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Abstract

Neurospora comprises a primary model system for the study of fungal genetics and biology. In spite of this, little is known
about genome evolution in Neurospora. For example, the evolution of synonymous codon usage is largely unknown in this
genus. In the present investigation, we conducted a comprehensive analysis of synonymous codon usage and its relationship
to gene expression and gene length (GL) in Neurospora tetrasperma and Neurospora discreta. For our analysis, we examined
codon usage among 2,079 genes per organism and assessed gene expression using large-scale expressed sequenced tag
(EST) data sets (279,323 and 453,559 ESTs for N. tetrasperma and N. discreta, respectively). Data on relative synonymous
codon usage revealed 24 codons (and two putative codons) that are more frequently used in genes with high than with low
expression and thus were defined as optimal codons. Although codon-usage bias was highly correlated with gene
expression, it was independent of selectively neutral base composition (introns); thus demonstrating that translational
selection drives synonymous codon usage in these genomes. We also report that GL (coding sequences [CDS]) was inversely
associated with optimal codon usage at each gene expression level, with highly expressed short genes having the greatest
frequency of optimal codons. Optimal codon frequency was moderately higher in N. tetrasperma than in N. discreta, which
might be due to variation in selective pressures and/or mating systems.
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two opposite mating types are contained in each ascospore
(Shear and Dodge 1927; Raju and Perkins 1994; Jacobson
1995), whereas in N. discreta, mating occurs between two
haploid partners containing nuclei of opposite type (Perkins
and Raju 1986). Comparative phylogenetic analyses suggest
that N. tetrasperma and N. discreta are not discrete species
per se but rather are each comprised of distinct closely re-
lated phylogenetic lineages, that is with high levels of ge-
netic diversity among lineages and low-genetic diversity
within lineages (Dettman et al. 2006; Menkis et al.
2009). The haploid chromosome number in each taxon is
7, containing approximately 43 MB DNA (Dodge et al.
1950; Perkins and Raju 1986; http://genome.jgi-psf.org/).
Currently, few data are available about the genomic traits
and evolution of N. tetrasperma and N. discreta, including
the evolution of codon usage in gene coding DNA.
Synonymous codons are not used randomly. Biases in

Introduction

The Neurospora genus contains organisms that are central to
research in fungal genomics, biochemistry, and evolution. At
present, however, much remains unknown about patterns
and factors driving genome evolution in this taxonomic
group, particularly for the emerging model organisms
Neurospora tetrasperma and Neurospora discreta.
Although N. tetrasperma and N. discreta have been less
extensively characterized than their close relative N. crassa
(Davis and Perkins 2002; Borkovich et al. 2004), available
data has revealed key life history and genomic traits for
these taxa. Specifically, N. tetrasperma has been shown
to be a highly self-fertile (pseudohomothallic) organism as-
sumed to have evolved from a self-incompatible (heterothal-
lic) ancestor (Raju and Perkins 1994; Dettman et al. 2003). In
contrast, N. discreta is heterothallic (Perkins and Raju 1986).
In both organisms, similar to most filamentous ascomycetes,

sexual attraction and reproduction is regulated by the mat-
ing-type (mat) locus on the mating-type chromosomes (Shiu
and Glass 2000; Casselton 2008). For N. tetrasperma, self-
fertilization is promoted by the fact that nuclei carrying the

synonymous codon usage may result from mutational
pressure (Osawa et al. 1988; Sueoka 1988; Kano et al.
1991; Sharp et al. 1995) or from selective pressure
for more efficient and accurate translation (Duret and
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Mouchiroud 1999; Duret 2000; Stoletzki and Eyre-Walker
2006). The hypothesis that codon usage is driven by selec-
tion has been supported by findings that codon usage
biases are correlated to tRNA abundance (lkemura 1982,
1985; Duret 2000). In addition, codon usage bias has been
positively correlated with gene expressionin numerous tax-
onomicgroups(e.g., Escherichia coli, Saccharomyces, Cae-
norhabditis, Drosophila, Arabidopsis, Silene, Populus),
findings indicative of selection for efficient translation
(Sharp 1987; Duret and Mouchiroud 1999; Cutter et al.
2006, 2008; Ingvarsson 2008; Qiu et al. 2011). A key indi-
cator of translational selection within genomes is the en-
hanced usage of a specific set of codons (i.e., optimal
codons) in highly expressed genes as compared with lowly
expressed genes. In this regard, an evaluation of the pres-
ence/absence of optimal codons and factors associated
with their usage provides a meansto test whether selection
for translational efficiency and/or accuracy plays a major
role in genome evolution (Sharp 1987; Stenico et al.
1994: Duret and Mouchiroud 1999; Cutter et al. 2008;
Ingvarsson 2008).

Several factors in addition to gene expression have been
associated with codon usage. In particular, gene length
(GL) is believed to be inversely associated with bias in codon
usage. For example, it has been reported that shorter genes
(shorter codingsequences[CDS]regions)tendto have greater
bias in codon usage in certain animals and plants (e.g., Dro-
sophila, Arabidopsis, Silene, species of Caenorhabditis, Duret
and Mouchiroud 1999; Cutter et al. 2008; Qiu et al. 2011).
However, this correlation has not been found in certain other
taxa (e.g., species of Caenorhabditis, Populus, Cutter et al.
2008; Ingvarsson 2008). At present, the role of GL, and par-
ticularly the relationship between gene expression and GL, re-
mains largely unknown for most organisms. Another factor
that may alter codon usage is mating system. Theory predicts
that inbreeding species should have lower effective recombi-
nation rates (due to recombination among identical or nearly
identical genomes) and reduced effective population size as
compared with their outcrossing counterparts, each of which
acttorelaxselective pressure for genomic traits such as codon
usage (see Charlesworth and Wright 2001). Altogether, it is
evident that a further understanding of the role of transla-
tional selection in Neurospora genomes requires an assess-
ment of gene expression level, combined with evaluation
of the possible roles of GL and mating systems.

One effective means to study gene expression, and its
relationship to codon usage, in newly emerging model
species such as N. tetrasperma and N. discreta, is through
the examination of expressed sequence tag (EST) data. In
particular, the study of ESTs have proven to be a highly
effective method to quantify gene expression as the ex-
tent of redundancy in ESTs reflects the abundance of
MmRNA in tissues/cells (Duret and Mouchiroud 1999;
Akashi2001; Wright etal. 2002; Subramanian and Kumar

2004; Cutter et al. 2008; Ingvarsson 2008). In this regard,
the recent availability of comprehensive EST data sets for
N. tetrasperma and N. discreta allows for an examination
of gene expression in these organisms and its association
with codon usage.

The objective of the present investigation was to study
synonymous codon usage within the N. tetrasperma and
N. discreta genomes. For our analysis, we conducted a thor-
ough assessment of codon usage within each of these taxa
relative to gene expression. In addition, we assessed the
codon usage relative to GL and the substitution rates at syn-
onymous (dS) sites. As a complementary analysis, we as-
sessed the role of base composition on codon usage,
based on comparisons of introns and gene coding DNA.
In combination, these analyses were aimed toward revealing
the key factors driving the evolution of synonymous codon
usage in these Neurospora genomes.

Materials and Methods

In this study, we investigated synonymous codon usage in
the two Neurospora taxa for which both large-scale geno-
mic and EST data sets are currently available: N. tetrasperma
and N. discreta. For our analysis, we utilized the unanno-
tated genome sequences for these two taxa available at
the Joint Genome Institute (http:/Awww.jgi.doe.gov/; The
sequence data were produced by the US Department of En-
ergy Joint Genome Institute in collaboration with the user
community). For N. tetrasperma, the data are available from
the haploid mat A strain with Fungal Genomics Stock Center
(FGSC) ID 2508, and for N. discreta, the data are available
from the haploid mat A strain FGSC 8579. Annotated gene
sequences for N. crassa, which were used as reference taxon
for gene identification in N. tetrasperma and N. discreta,
were obtained from the N. crassa database (Annotation ver-
sion 4, available June 2010; FGSC 2489; http://www.broad.
mit.edu/annotation/genome/neurospora/). Among these
three taxa, previous phylogenetic analyses have shown that
N. tetrasperma and N. discreta form a clade relative to
N. discreta; and the phylogentic tree is (INT, NC], ND)
(Dettman et al. 2003). For gene expression analysis in
N. tetrasperma and N. discreta, we used EST data sets avail-
able at the Joint Genome Institute, which contain 279,323
and 453,559 ESTs, respectively (table 1). EST data sets were
generated slightly differently for each taxon (e.g., tissues
were grown and harvested at the vegetative stages, with
evidence of emerging sexual tissue in N. tetrasperma but
not N. discreta; Takao Kasuga, personal communication).
Thus, independent analyses were always conducted for
N. tetrasperma and for N. discreta.

Gene ldentification

Genes (defined herein as CDS regions) for N. tetrasperma and
N. discreta were identified by comparison of the assembled
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Table 1
Summary of Gene and EST Data Used in the Present Analysis
Genes ESTs
Number of Number of Number of Number of
Number of Highly Lowly ESTs ESTs
Taxon Genes Expressed Genes Expressed Genes Examined Matching Genes
Neurospora tetrasperma 2,079 688 1,391 279,323 105,003
N. discreta 2,079 702 1,377 453,559 161,242

raw genomic sequence for these taxa to the annotated CDS
data set for N. crassa using BLAT software (Kent 2002).
Genes showing quality alignments, including a start and
stop codon and spanning the complete CDS region for
N. crassa, were identified, yielding a total of 2,151 genes.
Genes were automatically aligned and gaps removed us-
ing the BLAT procedure. The identified gene regions in
N. tetrasperma and N. discreta were assigned the NCU gene
identifier of the matching gene in N. crassa. We removed
sequences from gene families with highly similar (>90%
identity) paralogous sequences, based on a comparison
of the gene list against itself using MEGABLAST (http://
www.ncbi.nlm.nih.gov/blast/megablast.shtm). The final
gene list contained a total of 2,079 genes that were found
in both N. tetrasperma and in N. discreta (table 1) and which
were used in our gene expression and codon usage anal-
ysis. The NCU identifier for each of the 2,079 genes ex-
amined herein is provided in supplementary data file 1
(Supplementary Material online).

Introns were identified in both N. tetrasperma and N.
discreta. For this, we extracted the genomic regions be-
tween exons of genes in N. tetrasperma and separately
for N. discreta. In total, we identified introns for 1,752 of
the 2,079 genes from N. tetrasperma and N. discreta. For
each gene, introns were concatenated prior to analysis.

Quantification of Gene Expression

For the quantification of gene expression levels, each of the
2,079 genes for N. tetrasperma and the 2,079 homologous
genes for N. discreta were compared against their corre-
sponding taxon-specific EST data set (table 1) using MEGA-
BLAST. ESTs having more than 95% sequence identity were
considered a match; this level of identity is sufficient for cor-
rect EST matches among closely related genes and allows for
minor variation due to sequencing errors (Subramanian and
Kumar 2004). It is worthwhile to note that we examined
a single haploid strain of N. tetrasperma and of N. discreta
such that there is no allelic variation per gene and that we
a priori removed genes having >90% identity, which en-
sures accurate matches between ESTs and genes herein.
For N. tetrasperma, we found that a total of 105,003 ESTs
(of 279,323 available ESTs) matched its 2,079 genes,
whereas 161,242 ESTs (of 453,559 ESTs) matched the cor-
responding gene set in N. discreta (table 1). Using these

data, we calculated the frequency of ESTs for each of the
2,079 genes for each of the two Neurospora taxa as follows:
ESTs per 100,000 = the number of EST matches per gene/
total number of ESTs per taxon-specific data set x 100,000.
Subsequently, each of the 2,079 genes was categorized as
either lowly (<10 ESTs per 100,000, including genes
showing no evidence of expression) or highly expressed
(>10 ESTs per 100,000) for N. tetrasperma and for N. dis-
creta, respectively. Approximately, 1/3 of genes were above
the cutoff of ten ESTs per 100,000, whereas 2/3 of genes
were below this level for each taxon. A summary of the
number of genes within each category of gene expression
for N. tetrasperma and for N. discreta is provided in table 1.

Codon Usage Analyses

Using the gene sequences and gene expression data sets
generated above, we assessed the association between co-
don usage and gene expression within N. tetrasperma and
within N. discreta. For this, we examined the effective num-
ber of codons (ENCs); a broad measure of how far the codon
usage of a gene departs from equal usage of synonymous
codons. ENC can have a lowermost value of 20, in the case
of extreme bias where one codon is solely used for each
amino acid, and an uppermost value of 61 when all alterna-
tive synonymous codons are used equally. Thus, lower ENC
values represent greater bias in codon usage (Wright 1990).
We also examined the GC content of third nucleotide posi-
tions of codons (GC3). GC3 and ENC were determined in
CodonW (J. Peden, http://codonw.sourceforge.net).

The preferential usage of codons has been described by
various terms in the literature. For example, “preferred” and
“major” may refer to those most frequent in the genome,
those most frequent in genes showing biased codon usage
and/or those associated with high gene expression (e.g.,
Akashi 2001; Vicario et al. 2007). For clarity, for our purpo-
ses, we have used the term “optimal” codons herein to de-
note those codons specifically associated with elevated gene
expression (Duret and Mouchiroud 1999; Cutter et al. 2008;
Ingvarsson 2008). In order to determine whether optimal
codons are inherent to N. tetrasperma and N. discreta,
we determined the relative synonymous codon usage
(RSCU) for each codon per synonymous codon family, for
each of the genes examined in this study. RSCU measures
the observed frequency of a particular codon relative to
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the expected frequency if all synonymous codons were used
equally. RSCU values greater than 1 indicate preferential us-
age and higher values among codons within a synonymous
codon family denote increased usage (Sharp et al. 1986).
The RCSU values were determined by using CAlcal software
(Puigbo et al. 2008), and the analyses were performed in-
dependently in the two taxa. Using these data, we deter-
mined the value of ARSCU = Mean RSCUpighlyexpressed
Genes — Mean RSCULowa Expressed Genes for each codon per
synonymous codon family. Optimal codons were defined
as those codons having statistically significant and positive
ARSCU values (Duret and Mouchiroud 1999; Cutter et al.
2008; Ingvarsson 2008). Statistical significance was assessed
using t-tests of RSCU values among highly and lowly ex-
pressed genes (P < 0.05). A Bonferroni correction was
applied to all P values.

Based on the optimal codon list defined using the above
methodology, we determined the frequency of optimal
codons (Fop) per gene for N. tetrasperma and for N. discreta
using CodonW (J. Peden, http://codonw.sourceforge.net).
Subsequently, we conducted two-way analysis of variance
(ANOVA) for each taxon with Fop as the dependent variable
and gene expression and GL as categorical factors (Cutter
et al. 2006). GLs were assumed to equal the values from
N. crassa, as the complete and/or annotated genomic
DNA or protein sequences are not yet available for N.
tetrasperma and N. discreta. This approach has also been
utilized in other organisms (Cutter et al. 2008; Ingvarsson
2008) as protein lengths tend to be highly conserved among
eukaryotes (Wang et al. 2004). For the ANOVA's, gene
expression was categorized as low or high (<10 ESTs per
100,000 or >10 ESTs per 100,000, respectively) and GLs
were subdivided into three categories (short, GL < 250
codons; medium, < 250 GL > 500; and long, GL > 500 co-
dons). Each taxon was analyzed independently in the
ANOVA's. Post hoc pair-wise analyses of our ANOVA data
were conducted using the Holm-Sidak method. All statistical
analyses, including ANOVAs and t-tests, were conducted
using Sigmastat v3 (http://www.systat.com).

Analysis of Synonymous and Nonsynonymous
Substitutions

Measurements of dS for N. tetrasperma (NT) and for N.
discreta (ND) were conducted on concatenated sequences
for the lowly expressed genes and separately for highly ex-
pressed genes for each taxon. The corresponding genes
from N. crassa (NC) were identified for each of these gene
sets and used to measure dS values. dS was determined
using the PAML package yn00 (Yang 2007).

Results

Based on the analysis of 2,079 genes and comprehensive
EST data sets, we assessed the relationship between codon

usage and gene expression in N. tetrasperma and N. dis-
creta. Lowly expressed genes were defined as those with
less than 10 ESTs hits per 100,000 (including genes show-
ing no evidence of expression), whereas highly expressed
genes have equal to or greater than 10 ESTs per 100,000
(table 1). We first assessed the ENCs and the GC content of
third nucleotide positions (GC3) of codons relative to gene
expression. Our data reveal that highly expressed genes
have statistically significantly lower ENC values than lowly
expressed gene (P < 0.05; fig. 1). This is consistent with
bias toward the preferential usage of a specific subset of
codons in more highly expressed genes. In addition, we
found that GC3 was positively associated with gene ex-
pression (fig. 1), suggesting that the observed codon usage
bias is associated with greater usage of GC ending codons
in highly expressed genes; this parallels an association be-
tween GC3 and bias in codon usage reported in certain
other organisms (Akashi 2001).

Optimal Codons

We identified optimal codons based on a statistically signif-
icantly higher RSCU within genes having high expression as
compared with those with low expression, that is a positive
ARSCU (Duret and Mouchiroud 1999; Cutter et al. 2008;
Ingvarsson 2008). Our analysis of ARSCU across all 2,079
genes for N. tetrasperma and for N. discreta reveal a list
of optimal codons that are identical for the two taxa: 24
codons are statistically significantly more frequent in highly
expressed than in lowly expressed genes (P < 0.05; in all
t-tests after Bonferroni correction, table 2; note that
standard errors are provided in supplementary table 1,
Supplementary Material online). Two putative optimal co-
dons were also identified for the amino acids aspartic acid
and proline. For these two amino acids, one codon was
utilized more often in highly expressed genes, although this
difference was not statistically significant. In totality, our
data provide marked evidence that elevated gene expres-
sion is associated with usage of an optimal set of codons
in Neurospora taxa, a finding consistent with selection on
codon usage in their genomes.

Several trends were detected in our analyses of optimal
codon usage in these two Neurospora genomes. Specifically,
we found that the vast majority of optimal codons contain C
at the third nucleotide position (table 2). For amino acids
encoded by four or more codons (e.g., leucine, valine, ser-
ine, proline, threonine, alanine, arginine, and glycine), we
found that the primary optimal codon, defined as the codon
with the largest positive ARSCU values, always contained C
at the third codon position. The secondary optimal codon
(with the second highest ARSCU) tended to be terminated
by T. Our data also show that there is a strong preference for
the primary optimal codon as compared with the secondary
optimal codon. For example, for leucine, the ARSCU for the
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Fig. 1.—The relationship between gene expression level and codon usage in Neurospora species. (4) The mean ENCs for lowly (<10 ESTs per
100,000) and highly (>10ESTs per 100,000) expressed genes. (B) The mean GC3 values for lowly and highly expressed genes. Error bars represent
standard errors. Different letters (a or b) above bars indicate statistically significant differences (P < 0.05).

primary optimal codon (CTC) is +-0.8344, whereas this value
is only +0.1285 for the secondary optimal codon (CTT) in
N. tetrasperma. For those amino acids that do not have
any synonymous codons with C at the third nucleotide
position, for example, glutamine (encoded by two codons,
CAG and CAA) and lysine (encoded by AAG and AAT),
the optimal codon tended to end in G. The data demon-
strates that these Neurospora genomes contain optimal co-
dons spanning the 18 amino acids with synonymous codons
and particularly favors those codons ending in C or G.

Fop Relative to Gene Expression and GL

Based on the optimal codon list defined above, we determined
the Fop per gene for N. tetrasperma and for N. discreta. Sub-
sequently, in order to assess the relative roles of gene expres-
sion and GL, we conducted two-way ANOVA analyses for each
taxon with Fop as the dependent variable and gene expression
and GL as categorical factors. Gene expression was catego-
rized as low or high (as described above) and GLs subdivided
into three categories (short, GL < 250 codons; medium, < 250
GL > 500; and long, GL > 500 codons). An independent
analysis was conducted for N. tetrasperma and for N. discreta.
The ANOVA results show that gene expression level explains
a major component of variation in optimal codon usage in
N. tetrasperma and in N. discreta, with values exceeding >
31.9% (table 3). The data also reveal that the proportion of
Fop variation that is explained by gene expression is more than
6-fold higher than that explained by GL (e.g., 32%/4% = 8 for
N. tetrasperma and 31.9%/5.18% = 6.2 for N. discreta, table
3). Statistically significant interaction was detected between
gene expression and GL (P < 0.05) but was a relatively minor
factor determining variation in codon usage (<1%; table 3).
Notably, nearly identical results were obtained when three cat-
egories of gene expression: low, high, and no expression, were
used in the ANOVA's (data not shown). In sum, these data in-
dicate that gene expression level is a key factor driving codon

usage, whereas GL plays a statistically significant, but relatively
minor, role in these genomes.

Post hoc pair-wise analyses of gene expression (within
each GL category) and GL (within each gene expression cat-
egory) from our ANOVA data using the Holm-Sidak method
further reveal the patterns of optimal codon usage N. tet-
rasperma and in N. discreta. For example, these comparisons
reveal that Fop is inversely correlated with GL, with a statis-
tically significantly higher Fop for shorter genes than longer
genes for each gene expression category. In addition, highly
expressed genes have statistically significantly higher Fop
than lowly expressed genes at all three GLs (fig. 2). Among
all possible gene categories (i.e., among the six possible
combinations of GL and gene expression level), the results
show that the highest Fop values occur in highly expressed
short genes; this trend suggests that these traits may be as-
sociated with the most efficient translation. It is particularly
notable that highly expressed long genes have higher Fop
values than lowly expressed medium length or short genes
(fig. 2); this is consistent with the notion that gene
expression plays a greater role in driving codon usage bias
than GL. In totality, these findings support the conclusion
that gene expression is a primary factor driving optimal
codon usage in these Neurospora genomes.

As a supplemental analysis, we assessed the synonymous
substitutions (dS) for concatenated highly expressed genes
and concatenated lowly expressed genes in N. tetrasperma
and separately in N. discreta (relative to N. crassa). We found
that dS values for highly expressed genes were markedly re-
duced (by between 5% and 22% depending on the model)
as compared with lowly expressed genes for N. tetrasperma
and for N. discreta (see supplementary table 2, Supplementary
Material online). The findings of reduced dS for highly ex-
pressed genes were consistent across several substitution mod-
els. More than a 20% decline in dS was detected in highly
expressed genes using models by Nei and Gojobori (1986)
and Li (1993). These models do not account for codon usage
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Table 2
The Difference in Relative Synonymous Codon Usage (ARSCU) in Highly Versus Lowly Expressed Genes in Neurospora tetrasperma and N. discreta
N. tetrasperma N. discreta
Mean RSCU Mean RSCU
ARSCU P Value ARSCU P Value
Codon Amino Acid High Exp Low Exp High Exp Low Exp
GCC Ala 2.2219 1.7797 +0.4422 hld 2.1579 1.7937 +0.3642 il
GCT Ala 1.0598 0.8731 +0.1867 ** 1.1142 0.8552 +0.2589 **
GCA Ala 0.1956 0.4777 —0.2821 o 0.2250 0.4806 —0.2556 o
GCG Ala 0.5228 0.8695 —0.3467 i 0.5029 0.8704 —0.3675 i
CGC Arg 2.8901 2.0840 +0.8061 ** 2.7968 2.0820 +0.7148 **
CGT Arg 1.3149 0.8111 +0.5038 ** 1.3491 0.8175 +0.5316 ik
AGA Arg 0.4472 0.6415 —0.1943 ** 0.4670 0.6282 —0.1612 **
CGA Arg 0.2029 0.5418 —0.3390 ** 0.2552 0.5433 —0.2881 **
CGG Arg 0.4235 0.7713 —0.3478 ** 0.4070 0.7761 —0.3691 **
AGG Arg 0.6866 1.1374 —0.4508 ** 0.6823 1.1442 —0.4619 **
AAC Asn 1.7438 1.5007 +0.2431 ** 1.7106 1.4822 +0.2284 **
AAT Asn 0.2504 0.4893 —0.2388 ** 0.2837 0.5047 —0.2211 **
GAC? Asp 1.2528 1.1994 +0.0534 1.2209 1.1920 +0.0289
GAT Asp 0.7297 0.7949 —0.0651 * 0.7563 0.8036 —0.0473
TGC Cys 1.4708 1.3093 +0.1615 * 1.4880 1.3006 +0.1874 **
TGT Cys 0.2152 0.4578 —0.2426 o 0.2157 0.4583 —0.2426 **
CAG GIn 1.6003 1.2852 +0.3151 ** 1.5706 1.2830 +0.2876 **
CAA GIn 0.3881 0.7019 —0.3138 *k 0.4180 0.7097 —0.2917 xk
GAG Glu 1.6666 1.3836 +0.2830 ** 1.6307 1.3854 +0.2452 **
GAA Glu 0.3305 0.6150 —0.2845 ** 0.3636 0.6117 —0.2480 **
GGT Gly 1.4238 0.9472 +0.4766 ** 1.4477 0.9362 +0.5115 **
GGC Gly 2.0348 1.8612 +0.1736 ** 1.9888 1.8626 +0.1262 **
GGA Gly 0.3594 0.6709 —0.3115 i 0.3850 0.6634 —0.2784 *x
GGG Gly 0.1820 0.5178 —0.3358 ** 0.1785 0.5349 —0.3564 **
CAC His 1.5375 1.2801 +0.2574 ** 1.5154 1.2620 +0.2534 **
CAT His 0.4014 0.6610 —0.2595 i 0.4219 0.6799 —0.2579 **
ATC lle 2.0657 1.8729 +0.1928 ** 2.0337 1.8630 +0.1708 **
ATT lle 0.8619 0.9150 —0.0531 0.8770 0.9196 —0.0426
ATA lle 0.0549 0.2078 —0.1529 ** 0.0637 0.2153 —0.1516 **
c1C Leu 2.9099 2.0755 +0.8344 ** 2.8151 2.0548 +0.7603 **
cTT Leu 1.1064 0.9779 +0.1285 * 1.1957 0.9677 +0.2280 **
TTA Leu 0.0391 0.1267 —0.0876 ** 0.0474 0.1303 —0.0829 **
CTA Leu 0.1668 0.3896 —0.2228 i 0.1693 0.3999 —0.2306 *x
TG Leu 0.7561 1.0437 —0.2876 ** 0.7508 1.0453 —0.2944 **
CTG Leu 1.0216 1.3779 —0.3563 *k 1.0046 1.4020 —0.3974 xk
AAG Lys 1.8633 1.6207 +0.2427 ** 1.8431 1.6130 +0.2302 **
AAA Lys 0.1338 0.3765 —0.2427 ** 0.1569 0.3841 —0.2273 **
T1C Phe 1.5947 1.3220 +0.2727 ** 1.5631 1.3051 +0.2580 **
TTT Phe 0.3908 0.6737 —0.2829 ** 0.4283 0.6905 —0.2622 **
ccc Pro 2.3242 1.6341 +0.6901 ** 2.2490 1.6394 +0.6097 **
CCT? Pro 0.9147 0.8604 +0.0543 0.9765 0.8508 +0.1256 *
CCA Pro 0.2523 0.5846 —0.3322 *k 0.2679 0.5970 —0.3291 *k
CCaG Pro 0.4855 0.9180 —0.4325 i 0.4838 0.9099 —0.4260 *x
TCC Ser 2.1815 1.5580 +0.6235 ** 2.0904 1.5761 +0.5143 *x
TCT Ser 0.9250 0.7278 +0.1972 ** 0.9664 0.7151 +0.2513 **
AGC Ser 1.3687 1.4512 —0.0825 1.3735 1.4404 —0.0668
TCG Ser 1.0090 1.1733 —0.1642 * 0.9901 1.1778 -0.1877 *
AGT Ser 0.2827 0.5621 —0.2794 ** 0.3103 0.5628 —0.2525 **
TCA Ser 0.2156 0.5276 —0.3120 ** 0.2523 0.5278 —0.2756 **
ACC Thr 2.3811 1.7518 +0.6293 ** 2.3053 1.7700 +0.5353 **
ACT Thr 0.7616 0.6536 +0.1079 * 0.7898 0.6393 +0.1504 **
ACA Thr 0.3168 0.6412 —0.3243 i 0.3561 0.6244 —0.2683 **
ACG Thr 0.5405 0.9533 —0.4128 ** 0.5431 0.9662 —0.4231 **
TAC Tyr 1.5653 1.3606 +0.2047 ** 1.5366 1.3610 +0.1756 **
Genome Biol. Evol. 3:332-343. doi:10.1093/gbe/evr018 Advance Access publication March 14, 2011 337



GBE

Whittle et al.
Table 2
Continued
N. tetrasperma N. discreta
Mean RSCU Mean RSCU
ARSCU P Value ARSCU P Value
Codon Amino Acid High Exp Low Exp High Exp Low Exp
TAT Tyr 0.4027 0.5991 —0.1964 *x 0.4179 0.6056 -0.1877 *x
GTC Val 2.2600 1.7407 +0.5193 ** 2.2085 1.7176 +0.4909 **
GTT Val 0.9744 0.8771 +0.0973 * 1.0108 0.8908 +0.1199 i
GTA Val 0.1475 0.3198 -0.1723 *x 0.1673 0.3160 —0.1488 *x
GTG Val 0.6124 1.0538 —0.4414 *x 0.6021 1.0696 —0.4676 *x

NoTe.—Pair-wise t-tests were conducted for each codon across all highly expressed versus all lowly expressed genes. P values are shown and have been adjusted for Bonferroni
correction (*indicates 0.05< P > 0.00001; **indicates P < 0.00001). Codons in bold have been assigned as optional codons (N = 26). Underlined codons are the primary optimal
codon per synonymous codon family that is largest positive ARSCU. The standard errors for mean RSCU values are provided in supplementary table 1 (Supplementary Material online).

@ This codon was designated as a putative optimal codon for this amino acid as RSCU has a greater value in the highly expressed genes, even though comparison is not statistically

significant.

bias; thus, we may infer that selection on codon usage likely
drives the decline in dS. The model of Yang and Nielsen (2000),
which accounts for codon usage bias, also showed reduced dS
for highly expressed genes. In this case, the decline in dS in
highly expressed genes relative to lowly expressed genes
was between 5% and 7.8% (for N. tetrasperma and N.
discreta, respectively), which is much lower than the other
models and is consistent with a correction for codon usage
in the estimation of dS. Nonetheless, the fact that a decline
was still observed despite the correction for codon frequencies,
suggests that the selection on codon usage in these Neuros-
pora taxa may exceed the level that can be accounted for by
the model. In sum, all the substitution models support reduced
dS in highly expressed genes. This suggests that highly
expressed genes, which have elevated bias in codon usage,
evolve at a lower rate at synonymous sites; this finding further
supports the role of translational selection in these Neurospora
genomes (McVean and Vieira 2001; Ingvarsson 2008).

Introns

Mutational bias is one factor that could underlie variation
in codon usage (Akashi 2001; Plotkin and Kudla 2010). This
is an unlikely explanation in our study as bias in codon usage

was highly correlated with gene expression (fig. 2 and tables
2 and 3). Nonetheless, it is conceivable that mutational biases
might be associated with gene expression level and thus
could explain our findings reported herein. In order to assess
this possibility, we examined DNA sequences assumed to
be selectively neutral, for example, introns, in order to further
discern whether mutation or selection drives codon usage. In
contrast to studies where gene sequences were derived from
ESTs and thus introns were not available (e.g., Cutter et al.
2008; Ingvarsson 2008), our gene data set were derived from
genomic DNA and thus allow separate analyses of intronic
and exonic sequences. Introns were identified for 1,752 of
the 2,079 genes from N. tetrasperma and N. discreta.

As described above, most of the optimal codons identified
herein end in G or C nucleotides (table 2). Thus, comparison of
GC3 and the GC content of introns (GCI) may be used to as-
sess whether biases in codon usage are associated with mu-
tational pressure (Wolfe et al. 1989; Smith and Eyre-Walker
2001; Vicario et al. 2007). As shown in figure 3, our data show
that GC3 values are not associated with GCl for either N. tet-
rasperma or for N. discreta. For example, for highly expressed
short genes in N. tetrasperma, we found that the mean GC3
value was 0.768 (+0.005), whereas the mean GCl value was

Table 3
Two-Way ANOVA Results for the Fop with Gene Expression and GL as Factors
Neurospora tetrasperma N. discreta
Proportion of Proportion of
Sum of Mean Variation Sum of Mean Variation

DOF® Squares Square F PValue Explained DOF® Squares Square F P Value Explained
Gene expression 1 995 995 103892 <107'° 32.0% 1977 977 102674 <107 31.9%
GL 2 124 0862 63.75 <107'° 4.00% 2 159 080 8381 <1070 5.18%
Gene 2 0.07 0.03 3.49 0.03 0.22% 2 0.30 0.15 15.93 3.0 x <1077 0.98%

expression x GL

Residual 2,073  19.85 0.01 2,073  19.72 0.01
Total 2,078 31.07 0.02 2,078 30.64 0.02

@ Three categories of GLs (short, medium, and long) and two categories (low and high) of gene expression were utilized. The N values for each of the six categories of gene
expression and GL were as follows: N. tetrasperma Niigh_short = 200, Nhigh_medium = 2571, Nuigh_tong = 237, Niow_short = 398, Niow_medium = 575, Niow_tong = 418; N. discreta,
Nhigh_short = 186, Nhigh_medium = 2671, Nhigh_tong = 255, Niow_short = 412, Niow_medium = 565 Niow_tong = 400.
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Fic. 2.—The Fop value for genes from different GL categories and gene expression levels. (A) Neurospora tetrasperma and (B) N. discreta. All
comparisons among GLs (per expression level) and among gene expression levels (per GL) within each figure are statistically significantly different (P <
0.05) after post hoc analysis of ANOVAs and correction for multiple tests. Error bars represent standard errors.

only 0.524 (+0.004; P value of t-test <107 '®). In fact, we
found that the GC3 values were statistically significantly higher
than GCI for genes within each of the six possible combina-
tions of gene expression level (high, low) and GL (short, me-
dium, long), with P < 107'® in each of these comparisons
(after Bonferroni correction). These findings indicate that
the GC3 content is not evolving neutrally and that mutational
biases cannot explain our findings. Thus, the marked associa-
tion between gene expression and optimal codon usage in
N. tetrasperma and in N. discreta are best explained by selec-
tion for translational efficiency and/or accuracy in these taxa.

Differences in Codon Usage among Neurospora
Taxa

In order to further understand the evolutionary dynamics
driving optimal codon usage in N. tetrasperma and N. dis-

A.10
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06

0.4

GC Content

02

0.0

Short  Medium Long Short Medium Long
High Expresssion Low Expression

N. tetrasperma

GC Content

. 1.0

creta, we determined the difference in the Fop among these
two taxa for each of the 2,079 genes examined herein. Our
results indicate that 92.9% (1,931 of the 2,079 genes) of
the genes examined show differences in Fop among these
taxa, with only 148 having identical Fop values (fig. 4). No-
tably, a statistically significantly greater number of genes
have a higher Fop value in N. tetrasperma (N = 1,204) than
those that have a higher value in N. discreta (N = 727, chi-
square test, P = 0.013), suggesting that selection for opti-
mal codon usage is stronger in N. tetrasperma. We also
compared the ARSCU values for the optimal codons among
these two organisms. For this, we examined only the pri-
mary optimal codon per synonymous codon family, which
is the optimal codon with the largest positive ARSCU.
The data show that the ARSCU value was higher in N. tet-
rasperma than for N. discreta for 16 of the 18 primary
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Fic. 3.—The mean GC content at third nucleotide positions of codons (GC3) and for introns of genes (GCl) from each combination of gene
expression level (High, Low) and GL (Short, Medium, Long). (A) Neurospora tetrasperma (B) N. discreta. All comparisons among GC3 and GCl are
statistically significantly different within each of the six combinations of gene expression and GL per taxon (t-tests P < 0.05 after Bonferroni correction).

Error bars represent standard errors.
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Fic. 4.—The difference in the Fop among Neurospora tetrasperma
and N. discreta for each for each of the 2,079 genes examined herein.
Genes are provided on the x axis in the order they occur on the
chromosomes (Chr).

optimal codons (table 2). This is consistent with greater se-
lective pressure on optimal codon usage in N. tetrasperma
than for N. discreta across the vast majority of synonymous
codon families.

In totality, the data suggest that there have been mild
shifts in optimal codon usage among genes in N. discreta
as compared with N. tetrasperma (fig. 4), with more genes
having a higher Fop in N. tetrasperma. Thus, adaptive codon
usage is greaterin N. tetrasperma. It may be speculated that
this results from a generally greater level of purifying selec-
tion in the N. tetrasperma lineage but could also result from
positive selection events. Despite this variation, however,
our data show that most aspects of codon usage are highly
conserved for N. discreta and N. tetrasperma, with these
taxa having identical optimal codon lists (table 2) whose fre-
guency is largely dependent on gene expression level and to
a lesser extent GL (figs. 1 and 2 and tables 2 and 3).

Discussion

Although mutational biases or gene conversion may be
associated with codon usage bias in certain organisms
(D'Onofrio et al. 1991; Wright et al. 2007; Haudry et al.
2008; Plotkin and Kudla 2010), the marked codon bias re-
ported herein for N. discreta and for N. tetrasperma is best
explained by selection for translational efficiency and/or ac-
curacy. This is demonstrated by several findings. First and
most importantly, our data show unequivocally that optimal
codons are associated with gene expression level in N. tet-
rasperma and in N. discreta (table 2 and fig. 2). In addition,
a very high fraction of variation in Fop is explained by expres-
sion level (table 3), a level equal to, or beyond that, reported
in other species such as Populus and Caenorhabditis (Cutter
et al. 2008; Ingvarsson 2008). Secondly, the effect of gene
expression is prevalent across all three GL categories, and
thus GL cannot explain these findings (fig. 2). Thirdly, dS
is markedly lower in highly expressed genes, a finding which

suggests that selection has altered synonymous substitution
rates among taxa (supplementary table 2, Supplementary
Material online; McVean and Vieira 2001). Such an effect
is only expected under strong selection for codon usage
(McVean and Vieira 2001). Finally, we found markedly high-
er GC content at third nucleotide positions of codons than
for the associated introns for the genes examined herein
(fig. 3); such findings demonstrate that mutational or gene
conversion biases cannot explain our results (Wolfe et al.
1989; Eyre-Walker 1999; Smith and Eyre-Walker 2001;
Vicario et al. 2007). Thus, it is evident that codon usage
in N. tetrasperma and N. discreta is shaped by selection
for translational efficiency/accuracy.

The fact that the 26 optimal codons identified herein (in-
cluding two putative optimal codons) are identical across N.
tetrasperma and N. discreta (table 2), suggests that optimal
codon usage has been highly conserved among these diver-
gent Neurospora taxa. The ARSCU values, which is an indi-
cator of the strength of selection for optimal codons (Cutter
et al. 2008; Ingvarsson 2008), are notably higher than those
reported for Populus and Arabidopsis, wherein almost all
values for optimal codons were less than 0.30 (Duret and
Mouchiroud 1999; Ingvarsson 2008), for example, nine of
the optimal codons for N. tetrasperma and N. discreta had
ARSCU values higher than 0.30 and the highest value was
0.8344 (for CTC for leucine in N. tetrasperma; table 2). How-
ever, the uppermost ARSCU values reported herein for Neu-
rospora are in a similar range as found in Drosophila and
Caenorhabditis, whose values often exceeded 0.30 (Duret
and Mouchiroud 1999). Thus, these data suggest that the
Neurospora genomes examined here have among the high-
est selective pressures for optimal codons usage, relative to
these other organisms. It is worthwhile to note that prior re-
search using tentative models for selection pressure on codon
usage has suggested that selection coefficients might be
greater in N. crassa than in other eukaryotes such as Arabi-
dopsis and equal or greater than species of Drosophila and
Caenorhabditis (dos Reis and Wernisch 2008). Our present
data is consistent with marked selective pressure on codon
usage in N. tetrasperma and N. discreta.

Fop and GL

Our data demonstrate that GL contributes to optimal codon
usage in N. tetrasperma and N. discreta but to a lesser
extent than gene expression (fig. 2 and table 3). The gene-
length effects may result from background selection and/or
Hill-Robertson effects, each of which interfere with the effec-
tiveness of selection and has a greater effect for longer genes
(Comeron et al. 1999; Comeron and Guthrie 2005; Loewe and
Charlesworth 2007) that is such processes may interfere with
the fixation of optimal codons in longer genes. Accordingly,
shorter genes may have more efficient selection for optimal
codons.
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The gene-length effects reported herein are consistent
with reports of an inverse association between GL and op-
timal codon frequency in certain other multicellular organ-
isms (e.g., Drosophila, Caenorhabditis, and Silene, Duret
and Mouchiroud 1999; Cutter et al. 2008; Qiu et al.
2011). Our findings, however, differ from recent results in
Caenorhabditis, wherein GL effects on optimal codon usage
were inferred in some taxa but not in others (Cutter et al.
2008). Similarly, no effect of GL on optimal codon usage was
found in various species of Populus (Ingvarsson 2008). In
these studies, it has been proposed that the lack of GL ef-
fects (or lack of a consistent effect in Caenorhabditis) might
be due to the fact that GLs were assumed to be equal to
those from a reference taxon (Cutter et al. 2008; Ingvarsson
2008). Thus, there might be unknown differences in GLs
among species that impeded the detection of GL effects.
This explanation seems unlikely, as protein lengths (and thus
CDS regions) tend to be highly conserved among eukaryotes
(Wang et al. 2004). Furthermore, we estimated GLs for N.
tetrasperma and in N. discreta, using the reference taxon
N. crassa, which did not obscure the GL effects reported
in present analysis (fig. 2 and table 3). Another proposed
explanation for the lack of GL effects in certain species of
Caenorhabditis and in Populus is that different sets of genes
were used for the various species examined in each of these
studies (Cutter et al. 2008; Ingvarsson 2008). This was not
an issue in our analyses, as we utilized identical gene sets
(2,079 genes) for both N. tetrasperma and N. discreta,
which likely enhanced our ability to consistently detect
GL effects on the Fop across taxa. Overall, our present find-
ings point toward the conclusion that GL plays a significant
role in determining the Fop per gene in N. tetrasperma and
N. discreta.

The findings of the highest Fop values for short highly
expressed genes for each of the Neurospora taxa exam-
ined herein (fig. 2) corresponds with results reported
for other multicellular organisms such as species of
Drosophila, Caenorhabditis, and Silene (Duret and
Mouchiroud 1999; Qiu et al. 2011). Such findings suggest
that in combination these traits promote highly efficient
translation. Highly expressed genes have elevated fitness
costs due to the energy and cellular resources required for
synthesis and correcting synthesis errors (NRNA and pro-
tein; Akashi 2003; Drummond and Wilke 2009). Longer
proteins are believed to have greater phenotypic costs
for protein-synthesis errors (and accumulate more errors,
Drummond and Wilke 2009) and have greater energy
costs for synthesis than shorter proteins (Akashi 2003).
Thus, natural selection may favor evolution of highly ex-
pressed longer proteins into shorter proteins in order to
minimize fitness costs (Akashi 2003); accordingly, such
a phenomenon might partially contribute toward the el-
evated optimal codon usage observed within short genes
as compared with longer genes in Neurospora.

Comparison among Neurospora Taxa

Although the optimal codon list is highly conserved among
N. tetrasperma and N. discreta (table 2), it is worthwhile to
note that small but nontrivial differences in codon usage
were evident among these two taxa. For example, the find-
ings that N. tetrasperma has a higher Fop value for a large
majority of the 2,079 genes examined herein (fig. 4) and
has an elevated ARSCU value for 16 of 18 of the primary
optimal codons than its relative N. discreta, suggest there
is greater selective pressure on codon usage in this taxon.
This finding is surprising as N. tetrasperma is a self-
compatible and primarily inbreeding taxon with enforced
intratetrad mating (Raju and Perkins 1994), whereas
N. discreta is a self-incompatible taxon. Theory predicts
that inbreeding species should have relaxed selective pres-
sure for genomic traits such as codon usage due to lower
effective recombination rates giving rise to reduced effec-
tive population size as compared with their outcrossing
counterparts (see Charlesworth and Wright 2001). This no-
tion has been supported by findings from species of Cae-
norhabditis, which have shown that the transition from
outbreeding to selfing correlates with a decrease in codon
usage bias (Cutter et al. 2008). In addition, data from in-
breeding species of Lycopersicon have been found to have
more transposable elements than outcrossers, consistent
with less selective pressure for inbreeders (Young et al.
1994; Charlesworth D and Charlesworth B 1995). How-
ever, our present data do not support this trend and
suggests that the inbreeding species N. tetrasperma has
greater selective pressure for codon usage than the self-
incompatible N. discreta.

Several plausible factors might give rise to differences in
codon usage among N. tetrasperma and N. discreta. For ex-
ample, N. tetrasperma might have a higher effective popu-
lation size than N. discreta; this is not expected given that
N. tetrasperma is a primarily inbreeding pseudohomothallic
species, whereas N. discreta is heterothallic (and thus likely
subjected to much less inbreeding, Perkins and Raju 1986).
However, N. tetrasperma has been shown to be capable of
occasional outcrossing events and its nine independent phy-
logenetic lineages are not perfectly reproductively isolated
(Menkis et al. 2009), traits which may enhance its effective
population size. Furthermore, although N. discreta is one of
the most extensively distributed Neurospora species, for
example, accounting for more than 95% of isolates col-
lected in western North America (Jacobson et al. 2004), it
consists of multiple phylogenetic lineages of unknown
population size (and thus might consist of small populations;
Dettman et al. 2006). Another factor that could play a sig-
nificant role is the time of origin of the mating systems. For
example, it has been suggested that lack of codon usage
differences in certain species of Caenorhabditis might
result from the fact that self-fertilization arose less than 4
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Ma (Cutter et al. 2008). Recent data has suggested that in-
breeding is also the derived state in N. tetrasperma originat-
ing less than 6 Ma (Menkis et al. 2008; Nygren et al. 2011);
accordingly, it may be inferred that selfing might have ex-
isted for too short of a time period to alter codon usage
in this taxon. In this regard, it is plausible that effects of ef-
fective population sizes and/or a recent origin of reinforced
inbreeding may explain why, contrary to theoretical predic-
tions, selective pressure is higher for the highly inbreeding
taxon N. tetrasperma.

Conclusions

The present investigation reveals that gene expression level
is a primary factor driving codon usage within the filamen-
tous ascomycetes N. tetrasperma and in N. discreta. The se-
lective pressure equals or exceeds that reported in the
limited other taxa with comparable data available to data
(e.g., Caenorhabditis, Populus, Drosophila, and Arabidopsis,
Duret and Mouchiroud 1999; Cutter et al. 2008; Ingvarsson
2008). Moreover, in contrast to certain other organisms, our
data also show that GL contributes substantially to shaping
codon usage in Neurospora. Further studies will be needed
to ascertain whether such optimal codon usage is inherent
to other species of Neurospora, including N. crassa and
other genera of filamentous ascomycetes and fungi.

Supplementary Material

Supplementary tables S1-S2 are available at Genome Biol-
ogy and Evolution online (http://www.gbe.oxfordjournals.
org/).
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