 ABC genes and 2 RND genes are detected in this gene
cluster. Furthermore, other 42 genes that possess a function of
drug resistance also belong to the small cluster (Supplemen-
tary Table S3). Therefore, most of the drug resistance-related
genes are located in the small cluster. Furthermore, we
searched the homology of these 826 genes against some
functionally confirmed drug-resistance related genes at NCBI
(www.ncbi.nlm.nih.gov), and we detected a substantial
number of related genes (Supplementary Table S3), e.g., a
gene for MFS_1 which belongs to the MFS that facilitates
transport across cytoplasmic or internal membranes of a
variety of substrates (Holden et al. 2009); glnP, which en-
codes an ABC transporter permease protein that is associated
with multidrug resistance (Moussatova et al. 2008); emrB ,
which encodes a member of the drug resistance transporter
EmrB/QacA subfamily (Ma et al. 1994) and matE , which
encodes a MATE efflux family protein that functions in
MATE (Holden et al. 2009). In responses to treatment with
antimicrobial compounds, genes from drug resistance-related
systems are under selection pressure in the long term (Cowen
and Lindquist 2005; Sass et al. 2011). Then a rapid evolution
of virulence and drug resistance-related genes will emerge in
the infectious pathogens (Cowen and Lindquist 2005). Con-
sidering that rapid evolution is mainly due to the evolution of
resistance genes (Hall 2004), the base usage bias at the second
codon position could be reflected in drug resistance in B.
cenocepacia . Hence, analyzing these 826 genes that code
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for hydrophobic proteins will contribute to the understanding
of the mechanism of drug resistance and will be helpful for
clinical prognosis and cure. Above all, the base usage bias in
B. cenocepacia is reflected in the differences in the protein
hydrophobicity, and the rapid evolution of drug-resistant
genes seems to account for the emergence of the base usage
bias.

HGT is responsible for genomic plasticity

In this study, HGT is one of the two main factors that affect
codon usage bias. It has been accepted that HGT is a primary
factor responsible for codon usage bias, and the tendency of
HTGs to be GC-poor has been noted in species with an
intermediate GC content (Daubin et al. 2003; Guo and Yuan
2009; Gupta et al. 2005). In B. cenocepacia , HTGs had
relatively higher Nc values and lower GC content (57.2 %)
than other genes (67.6 %), which was consistent with the
studies above. The functional importance of HGT for the
evolution of genomic diversity is underlined by functional
and non-functional accessory genetic elements, including ge-
nomic islands, insertion elements, plasmid-related elements
and phage-related elements detected in host bacterial genomes
(Dobrindt and Hacker 2001). These accessory elements are
potential carriers of genetic exchanges contain many HTGs
coding for novel, but selectively advantaged, features to the
host bacteria (Hsiao et al. 2005). Genomic islands (GIs) are
mobile elements that are known to have contribution to ge-
nome evolution by HGT in various bacteria (Dobrindt et al.
2004). Acquisition of GIs by HGT, integration of GIs into host
genome by site-specific recombination, and transfer of further
HTGs are the three essential steps for the schematic life-style
of GIs (Juhas et al. 2008). Based on the online searches of the
IslandViewer database, we found that 89 HTGs are involved
in genomic islands (Dhillon et al. 2013). In many cases,
several physically closed HTGs are clustered along the chro-
mosomes in a genomic island (Supplementary Table S1),
indicating ancient transfer events into the same GI. Several
genes with known function have been observed to be hori-
zontally transferred with the assistance of mobile genetic
elements, e.g. a substantial part of polysaccharide gene clus-
ters can be horizontally transferred in various bacteria (Coffey
et al. 1998). In B. cenocepacia , several HTGs that are respon-
sible for polysaccharide biosynthesis were identified in a
genomic island. This genomic island includes four other genes
(Bcen_0285, Bcen_0287, Bcen_0295 and Bcen_0296) that
are responsible for polysaccharide biosynthesis, one gene
(Bcen_0294) encoding integrase that contributes to HGT
events, and three genes (Bcen_0288, Bcen_0290 and
Bcen_0291) encoding glycosyl transferase. Insertion element
is a transposable element that is capable of inserting itself and
accompanied HTGs into host genome, and it contributes to
genome variability by transposition events (Dobrindt and

Hacker 2001). Among the 111 HTGs, we found six of them
(Bcen_0125, Bcen_1817, Bcen_2208, Bcen_3944,
Bcen_4859 and Bcen_5264; Supplementary Table S1)
encoding transposase, and ten of them (Bcen_0294,
Bcen_1089, Bcen_2661, Bcen_2895, Bcen_3150,
Bcen_4857, Bcen_4870, Bcen_4905, Bcen_5102 and
Bcen_5291; Supplementary Table S1) encoding integrase.
Both these two enzymes benefit for HGT events and contrib-
utes to the genome plasticity (Juhas et al. 2008). Phages and
plasmids have potentials to cross species barriers and provide
potentially highly effective vehicles to mobilize co-resident
functional elements for HGT events (Koonin et al. 2001). In
111 HTGs, there are four genes (Bcen_0308, Bcen_2470,
Bcen_4839 and Bcen_4850; Supplementary Table S1)
encoding plasmid-related protein, and five genes (Bcen_1089,
Bcen_1759, Bcen_2653, Bcen_2661 and Bcen_5291; Sup-
plementary Table S1) encoding phage-related protein. The
appearance of these genes may implicate the pathways of
HGT events. In addition, several HTGs have been reported
in the previous studies to show possibility of horizontal trans-
fer, e.g. dihydroorotate dehydrogenase and BDS1 transferred
from bacteria to eukaryotes (Hall et al. 2005), and LysR-type
transcriptional regulators transferred among bacteria
(Maddocks and Oyston 2008). Taken together, a substantial
portion of the 111 HTGs coincides with the genes, which have
been reported to have potential of horizontal transfer to ex-
change genomic components through functional or non-
functional accessory genetic elements. Moreover, HTGs in
B. cenocepacia have been detected to be substantially con-
tributing to genomic plasticity (Holden et al. 2009;
Mahenthiralingam et al. 2005). Thus, considering the alien
origin of these HTGs, it appears that HGT is the major factor
of the mutational bias that affects the codon usage variation,
and it is responsible for the genomic plasticity of B.
cenocepacia .

Highly expressed genes with codon usage bias facilitates
adaption to the CF environment

In this study, 73 highly expressed genes with high CAI values
belonged to a gene cluster with codon usage bias. There was a
strong negative correlation between the Nc values and the
CAI values (r =−0.6435, p <0.0001) in all 5,136 genes, such
that the predicted highly expressed genes with high CAI
values also had a low Nc value. The lower Nc values of those
highly expressed genes indicated that there was a strong bias
of codon usage for them and that all of the amino acids tended
to use their most preferred synonymous codons. Thus, the
gene expression level was another factor, apart from natural
selection, that could cause strong codon usage bias in B.
cenocepacia . With respect to the results in this study, the first
major axis of COA on codon usage associated with HGT
accounted for 17.15 % of the variation, whereas the second
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major axis correlated with the gene expression level and
accounted for only 5 % of the variation (Supplementary
Fig. S4). Thus, the gene expression level has relatively less
influence on the codon usage bias compared with HGT. Fur-
thermore, considering that natural selection was thought to be
the source of the genes expressed at a higher level
(Kudaravalli et al. 2009), the codon usage bias detected in B.
cenocepacia is more likely due to mutational bias than to
natural selection.

In a recent study, the gene expression pattern of B.
cenocepacia was determined under two conditions, CF-
like (cystic fibrosis like) condition patients and soil-like
conditions (Yoder-Himes et al. 2009). Compared to the
strains under soil-like conditions, 124 genes were deter-
mined to be expressed more highly under CF-like condi-
tions. More than 56 % (41/73) of the highly expressed
genes identified in this study belonged to the 124 induced
genes, which implies that the codon usage is influenced
by environmental transition. Moreover, the Chi-square in-
dependence test indicated that the 73 genes were signifi-
cantly associated with environment conditions (p <0.001).
Higher transcriptional activities of these induced genes
under CF-like conditions could indicate that there are
adaptive changes for these genes, which facilitates this
species to transmit infections among CF patients
(Drevinek et al. 2008; Sass et al. 2011). Taken together,
the CF environment transition in B. cenocepacia could
give rise to the codon usage bias in these highly expressed
genes, and these highly expressed genes showed environ-
mental adaptation to the CF environment.
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