SCIENTIFIC REPLIRTS

Essentiality drives the orientation
bias of bacterial genes in a
continuous manner
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Studies had found that bacterial genes are preferentially located on the leading strands.
Subsequently, the preferences of essential genes and highly expressed genes were compared by
classifying all genes into four groups, which showed that the former has an exclusive influence
on orientation. However, only some functional classes of essential genes have this orientation
bias. Nevertheless, previous studies only performed comparative analyzes by differentiating the
orientation bias extent of two types of genes. Thus, it is unclear whether the influence of essentiality
on strand bias works continuously. Herein, we found a significant correlation between essentiality
and orientation bias extent in 19 of 21 analyzed bacterial genomes, based on quantitative
measurement of gene essentiality (or fitness). The correlation coefficient was much higher than that
derived from binary essentiality measures (essential or non-essential). This suggested that genes
with relatively lower essentiality, i.e., conditionally essential genes, also have some orientation
bias, although it is weaker than that of absolutely essential genes. The results demonstrated the
continuous influence of essentiality on orientation bias and provided details on this visible structural
feature of bacterial genomes. It also proved that Geptop and IFIM could serve as useful resources of
bacterial gene essentiality, particularly for quantitative analysis.

In bacterial genomes, more genes are situated on the leading strands than on the lagging strands'->. What
drives this strand bias of gene distribution has attracted much research attention in recent years. McLean
et al. thought that gene strand-bias of bacteria was mainly caused by a preference for highly expressed
genes on the leading strands®. Studies showed that longer operons®, the presence of the DNA polymer-
ase polC in a genome®, and replication associated purine asymmetry’ might contribute to orientation
bias. Rocha et al. classified genes into four categories according to expressiveness and essentiality, and
found that essentiality was the primary determinant of a gene’s strand bias®. Lin et al. analyzed essential
genes that were identified experimentally from 10 bacterial genomes and confirmed the previous find-
ings that essential genes were more frequently situated on the leading strands’. Furthermore, the strand
bias of essential genes appeared to depend on their functions. These observations proved that essenti-
ality was the primary driving force behind gene strand bias; but these conclusions were derived from
statistical tests, which lacked the correlation analysis between essentiality and strand bias. Therefore,
it remains unclear whether essentiality influences the orientation bias in a continuous manner or
just discretely.

Essential genes are those indispensable for an organism’s survival'®!2 Systematic genome-wide inter-
rogations, including single-gene knockouts'>!, transposon mutagenesis'>'® and RNA interference, have
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been used to identify essential genes'”. A computational approach with high efficiency is an alternative
to identify essential genes. Biological features associated with gene essentiality are used to predict essen-
tial genes. These features fall into three categories: intrinsic features based on sequences'®, those derived
from sequences, and data from functional omics experiments!®-*%. Recently, we proposed a universal
method named Geptop, which applies phylogeny weighted orthology score to reflect gene essentiality
and offers gene essentiality annotations®. This method yields good AUC scores that are higher than
integrative approaches and is expected to be applied widely in all bacterial species whose genomes have
been sequenced.

Usually, only binary essentiality (essential or non-essential) data are available from genome-wide
experiments. Fitness of a gene provides a new perspective for quantitative analysis of gene essentiality,
which may be more comprehensive than the binary essentiality. We developed a new database, Integrated
quantitative Fitness Information for Microbial genes (IFIM), which currently contains data from 16
experiments and 2186 theoretical predictions*. In single-gene deletion mutant experiments, the contri-
bution of a gene to fitness is usually measured as the growth rate of its deletion mutant**?. For trans-
poson integration libraries, the fitness of a gene was defined as the degree to which the gene tolerated
transposon insertions®®. All microbial data of transposon integrations and single-gene deletion mutants
currently available were collected to derive a fitness score, which consists of the experimental entries in
IFIM?. For most bacterial species, whose deletion/insertion mutant experimental data were not availa-
ble, the result of Geptop, which was used as an alternative to genome-wide fitness data, composed the
theoretical predictions in IFIM. For a certain genome, Geptop was used to predict an essentiality score
(S) for each gene®. The fitness value of a gene was defined as 0 when S was equal to 1. When S was
not equal to 1, the fitness was defined as 1-S/Smax, where Smax is the maximum § (excluding S = 1)
in the genome?*. The computational simulations in IFIM showed highly significant correlations with
the experimentally-derived fitness data, which demonstrated that the computer-generated predictions
are almost as reliable as the experimental data?’. In this study, using the theoretical and experimental
fitness in IFIM as the quantitative measure of essentiality, the correlations between gene essentiality and
orientation bias were analyzed.

Results

Higher correlation between fitness and orientation bias than that between binary essenti-
ality and orientation bias. Twenty-one bacterial genomes were analyzed, whose essentiality and
strand bias information were available. For each gene, the fitness ranged from 0 to 1. The smaller the
fitness score, the more essential the gene was. According to the annotation in the DEG database, the
essentiality of a gene was denoted as 1 if the gene was essential as determined experimentally, and 0 for
a non-essential gene. If the strand of a gene was 1, it meant that the gene was located on the leading
strand, and 0 for a gene on the lagging strand. For each genome, we calculated the correlation coefficient
of fitness-strand and binary-essentiality-stand to analyze the effect of essentiality on the orientation bias.
The organisms and correlation coefficients are listed in Table 1. Nineteen chromosomes showed signif-
icant (p < 0.05) correlation with orientation bias and the correlation coeflicients ranged from 0.175 to
0.069. The correlation coefficients of 12 chromosomes were higher than 0.1.

According to Table 1, almost all the genomes showed a correlation with orientation bias to some
degree; however, the correlation coefficients were not very high. In bacterial genomes, most genes tended
to locate on the leading strands. The fitness value was inversely proportional to the essentiality. The
tendency for essential genes to locate on leading strands meant that the correlation coefficients had
negative values. To make the correlation coefficients of fitness agree with those of binary essentiality,
we used the minus value of all the correlation coefficients between fitness and orientation bias, when
the figures were plotted. The correlation coefficients between the binary essentiality and the orientation
bias were plotted in Fig. la, together with the correlation coeflicients between the theoretical fitness
and the orientation bias. Compared with the binary essentiality identified experimentally, the fitness
predicted theoretically showed more significant correlation with the orientation bias, and the correlation
coefficients between fitness and orientation bias of 19 out of 21 chromosomes (90.5%) were higher. This
demonstrated that fitness measured the essentiality more accurately than binary essentiality. The only
two outliers were Mycoplasma genitalium G37 and Shewanella oneidensis MR-1. Two sample (paired)
Student’s t-tests (Bilateral) indicated that the theoretical fitness showed more correlation with orientation
bias than binary essentiality, with p=1.72e-5. This result proved that the theoretically predicted fitness
is reliable and more accurate than binary essentiality.

The correlation coefficients of experimental fitness and orientation bias are listed in Table 2. The
correlation coeflicients showed considerable consistency with those of theoretical predictions. Except
for Bacteroides thetaiotaomicron VPI-5482 and Caulobacter crescentus NA1000, all the other correlation
coefficients of theoretical fitness were slightly higher than those derived from experiments.

Higher correlation between fitness and orientation bias than that between expressiveness
and orientation bias. The correlation coeflicients between expressiveness and orientation bias were
also calculated for the 21 organisms (Table 1). The correlation coeflicients of expressiveness and theo-
retical fitness were plotted in Fig. 1b, which showed that the primary influence on orientation bias is
essentiality, which confirmed the conclusion of previous studies®®. For 17 out of the 21 chromosomes
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1 Acinetobacter ADP1 NC_005966 GPL16388 0.015 3.75e-1 —0.019 2.75e-1 —0.177 | 6.24e-1 0.072 3.11e-5
2 Bacillus subtilis 168 NC_000964 GPL6257 0.114 1.67e-13 | —0.158 1.02e-24 —0.857 | 1.52e-3 0.175 4.98e-28
3 Bacteroides thetaiotaomicron VPI-5482 NC_004663 SRX375058 0.001 9.39e-1 | —0.002 8.81e-1 —0.045 | 9.0le-1 | —0.006 | 6.83e-1
4 Burkholderia thailandensis E264 NC_007651 GPLI8529 0076 | 146e5 | —0.098 | 177e:8 | —0.818 | 3.85¢-3 | 0.012 | 5091
chromosome I
5 Caulobacter crescentus NA1000 NC_011916 SRX534373 (GSM1381200) 0.084 2.49e-7 —0.086 1.12e-7 —0.846 | 2.06e-3 0.049 2.61e-3
6 Escherichia coli K-12 MG1655 NC_000913 SRX996440 0.074 1.71e-6 | —0.119 | 1.40e-14 —0.896 | 4.43e-4 0.060 4.93e-3
7 Haemophilus influenzae Rd KW20 NC_000907 SRX026485 0.033 1.87e-1 —0.069 5.62e-3 —0.556 | 9.49e-2 0.126 4.36e-7
8 Helicobacter pylori 26695 NC_000915 GPL19991 0.057 02.96e-2 | —0.072 5.72e-3 —0.595 | 6.94e-2 | —0.023 | 3.85e-1
9 Mycobacterium tuberculosis H37Rv NC_000962 SRX902301 (GSM1625709) 0.125 4.44e-15 | —0.173 | 2.30e-27 | —0.960 | 1.02e-5 0.022 1.86e-1
10 Mycoplasma genitalium G37 NC_000908 ERX452667 0.141 2.08e-3 —0.132 4.05e-3 —0.446 | 1.96e-1 0.005 9.16e-1
11 | Porphyromonas gingivalis ATCC 33277 NC_010729 GPL18306 0.042 5.69e-2 —0.082 1.80e-4 —0.730 | 1.65e-2 0.059 2.07e-2
12 Pseudomonas aeruginosa PAO1 NC_002516 SRX597269 (GSM1412555) 0.042 1.85e-3 —0.103 2.18e-14 —0.841 | 2.31e-3 0.175 4.98e-39
13 | Pseudomonas aeruginosa UCBPP-PA14 NC_008463 SRX352172 (GSM1232747) 0.064 7.97e-7 | —0.094 | 5.79e-13 —0.908 | 2.79e-4 0.063 491e-6
14 Salmonella typhi Ty2 NC_004631 ERP006542 0.091 1.49¢-9 —0.105 | 4.22e-12 —0.800 | 5.48e-3 | —0.015 | 3.36e-1
15 Salmonella typhimurium 14028S NC_016856 GPL20046 0.016 2.44e-1 —0.103 4.04e-14 —0.797 | 5.82e-3 0.025 6.65e-2
16 Salmonella typhimurium LT2 NC_003197 GSE45445 0.065 1.64e-5 —0.103 | 6.86e-12 —0.816 | 4.01le-3 0.078 3.15e-7
17 Shewanella oneidensis MR-1 NC_004347 GSE25821 0.131 1.27e-14 | —0.128 | 4.49e-14 | —0.831 | 2.87e-3 | 0.048 5.15e-3
18 Staphylococcus aureus N315 NC_002745 SRX803166 (GSM1563062) 0.130 3.1le-11 | —0.175 | 2.76e-19 —0.921 1.57e-4 0.007 7.13e-1
19 Staphylococcus aureus NCTC 8325 NC_007795 SRX529241 (GSM1376717) 0.135 9.05e-13 | —0.159 | 4.77e-17 —0.907 | 2.87e-4 0.091 2.10e-6
20 Streptococcus pneumoniae TIGR4 NC_003028 SRX109959 0.048 29le-2 | —0.111 3.10e-7 —0.745 | 1.35e-2 | 0.0003 9.88e-1
21 Streptococcus sanguinis SK36 NC_009009 GSE25340 0.065 1.95e-3 | —0.088 2.5%-5 —0.791 | 6.38e-3 | 0.048 2.29-2

Table 1. Information of the 21 organisms used in this analysis and their correlation coefficients with
orientation bias.

(81%), fitness showed higher correlations with orientation bias than did expressiveness. By contrast,
only four chromosomes showed the opposite effect: Acinetobacter sp. ADP1, Bacillus subtilis subsp. sub-
tilis str. 168, Haemophilus influenzae Rd KW20, and Pseudomonas aeruginosa PAO1. The correlation
coeflicients between expression level and strand bias in three genomes, B. thetaiotaomicron, Helicobacter
pylori 26695 and Salmonella enterica subsp. enterica serovar typhi str. Ty2, were negative, apparently indi-
cating that highly expressed genes tended to be situated on the lagging strands. However, the P-values
were all higher than 0.1, indicating that the results were not statistically significant. In addition, there
were also statistically non-significant (p > 0.05) positive correlations in six other genomes: Burkholderia
thailandensis E264 chromosome I, Mycobacterium tuberculosis H37Rv, M. genitalium, Salmonella enter-
ica subsp. enterica serovar typhimurium str. 14028S, Staphylococcus aureus subsp. aureus N315 and
Streptococcus pneumoniae TIGR4. Comparatively, the correlations between fitness and orientation bias
were significant in 19 genomes and the correlation coefficients were consistently negative, indicating
that essential genes tend to be located on leading strands in all of them. Two sample (paired) Student’s
t-tests (Bilateral) indicated that fitness had more influence on orientation bias than expressiveness
(p=1.70e-3).

Ten groups according to the fitness (in descending order). Almost all the genomes showed sig-
nificant correlations, but the correlation coeflicients were not particularly high. This might reflect the
binary denotation of the orientation bias, where 0 or 1 stands for a gene on the lagging or leading
strand. If the orientation bias was represented by a continuous variable, the correlation coefficients might
increase. Therefore, for each genome, we sorted all the genes according to their fitness in ascending
order, and divided them into 10 groups (each group contained the same number of genes) according to
their fitness scores (group 1 representing the bottom 10% and groupl0 representing the top 10%). For
each group, the average fitness and the percentage of genes on the leading strands were calculated. Thus,
the orientation bias was represented by the percentage of leading strand genes, which is a continuous
variable. For each genome, the correlation coefficients between the average fitness and the percentage of
leading strand genes in the 10 groups were calculated (Table 1). Consequently, almost all the genomes
had much higher correlation coefficients. The correlation coefficients using data from the 10 groups were
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Figure 1. Correlation coefficients with orientation bias. (a) The correlation coefficients of theoretical
fitness and binary essentiality with orientation bias of 21 genomes. (b) The correlation coefficients of
theoretical fitness and expressiveness with orientation bias of 21 genomes. (c) The correlation coefficients of
theoretical fitness before and after grouping with orientation bias of 21 genomes. The absolute value of the
coeflicient between fitness and strand bias was used.

plotted in Fig. 1c, together with the correlation coeflicients between the fitness and binary gene-strand
bias. Obviously, the coeflicients increased greatly after grouping. This confirmed the previous supposition
that the binary denotation decreased the correlation coefficient, which should have a much higher value.
However, the significances (P values) of the correlation coefficients of each organism did not changed
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Organism Experimental fitness

No. Abbr. Experiment R P value
1 A. ADP1 ABO1 —0.016 4.07e-1
3 B. thetaiotaomicron BTO01 0.027 1.99-1
5 C. crescentus CCo1 —0.111 6.89¢-12

ECO01 —0.095 1.86e-9
6 E. coli EC02 —0.093 3.05e-9

ECO03 —0.055 4.89%¢-4
8 H. pylori HPO1 —0.021 4.28e-1
13 P. aeruginosa UCBPP-PA14 PAOL —0.052 3.27e-4

STYO1 —0.069 5.81e-6
14 S. typhi Ty2 STY02 -0.075 8.76¢-7

STYO03 —0.077 4.40e-7
15 S. typhimurium 140288 STMO1 —0.057 3.71e-5

Table 2. Correlation coefficients of the experimental fitness and orientation bias.

significantly compared with those obtained before grouping (Table 1). Through grouping, the noise was
reduced and the signal-to-noise ratio increased. Thus, the coeflicients increased.

An example was constructed to prove that a binary measure representing a continuous variable would
lose some information. In this example, two variables (x and y) were used. The x and y were two artificial
variables without any factual meanings. They were only taken as the example to illustrate the difference
of using discrete and continuous values. If welet y = x (x = 1, 2, 3, ..., 1000), we would obtain 1000
samples (x;, y,) i = 1, 2, 3, ..., 1000. Obviously, the correlation coefficient between x and y was equal
to 1. If a threshold ¢, was given, the function changed to the following form:

{0 x < ¢
= , x=1,2, -, 1000.
1x > ¢

Then the correlation coefficients between x and y equaled 0.517, 0.692, 0.794, 0.848, 0.866, 0.849,
0.794, 0.694 and 0.522, with p < 0.001, which corresponded to the threshold ¢, of 100, 200, 300, 400, 500,
600, 700, 800 and 900, respectively. This example showed that because of the information lost by the
binary variable, the correlation coefficient decreased. Therefore, we believe that the coefficients after
grouping might more reliably simulate the real case.

For each genome, the average fitness and percentage of leading strand genes of the 10 groups are listed
in supplementary Table S1. For most genomes, the non-essential genes do not show leading strand bias,
and the essential genes with the lowest fitness always show significant strand bias. Universally essential
genes are of major importance, and are essential regardless of experimental settings. Conditionally essen-
tial genes are a set of genes that are essential under some experimental conditions, but not under other
conditions®*. Following the concept of conditionally essentiality, the genes in the groups with lowest
fitness (most are between 0.1-0.3) are recognized as essential gene, whereas, the genes with a fitness
value of 1 would unquestionably be regarded as non-essential genes. The genes with medium fitness
values could be regarded as conditionally essential genes. Taking B. subtilis as an example, in supple-
mentary Table S1, the first group of genes with an average fitness of 0.19 was the universally essential
genes, which showed significant orientation bias, with 93.5% of them on leading strands. The second and
third group of genes, with an average fitness of 0.84 and 0.92, were regarded as conditionally essential
genes, whose percentages of leading strand genes were 84.2% and 74.1%. The other groups with higher
fitness were identified as non-essential genes, showing the least orientation bias. The changing trend of
leading strand percentage from absolutely essential genes, to conditionally essential genes and then to
non-essential genes was strikingly illustrated in Fig. 2. In fact, supplementary Table S1 shows that for
most chromosomes, the orientation bias is significant in essential genes, less significant in conditionally
essential genes, but still more than for the non-essential genes. The non-essential gene group shows
the least orientation bias. This result confirms the previous supposition that a continuous measure of
essentiality (fitness) is more accurate than binary essentiality, and the influence on orientation bias is
also continuous.

In addition, we also grouped genes in ten equal intervals of their fitness values. The average fitness and
percentage of leading strand genes of the 10 groups were calculated for each genome. The total number
of genes and the number of genes on leading strand of each group were also listed in supplementary
Table S2. The correlation coefficients between the average fitness and orientation bias after grouping in
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Figure 2. The percentage of leading strand genes of the 10 group genes for the B. subtilis chromosome.
The 10 groups of genes were classified as essential (the first group), conditionally essential (the second and
the third groups) and non-essential (the other seven groups), denoted by the inner ring. The percentage of
the leading strand genes for the 10 groups and the three categories (essential, conditionally essential and
non-essential) are represented by corresponding greyscale in the middle and outer rings, where the greyscale
is proportional to the percentage of leading strand genes.

two ways (to have equal number of genes in each group or to group according to their fitness range)
were calculated and listed in supplementary Table S3. In general the results of the two gene group-
ing ways agree with each other, except for four organisms (Escherichia coli str. K-12 substr. MG1655,
M. genitalium, Staphylococcus aureus subsp. aureus NCTC 8325, Streptococcus sanguinis SK36). Take
M. genitalium as an example, the third, forth, fifth and sixth groups contain only 1, 2, 4 and 3 genes,
with a percentage of leading strand genes of 0, 1, 0.75 and 0.333, which weaken the linear correlation.

Discussion

The genes in a bacterial genome can be divided into two groups, essential genes and non-essential genes,
based on genome-wide experiments. In fact, some genes are dispensable only in certain environments,
and are termed conditionally essential gene?’. Obviously, these genes are not as essential as the absolutely
essential genes, but are more important than the non-essential genes, which suggests that a quantitative
measure is needed to describe the importance of a gene. Quantitative essentiality carries more informa-
tion than binary essentiality, and is more accurate.

Geptop can predict essential genes based on their phylogeny weighting orthology scores®. Geptop
yields good AUC scores that are higher than integrative approaches and could be applied widely in most
bacterial species whose genomes have been completely sequenced. The essential genes predicted by the
Geptop have many features, such as higher codon bias, higher distribution bias and abundant protein-
protein interactions, indicating its reliability?®. IFIM, which allows easy access to fitness data of micro-
bial genes, contains data from 16 experiments and 2186 theoretical predictions®. The highly significant
correlation between the experimentally-derived fitness and the computational simulations demonstrated
that the computer-generated predictions were often as reliable as the experimental data®, meaning that
fitness can be used as a more complete description of the essentiality of a microbial gene than binary
essentiality. In this study, the correlation between the essentiality and the gene-strand bias was analyzed
by calculating the correlation coefficient, which is more accurate than comparing the percentage of sev-
eral groups of genes on leading strands. Table 1 and 2 show that the correlation coefficients of theoretical
fitness and experimental fitness agree with each other. In most cases, the correlation coefficients of the
theoretical fitness are slightly higher than those of the experimental fitness. This result confirms that the
fitness predicted theoretically is as reliable as the experimentally-derived fitness, which can describe the
essentiality of a gene more accurately, especially when the experimentally-derived fitness is unavailable.

Although previous studies revealed a determinant influence of essentiality on orientation bias in bac-
teria, they did not demonstrate whether it acts in a continuous manner or just discretely (logically)®.
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Fitness is a quantitative measurement describing essentiality in a continuous way, rather than a logi-
cal value (essential or non-essential). With this measure, it was feasible to test whether the continuous
effect exists or not. If essentiality indeed affects gene-strand bias in a continuous manner, the correlation
between fitness and gene-strand bias should be higher than that of binary essentiality. The results in
Table 1 and Fig. 1 validated our hypothesis. The average fitness and the percentage of the leading strand
genes are listed in supplementary Table S1. The gene in the first group with the lowest average fitness is
always an essential gene. Consequently, the essential gene groups in almost all genomes show an obvious
gene-strand bias. The genes in the last several groups (with fitness values of 1) always show lowest leading
strand percentages and their percentages are similar. The genes in the middle groups, with an average
fitness ranging between the lowest average fitness and 1, could be recognized as conditionally essential
genes. Some of the conditionally essential genes prefer leading strands. Thus, essentiality shows a con-
tinuous influence on gene-strand bias. Fitness, the quantitative measurement predicted theoretically, is
more reliable and carries more information than logical essentiality.

Fig. 1b shows that for most chromosomes, fitness has a higher correlation coeflicient with gene-strand
bias, compared with expressiveness. Correlation after grouping illustrated that the essentiality might
explain over 50% of the whole orientation bias in 16 of the 21 analyzed bacteria, which could be quan-
titatively estimated from the values of R?. Therefore, essentiality plays a key role in shaping the gene
strand bias in most bacterial genomes, rather than expressiveness, which agreed with the conclusion of
Rocha et al.®. Genes tend to be located on the leading strands rather than the lagging strands in bacterial
genomes®. Mao et al. suggest that (i) genes of some functional categories, such as ribosomal gene, have
a greater tendency to be on the leading strand; (ii) by contrast, other categories, such as transcription
factors tend to be on the lagging strands; (iii) there is a balancing force that prevents all genes from
moving to the leading strand; and (iv) the percentage of leading strand genes can be accurately explained
based on the numbers of genes in the functional categories listed in (i) and (ii), genome size and gene
density?. If an artificial functional category was created, this category would have a significant P value
for a tendency to be on the leading strand®. Lin et al. suggest that the functionalities likely play a key
role in orientation bias®. Chen et al. suggest that the existence of lagging strand encoded genes could be
explained by a balance between deleterious mutations that bring genes from the leading to the lagging
strands, and purifying selection purging such mutants?®*. Our results confirmed that essentiality was a
dominant factor for orientation bias in most (16 of 21) bacteria, with R?> 0.5 after grouping correlation
analysis. However, as Mao et al. suggested, the balance of multiple factors may play roles in a few (5 of 21)
genomes, where R? is much lower than 0.5, even in the correlation analyzes after grouping.

Methods

DEG is a database that contains all available essential genes that have been determined experimentally
at the genome scale'”?. The bacterial annotation information of 21 organisms was downloaded from
NCBI ftp site (ftp://ftp.ncbi.nih.gov/genomes/Bacteria/), from which the location and the strand (Watson
or Crick) information could be obtained. Compared with the essential genes recorded in the DEG data-
base for each genome, all the genes that had not been recorded as essential genes were regarded as
non-essential genes. Thus, the binary essentiality information for each organism was obtained.

The IFIM database currently contains fitness data from 16 experiments and 2186 theoretical predic-
tions, which can be used as a quantitative measurement of essentiality. The computer-generated predic-
tions show highly significant correlations with the experimentally-derived fitness data; therefore, they
can be used as a reliable alternative when experimental data are unavailable.

The IDs of the 21 bacterial genomes in IFIM are the same with the accession numbers in NCBI. The
NCBI accession number and the GEO (Expression level database at NCBI) number of the chromosomes
used in this study were listed in Table 1 3. In fact, there are 36 genomes with genome scale essentiality
data in the DEG database. However, we take comparison of the effect of essentiality and expression level
on strand bias as one of the emphases and there are some bacteria without genome-wide microarray
data. Finally, we only consider the 21 genomes that have expressiveness data (microarray data) in GEO.

To determine the DNA sequences of the leading strand and the lagging strand for each bacterial
genome, the replication origin and replication termini were needed, which could be obtained from the
DoriC database®*. According to the annotation from NCBI, for a gene on the Watson strand, if the
gene was located in the region from the replication origin to the replication termini, the gene was on the
leading strand, and if the gene was located in the region from the termini to the origin, the gene was on
the lagging strand. For a gene on the Crick strand, a gene located in the region from the origin to the
termini was on the lagging strand, and a gene located in the region from the termini to the origin was
on the leading strand.

Twenty-one bacteria were completely annotated in all the databases. For each gene of the 21 bacterial
genomes, the fitness was gained from the IFIM database?, and the binary essentiality from experiments
was determined using the data in the DEG database'’. The expression level data were extracted from the
NCBI GEO database®’. The genes of the leading strand or the lagging strand were determined using the
location information in NCBI together with the replication position information in the DoriC database®?.
The fitness, binary essentiality, expressiveness and the strand (leading or lagging) for each gene of the 21
analyzed organisms were listed in supplementary Table S4.
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The relationships between the essentiality (quantitative measurement fitness and binary essentiality)
and orientation bias were analyzed by calculating the Pearson correlation coeflicients, together with their
significances, using the R software (http://www.r-project.org/).

Conclusion

In this study, for the first time, correlation analyzes were performed between essentiality and gene orien-
tation bias in bacteria. The correlations between fitness and gene orientation bias are significantly higher
than that between binary essentiality and gene orientation bias, which was confirmed by Two sample
(paired) Student’s t-tests (Bilateral; p=1.72e-5). This result suggested that essentiality acts continuously
on gene orientation. After classifying all genes into 10 groups according to their fitness values, each group
was assigned a quantitative value rather than a logical value of strand preference. Higher correlations
were achieved in correlation analyzes after grouping. This result suggested that essentiality explained
over 50% of gene orientation bias in most bacterial genomes. However, multiple balancing factors might
operate in a few bacteria. We believe that this work provides supplementary details on the influence of
essentiality on gene orientation bias in bacteria.

References
1. Koonin, E. V. Evolution of genome architecture. Int. J. Biochem. Cell. Biol. 41, 298-306 (2009).
2. Zivanovic, Y., Lopez, P, Philippe, H. & Forterre, P. Pyrococcus genome comparison evidences chromosome shuffling-driven
evolution. Nucleic Acids Res. 30, 1902-1910 (2002).
3. Saha, S. K., Goswami, A. & Dutta, C. Association of purine asymmetry, strand-biased gene distribution and PolC within
Firmicutes and beyond: a new appraisal. BMC Genomics. 15, 430 (2014).
4. McLean, M. J., Wolfe, K. H. & Devine, K. M. Base composition skews, replication orientation, and gene orientation in 12
prokaryote genomes, J. Mol. Evol. 47, 691-696 (1998).
5. Price, M. N, Alm, E. J. & Arkin, A. P. Interruptions in gene expression drive highly expressed operons to the leading strand of
DNA replication. Nucleic Acids Res. 33, 3224-3234 (2005).
6. Rocha, E. Is there a role for replication fork asymmetry in the distribution of genes in bacterial genomes? Trends Microbiol. 10,
393-395 (2002).
7. Hu, J., Zhao, X. & Yu, J. Replication-associated purine asymmetry may contribute to strand-biased gene distribution. Genomics
90, 186-194 (2007).
8. Rocha, E. P. & Danchin, A. Essentiality, not expressiveness, drives gene-strand bias in bacteria. Nature genetics 34, 377 (2003).
9. Lin, Y., Gao, E. & Zhang, C. T. Functionality of essential genes drives gene strand-bias in bacterial genomes. Biochem. Biophys.
Res. Commun. 396, 472-476 (2010).
10. Juhas, M., Eberl, L. & Church, G. M. Essential genes as antimicrobial targets and cornerstones of synthetic biology. Trends
Biotechnol. 30, 601-607 (2012).
11. Acevedo-Rocha, C. G., Fang, G., Schmidt, M., Ussery, D. W. & Danchin, A. From essential to persistent genes: a functional
approach to constructing synthetic life. Trends Genet. 29, 273-279 (2013).
12. Kurata, T. et al. Novel essential gene involved in 16S rRNA processing in Escherichia coli. J. Mol. Biol. 427, 955-965 (2015).
13. Baba, T. et al. Construction of Escherichia coli K-12 in-frame, single-gene knockout mutants: the Keio collection. Mol. Syst. Biol.
2, 2006.0008 (2006).
14. de Berardinis, V. et al. A complete collection of single-gene deletion mutants of Acinetobacter baylyi ADP1. Mol. Syst. Biol. 4,
174 (2008).
15. Liberati, N. T. et al. An ordered, nonredundant library of Pseudomonas aeruginosa strain PA14 transposon insertion mutants.
Proc. Natl. Acad. Sci. USA 103, 2833-2838 (2006).
16. Gallagher, L. A. et al. A comprehensive transposon mutant library of Francisella novicida, a bioweapon surrogate. Proc. Natl.
Acad. Sci. USA 104, 1009-1014 (2007).
17. Zhang, R., Ou, H. Y. & Zhang, C. T. DEG: a database of essential genes. Nucleic Acids Res 32, D271-D272 (2004).
18. Ning, L. W. et al. Predicting bacterial essential genes using only sequence composition information. Genet. Mol. Res. 13,
4564-4572 (2014).
19. Saha, S. & Heber, S. In silico prediction of yeast deletion phenotypes. Genet. Mol. Res. 5, 224-232 (2006).
20. Seringhaus, M., Paccanaro, A., Borneman, A., Snyder, M. & Gerstein, M. Predicting essential genes in fungal genomes. Genome
Res. 16, 1126-1135 (2006).
21. Plaimas, K., Eils, R. & Konig, R. Identifying essential genes in bacterial metabolic networks with machine learning methods.
BMC Syst. Biol. 4, 56 (2010).
22. Deng, J. et al. Investigating the predictability of essential genes across distantly related organisms using an integrative approach.
Nucleic Acids Res. 39, 795-807 (2011).
23. Wei, W,, Ning, L. W, Ye, Y. N. & Guo, F. B. Geptop: A Gene Essentiality Prediction Tool for Sequenced Bacterial Genomes Based
on Orthology and Phylogeny. PloS ONE 8, €72343 (2013).
24. Wei, W. et al. IFIM: a database of integrated fitness information for microbial genes. Database (Oxford) 11, pii: bau052 (2014).
25. Cao, H., Butler, K., Hossain, M. & Lewis, J. D. Variation in the fitness effects of mutations with population density and size in
Escherichia coli. PLoS One 9, 105369 (2014).
26. Canals, R. et al. High-throughput comparison of gene fitness among related bacteria. BMC Genomics 13, 212 (2012).
27. Mao, X., Zhang, H., Yin, Y. & Xu, Y. The percentage of bacterial genes on leading versus lagging strands is influenced by multiple
balancing forces. Nucleic Acids Res. 40, 8210-8218 (2012).
28. Paul, S., Million-Weaver, S., Chattopadhyay, S., Sokurenko, E. & Merrikh, H. Accelerated gene evolution through
replication-transcription conflicts. Nature 495, 512-515 (2013).
29. Chen, X. & Zhang, ]. Why are genes encoded on the lagging strand of the bacterial genome? Genome Biol. Evol. 5, 2436-2439 (2013).
30. Luo, H,, Lin, Y., Gao, E, Zhang, C. T. & Zhang, R. DEG 10, an update of the database of essential genes that includes both
protein-coding genes and noncoding genomic elements. Nucleic Acids Res 42, D574-D580 (2014).
31. Barrett, T. et al. NCBI GEO: archive for functional genomics data sets—update. Nucleic Acids Res. 41, 991-995 (2013).
32. Gao, E, Luo, H. & Zhang, C. T. DoriC 5.0: an updated database of oriC regions in both bacterial and archaeal genomes. Nucleic
Acids Res. 41, 90-93 (2013).
33. Gao, E & Zhang, C. T. DoriC: a database of oriC regions in bacterial genomes. Bioinformatics 23, 1866-1867 (2007).

SCIENTIFIC REPORTS | 5:16431 | DOI: 10.1038/srep16431 8


http://www.r-project.org/

www.nature.com/scientificreports/

Acknowledgements

The authors would like to thank Dr. Bin-Guang Ma for his technical assistance concerning the figures.
The present study was supported by the National Natural Science Foundation of China (Grant 81101641
and 31470068), and the Sichuan Youth Science and Technology Foundation of China (grant number
2014JQ0051).

Author Contributions

Conceived and designed the experiments: EB.G. Performed the experiments: W.X.Z. and C.S.L. Analyzed
the data: EB.G. and W.X.Z. Wrote the manuscript: W.X.Z. and EB.G. Downloaded the data: Y.Y.D. All
authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Zheng, W.-X. et al. Essentiality drives the orientation bias of bacterial genes in
a continuous manner. Sci. Rep. 5, 16431; doi: 10.1038/srep16431 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

Tam images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:16431 | DOI: 10.1038/srep16431 9


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Essentiality drives the orientation bias of bacterial genes in a continuous manner

	Results

	Higher correlation between fitness and orientation bias than that between binary essentiality and orientation bias. 
	Higher correlation between fitness and orientation bias than that between expressiveness and orientation bias. 
	Ten groups according to the fitness (in descending order). 

	Discussion

	Methods

	Conclusion

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Correlation coefficients with orientation bias.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ The percentage of leading strand genes of the 10 group genes for the B.
	﻿Table 1﻿﻿. ﻿  Information of the 21 organisms used in this analysis and their correlation coefficients with orientation bias.
	﻿Table 2﻿﻿. ﻿  Correlation coefficients of the experimental fitness and orientation bias.



 
    
       
          application/pdf
          
             
                Essentiality drives the orientation bias of bacterial genes in a continuous manner
            
         
          
             
                srep ,  (2015). doi:10.1038/srep16431
            
         
          
             
                Wen-Xin Zheng
                Cheng-Si Luo
                Yan-Yan Deng
                Feng-Biao Guo
            
         
          doi:10.1038/srep16431
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep16431
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep16431
            
         
      
       
          
          
          
             
                doi:10.1038/srep16431
            
         
          
             
                srep ,  (2015). doi:10.1038/srep16431
            
         
          
          
      
       
       
          True
      
   




