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Housekeeping genes (HK genes) are required for cell survival and the maintenance of basic cellular func-
tions. The investigation of factors affecting codon usage patterns in HK genes of insects can help in
understanding the molecular evolution of insects and aid the development of insect pest management
strategies. In this study, we employed bioinformatics approaches to analyze the codon usage bias (CUB)
of HK genes in the insect model organism, Drosophila melanogaster. A comparison of CUB between
1107 HK genes and 1084 high tissue specificity genes suggested that HK genes have higher CUB in
D. melanogaster. In addition, we found that CUB inversely correlates with the non-synonymous substitu-
tion rate of HK genes. Therefore, we attempted to identify the factors that potentially influence the codon
usage pattern of HK genes. Our results suggest that mutation pressure and natural selection highly cor-
relate with CUB in the HK genes of D. melanogaster and that two topological properties of HK proteins
(proportion of protein interacting length and protein connectivity) also correlate with CUB in the HK
genes of D. melanogaster. This study provides insight into CUB in the HK genes of D. melanogaster, and
the results can support future investigations of potential applications in agricultural and biomedical field.

Keywords: Housekeeping gene — codon usage bias — mutation bias — translational selection — protein
topology

INTRODUCTION

In the protein synthesis process, 61 codons code for only 20 amino acids. Multiple
codons that code for the same amino acid are called synonymous codons. Synonymous
codons are not used at the same frequency in several organisms, existing from prokar-
yotes to eukaryotes [11, 17]. This phenomenon is known as codon usage bias (CUB).
CUB varies among different species and among genes in the same genome [35].
Additionally, evidences have been accumulated that some genes with slow-evolving
nonsynonymous sites have higher CUB [37]. Many factors have been proposed to be
related to CUB, including base compositional mutation bias [21], gene expression
level [36], gene length [25], codon-anticodon binding [28], tRNA abundance [10],
protein structure [18], and so on. Although the exact mechanisms of CUB remain
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unclear, mutation bias and natural selection are two possible candidates in many spe-
cies [32]. The mutation explanation for CUB is that the non-randomness of muta-
tional patterns affects the usage frequencies of synonymous codons (e.g., GC-rich
organisms use more G- or C-ending codons). According to the natural selection
explanation, CUB is caused by selection to increase the efficiency and/or accuracy of
translation (such as translation selection, some highly expressed genes have higher
CUB than do lowly expressed genes). In some organisms, CUB is shaped by both
mutation bias and natural selection [32]. In addition to research on the influences of
translational selection and mutation bias on codon usage, research on the role of pro-
tein structure in synonymous codon usage has surged in recent years [6]. In yeast
proteins, B-sheets are encoded by coding sequences that are enriched in optimal
codons [31]. Previous cross-taxon analyses have suggested that protein buried sites
and structurally important sites are associated with optimal codons [50]. In addition,
early studies reported that the proportion of protein interacting length and protein
connectivity both correlate with protein evolution [15, 33]. However, the correlations
between these two topological properties and CUB are unclear.

Housekeeping genes (HK genes) are constitutively expressed in various tissues and
are involved in the maintenance of cellular functions [4]. The study of synonymous
codon usage in HK genes of insects can provide helpful information about the molecu-
lar evolutionary mechanisms of insects and facilitate the development of effective
control strategies for insect pests to reduce insect-borne diseases and agricultural losses.
In the insect model animal, D. melanogaster, the relationships between CUB and HK
genes and the underlying mechanisms remain unclear. The effect of CUB on the evolu-
tion of HK genes has not been investigated in detail. In addition, few efforts have been
made to explore whether any relationship exists between each of four factors (transla-
tional selection, mutation bias and two topological properties of HK proteins) and
synonymous codon usage in HK genes of D. melanogaster. The aims of this study are
to investigate the synonymous codon usage of HK genes in D. melanogaster and to
assess the impact of synonymous codon usage on the evolution of HK genes and
evaluate possible factors related to synonymous codon usage in HK genes of D. mela-
nogaster. Published gene expression data concerning 13 D. melanogaster tissues were
used to calculate tissue specificity and identify 1,107 HK genes and 1,084 high tissue
specificity genes (HTS genes) for further synonymous codon usage analyses. The
results of this study may help shed some light on the possible factors influencing syn-
onymous codon usage in the HK genes of D. melanogaster.

MATERIAL AND METHODS
Gene expression data
Gene expression data of adult D. melanogaster were acquired from the FlyAtlas

database (http://flyatlas.gla.ac.uk/) [34]. A total of 18,880 probe sets covered 13,250
D. melanogaster genes. To prevent errors associated with re-counting, we eliminated
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genes that were detected by the same probe or more than one probe set. The Presence/
Absence calls of the gene expression data were calculated according to the Affymetrix
Microarray Suite (MAS) version 5.0 algorithm with the default parameters [19].
Genes were listed as “present” if statistically significant expression was detected in at
least three of four replicates. Finally, we obtained 11,166 unambiguous genes with
expression data. We used the gene expression data of 13 D. melanogaster tissues in
this paper (brain, thoracico-abdominal ganglion, salivary gland, crop, midgut, hind-
gut, tubule, fat body, ovary, testis, accessory glands, virgin spermatheca, and heart).
To compare the expression intensity of each gene, we calculated the mean expression
intensity of each gene across the 13 tissues for analyses.

Tissue specificity

The tissue specificity index t [44] is defined as

n _ logz S(l])
zf"(l |:10g2 S(i,max):|]

n—1

T=

Where “n” is the number of D. melanogaster tissues examined and S(i, max) is the
highest expression intensity of gene i across all of the examined tissues. If a gene is
equally expressed in all tissues, the index is zero. However, if a gene is expressed in
only one or a few tissues, the index is close to one. The genes obtained from the
FlyAtlas database were sorted by tissue specificity index, and 10% of genes from
each end of the list were considered. The genes with high tissue specificity (top 10%)
were defined as HTS genes. Genes that were expressed in every tissue with low tissue
specificity (bottom 10%) were defined as HK genes. Based on the above criteria, we
obtained 1,107 HK genes and 1,084 HTS genes.

Codon usage bias analysis

Codon bias index (CBI) was also used to measure the usage of optimal codons in this
study [1]. If a gene has extreme codon bias, the value of CBI will equal 1. If a gene
shows random codon usage, the value of CBI will equal 0.

Effective number of codons (ENC) was used to examine the codon usage bias in
this study [42]. The value of ENC lies in the range of 20 to 61. If only one codon is
used for each amino acid, the value of ENC is 20. If all synonymous codons are
equally used for each amino acid, the value of ENC is 61.
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Nucleotide composition

The GC and GC; contents of the genes were computed via DnaSP v5 [23]. The GC,
content (the frequency of codons ending in G or C excluding Met, Trp and stop
codons) is used to measure the extent of base composition bias [49].

Percentage of protein interacting length

The ratio of protein interacting domain length was calculated from following for-
mula:

sum of interacting domain length

Percentage of protein interacting length = -
protein length

Protein domain data were retrieved from the PFAM database (http://pfam.xfam.org/)
[14]. The following cutoff values were used for domain assignment [20]: (1) matched
sequence length >80% of domain length; (2) e-value of alignment <1.0x10-4;
(3) domain length >12 amino acids. Protein length data were retrieved from the
UniProt database (http://www.uniprot.org/) [2].

Protein—protein interaction data

The protein—protein interaction data of D. melanogaster proteins used in this study
were obtained from the IntAct database (http://www.ebi.ac.uk/intact/) [29]. To avoid
false positives in the identification of protein interactions, we used two-hybrid exper-
iment data of the protein—protein interactions from the IntAct database.

Estimation of nonsynonymous substitution rates

The coding sequences of D. melanogaster HK and HTS genes were obtained from
FlyBase [7]. The orthologous gene sequences of D. melanogaster HK and HTS genes
in D. yakuba were retrieved from OrthoDB [40]. The split between D. melanogaster
and D. yakuba occurred approximately 12.8 MYA (million years ago) [38]. D. mela-
nogaster — D. yakuba orthologous gene pairs were used for estimating the rates of
nonsynonymous nucleotide substitution [24]. Nonsynonymous substitution rates
were estimated based on the nucleotide alignments of each gene by using the maxi-
mum likelihood method implemented with the PAML package [45, 46].
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Statistical analyses

Pairwise comparisons of variables were performed with the nonparametric Mann—
Whitney U-test. The nonparametric Spearman rank correlation test was used to assess
the degree of association between two variables. SPSS software (version 22.0) was
used to perform all statistical analyses.

RESULTS AND DISCUSSION
Codon bias differences between HK and HTS genes

We used ENC and CBI to examine the extent of CUB in D. melanogaster HK and
HTS genes. Differences in CUB between HK and HTS genes were analyzed using the
nonparametric Mann-Whitney U-test. Table 1 presents the means of ENC and CBI for
HK and HTS genes. The mean CBI of HK genes was higher than that of HTS genes,
and the mean ENC of HK genes was lower than that of HTS genes. The results indi-
cated that HK genes had higher CUB than did HTS genes. We also calculated the
means of CBI and ENC for 1100 genes from the middle of the tissue specificity index
list. The mean CBI and ENC for this middle group were between the CUB index
values of HK and HTS genes (Table 1). Why do the evolutionary forces shape the
codon usage patterns of HK genes? Carlini and Stephan [5] substituted six and ten
optimal codons for Leu with unpreferred codons in the Drosophila 4dh gene and
observed 19% and 24% decreases in ADH protein production, respectively. Fath et
al. [13] investigated the effect of codon optimization on the protein expression levels
of 50 genes representing five classes of human proteins (transcription factors, riboso-
mal and polymerase subunits, protein kinases, membrane proteins and immunomodu-
lators) in Human Embryonic Kidney 293T cells. They observed that 86% of the
optimized constructs increased their protein expression levels. These studies revealed
that CUB plays an important role in protein biosynthesis. HK genes are expressed in
various tissues and play essential roles in the maintenance of cellular functions,
whereas HTS genes are expressed only in one or a few tissues. Evolutionary forces
might shape the codon usage patterns of HK genes, thereby contributing to the stable
and sufficient biosynthesis of HK proteins for the maintenance of basic functionality
in most functioning cells. Manipulation of the preferred codons of insect HK genes
might affect the expression of insect HK proteins and might be useful for managing
insect pest populations.

GC; content and gene expression level correlate with the CUB
of HK genes

HK genes have higher CUB than do HTS genes. Which factors might contribute to
the higher CUB in HK genes? We hypothesized that translational selection and muta-
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tional bias correlate with CUB in HK genes of D. melanogaster. To test this hypo-
thesis, we performed correlation analyses of CUB and these two factors. We first
compared these two factors between HK and HTS genes by performing nonparamet-
ric Mann—Whitney U-tests. The mean GC content was higher for HK genes than for
HTS genes (Table 1). Due to the higher GC content, G- or C-ending codons are
expected to predominate in HK genes. We found that the GC; content of HK genes
correlated with the GC content of HK genes (correlation coefficient p = 0.774, p
value = 2.221x10-195). The mean GC; content was higher for the HK genes than for
the HTS genes (Table 1). When comparing expression level between HK and HTS
genes, we found that the mean expression level was higher for the HK genes than for
the HTS genes (Table 1).

Table 1
Average values of Effective number of codons (ENC), Codon bias index (CBI), GC content, GC; con-
tent and expression level for HK and HTS genes

CUB index HK HTS p value
CBI 0.457 (0.391) 0.370 2.588x10%
ENC 46.001 (49.975) 51.670 5.248x10-75
GC content 55% 51.5% 2.622x10-58
GC; content 68% 59.4% 3.679x10°78
Expression level 804.550 118.183 2.593x10-213

*Values in parentheses are the mean CBI and ENC for middle group of the tissue specificity index list. P values
(two tailed nonparametric Mann—Whitney U-test) show significant differences between above properties for HK
gene group and HTS gene group.

The results indicate that HK genes have higher GC; content and expression level
than do HTS genes. Next, we conducted correlation analyses of CUB and these two
factors. Table 2 and Fig. 1A-B show that CBI and ENC strongly correlate with GC;
content, suggesting that mutational bias might play an important role in the CUB of
HK genes. The bias for cytosine and guanine at the third position in preferred codons
has also been reported previously. Vicario et al. [39] analyzed CUB among 12 species
of Drosophila genomes and found that GC; codons were preferentially used in 11
species (i.e., all except D. willistoni). Previous studies reported that genes with high
GC; (or high GC) content differ from those with low GC; (or low GC) content at
transcription stage. Kudla et al. [22] compared the expressions of genes with different
GC; contents (human HSPAIA GC; =92% and HSPA8 GC; = 46%). Although the
coding regions and corresponding protein sequences of these two genes are similar,
the high-GC; gene exhibited an up to 10-fold greater protein level relative to the
expression level of the low-GC; gene. A series of experiments demonstrated that this
difference was due to increasing the steady-state mRNA level of high-GC; gene.
Newman et al. [27] investigated differences in codon bias and GC content in the
expression of mammalian Toll-like receptor7 genes (7/r7). They found that subopti-
mal codon bias (low GC content) can limit the transcription of 7/r7 and codon opti-
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mization (higher GC content) of 7/r7 increases the rate of transcription. Zamft et al.
[47] reported that RNA polymerases II of S. cerevisiae pause for shorter periods and
less frequently on GC-rich templates than they do on AT-rich templates. Mutational
pressure due to GC compositional constraints might drive the evolution of synony-
mous codon usage in HK genes to maintain stable and efficient transcription.

To explore the relationship between CUB and gene expression level, we performed
correlation analyses. As shown in Table 2 and Fig. 1C-D, CBI and ENC significantly
correlate with gene expression level, indicating that gene expression level might be
an important factor shaping codon usage in HK genes. A correlation between gene
expression level and CUB was also observed in a previous Expressed Sequence Tag
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Fig. 1. Scatter Diagrams show correlation between (A) CBI and GC; content (B) ENC and GC; content
(C) CBI and gene expression level (D) ENC and gene expression level in HK genes. The error bar shows
95% confidence interval of the mean
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Table 2
Spearman’s rank correlation analyses between factors and CUB in HK genes of D. melanogaster
CBI ENC
Factor
p p value p p value

GC;s 0.777 6.227x10-224 —0.774 5.187x10-221
Expression level 0.534 1.358x10-82 —0.468 3.621x10-6!
Percentage of protein 0319 1.281x1027 ~0.242 3.201x10-16
interacting length
Protein connectivity 0.172 9.249x10°? —-0.193 9.541x10-11

Spearman’s rank correlation coefficients (p) are shown and p values are considered statistically significant.

(EST) analysis of 1,550 D. melanogaster genes [12]. Researchers have suggested that
highly expressed genes are under translational selection to use the optimal codons
[32]. Two hypotheses have been proposed to explain the selective forces shaping
codon usage in highly expressed genes [6]. The translational efficiency hypothesis
states that preferred codons are under selection in highly expressed genes because of
their faster translation rate. A recent study for monitoring translation in real time in
mammalian cells showed that the translation rate of codon-optimized mRNAs is
faster (4.9 codons per second) than that of non-optimized mRNAs (3.1 codons per
second) [43]. A cycloheximide-free ribosome profiling experiment in yeast reported
that ribosome dwell times are shorter at preferred codons for abundant tRNAs [41].
Translational selection might affect the codon usage patterns of HK genes, leading to
more efficient protein production for cells. The translational accuracy hypothesis
states that natural selection biases codon usage to enhance the accuracy of translation.
Drummond and Wilke [9] found that optimal codons in highly expressed genes have
lower probabilities of mistranslation than nonoptimal codons in these genes do in
numerous taxonomic groups. They proposed a model in which selection against tox-
icity from protein misfolding is present. Translation errors can cause nonfunctional or
toxic proteins, the aggregation of misfolded proteins, and the energy loss of cells.
Recent experiments have revealed a relationship between codon optimality and pro-
tein folding. Buhr et al. [3] investigated in vivo translation of the recombinant bovine
eye-lens protein gamma-B crystallin in E. coli and reported that optimized codons
improve the stability and solubility of synthesized proteins. Their NMR spectro-
scopic data suggested that the translation of optimized codons affects the conforma-
tional states of proteins. By performing real-time monitoring in vitro translation sys-
tem, they also found that optimized codons influence the cotranslational folding of
proteins. HK genes might be particularly sensitive to mistranslation because mis-
folded HK proteins result in the loss of functional molecules in the cells of several
tissues. Translational selection that affects the codon usage patterns of HK genes
might decrease the energy waste of useless mistranslation or the production of toxic
mistranslation products and might provide correct protein products for maintaining
cell functions.
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Proportion of protein interacting length and protein connectivity

correlate with the CUB of HK genes

In addition to investigating the possible factors related to CUB at the genomic level,
we further investigated CUB of HK genes in relation to the topological properties of
HK proteins (proportion of protein interacting length and protein connectivity). We
first compared each of these two factors between HK and HTS proteins. HK proteins
had a higher percentage of protein interacting length (52.3%) than did HTS proteins
(35.2%, p value = 6.238x10-32). In addition, HK proteins had greater protein con-
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Fig. 2. Scatter Diagrams show correlation between (A) CBI and percentage of protein interacting length
(B) ENC and percentage of protein interacting length (C) CBI and protein connectivity (D) ENC and
protein connectivity in HK genes. The error bar shows 95% confidence interval of the mean
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nectivity (5.905) than did HTS proteins (2.650, p value = 1.439x10-%0). To clarify
the relationships between CUB and these two factors, we performed correlation
analyses. Table 2 and Fig. 2A—B show that CBI and ENC correlated with the per-
centage of protein interacting length. What drives the relationship between CUB and
percentage of protein interacting length? Zhou et al. [48] reported that in filamentous
fungus Neurospora, genome-wide correlations between optimal codons and struc-
tured protein domains exist, whereas nonoptimal codons correlate with unstructured
protein regions. These correlations were confirmed by in vivo experiments of manip-
ulating the codons for the disordered regions of the Neurospora circadian clock
protein FREQUENCY (FRQ). Optimization of codons for the disordered regions of
FRQ protein resulted in conformational changes in the FRQ protein. Furthermore,
Fu et al. [16] found that nonoptimal codons correlate with intrinsically disordered
regions of Drosophila circadian clock protein (dPER). The optimization of some
codons for dPER resulted in changes of protein conformation, phosphorylation pro-
file and stability. Based on previous empirical data and our data, we infer that the
percentage of protein interacting length might contribute to synonymous codon
usage in HK genes. HK proteins with higher percentages of protein interacting
length might be translated by optimal codons that minimize protein misfolding by
avoiding mistranslation. Thus, the probability of accurate protein conformation is
higher in the case of HK proteins which ensure protein-protein interactions to main-
tain cellular functions.

The observed correlations between CUB and protein connectivity are shown in
Table 2 and Fig. 2C-D. The results indicate that CBI and ENC correlate with protein
connectivity. In a previous study, Najafabadi and Salavati [26] suggested that simi-
larity in codon usage is a strong predictor of protein-protein interactions. Dilucca et
al. [8] investigated the connection between CUB at the genomic level and topologi-
cal characteristics of protein—protein interactions in E. coli. They found that hub
proteins (proteins with higher numbers of interaction partners) are characterized by
higher codon bias of the corresponding genes. Our findings are consistent with the
findings in a prokaryote and provide information on the correlation between protein
connectivity and CUB in an animal system. What mechanism might explain the
relationship between CUB and protein connectivity? It has been reported that pro-
teins with more interaction partners have more constraints on evolutionary rates
[15]. The mutation of HK hub proteins might affect protein—protein interaction net-
works in cells. The biosynthesis of HK hub proteins might occur via optimal codons
that decrease the probability of mistranslation and help to achieve accurate protein
conformations for interactions. Mistranslated HK hub proteins may lead to protein
misfolding and affect protein—protein interactions. By using preferred codons asso-
ciated with abundant tRNAs, the biosynthesis of HK hub proteins may be more
efficient. In contrast, the inefficient translation of HK hub proteins might reduce the
efficiency of protein—protein interactions. The correlation between CUB and the
connectivity of HK proteins might facilitate the maintenance of protein functional
and physical interactions.
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Rates of nonsynonymous substitution in HK genes
are inversely related to CUB

As mentioned above, HK genes have higher CUB than do HTS genes and CUB in
HK genes correlate with four factors (GC; content, gene expression level, proportion
of protein interacting length and protein connectivity). In the next set of analyses, we
investigated the impact of CUB on the evolution of HK genes. The nonsynonymous
substitution rate (dN) in HK and HTS genes was estimated by analyzing D. mela-
nogaster — D. yakuba orthologs. The average dN of HK genes (mean dN = 0.021)
was lower than that of HTS genes (mean dN =0.095, p value = 2.780x10-19),
Differences in dN between HK genes and HTS genes might be mediated by some
properties of genes that are correlated with the number of nucleotide substitutions.
We then analyzed whether dN in HK genes was correlated with CUB. Figure 3A-B
show that CBI (Spearman’s p = —0.41, p value = 3.973x10-46) and ENC (Spearman’s

Table 3
Spearman’s rank correlation analyses between facorts and nonsynonymous substitution rates (dN)
in HK genes of D. melanogaster

Factor p p value
GC; content —0.353 6.460x10-34
Expression level -0.317 2.695x10-27
Percentage of protein interacting length —0.247 9.261x10-32
Protein connectivity -0.317 2.485x10-27

Spearman’s rank correlation coefficients (p) are shown and p values are considered statistically significant.
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Fig. 3. Scatter Diagrams show correlation between (A) CBI and dN (B) ENC and dN in HK genes. The
error bar shows 95% confidence interval of the mean
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p = 0.385, p value = 2.033x10-49) were correlated with dN in HK genes. The correla-
tion between CUB and dN was also investigated in a previous study. Marais et al. [24]
analyzed 630 randomly selected D. melanogaster genes (including both high- and
low-CUB genes) and found a negative correlation between dN and the frequency of
optimal codons (Fop) in partial genes. A possible explanation for the correlation
between CUB and dN is that nucleotide substitutions resulting in nonoptimal codons
might decrease fitness. Previous studies reported that constraints among synonymous
codons may slow dN in some genes [24, 30]. We found that four factors (GC; content,
gene expression level, proportion of protein interacting length and protein connectiv-
ity) that correlate with CUB in HK genes also correlate to dN in HK genes (Table 3).
However, the exact cause of the correlation between CUB and dN in HK genes
requires further investigation.

CONCLUSIONS

Based on the results herein, we conclude that differences in CUB exist between the
HK genes and HTS genes of D. melanogaster. HK genes have higher CUB than do
HTS genes, and CUB correlates with the evolution of HK genes. Mutational bias and
natural selection significantly correlate with CUB in the HK genes of D. mela-
nogaster. The proportion of protein interacting length and protein connectivity of HK
proteins also correlate with the CUB in the HK genes. This study provides insight into
CUB in HK genes of D. melanogaster, and a basis of further investigations for
related molecular evolution, genetic engineering and practical applications in insect
pest management strategies.
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